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The publications presented in this thesis have been divided into 4 main

streams, representing the results of ideas and vrork in analytical chemistry,

oarried out in three centres, Department of Chemistry, Queen's University, Belfast;

Department of Chemistry, The University, Edinburgh; Department of Chemistry, Case

Institute of Technology, Cleveland, Ohio, U.S.A.

These four main sections are as follows.

A. Analytical Investigations on Transition Metals.

B. Analytical Investigations using Partition Chromatography, Ion-Exchange,

and Solvent Extraction.

C. Analytical Investigations on Inorganic Systems using Newer Instrumental

Techniques.

D. Analytical Investigations on Inorganic Systems by means of Infrared

Spectroscopy.

A. In this section the publications are listed under specific groups of trans¬

ition metals investigated. These are three in number:

(i) technetium and rhenium, (ii) the Platinum metals, (iii) niobium,

tantalum, molybdenum and associated elements.

Investigations were started on technetium because, at that time, the
/ 99\

analytical chemistry of the element was virtually unknown. Technetium (Tc )
235

extracted from the fission products of U , of which the element comprises some

6.2 per cent, was used. The element rhenium was involved as a "guide" for

technetium as only small quantities of the latter were available. This proved

satisfactory as the analytical chemistry of rhenium itself was by no means well-

known. Publications presented in this section deal with the detection of tech¬

netium and rhenium, the separation of each from associated and interfering elements

and the development of new and more precise methods for their determination.

The publications presented on the platinum metals indicate work carried out

Use other side if necessary.



to meet certain deficiencies in the anely^ldril chemistry of these elements. These

were, in the main, a lack of small scale.,methods of determination, and satisfactory

methods for rapid separation, v

Studies were also carried out on tantalum, molybdenum, and

associated elements. The results achieved lure indicated in the publications pre-
mie-tsg

sented which report rapid oolorimetric methods for the determination of niobium,

tantalum, molybdenum, titanium and effective means of separation, for analytioally

and industrially important groups of metals,

B, The publications in this section represent work which was carried out to

exploit the use of the separatory techniques of partition chromatography, ion-

exchange and solvent extraction particularly for the separation of "difficult"

groups of elements.

When the investigations started these techniques were quite novel in their

application to inorganic systems. Success was achieved with the alkali metals;

the alkaline earths; niobium and tantalum; aluminium, gallium, indium, thallium;

chromium, tungsten, molybdenum, vanadium; antimony and tin; and others. Consid¬

eration was also given to the method of determination of the separated material

and, in many oases, new reagents or new techniques were developed,

C, The publications in this section report ideas and subsequent research which

wes designed to exploit new instrumental methods for the analysis of inorganic

substances. The main fields of interest have been grouped under the headings of

speotrosoopic techniques, which include emission spectroscopy, diffuse reflectance

spectroscopy, atomic absorption spectroscopy, and oscillographic polarography.

In the emission spectroscopy studies attempts were made to utilise "Tesla-

luminescenoe spectra" analytically by developing the earlier principles of

Stewart who first observed the phenomenon in 1923. In these studies a new

apparatus was designed and developed, and a new technique drawn up and applied

to several inorganic systems. The research was extended to flame exoitation

and later, when atomic absorption spectroscopy became available, investigations

were undertaken in this field to exploit the advantages that absorption has

over emission methods.

Recently, a new technique - diffuse reflectance spectroscopy became

available and offered possibilities for the analysis of the inorganic constituents

of precipitates and the study of the structure of substances. Investigations

using this technique were carried out resulting in the development of methods

for the determination of palladium and cobalt, and the study of the structure
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of chelates of analytical interest,

Polarographic investigations vising "fast sweep" or oscillographic polar-

ography were carried out on tne platinum and noble metals. These metals were

deliberately chosen beoause of the inherent difficulties associated with their

usual polarography or electrochemistry. The aim of the research was to study

the polarography of complexes with different ligands of these metals, in a system¬

atic manner. By this approach it was found possible to obtain complexes giving

polarographio half-wave potentials of sufficiently different values to permit the

determination of a number of these metals in the presence of one another,

D. In applying infrared methods to inorganic systems, difficulties arise which

are inherent to that material and lead to broad absorption peaks and complicated

spectra which are of little value analytically. However, by incorporating the

ionically bonded inorganic material into a covalently bonded complex, stronger

and sharper absorption bands were obtained which, used in conjunction with the

alkali halide (KBr) disc technique, were capable of qualitative and quantitative

analytical application.

By this means, methods were developed for the identification and deter¬

mination of polyatomic inorganic anions, the determination of rhenium and tech¬

netium, niobium, tantalum and associated elements, vanadium, molybdenum, tungsten

and the 3tudy of chelate compounds of analytical interest.
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INTRODUCTION

The papers in this thesis are not arranged in chronological

order of publication but have been set out in groups, each group re¬

lating to a particular aspect of the field of study as follows:

A. Analytical Studies on Transition Elements.

B. Analytical Investigations using Partition Chromatography, Ion-

Exchange and Solvent-Extraction Procedures.

C. Analytical Investigations on Inorganic Systems using Newer

Instrumental Techniques.

D. Analytical Studies on Inorganic Systems by means of Infrared

Spectroscopy.

E. Miscellaneous Analytical Investigations.

In a few oases publications might have been placed equally well

in a group other than that in which they appear, e.g., publications

A5, B1+, B6, B7. The final decision on the group in which they were

placed was based, in the main, on the purpose for which the work was

carried out. For example, publications B4, B6, B7 have been grouped

in the Partition Chromatography section, rather than in the group dealing

with transition elements, as the principal aim of the work was to exploit

the possibilities of partition chromatography in this connection.

All the papers presented represent work carried out under my own

initiation. Further, in all cases, except C19 the publications were

written entirely by myself. I would, however, like to take this

opportunity of acki owiedging the collaboration of the various co-authors



for their interest and co-operation in the work.

The investigations described in the publications were carried

out at the University of Edinburgh, Scotland, the Queen's University

of Belfast, N. Ireland, and the Case Institute of Technology, Cleveland,

Ohio, U.S.A.
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A. ANALYTICAL INVESTIGATI OKS OK TRANSITION KJ2TALS

(i) Technetium and Rhenium

These elements, along with manganese, make up Group Vila of the

periodic classification of the elements. The discovery of element No A3,

technetium, was beset with a number of difficulties (Publication A1).
For a considerable time after its discovery, workable quantities of

technetium were not available, and it was not until the 1950's that ser¬

ious work began on its chemistry. Much of the technetium which became

available at this time was obtained by neutron bombardment of a molyb¬

denum target, and was largely restricted to United States sources. It

occurred to the author, however, that a second source might be the fission

products of U^"', The 3low neutron fission of 1/235 yields about 6.2 per

99
cent of the long-lived isotope, To among its fission products. Over

a period of three summers, work was oarried out by the author at the

United Kingdom Atomic Energy Authority Laboratories, ..indscale, Cumberland

with this object ir vie „ Because of the chemical difficulties and the

radiochemical hazards involved, separation of the element from the large

number of radioisotopes was not easy. However, microgram amounts of
99

radiochemically pure, 99 per cent chemically pure Tc in the form of

potassium pertechnetate (KToO, ) were extracted which permitted invest!-A

gations to begin on the analytical chemistry of the element.

One of the principal difficulties in carrying out investigations

with technetium wa3 the complete lack of known non-radiochemical analytical

detection methods (Gerlit: Report to the International Conference on the

Peaceful Uses of Atomic Energy. A/Conf, 8/P/671. U.o.S.R. July 1955).



99Methods involving Tc usually employed detection of the (3-ray emitted

by this isotope. However, difficulties in detection arose as the P-ray

emitted is 'soft', having an energy of only 0,29 MeV. In the preliminary

investigations, therefore, attempts were made to provide non-radiochemioal

methods for the detection and determination of the element (Publications

A7, A8). Separation from associated elements also claimed early priority

(Publications AA5), and later more pr-ecise methods of determination

were required and developed (Publications A6, A8, A9, A10).

In developing methods for the extraction of technetium from fission

products, it became clear that rhenium, as might be expected, showed

properties closely related to technetium. As a 'guide*, therefore, and

to conserve the small amounts of technetium in hand, investigations were

oarried out with rhenium (Publications A3 etc.). This proved to be both

interesting and valuable, espeoially as the analytical chemistry of

rhenium, itself, was not well known (publication A2).

(ii) The Platinum keta-u; (iii) Other Transition Petals

The literature dealing with the analytical chemistry of the platinum

metals is fairly extensive (F.E. Beamish, Talanta, 1958, J., 3) but, when

investigations were begun, several deficiencies were apparent. Small

soale or microchemical methods were largely confined to microscopic exam¬

inations or pot test methods. Further, the use of solvent extraction

procedures was largely restricted to palladium and platinum.

Investigations were, therefore, carried out with the aim of separating

and determining micro-amounts of all the platinum metals. (Publications



A11, A12), The solvent extraction of thiocyanate complexes of these

inetals was found, to be very successful (Publications A13, A14) and new

reagents were sought for the determination of the metals gravimetrioally

or colorimetrically (Publication A16). Studies on a number of other

metals of growing analytical importance were also carried out and led

to rapid colorimetric methods for the determination of elements such as

niobium, titanium, molybdenum. (Publications A17, A18, A20.) In a

number of oases separation of the metals was essential before determin¬

ation. This was successfully achieved in the case of niobium and

tantalum; niobium, tantalum and titanium; and chromium, tungsten,

molybdenum and vanadium by partition chromatography. The publications

relating to the separations by partition chromatography have been included

in Section B (Publications B4, B6, B7).



622 TRANSITION ELEMENTS A1 X

7b. Technetium

R. J. MAGEE

(a) General

In 1877, Mendeleeff envisaged the discovery of this element by foretelling
a number of physical and chemical properties of an element with atomic weight
of approximately 100. He called it eka-manganese.

Its discovery was claimed in 1925 by Noddack, Tacke, and Berg1 who, in¬
vestigating the X-ray spectrum of rhenium which they had discovered in
1923, observed a line or lines which they claimed were due to element No. 43.
They named this element Masurium. This work was never confirmed and it
is doubtful if they ever did discover No. 43.

The element was first made artificially in 1937 by Perrier and Segre2 who
bombarded a molybdenum target with neutrons.

"Mo(n, y),9Mo 8DTc——*
67h

The first investigations with this element were carried out exclusively with
tracers3- *■ 6. Even today, large quantities of the element are not available
for complete investigation of its chemistry.

In 1949, the International Union of Chemistry accepted the name of Tech¬
netium (artificial), symbol Tc, for element No. 43, thereby approving the
suggestions of Perrier and Segre.

At present, 19 isotopes of this element are known with half-lives ranging
from a few seconds to hundreds of thousands of years. The most interesting
are those with atomic weight 97, 98, 99. The first two have not been studied.
The isotope 99, having a half-life of 2.15 x io6 years, is by far the most im¬
portant.

Technetium has also been prepared by a-bombardment of niobium6' 7.
»3Nb (a; n) »°Tc.

The technetium may be separated from the niobium by sublimation in a
stream of oxygen8 since the higher oxides of technetium arc volatile.
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The main attempts to obtain workable amounts of Tc have been fa) by
the neutron bombardment of a Mo target and fb) from the fission of 235U.

(a) In this process the principal task is the separation of the small amounts
of technetium produced from the target material. This was recently achieved
by means of anion-exchange resins9. Dowex-i (CI- form) was used for the
separation. Molybdenum is separated from technetium by elution with N
hydrochloric acid and technetium from the ion-exchange column with 4N
nitric acid.

(b) The slow neutron fission of 235U gives products, about 6.2% of which
is 99Tc. It is difficult, in view of radiochemical hazards involved, to separate
this technetium. Parker, Reid, and Ruch10 obtained microgram quantities
of the element by precipitating Tc2S7 on a platinium carrier with H2S after
dissolving the irradiated uranium sample in hydrochloric acid. The sulphide
precipitate was dissolved in an H202—NH4OH mixture, and a number of
distillations from H2S04 to remove the technetium from ruthenium and
other fission products were carried out. Variations in the method have been
tried but none has shown great success. It is probable that the production of
technetium in workable amounts will only be obtained by irradiation of a

molybdenum target using a high neutron flux.
The electroseparation of technetium from rhenium and molybdenum has

been reported11.
Technetium can be separated from molybdenum by precipitation of the

latter element with 8-hydroxyquinoline12'13. The liquid-liquid separation of
rhenium and technetium by pyridine-extraction from alkaline permanganate
solution and by tetraphenylarsonium chloride-chloroform treatment has
been suggested14.

Separations of the element from rhenium by paper chromatography have
also been reported16'16.

(b) Gravimetric Determination
Technetium forms precipitates with "nitron", diphenylendoanilohydra-

tatriazole17 and tetraphenylarsonium perchlorate. Since the element is very
similar in behaviour to rhenium it is probable that these reagents will be
developed for the gravimetric determination of the element when sufficient
quantities become available.

(c) Colorimetric Determination
When ammonium or potassium pertechnetate is reduced in an acid med¬

ium in the presence of thiocyanate, the technetium forms a red complex
which can be measured colorimetrically at 513 m/u. At this wavelength the
mol extinction coefficient is 52,200 d: 500. A yellow complex is also formed
References p. 624
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under these conditions, but its mol extinction coefficient is approximately
half of that of the red complex18.

(d) Other Methods for Technetium
As little as i fig of technetium has been detected spectrographically19.

Meggers20 measured the intensity of 407 lines between 8829.80 and 2298.10 A.
The principal spectral lines, free from interference, which can be used for the
qualitative detection of the element are those of wavelength 3237.0, 4031.1,
4088.3, 4095.3, 4261.9, and 4297.2 A21.

The X-ray emission spectra of technetium has been carried out by Marmer
et al.22, who gave the principal lines as

KG^ 673.4; Ka, 677.9; K/Sj. 600(601.4); K/?2 589.9 UX.

Rulfs and Meinke23 have determined the ultra-violet absorption spectrum
of an 0.5M solution of ammonium pertechnetate in 0.1N hydrochloric acid.
The solution showed a definite absorption maximum at 2yom/x and two min¬
ima at 290 and 226 m/x.

The principal method for the quantitative determination of technetium is
still radiochemical. Generally, the sulphide Tc2S, is precipitated on rhenium,
platinum, or copper sulphide and the soft /S-activity (technetium /9-energy =

0.3 Mev) assessed.
The availability of milligram quantities of the element in the next year or

two is likely to produce methods for the determination of the element with¬
out recourse to radiochemical procedures.

Reviews on the properties and reactions of technetium have been given
by Hackney24, Perrier and Segre25, and Druce26.
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A2

7c. Rhenium

R. J. MAGEE

(a) General

With manganese and technetium, rhenium lies in group Vllaoftheperiod¬
ic classification. It occurs in small amounts in gadolinite, molybdenite,
pyrolusite and columbite. It has been stated1 that the amount of rhenium
per ton of wulfenite varies between 0.3 and 3.3 gram.

From the analytical standpoint the problem occurring most frequently
is the determination of the element in molybdenite. Rhenium does occur,
however, in alloys with tungsten or molybdenum and at least one method
is available for the determination of the element in alloys of these types.

Established quantitative methods for the determination of rhenium are
not numerous. The principal methods available are the gravimetric proced¬
ures based on tetraphenylarsonium perrhenate2 and nitron perrhenate3,
and the colorimetric determination as complex thiocyanate '. Duval and
Tribalat6 have carried out a critical study, by thermogravimetric analysis,
of methods proposed for the determination of rhenium and conclude that the
only satisfactory gravimetric methods are those based on tetraphenylars¬
onium perrhenate and nitron perrhenate.

The most important and difficult separation is that of rhenium from mol¬
ybdenum and a number of methods are known.

A method which has been recommended for small amounts of rhenium'
consists in volatilising the heptoxide from a hot acid solution. Sulphuric or
perchloric acid containing hydrochloric or hydrobromic acid have been
suggested'. Little molybdenum accompanies the rhenium if the distillation
is made from a hydrobromic-perchloric-phosphoric acid mixture.

The following procedure can be used8:
Procedure:

To the perrhenate-containing solution add concentrated sulphuric acid (30 ml
for 1-5 gram of rhenium). Heat to 270-290° and pass steam through the mixture
so that 100 to 200 ml of water condense in an hour.
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In the absence of nitric acid or nitrates, rhenium can be precipitated as

ReaS; by means of hydrogen sulphide or sodium thiosulphate in 2-7IV sul¬
phuric acid or 1-4IV hydrochloric acid8. It may, therefore, be separated
from elements whose sulphides are soluble in sodium sulphide or not formed
under these conditions. Re2S, dissolves in a mixture of ammonium or sod¬
ium hydroxide and hydrogen peroxide.

Small amounts of rhenium may be separated from molybdenum by reduc¬
ing the latter to the 5-valent state with mercury in a solution of controlled
acidity and extraction of molybdenum(V) thiocyanate with ether. Rhenium
is not reduced by this procedure and remains in the aqueous phase.

A highly recommended procedure is that based on the extraction of tetra-
phenylarsonium perrhenate by means of chloroform10.

In recent years ion-exchange procedures have been developed for the sep¬
aration of rhenium from molybdenum11 and other elements. The following
procedure can be used12:
Procedure:

Pass the filtrate containing molybdate and perrhenate through ion-exchange
resin Amberlite IRH-400 in the perchlorate form at a rate of 10 to 20 ml per
minute. Elute the exchanged molybdate by means of 300 ml of M potassium
oxalate solution followed by 50 ml of water. Remove the rhenium from the
column by eluting with 200 ml of M perchloric acid.

Rhenium may be separated from tungsten on anion-exchanger Dowex-i
by eluting the tungsten with 1.5TV hydrochloric acid and the rhenium with
4N nitric acid13. Rhenium has also been separated from platinum by ion-
exchange14. Several other procedures for the separation of rhenium from
molybdenum have been developed as part of methods for the detection or
determination of the element by particular reagents16'16.

(b) Gravimetric Determination

(i) Precipitation of tetraphenylarsonium perrhenate2
The determination is carried out by adding an excess of the reagent to the

perrhenate solution, keeping the volume as small as possible.
Reagent:

0.01 or 0.02M tetraphenylarsonium chloride in water.
Procedure:

To a definite volume of hot solution (20-35 ml) containing sufficient sodium
chloride to make the final volume about 0.5 molar, add a measured excess of a
0.01 or 0.02M solution of tetraphenylarsonium chloride. The total volume should
not exceed 60 ml. Stir well and allow to stand for several hours or, preferably,
References p. 633
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overnight. Filter the precipitate through a Gooch crucible, wash several times
with ice water and dry at uo°. The precipitate is tetraphenylarsonium perrhen-
ate, (C6H5)4AsRe04. Multiplying by factor 0.3952 converts this weight to per-
rhenate (Re04).

Quantities of rhenium between 0.40 to 133 mg may be determined in this
way. Determinations may be also carried out under conditions varying from
weakly alkaline to fairly strong acid. A relatively high concentration of am¬
monium hydroxide is not harmful but sodium hydroxide has a solvent action
on the precipitate. Nitric acid or nitrates, except in very low concentrations,
cause co-precipitation of tetraphenylarsonium nitrate with the pcrrhenate.
High results are obtained with high concentrations of hydrochloric acid or
other acids. Bromide, permanganate, perchlorate, periodate, thiocyanate,
iodide, fluoride, tin, vanadyl and bismuth in more than trace amounts
should be absent. Tungsten does not interfere and, although the molybdate
ion forms a fairly insoluble precipitate with the tetraphenylarsonium ion,
precipitation may be prevented by the presence of ammonium hydroxide,
tartrates, citrates, and their acids.

(ii) Precipitation of nitron perrhenate3
Reagent:

5% aqueous solution of nitron acetate.
Procedure:

Add to the perrhenate solution in a beaker at 80°, 0.8 ml of reagent solution
for every milligram of rhenium present. Stir and allow to stand for i j hours at
ordinary temperature or, preferably, immerse the beaker in iced water. Filter
and wash with iced water. Dry for 2 hours at 110° or 1 hour at 200°. The pre¬
cipitate is nitron perrhenate, C20H16N4IIReO4. Multiplying by factor 0.3305
converts this to rhenium.

(Hi) Precipitation of rhenium sulphide1''
Rhenium is precipitated as Re2S7 when concentrated hydrochloric acid'

is added to a solution of perrhenate previously treated with an excess of
alkali sulphide to form a thio-salt. The final concentration of hydrochloric
acid should be approximately 6N. By adding a large amount of ammonium
sulphate and heating to boiling, the precipitate is obtained in a filterable
form. It is collected in a sintered-glass crucible (porosity 4), washed succes¬
sively with water, alcohol and ether and dried in a vacuum desiccator. It can
be heated to 160° without loss in weight. Duval and Tribalat6 investigated
thermogravimetrically the precipitates of rhenium sulphide, potassium per¬
rhenate, thallium perrhenate18, nitron pcrrhenate, tetraphenylarsonium per¬
rhenate and the rhenium chloride of tetron19. From the pyrolysis curves of
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the precipitates they conclude that only the nitron and tetraphenylarsonium
■perrhenates should be retained for the determination of the metal. On the
basis of this work they recommend that the precipitate of tetraphenylarson¬
ium perrhenate should be dried between 126° and 185°.

(c) Colorimetric Determination

(i) Thiocyanate
An acid solution of perrhenate on treatment with thiocyanate and stan¬

nous chloride solution produces a yellow colour which is attributed to the
formation of the complex thiocyanate ReO(CNS) 420. The following procedure
can be employed21'22:
Reagents:

Ether for dilution: To 100 or 200 ml of ethyl ether in a separatory funnel add
25 ml of 1:4 hydrochloric acid, 2 ml of 20% potassium thiocyanate solution, and
about 10 g of mercury. Shake vigorously for 1 minute. Draw off the mercury and
the acid and reserve the ether.

Stannous chloride: Dissolve 35 g of SnCl2-2H20 in 20 ml of 1:1 hydrochloric
acid and dilute to 100 ml with water.

Potassium thiocyanate: 20%.
Standard rhenium solution: 0.01 or 0.001% rhenium. Dissolve 0.0155 g of pure

potassium perrhenate in water, add 5 ml of ON sulphuric acid and dilute to
100 ml with water (1 ml = 100 fig Re). From this solution prepare one contain¬
ing 10.o fig Re per ml by dilution with about 0.3IV sulphuric acid.
Procedure:

To an acid solution add 1 ml of potassium thiocyanate solution and 1 ml of
stannous chloride solution. Mix, and allow to stand for 5 minutes. Add 20 ml of
ether, shake vigorously, allow the phases to separate and run the aqueous layer
into another separatory funnel. Repeat the extraction twice with ether using
15-ml portions. Discard the acid solution. Combine the ether extracts, shake well
with 10 ml of 1:4 hydrochloric acid (to remove iron) and run the ether into a
50-ml volumetric flask. Dilute to the mark with the specially prepared ether.

Standards for comparison arc prepared as follows: Place the standard rhenium
solution in a separatory funnel with 10 mg of iron as ferric chloride and 25 ml of
1:4 hydrochloric acid. Add 2 ml of potassium thiocyanatc and 1 ml of stannous
chloride solution. Mix, allow to stand for 5 minutes, and proceed with the ex¬
traction as described above.

Determine the extinction of the ether solutions at 432 mft.

Notes:

(1) The colour of the rhenium complex is stable for at least one day although
it is best to measure the extinction within 10 to 30 minutes after extraction.
References p. 6jj
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(2) Rhenium thiocyanate solutions in ether show a slight deviation from
Beer's law above 2 x io-4 g ions/litre.

(3) Butyl acetate is as good a solvent for the complex as ether. Ce, Co, Cr,
Ga, Ge, In, Ir, Pb, Ni, Os, Ru, Tl, U and V do not interfere with the procedure.
Pt, Rh and W interfere by colouring the ether layer. Cu, Au, Pd and Se or Te do
not colour the ether but, by separating out, contaminate it. Molybdenum gives
a similar reaction to rhenium and must, therefore, be removed21. To carry this
out, add thiocyanate to an approximately 2N hydrochloric acid of Mo(VI) and
Re(VII) and shake with mercury and ether. Mercury reduces the molybdenum
to molybdenum (V) thiocyanate which is extracted by the ether. Rhenium re¬
mains in the aqueous layer but up to 5% may accompany the Mo.

(5) It has been recommended23 that when the thiocyanate method is applied
quantitatively to amounts of rhenium under 50o/<g the concentration of hydro¬
chloric acid should be held at 2.0%, potassium thiocyanate at 0.4% and stan¬
nous chloride at 0.2%. Seven minutes should, in general, elapse before titration
and the solution should be shaken no more than is necessary to produce uni¬
formity.

(ii) With sodium tellurate2*
Jr

Sodium tellurate is reduced to tellurium metal by means of stannous chlor¬
ide. In the presence of gelatine or gum arabic the tellurium is held in col¬
loidal suspension. Rhenium salts catalyse the reduction and the amount of
tellurium precipitated is proportional to the concentration of rhenium. The
following procedure can be used26.

Reagents:
Sodium tellurate: 5% aqueous solution.
Tartaric acid: 45 gram in 100 ml of solution.
Gelatine: 0.5% solution.
Stannous chloride: 100 g tin dissolved in 250 ml of hydrochloric acid.
Perrhenic acid: standard solutions containing 0.01 and i/*g of Re per ml.

Procedure:

Transfer aliquots of the sample solution containing from 0.001 to 0.1 fig Re
to three graduated test tubes. To two of the tubes add standard perrhenic acid
solution corresponding to 0.002-0.01 and 0.02-1 fig of Re respectively. Dilute
the solutions to 1.5 ml and treat each (including a blank of 1.5 ml of water) with
1 ml of reaction mixture prepared by mixing 5 ml of sodium tellurate, 2 ml of
tartaric acid, 1.5 ml of gelatin, and 1.5 ml of stannous chloride solutions. Mix
and allow to stand for 1-2 hours, or overnight if no colour develops in the sample
in this time. Measure the extinction of the solutions at 430-470 mft, comparing
against the standards. Calculate the amount of rhenium in the sample from the
formula:

* = «E,/(E#+x±EJ,
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where a = amount of Re added to one or other of the comparison solutions,
E* = extinction of the sample solution, Ea+ x = extinction of the sample solu¬
tion containing Re.

Notes:

(x) By this method o.001-0.1 fig of Re may be determined with an error of
10 to 20%.

(2) Molybdenum interferes and must be removed. Nitric acid suppresses the
reaction and the other mineral acids affect the degree of colouration.

(Hi) With 2:4-diphenylthiosemicarbazide
Few reagents are available which produce a colour reaction with 7-valent

rhenium. Recently, however26, it has been reported that perrhenates give a
characteristic red colour {Xmax 510 mju) with 2:4-diphenylthiosemicarbazide.
The complex can be extracted by chloroform.
Reagent

A saturated solution of 2:4 diphenylthiosemicarbazide in methanol.
Procedure:

Acidify the solution of perrhenate (which should contain not more than 50 fig
of Re in 5 or 10 ml of solution) with hydrochloric acid making it approximately
6N. Add 1.5 to 2.0 ml of a saturated solution of the reagent in methanol and heat
at 80 20 for 20 minutes. Cool rapidly and extract with 25 ml of chloroform.

Compare the extinction at 510 m/i with a calibration curve.

Note:

The accuracy of the determination for 3 to 50 /ig of Re as perrhenate is gener¬
ally within 4: 0.5 fig. Molybdenum interferes.

( iv) With a-furildioxime
The purple-red complex of unknown composition with an absorption maxi¬

mum at 532 m//, formed when perrhenate is reduced by stannous chloride in
the presence of a large excess of a-furildioxime, has been used as a sensitive
method for the colorimetric determination of rhenium27.

Reagents:
0.70 g of a-furildioxime dissolved in 200 ml of acetone.
10 g of tin dissolved in 10 ml of conc. hydrochloric acid and diluted to 100 ml.

Procedure:
To a sample containing < 300 fig of Re as perrhenate add sufficient hydro¬

chloric acid to make the final amount 35 millimoles. Dilute with water to about
30 ml, add 13 ml of a freshly-prepared solution of the reagent and 5 ml of stan¬
nous chloride solution. Dilute to 100 ml with water. After 45 minutes read the
extinction against a reagent blank.
References p. 633
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Note:

Molybdenum interferes and can be removed by extraction of the molybdenum
ethyl xanthate complex with chloroform.

(v) With thiourea™
Reagents:

5% aqueous thiourea solution.
20% solution of stannous chloride in conc. hydrochloric acid.

Procedure:
Mix the rhenium-containing solution with 5 ml of conc hydrochloric acid,

5 ml of the reagent and 1 ml of stannous chloride solution. Dilute to 25 ml with
water in a graduated flask. Heat the solution to 65-75° for 5 to 10 minutes.
Allow to cool and measure the colour intensity with a deep-blue filter.
Notes:

(1) 10-15 fS °f Re can be determined. Oxidising agents, mercuric, cadmium,
bismuth, molybdenum, tungsten, tellurium, selenium, arsenic and ions which
form stable complexes with thiourea, interfere.

(2) Fluorides, citrates, tartrates and oxalates do not interfere.

A number of colorimetric methods based on different dioximes has been

proposed29. After separation of perrhenate and molybdate by extraction of
their cupferron complexes with ether, Meyer and Rulfs30 carried out a re¬
duction with hydrazine in hydrochloric acid and measured the concentra¬
tion of rhenium spectrophotometrically at 281.5 mju. A precision of ± 2% is
claimed.

A method for the separation of Re from other elements (mainly Mo) and
the optimal conditions for the photometric determination of Re with thio-
cyanate in aqueous or ether medium have been recently described31.

(d) Titrimetric Determination of Rhenium
The number of titrimetric methods for rhenium is small. It may be determ¬

ined by titrating perrhenic acid with a standard base. Perrhenic acid is a
strong acid and any indicator in the pH range 4-10 is satisfactory. This
method has, however, the disadvantage that perrhenic acid must be formed
in the rhenium-containing solution.

A method of recent origin is that of Spitzy, Magee, and Wilson32 based on
a reduction of perrhenate to the 5-valent state, followed by quantitative
oxidation back to the higher valency using a suitable oxidising agent.
Reagents:

0.01N eerie sulphate solution in 18N sulphuric acid.
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Ferric sulphate.
1: io-phenanthroline-ferrous sulphate indicator.
Bismuth amalgam prepared by the method of Brauer33.

Procedure:
To 20 ml of the rhenium-containing solution in a separatory funnel (12 cm x

2 cm) add 2 ml of bismuth amalgam and shake vigorously for 7 minutes. Allow
to settle, and draw off the amalgam. To the solution add an excess of ferric sul¬
phate solution followed by 0.05 ml of 1: io-phenanthroline indicator. Titrate
with 0.01N eerie sulphate solution added from a micro-burette graduated to
0.01 ml. Carry out a blank determination under the same conditions, and correct
for the blank value.

With this method it is possible to determine from 0.1 mg to 10 mg of rhenium
with a standard deviation of ± 0.02 mg. By adapting an "Agla" micrometer
syringe as a micro-burette and using N-phenylanthranilic acid as indicator, the
method could be used to determine 10-15 MS °f rhenium with a deviation of
±2 fig.
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In connection with some work on technetium, the authors found it
necessary to develop a method for the determination of small amounts
of rhenium. The most direct method appeared to he a reduction of
perrhenate to the 5-valent state, followed by quantitative oxidation
back to the higher valency using a suitable oxidising agent. The reduction
of rhenium from the 7- to the 5-valent state is a recognised step1.
Publications dealing with the method of reduction are not numerous,
however, and those that do exist2-5 are somewhat confusing.

According to Tribalat2, rhenium-VII can be quantitatively reduced
to rhenium-V by means of stannous chloride in 4 N hydrochloric acid
solution, the rhenium-V existing as an unstable emerald-green solution
which can be stabilised by oxalic acid.

Maun and Davidson4 also reported investigations on the reduction
of perrhenate with stannous chloride in 4 N hydrochloric acid. They
state that the resultant solution is light green in colour, and is stable for
some hours. The absorption spectrum of this solution shows two minima
at 560 m/j, and 890 m/i, and a maximum at 760 trip.

Recently Lazarev5, reporting investigations on the reduction of
rhenium-VII by means of liquid amalgams of zinc, cadmium, lead and
bismuth, in the presence of hydrochloric or sulphuric acid, claimed the
most suitable quantitative reductant to be bismuth amalgam in 18 N
sulphuric acid. In the abstract of this paper it is stated that "after
8 minutes the reduction is independent of time". Since the original paper
was not available for consultation, it is not possible to be certain of the
precise meaning of this statement.

* To Professor Dr. Hans Lieb, University of Graz, for his 70th birthday.
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Before attempting to perfect a method for the determination it seemed
desirable to carry out a complete experimental investigation. This paper
presents the results of the investigation, and outlines a method for the
determination of small amounts of the element.

o 09

o oe

O 07

o- 04

Reduction of Perrhenate with Stannous Chloride

Attempts were made to reduce perrhenate with a 0.01 M solution of
stannous chloride in 4 N hydrochloric acid, and then to oxidise the reduced
solution with standard eerie 010

sulphate solution, the oxi¬
dation being followed po-

tentiometrically. Quantita¬
tive results could not be

achieved, because excess
stannous chloride was ne¬

cessary to bring about com¬
plete reduction of the per¬
rhenate, and this excess, to¬
gether with evolved chlorine,
interfered with the deter¬
mination.

A number of other re-

ductants were tried. Of

these, ascorbic acid, hydro-
xylamine hydrochloride and
hydrazine apparently had
no reducing effect, and
sodium amalgam was too
powerful, probably produc¬
ing a mixture of rhenium-V
and rhenium-IV, perhaps
together with lower valent
states.

The investigation con¬
firmed the statement of
Tribalat2 that the reduced
solution is unstable. The
reduced form, originally
yellow-green or yellow, changes in a few hours through yellow-brown to
brown. The brown colour slowly increases in intensity because of the
production of a fine precipitate which is considered to be Re02. Solutions
of perrhenate which had been freshly reduced by Tribalat's method to the
lower valent form were found to have an absorption spectrum (Fig. I, A)

002

500 600 700 800 900 1000

wavelength m/j
Fig. 1. Absorption spectra of Rev in 18 A7 sulfuric acid (B)

and the Rev-complex with hydrochloric acid (A)

23'
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corresponding precisely to that reported by Maun and Davidson. Further
more, reductions carried out by the same method, either in the presence of
oxalic acid, or followed by the addition of oxalic acid after the appearance of
the yellow-green colour, showed the same absorption. The presence of the
oxalic acid did, however, undoubtedly stabilise the reduced form, since
over a period of at least 21 hours no change in colour was observed.

Information confirmed or gained from these investigations may be
summarised as follows:

(a) Rhenium-V produced by reduction with stannous chloride in 4 A7
hydrochloric acid is unstable.

(b) Oxalic acid stabilises the 5-valent state, but the absorption spectrum
supports the view that this does not arise from complex formation.

(c) The method does not provide a satisfactory basis for the determina¬
tion of rhenium.

Reduction of Perrhenate with Bismuth Amalgam
Reductions were carried out with bismuth amalgam prepared

according to the method of Brauer6. Using vigorous shaking, 20.00 ml
of 0.0005 M perrhenate i n 18 N sulphuric acid were reduced with 2 ml
of bismuth amalgam in a separatory funnel (12 cm-2 cm). The colour
of the solution which resulted was blue, and this was stable for at least
1 hour. The solution was titrated with 0.01 N eerie sulphate (in 18 N
sulphuric acid) using o-phenanthroline-ferrous sulphate as indicator.
Equivalent amounts of eerie sulphate required to oxidise the reduced
solution after various times of reduction are reproduced in Fig. 2. It is
evident from this curve that under the conditions of the experiment,
where the period of reduction lies between 6 and 12 minutes 2 equivalents
of eerie sulphate are required for oxidation. It may be assumed, therefore,
that on reduction under these conditions the rhenium exists in the
solution as rhenium-V. When the period of reduction exceeds 12 minutes
more than 2 equivalents are required for oxidation, and the over-reduced
solution shows formation of the fine brown precipitate assumed to be
Re02. Further, there is no evidence which can be interpreted as indicating
a transition through 6-valent rhenium, because, as can be seen from Fig. 2,
even after 15 seconds shaking with the amalgam 1.58 equivalents of
eerie sulphate are required for the oxidation.

Factors which influence the production of this reduced form of rhenium
were found to be as follows:

(a) The rate and time of shaking. Under the conditions described
shaking must be vigorous.

(b) The relation of the volume of the bismuth amalgam to that of the
rhenium-containing solution. As a consequence, this ratio must be carefully
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controlled in any method designed to give a quantitative reduction of
rhenium-VII to rhenium-V.

(c) Temperature. Reduction at 95° C took place much more rapidly.
(d) The strength of the sulphuric acid. Dilution of the blue reduced

solution with water causes the colour to change almost immediately to
yellow, with gradual deposition of a brown precipitate.

Before applying the method of reduction to the determination of
rhenium, several other points were investigated. Extensive experiments
showed that it is not

necessary to work in an
atmosphere of carbon dio¬
xide, as has been done by
previous investigators.
In fact, resistance of the
system to atmospheric
oxidation is remarkably
high. Even if oxygen is
bubbled through the so¬
lution for 15 minutes, a

negative error of only
11% is produced.

Reductions were car¬

ried out in the presence of
oxalic acid; in addition,
simple reductions were
carried out and oxalic

acid was subsequently
added. In each case stable blue solutions were obtained, but the absorption
spectrum was always identical with that obtained by reduction in the
absence of oxalic acid (Fig. 1, B). It will be observed, however, that the
absorption spectrum of the blue rhenium-V solution produced by this
method is completely different from that of the solution of Tribalat or of
Maun and Davidson. When an equal volume of concentrated hydrochloric
acid is added to the blue solution obtained from reduction by bismuth
amalgam in 18 N sulphuric acid (the final concentration of the hydro¬
chloric acid being then about 6 N) the blue solution changes to a yellow
solution showing the absorption spectrum quoted by Maun and
Davidson, and found in these investigations to be characteristic of the
yellow-green form (Fig. 1, A). This lends some support to the view of
Lazarev that the rhenium-V in the latter exists in the form of some

sort of hydrochloric acid complex. The curve shown in Fig. 1, B,
might then be assumed to represent the spectrum of the uncomplexed
rhenium-V.

m i ns. sha king time
Fig. 2. Dependence of titre on time of shaking
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In titrating the reduced solution with eerie sulphate, oxidation is
slow at and near the end-point. To improve the titration the procedure
was amended. An excess of ferric sulphate in 18 A sulphuric acid was
added to the reduced solution, and the ferrous sulphate produced was
then titrated with eerie sulphate in the normal way7. The end-point was
then speedily and easily determinable.

Determination of Rhenium

Reagents: 0.01 M potassium perrhenate (prepared from "specpure"
potassium perrhenate, Johnson Matthey and Co., Ltd., London); 0.01 N

eerie sulphate; ferric sulphate;
o-phenanthroline-ferrous sulphate
indicator; N-phenylanthranilic
acid indicator.

All reagents except the indi¬
cators were made up in 18 N
sulphuric acid, and apart from
the perrhenate, all reagents were
of Analar grade.

Procedure: To 20 ml of the

rhenium-containing solution in a

separatory funnel (12 cm • 2 cm)
add 2 ml of bismuth amalgam
and shake vigorously for 7 minu¬

tes. Allow to settle, and draw off the amalgam. To the solution add
excess of ferric sulphate solution followed by 0.05 ml of o-phenan¬
throline indicator solution. Titrate with 0.01 N eerie sulphate
solution added from a microburette graduated to 0.01 ml. Carry out
a blank determination under the same conditions, and correct for the
blank value.

1 ml 0.01 N eerie sulphate = 931.5 /u,g Re.
Results: Values obtained in a number of experiments are shown in

Table 1.

Samples 9-11 were supplied to one of us (H. S.) as "unknowns".
It is thus possible to determine amounts from 0.1 mg to 10 mg by

this method with the accuracy shown.

Table 1

mg Re given mg Re found + d/, mg

1.86 1.88 + 0.02
3.72 3.71 — 0.01
2.80 2.82 + 0.02
0.18 0.17e 0
2.60 2.60 0
2.87 2.88 + 0.01
1.43 1.40 — 0.03
0.93 0.92 — 0.01
0.19 0.17 — 0.02
0.04 0.03 — 0.01
0.93 0.93 0

Determination of Microgram Amounts of Rhenium
An "Agla" micrometer syringe (Messrs. Burroughs Wellcome and Co.,

London) was adapted for use as a microburette for the titration of micro¬
gram amounts of rhenium. In the reduction the conditions and quantities
described above were first maintained. At the end of the reduction the
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Table 2

Mg Re given Mg Re found + <f/, Mg

75 73 — 2
75 75 0
75 75 0
45 43 — 2
15 17 + 2
30 31 + 1
15 17 + 2
60 62 + 2
82 84 + 2
19 20 + 1

Table 3

volume was made up to 100 ml with 18 iV sulphuric acid, and aliquots were
titrated. Delivery of titrant from the "Agla" burette could be con¬
trolled with certainty to 0.0002 ml.
The eerie sulphate used as titrant
was 0.02 N, and V-phenylanthra-
nilic acid was found to he pre¬
ferable as indicator since it gave
a more pronounced colour change.
Stirring of the solution was effect¬
ed by a stream of bubbles of car¬
bon dioxide. The titration figure
obtained was corrected by a blank
which, in these experiments, was

1.6//I of eerie sulphate solution.
1 fil 0.02 V eerie sulphate
1.8//g Re.
In one series of experiments 1.40 mg of rhenium were reduced as

described. Excess ferric sulphate solution was added and the mixture
was diluted to 100 ml with 18 V sulphuric acid. Using varying aliquots
of this solution the results shown in Table 2
were obtained. Samples G-10 were supplied
as "unknowns".

Taking the process a stage further, it was
also found possible to carry out the reduction
on a small scale, using a small bottle of
capacity 1.2 ml with a ground-glass stopper.
In the bottle 0.5 ml of perrhenate solution
and 0.3 ml of bismuth amalgam were shaken
vigorously for 3 minutes. The reduced solution was then drawn off
and the flask and amalgam were washed 3 times with 18 V sulphuric
acid. The total volume of solution and washings was adjusted to
3 ml and the titration was then carried out as described. The results of
some determinations carried out by this procedure are shown in Table 3.

One of us (H. S.) would like to take this opportunity to thank the
Department of Chemistry of the Queen's University of Belfast for the
facilities granted in carrying out this work.

Summary
Investigations on the reduction of rhenium-VII to rhenium-V have

been carried out. The use of stannous chloride in hydrochloric acid
solution was not found suitable as the basis for the quantitative deter¬
mination of the element. The most satisfactory reductant was found to

Mg Re given Mg Re found

56 56
74 67
93 91
93 90
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be bismuth amalgam in 18 N sulphuric acid. A method is outlined for
the determination of milligram amounts of rhenium ranging from 0.1 to
10 mg with a standard deviation of ^ 0.02 mg, using this as a basis.
The procedure, with only slight modification, can be extended to the
determination of microgram amounts of the element.

Measurement of absorption spectra indicates that in hydrochloric
acid solution a complex is formed between the acid and rhenium-V, but
that the stabilisation of rhenium-V by oxalic acid does not arise from the
formation of a complex.

Zusammenfassung

Untersuchungen liber die Reduktion von Rhenium(VII) zu Rhenium(V)
wurden durchgefiihrt. Zinn(II)-chlorid in salzsaurer Losung bewahrt sich
fiir die quantitative Bestimmung des Rheniums nicht. Als bestes Reduktions-
mittel erwies sich Wismutamalgam in 18-n Schwefelsaure. Auf dieser Basis
wurde ein Verfahren zur Milligrammbestimmung von Rhenium ausgearbeitet,
das im Bereich zwischen 0,1 und 10 mg Abweichungen von i 0,02 mg zeigt.
Mit nur geringen Abanderungen lafit es sich auch zur Bestimmung von «
Mikrogrammengen verwenden.

Messungen der Absorptionsspektren ergaben, da 13 sich in salzsaurer
Losung ein Komplex aus Saure und Rhenium(V) bildet, da!3 aber die Stabili-
sierung des 5wertigen Rheniums durch Oxalsiiure nicht auf der Bildung eines
Komplexes berulit.

Resume

Recherches sur la reduction du rhenium VII en rhenium V. On a etabli
que la solution de chlorure stanneux dans l'acide chlorhydrique n'est pas un
reactif approprie & la determination quantitative de l'element. On a montre
que le reducteur le plus satisfaisant etait l'amalgame de bismuth dans l'acide
sulfurique 18 N. Les auteurs esquissent une methode basee sur 1'emploi
de ce reactif pour le microdosago du rhenium en quantites variant de 0,1 ii
10 mg avec un ecart type de zt 0,02 mg. La technique legerement modifiee
peut etre etendue au dosage de quantites de l'ordre de grandeur du micro-
gramme.

Les mesures de spectres d'absorption montrent qu'en solution d'acide
chlorhydrique il se forme un complexe entre l'acide et le rhenium V mais
que par contre la stabilisation du rhenium V par l'acide oxalique ne resulte
pas de la formation d'un complexe.
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Summary—A scheme is presented for the separation and detection of manganese, technetium,
rhenium, ruthenium and molybdenum on the ultramicroscale. A number of comfirmatory tests for
these elements on this scale have been investigated and the results are reported.

A survey of reagents suitable for the approximate estimation of technetium, rhenium and
molybdenum has been carried out and these are combined in a separation scheme for these elements.

The elements manganese, technetium and rhenium constitute group VII of the
periodic classification. Of these three elements, technetium is by far the least common
and, even today, quantities available are very small.1 Attention has been drawn to
the lack of information on the analytical chemistry of this element2 and the need
for the development of reliable non-radiochemical procedures for the detection of
small amounts.3

In its known behaviour technetium is very similar to rhenium and is likely also
to show some similarity to manganese. One of the main attempts to obtain workable
amounts of technetium has been by neutron bombardment of a molybdenum target.
In this process the principal task is the separation of small amounts of the element
from the target material molybdenum. This was recently achieved by means of
anion exchange.4

Attempts have also been made to extract workable amounts of technetium from
the fission products of 235U.5 In this process the major difficulty is to remove
ruthenium from technetium.

In an earlier publication6 we have reported new reagents for the detection of the
element technetium. It was felt, however, that a comprehensive separation scheme,
covering not only technetium and rhenium, but also manganese, ruthenium and
molybdenum, would provide a very valuable advance in the analytical chemistry
of technetium and its associated elements, and was indeed a necessity.

In this laboratory, at the time of this work, the amount of technetium originally
available was 30 //g, and later approximately 1 mg. To carry out the proposed
separations, therefore, it was necessary to use ultramicro techniques.

As far as the authors are aware no separation schemes involving technetium and
its associated elements have up to the present appeared in the literature. The
present paper reports the results of investigations arising from these considerations.

A wide range of reactions of the elements was investigated. The most important
and those upon which the separation scheme is based were as follows:

1. Manganese and ruthenium in the lower valency states precipitate readily as
the hydrous oxides on treatment with a strong base. Under the same conditions,

17
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however, molybdate, pertechnetate or perrhenate remain unchanged. The hydrous
oxides of manganese and ruthenium are precipitated from permanganate and the
higher valency states of ruthenium by boiling with 95 % ethanol in the presence of
sodium hydroxide. As before, perrhenate, pertechnetate and molybdate are unaffected
and remain in solution.

2. Ruthenium can be separated from manganese by precipitating the former as
sulphide from a hydrochloric acid medium.

3. Attempts to precipitate TcIV as hydroxide from moderately concentrated
solutions produced a dark brown precipitate which was insoluble in excess of pre¬
cipitant, in dilute hydrochloric acid, and in glacial acetic acid, but readily soluble in
concentrated hydrochloric and nitric acids. The precipitate is thought to be the
hydrous oxide.

4. The lower valency states of rhenium, technetium or molybdenum are readily
raised to their highest states by oxidising with hydrogen peroxide in an alkaline
medium.

5. The purple-red compound obtained when a technetium solution is treated
with an aqueous solution of potassium xanthate is readily extractable into carbon
tetrachloride6 or chloroform and permits separation of the element from rhenium.

6. Unlike molybdenum, technetium^1 does not precipitate as the insoluble
oxinate from an acetate-buffered solution and thus provides a means of separation
of the two elements.

EXPERIMENTAL

The apparatus and manipulative technique employed in these investigations has been described
elsewhere.7-8

Stock solutions of the elements containing 0-2 pg/50 m/d of solution were prepared.

SEPARATION OF THE ELEMENTS

The scheme for the separation of the elements, based on the reactions described above is outlined
in Table I.

CONFIRMATORY TESTS

Almost all the confirmatory tests recommended for the detection of manganese, rhenium,
ruthenium and molybdenum on the milligram scale were found to be suitable. The majority of these
tests were investigated and the best selected.

For technetium new confirmatory tests were developed. These have already been reported."

Manganese
(a) Potassium persulphate-silver nitrate9: Deliver 50 m/d of solution by a micropipette to a cone.

Add an equal volume of concentrated H2S04 or 2N HN03 followed by about 20 m/d of silver
nitrate. Now add about 50 m/tl of potassium persulphate. Seal the cone in a heating capillary and
heat for 2 minutes at 60°. A pink colour confirms the presence of manganese.

Reagents: 1 % silver nitrate solution; a saturated solution of potassium persulphate
(b) Benzidine :10 Place 50 m/d of test solution on filter paper. Add twice the volume of sodium

hydroxide to the spot followed by excess of benzidine reagent. A blue stain confirms the presence
of manganese.

Reagents: 10% sodium hydroxide solution; benzidine, 0 05 g in 100 ml of 10% acetic acid.

Notes

1. The elements technetium, rhenium and molybdenum should be present in the form Tc04-,
ReOr, and Mo04~ respectively before starting the analysis. This may be ensured by oxidising
lower valency states with alkaline hydrogen peroxide and boiling to expel excess peroxide.
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Table I

Treat 50-100 rn«l of the test solution with about half its volume of 10% NaOH, Agitate
and seal in a heating capillary. Heat to boiling for 5 minutes. Centrifuge.

S 1

May contain molybdate, per-
rhenate and pertechnetate.
Make slightly acid with
2N HC1. Reduce to small

bulk, add about 70 m/d of
8-hydroxyquinoline reagent
(2% in AN acetic acid), heat
for 5 minutes and centrifuge.

R 1

Wash with about 50 m/il of
distilled water. Combine the

washings with S 1. Dissolve
in the minimum volume of
AN HC1. Heat and add an

equal volume of ammonium
sulphide. The solution should
now react acidic. Heat to

boiling for 3 minutes; cool
and centrifuge

S3
Add an equal volume of
potassium xanthate reagent
(sat. aqueous soln.). Mix well
and add about 80 m/d of

either CC14 or CHC13.
Centrifuge.

R 3

An orange-yellow precipitate
indicates Mo. Dissolve in
HC1 and test for Mo (see

confirmatory tests).

Upper Layer
Test for Re

(see confirmatory tests).

Lower Layer
Purple-red. Tc is present

S 2
Test for Mn (see confirmatory

tests).

R 2

Wash once with water and
add the washings to S 2.
Dissolve in the minimum
volume of hot 2N HN03.

Centrifuge.

S 4 R 4
Test for Ru (see confirmatory Discard,

tests).
2. Solutions containing permanganate or perruthenate must be reduced before starting the

analysis. This may be carried out in the following way: Add half the volume of 95 % ethanol to
the solution under examination which should be already 4-6N in sodium hydroxide. Boil for 2-3
minutes. The heating removes excess ethanol and any by-products formed. After centrifuging
proceed as under R 1 and S 1.

3. By heating the solutions to boiling after adding 10% NaOH the formation of colloidal hydrous
oxides of manganese and ruthenium is prevented.

4. After dissolving R 1 in AN HC1 and adding ammonium sulphide, the solution must be dis¬
tinctly acid, otherwise manganese sulphide may co-precipitate with the ruthenium sulphide.
Boiling for 3 minutes at this stage prevents the formation of colloidal ruthenium sulphide.

5. Complete precipitation of molybdenum as oxinate occurs in the range pH 3-7-3.
6. Before adding potassium xanthate reagent under S 3, ensure that the solution is acid so that

xanthic acid, which reacts with technetium, is liberated.
7. Potassium xanthate gives a similar reaction with molybdenum.6 Care must be taken, therefore,

that molybdenum is completely removed before applying the test for technetium.
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Rhenium

(a) Dimethylglyoxime-stannous chloride:9 To the test solution in a capillary cone, add an equal
volume of dimethylglyoxime followed by an excess of stannous chloride solution. In the presence
of rhenium a red-orange coloration is obtained.

Reagents: A saturated solution of dimethylglyoxime in ethanol; 25% stannous chloride in
10AHC1.

(b) Potassium thiocyanate-stannous chloride:11 Measure out a volume of potassium thiocyanate
equal to that of the test solution in the cone. Mix well and add a small excess of stannous chloride
solution. In the presence of rhenium an orange to pale yellow coloration is produced.

Reagents: 20% potassium thiocyanate; 10-15% stannous chloride in 1 : 1 HC1.

Technetium

The reagents used in the detection of this element have already been reported.8

Ruthenium

(а) Potassium thiocyanate:12 This is a new, very sensitive test for ruthenium in which the
thiocyanate undoubtedly reduces the element to a lower valency state. In the presence of 4-5A HC1,
a blue-violet colour is obtained which is completely extractable by methyl Aobutyl ketone (hexone).

For testing the following procedure is used:
Add an equal volume of 20% potassium thiocyanate to the test solution. Heat the solution for

5 minutes at 95°. Add sufficient concentrated HC1 to make the solution about 3A in the acid. In
the presence of ruthenium a blue-violet colour appears which is readily extracted with hexone.

(б) Thiocarbamide:* Mix equal volumes of the test solution and concentrated hydrochloric
acid in a capillary cone. Add half the total volume of 10 % thiourea solution and heat in a capillary
cone for 2 minutes at 80°. In the presence of ruthenium a blue coloration is produced.

Molybdenum
(a) Potassium xanthate:10 To the acidic test solution in a cone add an equal volume of potassium*

xanthate reagent. Stir, and add about 50 m/A of carbon tetrachloride. Centrifuge. If the organic
solvent layer is coloured purple-red, molybdenum is present.

(b) Potassium thiocyanate-stannous chloride:11 Treat the solution to be investigated with 60 m,ul
of potassium thiocyanate reagent and add about half the total volume of stannous chloride. A
violet or purple colour indicates the presence of molybdenum.

REDUCTIONS WITH THIOCYANATE

In the present work and in other investigations carried out in these laboratories,12 the influence
of thiocyanate on some metals has proved to be extremely interesting and valuable.

Some of the results obtained in this work are tabulated below:

Metal

Colour obtained Extraction with hexone from

Room temp. Boiling temp. Nitric acid Sulphuric
acid

Hydrochloric
acid

Rhenium
Technetium

Manganese
Ruthenium

Molybdenum

purple

blood-red colour

blood-red colour

purple
green-yellow
bluish-violet

blood-red colour

incomplete
incomplete
incomplete
incomplete
incomplete

incomplete
incomplete
incomplete
incomplete
incomplete

complete
complete
complete
complete
complete

Reagents: 20-30% Potassium thiocyanate; 3A Nitric acid; 3A Sulphuric acid; 4-6A Hydro¬
chloric acid; Hexone.

A more comprehensive investigation of these reactions may provide valuable results.
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THE APPROXIMATE ESTIMATION OF TECHNETIUM,
RHENIUM AND MOLYBDENUM

In this type of estimation on the ultramicroscale the volume of precipitate formed by a particular
ion is assumed to be directly proportional to the amount of ion present. Comparisons, however,
must be made under strictly identical conditions of temperature, time and rate of centrifuging, etc.
Precipitants were, therefore, selected in such a way that (1) complete precipitation of a particular
ion occurred in the presence of other ions, (2) excess of precipitant did not interfere with subsequent
precipitations, (3) precipitates were easily collected at the apex of the cone with the minimum-time
and rate of centrifuging, (4) precipitates were stable and not easily decomposed by acids, bases or
dilution, (5) the colours of the precipitates were intense, since transparent or faintly coloured pre¬
cipitates were found difficult to measure under the microscope.

A series of volumes of precipitates was prepared for each metal, ranging from 0-5-0 06 //g per
50 m/d, and these were measured and used as standards.

A wide range of reagents were investigated to find the ideal precipitant for each metal, applying
the conditions already described above.

Molybdenum
Preliminary investigations showed that the following reagents were most suitable and these

were subjected to a more detailed study, (a) a-benzoin oxime, (b) sodium thiosulphate and hydro¬
chloric acid, (c) 8-hydroxyquinoline. Of these reagents 8-hydroxyquinoline was found to be most
suitable for the ultramicroscale, the yellowish-orange precipitate of molybdenum oxinate having
the properties which made for successful estimation of the element.

Procedure: Add about 70 muI of oxime reagent to 50 m/d of the test solution at pH 3-3-7-5.
Collect the precipitate formed in the taper of the cone by centrifuging for 5 minutes. Estimate the
volume of precipitate.

Note: If particles of the precipitate cling to the walls of the cone, place about 10 m/d of ethanol
on the opposite sides of the mouth of the cone and centrifuge rapidly for a minute.

The following figures, arranged in order of ascending magnitude, were obtained for the volume
of the molybdenum oxinate precipitate in 10 separate experiments. The volumes are expressed in
m/d per /<g of molybdenum.

58-0; 58-5; 59-8; 62-3; 66-2
71-0; 71-0; 71-0; 74-9; 77-0.

Average value = 67 m/d//rg Mo
Standard deviation for a single estimation = ±6-9 m/d//rg Mo
Coefficient of variation = ±10-3 %>

Rhenium

The reagents investigated were (a) tetraphenylarsonium chloride, (6) sodium thiosulphate and
hydrochloric acid, (c) nitron. Of these reagents (a) and (6) were found to be quite satisfactory.

(a) Tetraphenylarsonium chloride:13 Although this reagent forms a white crystalline precipitate
of tetraphenylarsonium perrhenate it is suitable for the estimation of rhenium in solutions containing
more than 0-1 jug.

Procedure: Treat 50 m/d of test solution with sufficient sodium chloride to make the final solution
0-25M in sodium chloride. To this add an equal volume of a 1 % aqueous solution of tetraphenyl¬
arsonium chloride. Centrifuge and estimate the volume of precipitate.

The following figures, arranged in order of ascending magnitude, were obtained for the volume
of tetraphenylarsonium perrhenate in 10 separate estimations. The volumes are expressed in m/d
per fig microgram of rhenium.

189-8; 203-1; 205-0; 209-0; 221-7
227-0; 237-8; 241-0; 2500; 252-4

Average value = 223-7 m/d//(g Re.
Standard deviation for a single estimation = ±21-4 m/d///g Re.
Coefficient of variation = ±9-52%.
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(b) Sodium thiosulphate and hydrochloric acid: By the interaction of the perrhenate ion with
sodium thiosulphate solution in the presence of concentrated hydrochloric acid, rhenium sulphide
Re2S, is precipitated. Complete precipitation occurs if the acid strength is at least 6N. Above 8N,
however, the form of the precipitate was found unsuitable for estimation on this scale.

Procedure: Treat 50 m/il of the test solution with about the same volume of 10% sodium thio¬
sulphate and stir well. Add to this a sufficient volume of hydrochloric acid to make the final con¬
centration 6N-8N in the acid. Seal the cone in a heating capillary and heat to boiling for 5 minutes.
Centrifuge for 5 minutes. Measure the volume of the precipitate.

The following figures, arranged in order of ascending magnitude, were obtained for the volume
of rhenium sulphide in 10 separate experiments. The volumes are expressed in m/«l per «g of Re.

173-4; 173-4; 173-4; 191-4; 193-4
193-4; 193-4; 193-4; 212-9; 212-9

Average value = 191-1 m/d/fig Re.
Standard deviation for a single estimation = ±14-6 m/(l//tg Re.
Coefficient of variation = ±7-6%.

It will be seen from the coefficient of variation that rhenium sulphide is very suitable for the
estimation of the element.

Technetium

Some new reagents for the detection of technetium have already been reported.6 For the
approximate estimation of the element, however, investigations were carried out with three
reagents, (a) ammonium sulphide in alkaline medium, (b) nitron acetate, and (c) tetraphenyl-
arsonium chloride. Of these reagents the last proved to be the most successful on the ultramicroscale.
A 1 % aqueous solution of tetraphenylarsonium chloride was used.

Procedure: To the test solution containing approximately 0-2 fig Tc add, with continuous stirring,
20% sodium carbonate solution until the mixture becomes just alkaline. Centrifuge for a short
time and reduce the solution to a small bulk by evaporation. Add an equal volume of reagent.
Centrifuge, collect and measure the precipitate.

The following data, expressed in m/il//ig Tc, were obtained in six different determinations.

189-0; 197-3; 204-0; 219-0; 239-0; 249-0.

Average value = 214-2 m/d//ig Tc.
Standard deviation for a single estimation = ±24-2 nyd/.ug Tc.
Coefficient of variation = ±11-3%.

THE SEPARATION OF RHENIUM, TECHNETIUM
AND MOLYBDENUM

The separation of these elements for the purpose of their approximate estimation was con¬
sidered. Based on the following observations, a separate scheme was drawn up.

(1) Molybdenum is readily precipitated as the oxinate by 8-hydroxyquinoline reagent. Under
the same conditions of precipitation, however, rhenium as perrhenate and technetium as pertech-
netate are unaffected.

(2) A complete separation of technetium and rhenium is achieved by precipitating the former,
in the presence of ferric or manganous salts as carriers, with ammonium hydroxide. In no case
was rhenium found to be occluded by the hydroxide precipitate of techentium. The technetium
precipitate, which contains TcIV, is easily oxidised to Tcvn preparatory to precipitation of the
element as tetraphenylarsonium pertechnetate, by dissolving in dilute sulphuric acid and treating
with hydrogen peroxide.

The detailed separation scheme is outlined in Table II.
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Table II

Treat 100 m/d of the neutral or slightly acid test solution with about 70 m/d of 8-hydroxyquinoline
reagent. Mix well and centrifuge for five minutes.

S 1
Reduce to small volume. Add
sufficient concentrated HC1 to

bring the final concentration of
acid to 9N. Heat at 80° for about
40 mins. Add about 40 m/d of 1 %
FeCl3 solution. Agitate and add
sufficient concentrated ammonia
to precipitate the iron present.
Centrifuge.

R 1
Yellow precipitate

Estimate as under Molybdenum
(oxinate, p. 21). Wash once with
boiling water and combine the
washings with S 1.

S 2
Add 50 m/d of 10% Na2S203
solution, followed by sufficient
concentrated HC1 to make the
final concentration of the solution
about 6N in acid. Mix well and
heat at 100° for 5 mins. Centri¬

fuge for 5 mins.

S3 R 3

Discard. Black precipitate.
Estimate as rhenium

sulphide, (p. 22)

R 2
Wash once with water and com¬

bine the washings with S 2.
Dissolve in the minimum of dil.

H2S04. Add 30 m/d of 6%
H2Ojj. Re-precipitate the ferric
hydroxide with concentrated
ammonia added in small amounts

at a time with stirring. Centri¬
fuge.

I
.

S 4 R 4

Reduce in bulk. Make Discard,

just alkaline. Add 70 m/d
of tetraphenylarsonium
chloride reagent (1 %).
Centrifuge for 7 mins.

I 1 1
S 5 R 5

Discard. White precipitate
Estimate as tetraphenyl¬
arsonium pertechnetate.
(p. 22).

Notes

(1) To avoid precipitation of the ferric ion carrier as ferric oxinate with the excess oxine reagent
remaining after precipitation of the molybdenum, the pH of the solution should be less than 2.11

(2) Under R 2 a few m/d of concentrated HN03 will serve the dual purpose of dissolving the
hydroxide and oxidation of TcIV to Tcvn. The excess of nitric acid is removed by evaporation with
concentrated HC1. Experience has shown, however, that the process of decomposition of the nitric
acid is laborious and time-consuming. Low results are also obtained, probably due to loss of
technetium as a volatile oxide.

(3) Hydrogen peroxide stronger than 6 % reacts violently with ammonia, with the evolution of
a large volume of oxygen which tends to eject the contents of the cone.

Acknowledgements—We are indebted to the U.K.A.E.A., for facilities for separating small amounts
of technetium, and to the U.K.A.E.A. and Professor Nyholm of University College, London for
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the loan of 1 mg of technetium which was of value in confirming the preliminary results obtained
on ultramicro quantities.

Zusammenfassung—Ein Analysengang zur Trennung und Bestimmung von Mangan, Technetium,
Rhenium, Ruthenium and Molybdan im Ultramikrosmabstab wird mitgeteilt. Eine Anzahl von
Identifizierungsreaktionen fur die genannten Elemente wurde nachgepriift und die Ergebnisse
werden dargelegt. Untersuchungen zur Auffindung von Reagenzien zur halbquantitativen Bestim¬
mung von Technetium, Rhenium und Molybdan wurden angestellt und die Ergebnisse dieser
Forschungen zur Ausarbeitung des Trennungsschemas verwendet.

Resume—Les auteurs presentent un plan pour separer et deceler le manganese, le technetium, le
rhenium, le ruthenium et le molybdene a l'echelle ultramicro. lis ont etudie un certain nombre de
tests confirmatoires pour ces elements a cette echelle, et ils mentionnent les resultats. lis ont effectue
une etude des reactifs pour le dosage semi-quantitatif du technetium, du rhenium et du molybdene
et ils ont applique cette etude a l'etablissement d'un schema de separation de ces elements.
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Summary—An anion-exchange method for the separation of technetium, rhenium and manganese is
outlined. After sorption on the resin column, manganese is first eluted with hydrochloric acid,
rhenium with ammonium thiocyanate in hydrochloric acid, and technetium by means of nitric acid.
In the eluates rhenium is determined colorimetrically and technetium radiochemically. As little as
10 /(g of technetium in the form of potassium pertechnetate can be separated from 15 mg of manganese
as potassium permanganate and 0-8 mg of rhenium in the form of potassium perrhenate.

In 1955, Gerlit,1 discussing the chemical properties of technetium, remarked on the
lack of analytical procedures for the element. Since that date the position has im¬
proved somewhat and publications have appeared dealing with a number of aspects of
the analytical chemistry of the element.2 One aspect of the analytical chemistry which,
however, appears to have had scant attention is that associated with the ion-exchange
behaviour of the element, particularly in relation to the other elements of Group Vila
of the Periodic Classification, i.e. manganese and rhenium.

The first ion-exchange study of technetium and rhenium was carried out by
Atteberry and Boyd3 using ion-exchange resin Dowex 2. Both elements in this work
were sorbed on a resin column 0-72 cm2 X 51 cm and eluted at a flow rate of 1-7 ml/min
with ammonium sulphate and thiocyanate at pH 8-3—8-5. By this procedure a clear
separation of rhenium and technetium was not obtained. The authors further state
that as manganese.in the form of permanganate reacts with the resin, no experiments
were carried out with all three elements.

The ion-exchange separation of technetium and molybdenum has also been in¬
vestigated by Huffman, Oswalt and Williams,4 and the separation of technetium and
rhenium on resin Dowex 1, using perchloric acid as eluent was studied by Sen Sarma
et a/.5 These latter workers found that the separation was not clean and showed a
residual tailing effect which could not be eliminated. Other attempts at the separation
of technetium and rhenium have been carried out,6 but as pointed out,7 they suffer from
shortcomings such as low separation factors, low yields and failure at trace levels.

This paper describes the results of investigations carried out on the anion-exchange
separation of manganese, technetium and rhenium.

EXPERIMENTAL

Reagents and apparatus
Amberlite IRA 400 resin was used. After grinding in a mortar and sieving, particles in the range

72-100 B.S.S. mesh were washed thoroughly with 2TV nitric acid and then converted into the chloride
form.

Potassium pertechnetate: An aqueous solution containing 10 /rg/01 ml was used.
Potassium perrhenate: An aqueous solution containing 2-5 mg/ml. was used.
Potassium permanganate: An aqueous solution containing 10 mg/ml. was used.
* Present address: Nuklearm Institut "J. Stefan", Ljubljana, Yugoslavia.
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477 Gasflow counter: For counting the soft fl particles (0-29 MeV) emitted by "Tc,a 477 Gas Flow
Counter (Labgear Type D4126) was used. As a check, some experiments were carried out with a
Scintillation Counter (Ekco Ltd., Type N664A).

INVESTIGATIONS

Numerous attempts were made to separate rhenium and technetium by sorbing them on the
resin as pertechnetate and perrhenate and eluting with different eluents. Elution with 0-1N perchloric
acid' showed some success, but elution curves overlapped. Attempts using mixed solvents such as
alcohol-water and perchloric acid or acetone-water and perchloric acid gave elution curves inferior to
water and perchloric acid alone. In the report to the International Conference on the Peaceful Uses of
Atomic Energy,1 Gerlit states that pertechnetate in strong hydrochloric acid is reduced to the 4-valent
state. An attempt was made to use this as a basis of separation of technetium and rhenium, but without
success. Complexing eluents were next investigated, and of these the most successful were potassium
xanthate and ammonium thiocyanate. The former appeared to separate the two elements, but as the
reagent exerts a very strong quenching effect radiochemically, measurement of technetium was never
certain and the method was abandoned. The most satisfactory separation was achieved with ammon¬
ium thiocyanate.

Separation ofMn, Tc and Re using ammonium thiocyanate
{a) Preparation of the test sample. Prepare the elements for separation by dissolving them, in the

permanganate, pertechnetate and perrhenate forms, in 5 ml of water. Acidify with hydrochloric acid
until the normality is 0-1-0-3 in hydrochloric acid. Add Perhydrol to reduce permanganate to man¬
ganese chloride and remove excess Perhydrol by heating. The test sample is now ready for transference
to the ion-exchange column.

(6) Operation ofthe column. Transfer the prepared test sample to a column of Amberlite IRA 400
resin of dimensions 0-2 cm2 x 2-5-3 cm. Wash out the vessel containing the test sample with approx¬
imately 3 ml of 0-1-0-27V hydrochloric acid. When the level of the liquid reaches the top of the resin,
using a flow rate of 1 ml/15 min, wash with 0-1-0-2/V hydrochloric acid at a rate of 1 ml/6 min to
elute manganese. Manganese in the reduced form is not sorbed on the resin, and complete removal is
effected in 20 ml of eluate.

To separate rhenium and technetium, add 5% ammonium thiocyanate in 0-1-0-2/V hydrochloric
acid to the column and elute at a rate of 1 ml/15 min. Under the conditions outlined all of the rhenium
is eluted in 15-20 ml of solution (Fig. 1).

Wash the column with 10 ml of water to remove ammonium thiocyanate and follow with 20 ml of
0-1 IVnitric acid at a flow rate of 1 ml/10 min to remove the CNS- remaining in the column (c/.Note4).
Change the concentration of nitric acid to AN and elute at a flow rate of 1 ml/15 min to remove tech¬
netium from the column (Fig. 1).

ml. ml.

Fig. 1.—Separation of rhenium and technetium. Column: 2-5 cm X0-2 cm2. Amberlite IRA 400,
mesh 72-100. Flow rate: 1 ml/15 min.
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Notes

J. After 20 ml of 0-1-0-21V hydrochloric acid had passed through the column to elute manganese,
no positive test for the element was ever found in subsequent eluates.

2. Technetium was never detected in the manganese or rhenium eluates.
3. When technetium is sorbed on the column as pertechnetate, a small fraction (01-0-2%) always

passes through. This has also been observed by other workers.4
4. When OTA nitric acid is used to elute technetium, it reacts with the CNS~ remaining in the

column, and a ring of N02 moves down the column. If the nitric acid is passed down the column at a
fast rate, the reaction is vigorous and bubbles are produced. With this treatment usually no technetium
is eluted, but on occasions 0-05-0-1 % was washed out.

5. With 40 ml of 4Anitric acid, more than 90 % of technetium is removed from the column (Fig. 1).
For complete removal 200 ml of eluent is required.

6. The resin particle size has an effect on the elution rate of technetium. For resin particle sizes in
the range 52-72 B.S.S., extraction was slower and incomplete. At particle size below 52 B.S.S. very
large amounts of nitric acid were required to remove technetium, and removal was incomplete.
Retention of technetium by the column was also observed if the same resin column was used too
often.

7. Elution of the three elements requires a total time of about 24 hr.

DETERMINATION OF TECHNETIUM AND RHENIUM

1. Technetium

Numerous experiments were carried out to investigate possible ways of determining technetium
after its removal form the ion-exchange column. A difficulty in the determination is that the element
is volatile in solutions of sulphuric and perchloric acid. Chloride is also a strong quenching agent in
scintillation counting. Mounting of the sample for counting was also found important, if reproducible
results were to be obtained. The most satisfactory procedure using the proportional counter is out¬
lined below.

Procedure: Evaporate the nitric acid solution from the column, containing technetium, under an
infrared lamp until the volume is about 0-5 ml. The temperature of the solution should always be less
than 90°.

Dilute the volume to 1 ml in a graduated flask and deliver 0-05 ml of this solution to a piece of
filter paper, ensuring that the diameter of the spot is never greater than about 1 cm.

Place in the proportional counter and measure.

Notes

1. Under the conditions outlined reproducibility was good.
2. With the proportional counter a background of 90-100 counts/100 sec was usually obtained and

0-5 jug Tc in 0-05 ml gave a count of around 4000/100 sec.
3. Many salts quench counting, and their presence must be avoided. In the procedure above a

little quenching is observed by, it is thought, solubles extracted from the resin by the nitric acid. This
was determined and found to be less than 10%.

An attempt was made to determine technetium spectrophotometrically in the nitric acid eluate.
Technetium as pertechnetate absorbs at very short wavelength. Rulfs and Meinke8 determined the
absorption spectrum of pertechnetate in hydrochloric acid and found two absorption peaks at 290 m/r
and 247 m/r. This was later confirmed." In the present work, since it was found that nitric acid
absorbs in the same region of the ultraviolet as pertechnetate, it was the intention to expel nitric acid
and re-dissolve in hydrochloric acid. The absorption spectrum of potassium pertechnetate in OTA
hydrochloric against a 0-1N hydrochloric acid blank was determined. This shows a clear absorption
peak at 206 m/r. No peaks at 247 or 290 mfi were obtained. When, however, attempts were made to
use this method for the determination of technetium, difficulties were encountered. On evaporation of
nitric acid, traces always remained which caused fluctuations in the results. Stronger heating to
remove the traces of nitric acid led to the danger of loss of some technetium. Using this method, the
error was around 20 %. The thiocyanate method recommended by Crouthamel10 was also investigated,
but for the small quantities of technetium involved was found to be unsatisfactory.
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Table 1.

Rhenium Technetium Manganese
No.

Given Found Given Found Given Found

1 1-25 100 001 001

2 2-5 2-25 0-02 002

3 2-5 2-38 0015 0013(6)
4 1-25 1-4 002 0017
5 1-25 1-25 001 0-009(2)
6 0125 0125 003 0-028(5)
7 0-125 0-15 015 0-13
8 2-5 2-88 0-2 0-22

9 1-25 1-25 001 0-01 15-0 Not
10 1-25 1-25 0-01 0-009(5) 15-0 Determined

2. Rhenium

Rhenium is eluted from the ion-exchanger with 5 % ammonium thiocyanate in hydrochloric acid.
It was found to be a simple matter to determine the rhenium in this eluate colorimetrically using the
method of Geilmann et al.11 In this method, an acid solution of perrhenate, on treatment with thio¬
cyanate and stannous chloride, exhibits a yellowish colour which has been attributed to the formation
of ReO(CNS)4~. At room temperature, maximum colour development takes place within 10 min, and
there is no significant change in 30 min. Employing standard conditions, results were found to be
reproducible.

Synthetic mixtures
As a final test on the proposed method, some "unknown" mixtures were analysed

by one of us (M.P.). The results are shown in Table I. All quantities are expressed
in mg.

Samples 9 and 10 contained 15 mg of manganese, which was removed according to
the proposed scheme, but not determined.

In all the samples rhenium was present as perrhenate and technetium as per-
technetate.

In samples 3 and 4 an "aged" resin which had been used many times was employed.
(cf. Note 6 under Operation of the Column). To achieve the values, No. 3-0-013(6) mg
(error—9%), No. 4-0-017 mg error—15%), 60 ml of AN nitric acid were required.
With 20 ml of AN nitric acid a considerable quantity of technetium was retained by
the column.

Acknowledgement—One of the authors (M. Pirs) wishes to thank the International Atomic Energy
Agency for the grant which made this work possible.

Zusammenfassung—Eine Ionenaustauscher-Methode zur Trennung von Technetium, Rhenium und
Mangan wird beschrieben. Nach Sorption an der Saule wird zuerst Mangan mit verdiinnter Salzsaure
eluiert, dann Rhenium mit Ammoniumthiocyanat in Salzsaure und zuletzt Technetium mit Salpeter-
saure. In den Eluaten werden Rhenium photometrisch und Technetium radiochemisch bestimmt.
10 ,Mg Technetium als Kaliumpertechnatat konnen von 15 mg Mangan (als Kaliumpermanganat)
und 0-8 mg Rhenium (als Kaliumperrhenat) getrennt werden.

Resume—Les auteurs donnent un aper?u d'une methode de separation du technetium, du rhenium et
du manganese per echange d'ions. Apres fixation sur une colonne de resine, le manganese est elue
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en premier par de l'acide chlorhydrique, le rhenium par du thiocyanate d'ammonium dans l'acide
chlorhydrique et le technetium par de l'acide nitrique. Dans les solutions eluees, le rhenium est dose
par colorimetrie, et le technetium par radiochimie. 10 fig de technetium sous forme de pertechnetate
de potassium peuvent etre separes de 15 mg de manganese a l'etat de permanganate de potassium et de
0-8 mg de rhenium a l'etat de perrhenate de potassium.
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Introduction

Along with manganese, the elements technetium and rhenium
constitute Group VIIA of the periodic classification. Technetium,
element No. 43, was first synthesised, in 1937, by Perrier and Segri
through neutron bombardment of a molybdenum target1. Attempts
have also been made, in recent years to extract the element from the
fission products of 23TT2. Today, however, large quantities of the element
are still not available3. Attention has been drawn to the lack of information
on the analytical chemistry of this element4 and to the need for the
development of reliable non-radiochemical procedures for its detection
and determination in small amount5. Because of the small amounts

available, ultramicro techniques are especially valuable for investigating
the element. In an earlier publication6 we have reported new reagents
for the detection of the element using these techniques, and recently we
have used them for the separation of technetium, rhenium and associated
elements7. Although several attempts have been made to precipitate
technetium as the tetraphenylarsonium pertechnetate8-9, no gravimetric
determination of the element has been reported.

It appeared that the scheme developed for the separation and identifica¬
tion of technetium, rhenium, manganese, ruthenium and molybdenum7
should be capable of adaptation to the ultramicro determination of the
first two of these elements. The results of investigations on this basis
are reported here.

* On the occasion of the hundredth return of Friedrich Emich's birthday.
Mikrochim. Acta 1960/5—6 47
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Apparatus
The apparatus used was essentially as described in earlier work10'11,

but the microscope image of working vessels was projected on to a screen
by means of a right prism instead of being observed directly, and the
Oertling prototype quartz-fibre balance (Fig. 1) was used for all weighings.
This instrument, since it is relatively new, may merit more detailed
comment. It is a considerably modified and refined balance related to
the earlier balances of Kirk, Craig, Gullberg, and Moyer1'1, Wilson and
El-Baclry13 and Asbury, Belcher, and West1*, and compared with these
is relatively speedy and simple in operation.

Abb. 1

A is a handle for rapid turning of the torsion head, and B is used for fine
adjustment of the torsion head so that the pans can be brought to the
horizontal position of equilibrium. C is a graduated drum scale with 0-100
divisions and D is a mechanical counter recording each 100 divisions
on scale C. E and I are the pans wells, which in the illustration are open.
Inside are two circular pans suspended by quartz fibres. F is the pan
release control. G is a ground-glass screen with a reference line on to
which is projected the image of a pointer. H is a focussing control knob.

When the pans are released by control F the ground-glass screen
is illuminated, and as the instrument is "null point" in operation, the
beam of the balance is brought back to the horizontal position of equilibrium
as indicated by the projected image of the pointer, which is brought
into coincidence with the line on the screen. The capacity of the ba¬
lance is 250 mg in each pan.
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Calibration of the Balance
To calibrate the ultramicrobalance and determine its sensitivity,

ten pieces of 0.004 in. diameter aluminium wire, each approximately
1 cm in length, were folded into T-shapes and weighed singly on the
right-hand pan of the balance. In each weighing the zero deflection of
the balance was obtained from the mean of three readings, the pan was
then loaded with a T-shape, and the mean of three readings was taken;
finally the pan was unloaded and a second zero deflection was determined.
The scale deflection for each weighing was now calculated. By summing
the ten deflections so obtained and equating to the total weight of the
10 pieces of wire (weighed together on a standard microchemical balance)
the sensitivity of the ultramicrobalance was determined. The results
obtained are shown in Table I.

Table I

Total scale deflection 22043.54 divisions
True weight of wire 2.312 mg
Sensitivity of the balance 0.105 ,ug per scale division

Precision of the Balance
The balance was now checked as follows. The zero deflection was

determined. A short piece of aluminium wire of weight 1 mg was placed
on the right-hand pan and the deflection was determined from a number
of readings. The piece was now removed, the dial was turned in the
reverse direction, and the second zero deflection was measured. Ten
independent weighings of the piece of aluminium wire were carried out,
and the precision was calculated, the results being shown in Table II.

Table II

Mean scale deflection 9370.63 divisions
Standard deviation for a single weighing .... ^ 0.76 division
Precision ± 0.76 x 0.105 = ± 0.08 /«g
Coefficient of variation 0.008%

The calibrated balance was used for the determination of technetium
and rhenium.

Experimental
The Determination of Technetium

From among the methods which might be used for the gravimetric
determination of the element, three recommended themselves:

1. as nitron pertechnetate, using nitron acetate reagent15;
2. as sulphide from acidic medium, with sodium thiosulphate4;

47*
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3. as tetraphenylarsonium pertechnetate using tetraphenylarsonium
chloride8.

Investigations were carried out with each of these reagents. Of the
three tetraphenylarsonium chloride was the best, since in every case
results with it were more reproducible. A successful procedure was
devised.

Procedure: 1. Prepare the moist chamber carrier by placing on it
measuring capillaries and containers of test solution, reagents and wash
liquids.

2. Select a suitable capillary cone, and counterpoise it roughly.
Transfer it to a drying capillary and dry it at 110° for 20 minutes.

3. Cool the cone and place it on the left-hand pan of the balance for
5 minutes to allow conditions to stabilise. Counterpoise it accurately
and note the weight. Transfer the cone to the carrier in the moist chamber.

4. Measure accurately a volume of the technetium test solution equi¬
valent to 2 jig Tc and transfer it to the weighed cone.

5. Add sodium carbonate solution in small amounts until the pn lies
in the range 8-10. (This is determined by spotting 5 pi [ = 5 . 10-9 1] on
universal indicator paper.) Now add sodium chloride solution until the
final concentration is about 0.25 M in sodium chloride.

6. Stir and heat for 5 minutes at 70°.
7. Add a measured excess (800 pi) of tetraphenylarsonium chloride

solution to the cone.

8. Set the cone aside for about 2 hours, and centrifuge for 5 minutes.
Remove the supernatant liquid and discard.

9. Add distilled water to the cone, seal in a capillary, and dip in
ice-water for 10 minutes. Stir, centrifuge, and remove the supernatant
liquid.

10. Repeat the washing operation twice more.
11. Place the cone in a drying capillary and heat at 100° for 5 minutes,

then at 110° for 20 minutes.

12. Cool to room temperature, place on the pan of the balance and
allow conditions to stabilise.

13. Weigh the precipitate as tetraphenylarsonium pertechnetate,
(C6H6)4AsTc04, and multiply the weight of the precipitate by the factor
0.1811 to convert to technetium.

Notes: 1. Since the pertechnetate anion is stable in alkaline medium,
precipitation of the white crystalline tetraphenylarsonium pertechnetate
was carried out in the presence of a measured excess of sodium carbonate
solution.

2. All ions which give an insoluble precipitate with the reagent16
must be absent before the determination is begun.
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Reagents: 1. Tetraphenylarsonium chloride, 1% aqueous.
2. Sodium chloride solution, 4 M.
3. Sodium carbonate solution, 20%.
Results: In the following table results are arranged in ascending

order of magnitude for test solutions containing 2 /j,g of technetium.

Table III

1.87 1.88 1.89 1.89 1.89
1.92 1.97 2.03 2.05 2.08

Mean value 1.95 fig Tc
Standard deviation ± 0.08 /ig Tc
Coefficient of variation 4.1%

These results show that this reagent is very suitable for the ultramicro
determination of technetium. If the quantity of technetium is increased
the reproducibility is better.

The Determination of Rhenium

A number of methods have been proposed for the determination of
this element on the micro scale. None, however, have been reported
for gravimetric determination on the microgram scale.

Preliminary investigations suggested three possibilities for the determ¬
ination of the element:

1. as sulphide with sodium thiosulphate or ammonium sulphide4'17;
2. as nitron perrhenate with nitron acetate19' 20;
3. as tetraphenylarsonium perrhenate with tetraphenylarsonium

chloride18. Of these reagents the most satisfactory was the last. Determina¬
tion of rhenium as sulphide led to considerable error due to precipitation
of free sulphur which could not be removed completely. With nitron
perrhenate high results were obtained.

A procedure using tetraphenylarsonium chloride was devised.
Procedure: Determine the element on a sample of about 400 pi,

following the procedure as described above for technetium, but with
the following exceptions:

1. Dry the cone before weighing, and the cone and precipitate at
the end of the determination, at 126° instead of 110°* (Steps 2, 11).

2. Do not add sodium carbonate solution before the sodium chloride
solution (Step 5).

3. Use approximately 800 pi of the tetraphenylarsonium chloride
reagent (Step 7).

* The temperature suitable for drying tetraphenylarsonium perrhenate
was determined by a thermogravimetric study of the precipitate.
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4. Weigh the precipitate as tetraphenylarsonium perrhenate,
(C6H5)4AsRe04, and use the factor 0.294 to convert to rhenium (Step 13).

Results: In Table IV results are arranged in ascending order of
magnitude for test solutions containing 3.20/.ig of rhenium.

These results are considered to be very satisfactory.

The Separation of Technetium and Rhenium

It is obvious that before gravimetric determination of technetium
or rhenium, those elements which form insoluble precipitates with tetra¬
phenylarsonium chloride must be absent, and the two elements, if present
together, must first be separated. A method which includes separation

Add sufficient concentrated hydrochloric acid to
bring the final concentration to 9 N. Heat at 80° for
about 40 minutes. Add 40 pi of 1 % ferric chloride
solution. Agitate and add sufficient concentrated
ammonia to precipitate the iron present. Centrifuge

Table IV

2.94 3.06
3.15 3.16

Mean value
Standard deviation
Coefficient of variation

3.14 3.15 3.15
3.18 3.18 3.22

3.13 ,Kg Re
± 0.08 Mg

2.56%

Table V

Si R1
Contains the

Rhenium,
in the perrhenate
form. Determine as

instructed on p. 725

Wash once with hydrazine sulphate
solution and combine the washings
with Sx- Dissolve in the minimum
amount of dilute H2S04. Add 30 pi
of 6% H202. Re-precipitate the ferric
hydroxide with concentrated ammonia,
added in small amounts at a time,

with stirring. Centrifuge

R 2

Contains all the
Technetium.

Determine as

instructed on p. 723

Discard
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of rhenium and technetium, in conjunction with other elements, has
recently been described7, and with minor amendments was found to be
very satisfactory for the present purpose.

An outline of this scheme of separation, as a preliminary to gravimetric
determination, is given in Table V.

Notes: 1. Hydrogen peroxide stronger than 6% in the presence of
ferric ions and ammonia reacts violently, ammonia, with the evolution
of a large volume of oxygen, which is liable to eject the contents of the
cone.

Acknowledgement
We are indebted to the U. K. A. E. A., Chemical Services Department,

Windscale Works, for facilities for separating small amounts of technetium,
and subsequently for the loan of 5 mg of the element.

Summary
A method is outlined for the gravimetric determination of small

amounts of technetium and rhenium, using the Oertling quartz-fibre
ultramicrobalance. Tetraphenylarsonium chloride is used as the reagent
in both determinations, and a method for separation of the two elements
from each other is proposed.

Zusammcnfassung
Eine Methode fur die gravimetrische Bestimmung kleiner Mengen von

Technetium und Rhenium mit einer Quarzfaser-Ultramikrowaage von
Oertling wird beschrieben. Fur beide Bestimmungen dient Tetraphenyl-
arsoniumchlorid als Reagens. Ein Verfahren zur Trennung der beiden Ele-
mente voneinander wird vorgeschlagen.

Resume

On indique une methode pour le dosage gravimetrique de petites quantites
de technetium et de rhenium, en utilisant l'ultramicrobalance a fibre de
quartz d'«Oertling». On utilise comme reactif, le chlorine de tetraphenyl¬
arsonium dans les deux dosages, et l'on propose une methode de separation
des deux elements.
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New reagents for the detection of technetium

(Received 5 November 1958)

Gerlit,1 in discussing some chemical properties of technetium, has indicated that the chemical, and
especially the analytical properties of the element are comparatively little known. Indeed, apart
from the radiochemical counting method usually employed, the limited detection of technetium can
only be achieved by two or three known reagents. Tetraphenylarsonium chloride and nitron2 have
been used as precipitating reagents for the element, but suffer from the great disadvantage that they
react in a similar way with rhenium. No other suitable reagent appears to have been developed.

In connection with work on the separation of manganese, technetium, rhenium and ruthenium
carried out in this department, which will be reported in the near future, it was found necessary to
develop a sound and reliable non-radiochemical procedure for the detection of very small amounts of
the technetium. This paper reports the results obtained in this investigation.

EXPERIMENTAL

A number of reagents were investigated under varying conditions of acidity. The most promising
of these are shown in Table I.

Table I

Reagent Medium
Oxidation state of

technetium
Observations

Potassium thiocyanate Acidic IV Purple to pink colours
Potassium thiocyanate +

stannous chloride Acidic IV, VII Yellow colour

Dimethylglyoxime +
stannous chloride Acidic IV, VII Green colour

Nitron Slightly acidic VII White precipitate
Tetraphenylarsonium

chloride Acidic VII White precipitate
Thiourea Acidic VII Orange colour
Potassium xanthate Acidic IV, VII Purple colour

Of these reagents, the most satisfactory were potassium xanthate, diniethylglyoxime + stannous
chloride, potassium thiocyanate in hydrochloric acid, and thiourea in nitric acid.

Potassium xanthate

A saturated aqueous solution of the reagent was prepared. In solutions containing mineral acids,
TcIV or Tcvn (pertechnetate) yield a purple-red coloration with the reagent. This coloration is
readily extractable into chloroform or carbon tetrachloride. In neutral or alkaline solution no red
coloration is obtained with the reagent. Rhenium, manganese and ruthenium do not react, and do
not therefore interfere, but molybdenum gives a similar reaction. Apart from molybdenum, however,
the reaction appears to be specific for technetium, among a range of some 20 ions examined. Because of
the limited quantity of technetium available for investigation the tests were carried out on the ultra-
micro scale, using techniques described elsewhere.3,1

Procedure: Treat lOm/d of the test solution with about 50 mpA of potassium ethyl xanthate
solution (sat. aq.) Add about 50 m/d of 2N HN03 or 2N HC1. An immediate pink to purple colora¬
tion (the shade depending on the concentration of technetium) is produced. Centrifuge. Add
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approximately 40 m/d of carbon tetrachloride and centrifuge once more. The colour passes into the
carbon tetrachloride layer at the bottom of the centrifuge cone, leaving a colourless aqueous layer
above. The limit of identification is 0 02 pg Tc.

Dimethylglyoxime + stannous chloride
The reagents are a saturated solution of dimethylglyoxime in 95% ethanol and 15-30% stannous

chloride in 10N HCI. In the test a green coloration is produced in the presence of TcIV or TcVI1.
It would appear that the stannous chloride reduces the element to a lower oxidation state which can
form a complex with the dimethylglyoxime, since there is no reaction in either of the above states in
the absence of stannous chloride. The test appears likely to be specific for technetium, no other
element among 20 tested producing this coloration under the conditions of experiment. We hope to
investigate this reaction for the colorimetric determination of technetium.

Procedure: Add approximately 100 m/d of the dimethylglyoxime reagent to a cone containing
about 100 m/d of the test solution. Then add about 50 m/d of the stannous chloride solution. A
violet to green colour rapidly changing to a bright green colour is obtained, and this latter colour is
stable even at the boiling temperature of the solution. On standing the colour is still stable after
more than two weeks. The limit of identification is 0-04 pg Tc.

Thiourea in nitric acid

A 10 % aqueous solution of thiourea is used. This is an excellent and sensitive method for detecting
technetium as pertechnetate. Therefore when Tcvn is not present the solution is oxidised by means
of 2N nitric acid to produce this form. In the presence of technetium an orange to red colour forms
on heating. This colour is very stable on standing, and will be investigated for the colorimetric
determination of Tcvn. Rhenium, manganese and ruthenium do not interfere with the test.

Procedure: To approximately 100 m/d of the test solution add 50 m/d of 2N nitric acid followed
by the same volume of 10% aqueous thiourea solution. Warm the solution for 2-3 minutes at 80°.
The appearance of an orange-red colour confirms the presence of technetium. The limit of identifi¬
cation is 0-04 fig Tc.

Potassium thiocyanate in hydrochloric acid
The reagent used is a 20% aqueous solution of potassium thiocyanate. In a solution made

acidic with 6N hydrochloric acid, technetium as TcIV reacts with the reagent to give a pink to purple
colour. This colour is stable even on boiling, and is not extractable from the aqueous phase by
carbon tetrachloride or chloroform. Tcvn produces no such colour with the reagent. Great care was
taken to ensure that traces of Fe111 were not the cause of the colour produced.

Procedure: To about 100 m/d of the test solution add 50 m/d of 6A hydrochloric acid followed by
40 m/d of potassium thiocyanate reagent. Heat in boiling water for 5 minutes. A persistent pink to
purple colour confirms the presence of Tcly.

Note: The addition of stannous chloride in 10A hydrochloric acid to this purple solution produces
a deep yellow colour. Direct reduction of Tcvn with stannous chloride in the presence of thiocyanate
produces a similar yellow colour.
Acknowledgement—The authors are indebted to Professor R. S. Nyholm of University College,
London for the loan of 1 milligram of technetium which made the current work possible.
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/j-THIOCRESOL AS A REAGENT FOR TECHNETIUM
AND RHENIUM

M. Al-Kayssi* and R. J. Magee

Department of Chemistry, The Queen's University, Belfast, Northern Ireland

(.Received 17 July 1962. Accepted 4 March 1963)

Summary—/>-Thiocresol has been developed as a new reagent for
technetium and rhenium. By means of it technetium is reduced from
the heptavalent state, and is determined spectrophotometrically by the
colour produced between the reduced technetium and the reagent.
Rhenium is not reduced, so that a separation of the two elements is
facilitated. The influence of other elements has been investigated, and
a procedure for the determination of technetium and rhenium is
presented.

For rhenium a large number of reagents are known,1-2 but few are available for the
detection and determination of technetium.3-5 In recent papers the authors have sug¬
gested new colorimetric reagents for the determination of technetium and rhenium6
which were successful within the limits imposed. However, in work of which the
present results are a part, attention was drawn to the potentialities of sulphur
compounds, in particular, the mercaptans, as analytical reagents for these elements.

Mercaptans are not new as analytical reagents. Toluene-3,4-dithiol has been used
for the detection and determination of tin7 and bismuth.8 Molybdenum, tungsten and
rhenium also form with this reagent coloured compounds which are soluble in
chloroform and carbon tetrachloride.9-11

Miller and Thomason12 used dithiol as a colorimetric reagent for technetium. But
because technetium and rhenium are often associated with molybdenum and tungsten,
dithiol cannot be used in the presence of these elements unless a prior separation has
been carried out.

In the present work mercaptans as reagents were investigated, and a simpler mer-
captan was sought which would be suitable for the detection and determination of
technetium and rhenium.

Simple aliphatic and aromatic mercaptans may be considered as analogues of the
alcohols, with the —SH groups corresponding to the —OH group in alcohols. The
—SH group is more acidic and the hydrogen is easily replaced by metallic ions to form
mercaptides.

Heavy metals which have a marked affinity for sulphur-containing compounds,
such as mercury, silver, gold, copper, lead, cadmium, tin, antimony, platinum metals,
etc., form insoluble mercaptides with mono-thiols.13 The mercaptides of tin, bismuth,
antimony and platinum metals are soluble in chloroform; those of copper, silver and
mercury are insoluble in this solvent.

In the case of the coloured compounds formed by toluene-3,4-dithiol with molyb¬
denum, tungsten, rhenium and technetium, the metal is directly bound to the sulphur
atoms of both mercapto-groups, to one by a principal valence, to the other by an

* Present address: Baghdad University, The Republic of Iraq.
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auxiliary valence, so that anionic chelates result. With molybdenum, for example, a
five-membered ring chelate compound with two anionic basic groups is formed.
The presence of two adjacent mercapto-groups in a benzene ring therefore appears to
cause such compounds to form complex compounds with a large number of metal ions.
For this reason, the investigation was directed towards simple mercaptans in order to
study their behaviour towards technetium and rhenium under different conditions.

Particular attention was given to thiophenol, o-thiocresol and /?-thiocresol. The
last was preferred, because it is solid under normal conditions (m.p. 43°). /?-Thiocresol
(PTC) does not react with technetiumvn or rheniumvn, but it forms, with the lower
valence states of these two elements, yellowish-brown complexes which are soluble in
chloroform, carbon tetrachloride, benzene and ether. The reaction is carried out in
acetic acid medium. Technetiumvn is reduced by the reagent in glacial acetic acid;
rheniumvn is reduced by stannous chloride. MolybdenumVI and tungstenVI, on the
other hand, apparently do not react with PTC to form complexes, but on the addition
of stannous chloride, light blue and dark brown precipitates, respectively, are formed.
These precipitates are not soluble in non-polar solvents. p-Thiocresol also forms in¬
soluble mercaptides with tin, cadmium, bismuth, antimony, copper, silver, mercury,
lead, etc.

/t-Thiocresol is a powerful reducing agent in acid solution. This property was
utilised to separate technetium and rhenium. Technetium was reduced by addition of
a controlled amount of PTC in glacial acetic acid medium, presumably to the
quinquevalent state. Under these conditions, rheniumvn is not reduced, and does not
therefore form a mercaptide. Glacial acetic acid as a medium has, also, the advantage
of preventing precipitation of tin, antimony, lead, cadmium and bismuth mercaptides
and in eliminating their interference in the technetium determination.

After the determination of technetium, rhenium is determined by the thiocyanate
method,15 being first separated as the mercaptide; in this way interference from the
stannous chloride used as a reducing agent is avoided.

EXPERIMENTAL

Apparatus
Spectrophotometric measurements were made with the Unicam SP 600 instrument.

Reagents
p-Thiocresol: Supplied by British Drug Houses; recrystallised twice from glacial acetic acid.

A 5 % solution in glacial acetic acid was prepared. The solution keeps indefinitely.
Caesiumpertechnetate: Spectrographically pure: supplied by the U.K. Atomic Energy Authority,

Windscale. An aqueous solution containing 49 /rg/ml was used.
Ammonium perrhenate: "Specpure," supplied by Johnson, Matthey and Co. Ltd. An aqueous

solution containing 100/<g/ml. was used.
All other reagents used were of "AnalaR" grade.

Procedure

Place 2 ml of the neutral test solution in a 100-ml separatory funnel which has been coated with a
water repellent; follow this by 10 ml of glacial acetic acid and 0-2 ml of 5 % PTC solution. Mix the
contents for 1 min and allow to stand for 30 min. Add 10 ml of chloroform and 5 ml of water, and
shake the mixture gently for 2 min. Drain the yellowish-brown extract through a filter paper holding
approximately 5 g of anhydrous sodium sulphate. Collect the extract in a 25-ml volumetric flask.
To the original solution in the separatory funnel add 5 ml of glacial acetic acid and 0-2 ml of PTC
solution. Mix, and extract with another 10 ml of chloroform after 10 min. Wash the filter paper
with chloroform until the extract is diluted to the mark. A "blank" solution is carried through the
whole procedure at the same time as the test solution. Measure the absorbance of the solution
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against the "blank" solution in a 1-cm cell at 410 m/i and determine the concentration of technetium
from a calibration curve (Fig. 1).

To the original solution in the separatory funnel, add 5 ml of glacial acetic acid, 2 ml of PTC
solution and 0-5 ml of 10% stannous chloride solution. Mix the contents of the funnel for 1 min,
and allow to stand for 5 min. Add 10 ml of chloroform and shake gently for 2 min. If there is no

phase separation, add a few ml of water and shake again. Drain the yellowish-brown extract into a
250-ml boiling flask. To the original solution in the separatory funnel, add 5 ml of glacial acetic acid
and 1 ml of PTC solution, followed by 0-5 ml of stannous chloride solution. After 5 min, extract
with another 10 ml of chloroform.

Combine the chloroform extracts in a 250-ml boiling flask. If molybdenum was present in large
amount, shake the extract with 20 ml of 20 % acetic acid to which has been added 1 ml of PTC solution.
Attach the boiling flask to a distillation apparatus and distil the chloroform under a slight vacuum
to incipient dryness. Remove the last traces of chloroform and acetic acid by swirling the flask. Add
20 ml of 2Msodium hydroxide solution and 5 ml of 30 % hydrogen peroxide. Boil gently, add another
5 ml of hydrogen peroxide, and continue boiling for about 20 min until the solution becomes almost
clear, when complete decomposition of rhenium complex and oxidation of rhenium to the
heptavalent state has taken place.

Add 1 ml of 0-5% nickel sulphate solution and continue boiling to decompose excess hydrogen
peroxide. Neutralise the solution with concentrated hydrochloric acid and add a slight excess to
dissolve nickel hydroxide. If less than 100 /(g of rhenium was present, transfer the cold solution to a
250-ml separatory funnel; otherwise, transfer an aliquot to the separatory funnel, dilute to 40 ml
with water, and add 10 ml of concentrated hydrochloric acid followed by 2 ml of 20% ammonium
thiocyanate solution and 3 ml of 35 % stannous chloride solution. Mix the contents, and after a
period of 5-7 min extract the orange colour with 2 x 20-ml portions of ether. Combine the extracts

3

1440 min

0 12 3 4 5 6

ppm Tc/Re
Fig. 1.—Calibration curves.

1—Absorbance-time curve for Tc-TPC.
2—Calibration curve for Tc-TPC.
3—Calibration curve for Re (thiocyanate method).
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in a 50-ml volumetric flask, and dilute to the mark with ether. Measure the absorbance at 432 m/u,
using a 1-cm cell, against a "blank" solution carried through the entire procedure. Determine the
amount of rhenium from a calibration curve (Fig. 1, curve 3). Results obtained using this procedure
are shown in Table I.

Table I

Rheniumvn Technetium^11

Taken, Found, Taken, Found,
Other elements present Amount, mg

K K K K

1000 99-6 24-0 25-0 MoVI 5-0
1000 98-0 240 24-0 Wvi 7-3

— — 24-0 24-6 Revn 3-7
1000 98-2 — — uo2" 5-0
100-0 98-0 — — ThTV 4-6
100-0 98-8 — — Mn11 5-4
100-0 97-2 -— — Fem 5-6
100-0 98-0 — — Pb11 6-6
100-0 99-1 — — Co11 6-0
100-0 98-8 — — Ni11 6-0
100-0 97-9 — — Vv 5-1

RESULTS AND DISCUSSION

The reaction between technetiumvn and /j-thiocresol is relatively slow, because two
successive reactions occur; reduction, presumably, to the quinquevalent state, and
then complexing of technetiumv with PTC. Full development of the yellowish-brown
colour occurs after 30 min as shown in Fig. 1, curve 1. Stannous chloride gives more
rapid reduction, and the complex is formed almost immediately. Rheniumvn is not
affected by PTC in neutral solution; but in strong acetic acid, and when the concen¬
tration of the reagent exceeds 0-1% in the final solution, rheniumvn is slowly reduced,
and is complexed by PTC. If the concentration of PTC is kept below this limit, no
reduction of rhenium occurs. The concentration of acetic acid is not critical so long as
the precipitation of certain metallic mercaptides is prevented, e.g., lead, tin, antimony
and bismuth. In chloroform solution y?-thiocresol shows an absorption maximum at
300-305 m/n. The technetium complex, on the other hand, shows two absorption
maxima, at 320-325 m/i and 410 ma, as shown in Fig. 2. The latter maximum, which
is used to determine technetium, is weaker but less subject to interference from the
reagent, as can be seen from Fig. 2 curve. At 410 technetium has a molar
absorbancy index of about 7350.

Solubility in organic solvents
Technetium and rhenium/t-thiocresol complexes may be extracted from acetic acid

solution into chloroform, carbon tetrachloride, ether, benzene or toluene. In all these
solutions the complexes maintain their original colour.

In order to study the extractibility of the technetium complex into chloroform, the
extraction was carried out according to the standard procedure described above;
it was found that about 0-2% of the /3-activity (emitted by technetium-99) was not
extracted into chloroform. The extractibility of the rhenium complex was determined,
using the thiocyanate method to determine the amount of rhenium unextracted. Under
the same conditions 0-5-1 % of rhenium was left in the aqueous phase.
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Effect of mineral acids
The effect of hydrochloric acid on the formation and the extraction of the rhenium

complex was studied in detail. The presence of hydrochloric acid greatly reduces the
extractibility of the rhenium complex into chloroform. At higher hydrochloric acid
concentrations the extraction becomes almost negligible, and a new, red complex with

Fig. 2.—Absorption spectra.
1—3-8 ppm of Tc-PTC vs. CHC13 as blank.
2—3-8 ppm of Tc-TPC vs. PTC as blank.
3—PTC vs. CHC13 as blank.
4—0-7 ppm of Tc-PTC vs. PTC as blank.

an absorption maximum at 455 m/r is formed. This red species is extracted into amyl
alcohol from approximately 8N acid solution, but not into chloroform. From
the solubility in the two latter solvents it is suggested that the red species is presumably
a chlorinated product with slight anionic character. Under these conditions, the
yellowish-brown technetium complex is not formed.

Action of alkali and hydrogen peroxide mixture
When the technetium complex, in chloroform, is shaken with 2N sodium hydroxide

solution, no appreciable change in the absorbance of the solution is noticed. On the
addition of hydrogen peroxide a partial decomposition of the complex occurs, and
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decomposition is complete on boiling with a mixture of sodium hydroxide and hydro¬
gen peroxide. It is essential, as described in the Procedure, to decompose unused
hydrogen peroxide by means of nickel salts.14

Interfering ions
The behaviour of a large number of ions with the reagent and the extractibility of

any products into chloroform was investigated.
MolybdenumVI is reduced by PTC in acetic acid medium yielding a blue precipitate

which is not extracted into chloroform; this element therefore does not interfere in
the determination of technetium. When stannous chloride is added to the solution in
order to reduce and complex rheniumvn, molybdenumVI, if present in mg-quantities,
is reduced to a dark brown precipitate, which is also not extracted into chloroform.
Sometimes, however, it was found that a few fig of molybdenum diffused through the
chloroform phase during the shaking of the mixture. However, this source of inter¬
ference may be eliminated by shaking the chloroform extract of the rhenium complex
with 20 ml of 20% acetic acid containing PTC. TungstenVI, cobalt11, iron111, thorium11,
uraniumVI, lead11, nickel11, copper11, chromium111, silver, vanadiumv, titanium111,
manganese11 and mercury11 do not interfere in the determination of technetium and
rhenium. About 3 mg of tin11, antimony111, bismuth111 or cadmium, when treated
with PTC and extracted with chloroform, show an absorbance at 410 m/i of 0-150,
0-014, 0-060 or 0-075, respectively. To eliminate this source of interference, the ex¬
traction stage is omitted and the absorbance of the technetium complex solution is
measured directly in the acetic acid solution, provided that no other metallic ions
which impart an interfering colour are present.

The elements which were not found to interfere with the determination of these
elements are included in Table I. Ruthenium, palladium, platinum and rhodium form
coloured complexes with PTC which are extracted into chloroform and their initial
separation is, therefore, essential.

Acknowledgement—The authors wish to thank the United Kingdom Atomic Energy Authority
(Production Group), Windscale, Cumberland, for the supply of technetium-99 which made this work
possible.

Zusammenfassung—/j-Thiocresol wurde als neues Reagens fiir Tech¬
netium und Rhenium eingesetzt. Technetium wird vom siebenwer-
tigen Zustand reduziert und mittels der hierbei entwickelten Farbung
photometrisch bestimmt. Rhenium wird nicht reduziert, sodass eine
Trennung der beiden Elemente erleichtert ist. Der Einfluss anderer
Elemente wurde untersucht und eine Methode zur Bestimmung von
Technetium und Rhenium wird mitgeteilt.
Resume—Le p-Thiocresol est un nouveau reactif du technetium et du
rhenium. Apres reduction du technetium VIII, celui-ci est dose par
spectrophotometry en utilisant le complexe colore forme entre le
technetium reduit et le /?-thiocresol. Le rhenium n'est pas reduit de
sorte que la separation des deux elements est rendue plus facile.
L'influence d'autres elements a ete etudiee et une methode de dosage
du technetium et du rhenium est decrite.
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Summary—The behaviour of technetium and rhenium with three reagents, potassium ferrocyanide,
sulphosalicylic acid, and a-picolinic acid is discussed. With the first reagent, technetium and rhenium
in the presence of bismuth amalgam or stannous chloride, form coloured solutions which show
maximum absorption at widely different wavelengths, thus permitting the spectrophotometric
determination of both elements in the presence of one another. As little as 2 /ug of technetium can be
determined by this method.

Sulphosalicylic acid with pertechnetate which has been reduced with stannous chloride produces
an orange-red coloration suitable for the determination of the element. The method has the advantage
that the element can be determined in the presence of fairly large amounts of rhenium, manganese
and molybdenum.

When pertechnetate is reduced with ascorbic acid, a-picolinic acid yields a yellow-red solution
which provides a sensitive method for the spectrophotometric determination of the element.

The types of complex formed with the reagents are discussed.

Although the element technetium was first obtained1 in 1937 by neutron bombard¬
ment of a molybdenum target, until recently the amount available has been very
small. This has resulted in a lack of information on the general and analytical
chemistry of the element.2 With the availability of higher neutron fluxes for bom¬
bardment purposes and the development of a method for the isolation of milligram
quantities of the element from irradiated uranium and fission-product waste solutions,3
there has been an increase in the supply of technetium and a number of papers on its
analytical behaviour4,5,6 have appeared.

In 1959 Jasim, Magee and Wilson,7 after an ultramicro qualitative investigation,
reported several new reagents for the detection of technetium and, the following
year, Foreman et al. carried the investigation of some of these and other reagents a
stage further.3 The latter authors found that while many of the reagents showed
possibilities there were often associated disadvantages. Ammonium thiocyanate5
gave a reaction similar to iron; dimethylglyoxime7 was too insensitive; thioglycollic
acid and diphenylcarbazide also form coloured complexes with rhenium. In none
of the cases outlined, except ammonium thiocyanate, have absorption spectra been
determined, nor have colorimetric methods been developed.

In the work in this department the expanding field of research with technetium
and rhenium necessitated an accurate method for the determination of these two

elements, with a knowledge of the influence of associated elements such as molyb¬
denum, ruthenium and manganese. Investigations were therefore begun to
discover reagents which would provide simple, direct and sensitive methods for
the colorimetric determination of both elements. The results of the spectrophoto¬
metric investigations carried out in this connection are reported in this paper.

3 125
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NEW REAGENTS FOR TECHNETIUM

1. Potassium Ferrocyanide
When acted on by strong reducing agents such as stannous chloride, potassium

ferrocyanide in the presence of hydrochloric acid produces a brownish yellow complex
with the lower valent states of technetium. This coloured complex can be extracted
into amyl alcohol from acid solution. If stannous chloride is replaced by bismuth
amalgam, or mercury, or concentrated hyrdochloric acid, a distinctive blue colour
is obtained which may also be extracted into amyl alcohol. With hydrobromic acid
in place of hydrochloric acid, formation of the technetium blue occurs more slowly.
With sulphuric acid a transient blue colour turns to reddish-violet and, after some
time, a dark violet compound is precipitated. This reagent may be used as a quantitative
test for the presence of technetium.
Detection of technetium

Procedure: Place in the cavity of a spot plate, 1 drop of the test solution and 1 drop of a freshly
prepared 5% solution of potassium ferrocyanide. (If iron is present an immediate blue colour is
obtained). To the solution now add 1 or 2 drops of concentrated hydrochloric acid. In the presence of
technetium the characteristic blue colour slowly begins to develop. To confirm the presence of this
element, add to the solution 1 drop of 10% stannous chloride in 6M hydrochloric acid. The blue
colour of technetium is immediately changed to colourless or slightly brownish-yellow, depending on
the concentration of technetium. If to this solution 1 drop of 10% hydrogen peroxide is now added,

Fig. 1.—Absorption spectra of ferrocyanide complexes.
Metals which form colours or precipitates with ferrocyanide tend to obscure this

test. It is, therefore, advisable to separate technetium (as pertechnetate) from these
metals by a cation-exchange technique, before applying the test.
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Molybdate, under similar conditions, forms a reddish-brown colour or produces
a colloidal precipitate.8 Perrhenate does not interfere unless stannous chloride9 or
bismuth amalgam is used, when red and brownish-yellow colorations, respectively
are produced. With this reagent about 0-15 ^g of technetium can be detected.

Spectrophotometry determination of technetium and rhenium
with potassium ferrocyanide

The success of potassium ferrocyanide as a qualitative reagent for technetium led
to its investigation for the colorimetric determination of the element and, from
preliminary studies, of rhenium also. The blue coloured complex of technetium was
prepared and examined spectrophotometrically. This shows an absorption maximum
at 680 mp. As mentioned above, rhenium, under the same conditions, only produces
a colour reaction with potassium ferrocyanide when reduced with bismuth amalgam
in the presence of hydrochloric acid. In these circumstances a brownish-yellow
complex is formed which, on examination spectrophotometrically, showed an
absorption maximum at 420 m/u. The molar extinction coefficients were determined
and found to be for technetium ~10,800, and for rhenium ~4000. The absorption
spectra of both complexes are shown in Fig. 1. From this it will be seen that at the
absorption maximum of technetium (680 mp) there is zero contribution from rhenium
(see Note below), so that technetium may be determined in the presence of rhenium
without prior separation. Furthermore, the contribution of technetium to the
extinction of rhenium at 420 m,M is small, and by preparing a correction curve of
technetium concentration versus extinction at 420 m/u, it is possible to determine
rhenium in the presence of technetium without prior separation. The influence of
rhenium on technetium at 680 m/t, and that of technetium on rhenium at 420 for
different concentrations, are shown in Fig. 2 and Fig. 3.

o Re-Fe (CN)6,

s» Re-Fe (CN)6, 6

r
120 rr\yU

80 m//

0 4 8 12 16

p.p.M. Rhenium
Fig. 2.—Influence of rhenium on technetium extinction.

EXPERIMENTAL

Apparatus and reagents
For the spectrophotometric investigations a Unicam spectrophotometer, SP600, was used with

TOOO-cm silica cells.
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p.p.M. Technetium

Fig. 3.—Influence of technetium on rhenium extinction.

Caesium pertechnetate: A standard aqueous solution containing 52 /<g/ml and 4-5M in hydro¬
chloric acid.

Potassium perrhenate: A standard aqueous solution containing 116/<g/ml of the "Specpure"
compound in 4-5AI hydrochloric acid.

Potassium ferrocyanide: A 5 % aqueous solution of the AnalaR-grade reagent.
Bismuth amalgam10: Dissolve 3 g of granulated bismuth in 100 g of mercury in the presence of

dilute sulphuric acid. Warm on a water bath and decant the amalgam.

Procedure

Place in a 30 ml separatory funnel 2 ml of 5-7M hydrochloric acid, and add to it a suitable aliquot
of the test solution containing standard pertechnetate and perrhenate solutions. Add 2 ml of bismuth
amalgam. It is advisable to wash the amalgam before use by shaking with several portions of 4-5M
hydrochloric acid. Add 0-5 ml of 5 % potassium ferrocyanide solution. Stopper and shake for
15 sec. Remove the amalgam, and allow the reduced solution to stand for 20 min in the dark.

Measure the extinction of technetium at 680 m/t and that of rhenium at 420 mp. From a standard
curve prepared from known amounts of the two elements, calculate the concentration of technetium
and rhenium in the solution. It is desirable to correct by a blank carried through the same operations.

Note: If the concentration of rhenium is high, it can show a reading at the absorption maximum
for technetium (680 mp). In these circumstances the most effective procedure is to determine tech¬
netium without interference from rhenium by the Procedure 2.

Procedure 2

In a 5-ml volumetric flask place an aliquot of the test solution and add to it sufficient concentrated
hydrochloric acid to make it about 4-6M. Add 0-5 ml of 5% potassium ferrocyanide, mix well and
set aside for 30 min in the dark. Carry a blank through the same procedure.

Measure the extinction of the technetium blue at 680 m/t in a 1 000-cm cell. From a calibration
curve determine the amount of technetium present. There is no interference from rhenium.
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DISCUSSION

An attempt was made to elucidate the type of compound formed between the
reduced perrhenate and potassium ferrocyanide. Attention was focussed on rhenium,
to conserve technetium which is still, as far as we are concerned, a rare metal. The
colour formed between perrhenate, stannous chloride and ferrocyanide is stable, can
be extracted into solvents such as amyl alcohol, butyl alcohol and higher ketones.
Its formation is strictly dependent on the acid concentration—at low acid concentra¬
tion it is pale yellow, while at higher concentrations the yellow becomes pinker in
appearance. The complex is readily sorbed on an anion-exchanger, suggesting that
it is an anionic complex. Several experiments were carried out to find the molar ratio
of rhenium to ferrocyanide. This was done by adding, in one experiment, an excess
of rhenium to a known volume of ferrocyanide solution of the same concentration.
In the second experiment an excess of ferrocyanide was added to the same quantity
of rhenium as in the first experiment. In both experiments, the colour was developed
in the usual way and the extinctions were measured at 470 m/u, where this complex
showed an absorption maximum. The ratio of the absorbancies to the ratio of
rhenium and ferrocyanide was found to be 3 : 1. This suggests that these two com¬
ponents form a type of double salt co-ordinated with hydrochloric acid molecules.
With different acid concentrations the absorption maximum shifts along the wave¬
length axis.

If bismuth amalgam is used in place of stannous chloride, the complex produced
has an absorption maximum at 420 m/u. This complex is also sorbed by an anion-
exchange resin, and the colour is dependent on the acid concentration and ferro¬
cyanide concentration. The optimum molarity of the acid is between 3 and 5, and
the optimum potassium ferrocyanide concentration is ~5%. The colour is time-
dependent, full development occurring in 20-25 min.

From the information obtained about the complexes produced by stannous
chloride and bismuth amalgam, it is suggested that with the former reagent in high
acid concentration the perrhenate is first reduced to rheniumn and then forms a
complex of the following type:

H4[Fe(CN)6-3 H2ReCl6-wHCl],
The reduction with bismuth amalgam is not so powerful, so that rhenium^ is

produced which reacts with ferrocyanide to give a complex of the type:—

H4[Fe(CN)6-A-HaReOCl5mHCl]
These may be compared with double salts of the type

(NH4)4[Fe(CN)6]-2 NH4Cl-3 H20,u
and addition compounds with sulphuric acid H4[Fe(CN)6] • xH2S04 where x = 5
or 7.

As already mentioned, technetium with bismuth amalgam and ferrocyanide forms
a blue complex. This is anionic in character, as shown by ion-exchange studies, and
is probably similar in structure to the rhenium complex, the technetium first being
reduced to the Tcv or TcVI state with bismuth amalgam. (Technetium is more easily
reduced than rhenium.) With stannous chloride in place of bismuth amalgam,
technetium yields a yellowish-brown complex.
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2. Sulphosalicylic Acid
Pertechnetate yields no colour with this reagent alone, but when first reduced

with stannous chloride in an acid medium, a red colour is produced. The colour is
stable for several days. Iron111, rhenium, manganese and molybdate do not interfere
with the test.

Spectrophotometric determination of technetium with sulphosalicylic acid
The complex formed between technetium and sulphosalicylic acid was examined

spectrophotometrically. Fig. 4 shows the absorption spectrum of the complex. A
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Fig. 4.—Absorption spectrum of technetium sulphosalicylate.

maximum occurs at wavelength 460 m/t. At this wavelength there is little or no
interference from manganese, rhenium, molybdenum, thorium, iron or a number of
other elements. It is possible to determine several /<g of technetium in the presence
of 3-0 mg of manganese, 0-2 mg of rhenium and 0-3 mg of molybdenum.

EXPERIMENTAL

Reagents
Stannous chloride solution: Dissolve 20 g of AnalaR stannous chloride dihydrate in sufficient 6M

hydrochloric acid to dissolve the solid on warming. Dilute to 100 ml with 6M hydrochloric acid.
Sulphosalicylic acid: Dissolve 10 g of the acid in distilled water and dilute to 100 ml.
Buffer solution: Mix 97 ml of 0-2M hydrochloric acid and 50 ml of 0-2M potassium chloride

(AnalaR) giving a solution of pH 1. Dilute to 200 ml with distilled water.

Procedure

To a 5-ml volumetric flask add 2 ml of buffer solution and an aliquot of pertechnetate solution.
Add 0-5 ml of the sulphosalicylic acid reagent and 0-1 ml of the stannous chloride reagent. Mix
thoroughly and dilute to the mark with buffer solution.

Measure the extinction of the orange-red solution after 30 min at 470 m/t in a 1-000-cm cell. From
a standard curve calculate the amount of technetium present.

460 ny*

450 530 610

Wavelength, mu
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DISCUSSION

The complex is not extracted from aqueous solution by chloroform, amyl alcohol,
toluene, or ether. This suggests that the technetium ion is co-ordinated with the
hydroxyl oxygen and the carboxyl group, leaving the sulphonate group free.

The technetium is probably first reduced to the Tcv state. The complex is moder¬
ately sensitive to acid concentration. The intensity decreases with increasing acid
strength, probably because of a tendency of the complex to decompose at higher acidity.
In the buffered solution the colour is, however, stable and maximum intensity occurs
when the acidity is about 0-3 M.

3. c/.-Picolinic Acid

a-Picolinic acid (pyridine-2-carboxylic acid), when added to pertechnetate,
produces no colour, but on the addition of stannous chloride or ascorbic acid a red
colour appears slowly. The reaction appears to be highly selective for technetium.

Spectrophotometric determination of technetium with v.-picolinic acid
The complex formed between technetium and the reagent was examined spectro-

photometrically. Fig. 5 shows the absorption spectra, with a maximum at 470-480 m[x
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Fig. 5.—Absorption spectrum of technetium a-picolinate.
1—After 20 min, 4-3 ppm of technetium: II—After 20 hr,
2-4 ppm of technetium: III—After 20 hr, 5.7 ppm of

technetium.

At this wavelength there is interference from no element except molybdenum.
EXPERIMENTAL

Reagents
a-Picolinic acid: A 10% aqueous solution.
Ascorbic acid: A 10% aqueous solution.
Buffer solution: Prepare a KC1/HC1 buffer solution of pH 2-0 from 10-6 ml of 0-2At HC1 and

50 ml of 0-2M KC1, and dilute to 200 ml.
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Procedure

In a 10-ml volumetric flask, place an aliquot of pertechnetate together with 5 ml of buffer solution,
0-5 ml of picolinic acid solution and 1 ml of ascorbic acid. Mix the contents well and place on a water
bath maintained at 80° for 20 min. Cool, and dilute to the mark with buffer solution.

Measure the extinction of the yellow-red solution at 480 mg against a blank treated in the same
way. From a standard curve calculate the amount of technetium present.

DISCUSSION

If ascorbic acid is used as the reductant the solution shows a slightly more reddish
tinge than when stannous chloride is used as reductant. The former shows a higher
molar extinction coefficient of the order of 4400. The technetium is probably reduced
to the 4- or 5-valent state by the reductants. Both species are partially extracted from
aqueous solution by chloroform.

Zusammenfassung—Das Verhalten von Technetium und Rhenium gegeniiber drei Reagentien:
Kaliumferrocyanid, Sulfosalizylsaure und a-Picolinsaure wird diskutiert. Mit dem ersten Reagens
formen Technetium und Rhenium in Gegenwart von Wismutamalgam oder Stannochlorid gefarbte
Komponenten mit Absorptionsmaxima bei stark verschiednenen Wellenlangen. Dies gestattet dei
Bestimmung beider Elemente in einer Losung. Bis hinab zu 2 /ig Technetium konnen derart bestimmt
werden.

Pertechnat, nach Reduktion mit Stannochlorid, erzeugt mit Sulfosalizylsaure eine orangerote
Farbung, was zur Bestimmung ausgewertet werden kann. Der Vorteil der Methode liegt darin, dass
das Element in Gegenwart von ziemlich grossen Mengen von Rhenium, Mangan und Molybdan
bestimmt werden kann.

Nach Reduktion mit Ascorninsaure gibt Pertechnat mit a-Picolinsaure eine rotlich-gelbe Farbung,
die zur empfindlichen photometrischen Bestimmung herangezogen werden kann.

Die Typen der gebildeten Komplexe werden diskutiert.

Resume—Les auteurs discutent du comportement du technetium et du rhenium en presence de trois
reactifs: ferrocyanure de potassium, acide sulfosalicylique et acide a picolinique. Avec le premier
reactif, le technetium et le rhenium, en presence d'amalgame de bismuth ou de chlorure stanneux,
forment des solutions colorees qui ont une absorption maximale a des longueurs d'onde tres differ-
entes; cela permet le dosage spectrophotometrique des deux elements l'un en presence de l'autre.
On peut doser par cette methode une quantite aussi faible que 2 /tg de technetium.

L'acide sulfosalicylique donne avec le pertechnetate, qui a ete reduit par le chlorure stanneux, une
coloration rouge-orange convenant pour le dosage de cet element.

La methode presente l'avantage suivant: l'element peut etre dose en presence de tres grandes
quantites de rhenium, manganese et molybdene.

Avec le pertechnetate reduit par 1'acide ascorbique, l'acide a picolinique donne une solution
jaune-rouge qui fournit une methode tres sensible de dosage spectro-photometrique de l'element.

Les auteurs discutent le type de complexes forme avec ces reactifs.
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Some aspects of the polarographic behaviour of technetium and rhenium*

(Received 30 May 1959)

Technetium, element No. 43, was first obtained in 1937, by Perrier and Segre, by neutron-
bombardment of a molybdenum target.1 This is the method by which the main supply of the element
available today has been obtained, but attempts have also been made2 to extract workable amounts
of technetium from the fission products of 235U. Large quantities, however, are still not freely
available for a complete investigation of its chemistry. Gerlit,3 in a recent report on some chemical
properties of the element, states that the chemical, and especially the analytical properties are
comparatively little known.

A survey1 of methods for the determination of technetium shows that the number of published
methods is very small. Meggers5 has suggested spectral lines suitable for the spectrographic deter¬
mination of the element, and recently a colorimetric method based on thiocyanate has been reported.6
Rulfs and Meinke7 have determined the ultra-violet absorption spectrum.

In this laboratory, the amount of technetium available for study was originally about 30 micro¬
grams, and later approximately 1 milligram. To carry out investigations on the analytical and general
chemical behaviour of the element it was necessary to employ techniques requiring only very small
amounts of the element. By means of ultramicro methods reagents for the detection8 of Tc and for
its separation from a number of associated elements and determination9 have been developed. It was
decided to investigate the oxidation-reduction behaviour of the element polarographically; and at the
same time to examine rhenium as a control and a guide, since, as might be expected, work carried out
in this laboratory on the separation of Tc from other elements indicated that its behaviour was much
more similar to that of rhenium than to that of manganese. Other workers have drawn similar
conclusions about its oxidation-reduction behaviour.10

A number of polarographic studies on rhenium have been reported.11 As far as can be ascertained
from the literature, no information on the polarographic behaviour of technetium has been published, f
The results of the polarographic investigations are reported in this paper.

EXPERIMENTAL

Apparatus and solutions
Polarograms were determined using the conventional-type Tinsley Pen-Recording Polarograph.

In some cases checks have been carried out using the Rapid-Sweep K1000 Southern Instruments
Polarograph, but these results are not reported in the present paper.

To accommodate the small volume of solution, micro-cells with external calomel and silver elec¬
trodes were employed. De-aeration was carried out with argon. The dropping mercury electrode
was calibrated and all measurements were made at 25°unless otherwise stated. All the values given for
E1/2 are with reference to the Standard Calomel Electrode. Technetium was present as pertechnetate,
the solutions being 10_5M in TcO , .

* This paper has been presented at a Joint Meeting of the Polarographic Society and the Scottish Sec¬
tion of the Society for Analytical Chemistry held in the Department of Chemistry, The Queen's University,
Belfast on Friday 26 June 1959. Part of the material had previously been presented in preliminary form at
a Joint Czech-Hungarian Polarographic Symposium held in Prague, Czechoslovakia in July 195S.

t After the announcement of the Meeting at which this paper was presented, the authors were kindly
supplied by Dr. P. F. Thomason of the Oak Ridge National Laboratory with a copy of a paper dealing with
work of a similar nature, to be presented by Dr. M. T. Kelley of that Laboratory at the 2nd International
Congress of Polarography in Cambridge in August 1959.
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The supporting electrolytes were as follows:
(a) 127V H2S04.
(b) 27V KC1.
(c) 27V NaOH.
(d) 47V HC1.
(ie) 27V KOH buffered with sodium potassium tartrate.

RESULTS

(a) In I2N H2SOi
In the polarogram for pertechnetate there appeared to be a wave in the range from —0-3 volt to

—0-8 volt, but this was not well formed. This is quite surprising, since in the reduction of perrhenate
ion under the same conditions three well-defined waves were found. If the acid strength in the per¬
rhenate solution was less than 87V, two waves only appeared.

The oxidation states to which the rhenium waves refer were observed visually by microscopic
examination of the region in the vicinity of the mercury cathode, and yellow-orange and black
products were found to form. On the basis of this examination it is suggested that the mechanism
of reduction of perrhenate in sulphuric acid solution is as follows:

Re+7 + 3e~ Re+4
Re+4 + 4e~ -> Re0

In 87V H2S04 the wave obtained at E1/2 = —0-8 volt was found to be ideal for the determination
of rhenium occurring as perrhenate, and details will be published elsewhere.12

(b) In 27V KCl
The polarogram showed two waves. The first has a value E1/2 = —0-65 volt and the second E1/2

= —1-30 volt. Under the same conditions of reduction perrhenate showed waves at E1/2 = —11
volt and E1/2 = —1-7 volt.

To decide the oxidation states to which Tcvn and Re111 were reduced use was made of the Ilkovic

equation. This may be written in the form

-

= 607nD1/2m2/3t1/6
c

where

ia = diffusion current,
c = concentration
n = number of electrons transferred,
D = diffusion coefficient in cm2/sec,
m = weight of mercury in mg/sec,
t = drop time in sec.

For the pertechnetate wave at E1/2 = -0-65 volt, with the following values: 7a = 0-2 /«A; c =
10~2 mM; m2,3t1/6 = 2-40; the value for n was found to be ~3. This would indicate the reduction

Tc+7 + 3e- -*■ Tc+4 (E1/2= -0-65 volt)

The second wave, occurring at E1/2 = —1-30 volt rises to a maximum and then falls rapidly.
Because of the nature of the wave it was not possible to apply calculations, but it is suggested that it
might represent initial reduction to Tc~ followed by a reaction at the mercury surface. For the per¬
rhenate reduction at E1/2 = —11 volt calculations gave n = 8 indicating the reaction

Re+7 + 8e~ Re¬

ne. the formation of rhenide as found by Lingane.13

(c) 2N NaOH
In the pertechnetate solution a clearly defined step occurs at E1/2 = —0-85 volt with the indication

of a second step at E,/2 = —10 volt. Under similar conditions per-rhenate shows a wave at E1/2 =
— IT volt.
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Calculations from the Ilkovic equation indicate the transfer of 3 electrons for pertechnetate at
E1/2 = —0-85 volt:

Tc+7 + 3e~ — Tc+4.

The second wave again (as in the case of the 2N KC1 solution) rises to a maximum and then falls
off rapidly.

For rhenium the wave at E1/2 = —1-1 volt also indicates a three-electron transfer:

Re+7 + 3e~ Re+4.
(d) In 4N HCl

For pertechnetate two waves are obtained at E1/2 = —0-15 volt and E1/2 = —0-35 volt. There is
also an indication of a third wave starting at —0-7 volt. Under the same conditions per-rhenate
shows waves at E1/2 = —0-1 volt and E1/2 = —0-8 volt.

(e) In buffered 2N KOH
The pcrtechnetate solution shows a well-defined wave at E1/2 = —0-65 volt, and there is an indica¬

tion of a second wave at E1/2 = —1-2 volt. This solution was investigated in order to provide a
comparison with manganese, where three waves are obtained14 at E1/2 = —11 volt, E1/s = — 1 -3 volt
and E1/2 = —1-7 volt.

The technetium wave at —0-65 volt is well-defined, and promises to be suitable for the determina¬
tion of technetium down to low concentration. This aspect is at present being studied.

A complete examination of all the reductions described here is being carried out with the rapid-
sweep polarograph, and will be reported in due course.

Acknowledgement—We are indebted to the United Kingdom Atomic Energy Authority for facilities
for separating small amounts of technetium from fission-product waste, and to U.K.A.E.A. and
Professor R. S. Nyholm, University College, London for their loan of 1 milligram of technetium
which was of great value in permitting confirmation of the preliminary results obtained on ultramicro
quantities.
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DISCUSSION

Mr. Tyrrell: Is it the intention to use the K1000 Polarograph to detect unstable intermediate
valency states of technetium?

Dr. Magee: Yes. Some investigations have been carried out, but these are not yet complete
enough to give a full picture of the reductions.
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Mr. Tyrrell : Is any work on rhenium and manganese reported in which the K1000 Polarograph
has been used ?

Dr. Magee: No investigations on rhenium or manganese using this instrument appear to have
been reported in the literature. As a guide to the behaviour of technetium we, however, have carried
out investigations, particularly on rhenium.

Mr. Tyrrell: You say that in 21VKOH manganese goes from the VII state to the II state.
Are there intermediate states ?

Dr. Magee: Yes. Three waves occur which indicate the following reduction steps: VII -* IV:
IV -* III: III -*■ II. Similar results have been reported in the literature by other workers.

Mr. Faircloth: Why do you use the Ilkovic equation to calculate n, and therefore assume a value
for the diffusion coefficient?

Dr. Magee: The Ilkovic equation was used because, for rhenium, DReo4 had been determined.
Until the exact value for Dtco4 was determined, however, an approximate value based on that for
rhenium indicated the order of n. I do agree, however, that from the shape of the plot E vs. log —-,id
n could also have been obtained.
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In a recent publication1, we reported a method for the separation and
determination of micro amounts of ruthenium, rhodium and platinum
based principally upon the reagent 8-hydroxyquinoline. A similar-
investigation with a range of reagents was carried out on the other triad
of platinum metals - osmium, iridium and platinum. A reagent which
showed possibilities was pyrocatechol. This reagent has been recommended
for a number of analytical procedures. With iron, titanium, molybdenum,
vanadium and a number of other elements, it gives coloured complexes
which hawe been used for the detection and determination of these
elements2. As far as can be ascertained, however, little use has been
made of this reagent for platinum metals in general, and for osmium,
iridium and platinum, in particular. The investigations carried out on
the latter groups of elements with pyrocatechol, and the results obtained
in their separation and determination are presented in this paper.

Experimental
Osmium

This metal is present in most platinum metal residues. No methods
of any kind are available for its determination in the presence of all the
remaining platinum metals. Several methods3 for the colorimetric
determination of the element have been developed, but all are subject
to inherent disadvantages, in particular requiring rigid standardisation

* In honour of the 70th birthday of Fritz Feigl.
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of conditions, and lacking sensitivity. A method free from these defects
would be of considerable value.

Preliminary investigations showed that when a solution of hexachloro-
osmate which is slightly acidic is treated with pyrocatechol, no apparent
reaction takes place. When, however, the solution is left in a boiling
water-bath for a short interval of time, a bluish-purple coloration appears,
and this reaches maximum intensity after one hour's heating. This
coloured complex is very stable, and the colour is easily reproducible.
The coloured species is extractable by chloroform, hexone, isoamyl
alcohol, amyl acetate or
ethyl acetate. The first
two solvents are the most

efficient.
A detailed examination

was made of the conditions
for colour development.
It was found that a 5%
aqueous solution of pyro¬
catechol was most effective
in developing maximum
colour intensity. Using this
solution, optimum absor-
bance could only be obtai¬
ned by heating in a boiling
water bath and not at a

lower temperature. The
length of time of heating
is not too critical, equally
satisfactory results being
obtained between 3 hours
and l1/2 hours. The colour produced in the reaction is, to some extent,
dependent on the pn of the solution. At a pn less than 1, bluish-green
products are obtained which are not extractable by chloroform or hexone.
In the range of pn 1.5—4.5, the bluish-purple colour is obtained, but
between pn 5-7 and 8-10 orange-red and red products are obtained
whose spectral characteristics are somewhat different from those of the
bluish-purple solution. In the pn range 1.5^.5, which is most suitable
for formation of the coloured species, it is not necessary to adjust the
acidity accurately with a pn meter. Universal indicator paper is satis¬
factory.

Aqueous solutions of the bluish-purple complex, when examined
spectrophotometrically, showed a pronounced maximum at 590 nm and
a small peak at 800 nm (Fig. 1). For subsequent work, absorbance

Mikrochim. Acta 1962/1—2 11

A
/ 7Z7TI

Abb. 1. Spectral Curves for the Blue Osmium IY-Catechol
Complex
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measurements were made at 590 nm. At this wavelength the absorption
intensity follows Beer's Law up to 250 micrograms of osmium. The
colour is easily reproducible, and over a period of 6 days shows no change
in absorbance. Exposure to light has no effect on the stability. The
following procedure was developed for the photometric determination
of the element.

Procedure for the Determination of Osmium

Place in a small conical flask an aliquot containing up to 250 /j,g
of osmium. Add 16 ml of a 5% aqueous solution of pyrocatechol. Adjust
the ph to about 3 with 5% sodium acetate solution or hydrochloric acid,
using universal indicator paper. Heat in a boiling water bath for 1 hour.
Cool, and transfer to a 50-ml volumetric flask. Make up to the mark
with water and mix well. Measure the absorbance at 590 nm against
a blank prepared in the same way, using 1.00-cm silica cells. Determine
the amount of osmium from a standard curve.

Platinum and Iridium

When solutions containing platinum(II) and platinum(IV) are subjected
to the procedure for osmium outlined above, orange products which
become dark-orange are obtained. These products are completely
unextractable into chloroform, but can be extracted into ether, hexone
or amyl acetate. With both forms of platinum the colour sensitivity
is not sufficient for use photometrically. Iridium under the same conditions
produces pale yellow solutions which probably contain iridium(III).
The products do not extract into chloroform.

Other Group YIII metals and gold

Solutions of different metal ions were subjected to the osmium
procedure. In each case the concentration of the element was 250 fig
and the absorbance was measured against a blank. In Table I the
absorbance of each solution at 590 nm is compared with osmium.

The table shows that no serious interference occurs when equal
amounts of iridium, rhodium and ruthenium are present with osmium.
It is therefore, possible to determine osmium without first separating
it from these three elements.

The osmium may also be determined by extraction into chloroform
from a slightly acidic medium. Comparison experiments with ruthenium,
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rhodium, palladium, platinum and iridium show that no interference
from these elements is to be expected in the determination of osmium,
unless they are present in excessively large amounts.

Table I

Metal Absorbance at 590 nm Observations

Os4+ 0.258 Bluish-purple
Ir4+ 0.000 Very pale yellow then colourless
Pt2+ 1

0.034
Orange, then brownish-orange with finely

Pt4+ J divided black particles
Ru3 + 0.006 Green at first, on heating becomes violet red
Rh3+ 0.002 Yellow then orange yellow
Pd2+ 0.040 Pale greenish-blue then grey-blue
Fe2+ 0.000 Pale green
Fe3+ 0.018 Pale violet

Co2 + 0.010 Pink

Ni2 + 0.024 No reaction

Au3+ 0.025 On warming becomes blue

The Separation of Osmium, Iridium and Platinum

Although the determination of osmium in the presence of iridium and
platinum can be carried out satisfactorily by the above procedure, the
determination of the latter elements in the presence of osmium must be
preceded by separation. Investigations were carried out which showed
that this could readily be accomplished. After the catechol complexes
of platinum and iridium are decomposed, platinum can be extracted as
the indigo-blue complex formed with thiosemicarbazide4-5. By this
treatment all the iridium is left in the aqueous layer. The indigo-blue
complex formed between platinum and thiosemicarbazide cannot,
however, be used directly for the colorimetric determination of the
element after extraction, because of lack of reproducibility and stability.
It is necessary, after evaporation of the solvent and decomposition of
the organic matter, to use the stannous chloride method6 for the deter¬
mination of platinum.

On the basis of the preceding findings, the following procedure for
the separation and determination of osmium, iridium and platinum
was developed.

ii»
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Table II

Place in a 50-ml conical flask an aliquot of the solution which may contain
up to 250 yg of each of the three metals. Add 16 ml of 5% aqueous catechol
solution. Adjust the pn of the solution to about 3 with 5% sodium acetate
or hydrochloric acid. Heat in a boiling water bath for 1 hour. Cool and
transfer to a small separating funnel. Extract by shaking vigorously for
2 minutes in each case with 5-ml portions of chloroform. Allow the layers

to settle and separate

Aqueous layer
An orange-black aqueous layer indicates
the presence of Platinum. Extract by
shaking with 10 ml of methyl isobutyl
ketone (hexone). Transfer to a 50-ml
conical flask. Evaporate to dryness, cool
and add cautiously about 18 ml of concen¬
trated nitric acid. Evaporate to dryness.
Cool, and add 2 ml of conc. sulphuric acid.
Evaporate to white fumes, oxidise any
remaining carbon with nitric acid and,
finally, with perchloric acid. Evaporate
to dryness. Cool, and take up with
3-4 ml of water. Add 3 ml of a saturated
aqueous solution of thiosemicarbazide, and
2 ml of saturated sodium carbonate solution.
Shake vigorously for 2 minutes. Extract
with 5 ml of amyl acetate. Allow to settle
and separate the layers

Solvent layer
A bluish-purple chloroform
extract indicates the presence
of Osmium. Filter through
a No. 42 Whatman filter paper
holding about 2 grams of an¬
hydrous sodium sulphate. Col¬
lect in a 50-ml volumetric flask
and make up to the mark
with chloroform. Measure the
absorbance at 595 nm using
1-cm silica cells against a
blank solution prepared in
the same way. Determine the
quantity of osmium from a
calibration curve

Aqueous Layer
Shake vigorously with 2.5-ml portions of
amyl acetate, and set aside for 10 minutes
in each case. Separate and combine the
extracts. Decompose the organic matter
in the aqueous layer with 4 ml of nitric
acid and 2 ml of 71% perchloric acid.
Evaporate to dryness, cool, take up with
a few ml of water and determine the
Iridium by titration with hydroquinone
solution in the presence of 3:3' dichloro-
benzidine indicator7

Solvent Layer

Indigo-blue solvent extracts
confirm the presence of
Platinum. Evaporate to dry¬
ness, decompose with 5 ml of
nitric acid. Double-evaporate
with two 3-ml portions of conc.
hydrochloric acid. Take up
with 5 ml of water and
determine by means of stann¬
ous chloride

Results

As a test of the effectiveness of the scheme described, various "un¬
knowns" were analysed by one of us (F. J.). The results obtained are
recorded in Table III, all quantities being expressed in micrograms
per 10 ml of solution.
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Table III

Osmium Iridium Platinum

Given Found Given Found Given Found

1 375 375 375 360 500 509
2 — — 125 108 1000 1010
3 125 125 1125 1108 120 126
4 1125 1109 — — — —

5 62 60 1000 1050 70 65
6 750 740 500 485 750 755
7 440 445 250 238 650 666
8 1000 1008 300 295 500 505
9 640 635 850 836 375 376

10 900 915 660 640 450 443

Summary
A method is outlined for the separation and determination of small

amounts of osmium, iridium and platinum. Osmium and platinum are
determined colorimetrically, and iridium is determined by titration.
The procedure gives reproducible results, and provides a convenient
method for the determination of each of the elements.

Zusammentassung
Eine Methode zur Trennung und Bestimmung kleiner Mengen Osmium,

Iridium und Platin wurde beschrieben. Osmium und Platin werden kolori-
metrisch bestimmt, Iridium mafianalytisch. Das Verfahren gibt reproduzier-
bare Ergebnisse und eignet sich zur Bestimmung jedes der genannten Elemente.

R6sum6

On recommande line methode pour la separation et le dosage de petites
quantites d'osmium, d'iridium et de platine. On dose par eolorimetrie
l'osmium et le platine et par titrage 1'iridium. Le procede donne des resultats
reproductibles et fournit une methode appropride pour le dosage de chacun
des elements.
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THE MICROCHEMISTRY OF THE PLATINUM METALS

Separation and determination of micro amounts of ruthenium, rhodium
and palladium

BY

FADHIL JASIM, ROBERT J. MAGEE and CECIL L. WILSON
Department of Chemistry, The Queen's University of Belfast, Northern Ireland

A method is outlined for the separation and determination of small
amounts of ruthenium, rhodium and palladium individually as well as
in combinations of two or even all three elements mentioned. It is based

principally upon reactions of these elements with 8-hydroxyquinoline.
Determinations are carried out spectrophotometrically on the metal
oxinate extract in chloroform. The procedure gives reproducible results
and provides a rapid method for the determination of each of the three
elements even in their mixtures.

Introduction

Although the literature dealing with the platinum metals is exten¬
sive 1_3, microchemical analytical procedures have mainly been
confined to microscopic examination, spot test methods 4 and micro-
assay. The high sensitivity and selectivity of many organic
reagents, however, suggest that it should not be impossible to devise
a simple scheme of separation and determination for these metals.
One reagent which appeared to have possibilities is 8-hydroxyquin¬
oline. This reagent forms insoluble complexes with a whole range of
metals, particularly heavy metals, and has been used extensively
for the determination of these metals. 5-8 No evidence was found

1 F. E. Beamish, Talanta, 1958, 1, 3.
2 F. E. Beamish and W. A. E. McBryde, Analyt. Chim. Acta, 1953, 9, 349.
3 F. D. Snell and C. Snell, Colorimetric Methods of Analysis, 3rd Edition.

D. van Nostrand, Inc., Vols. II and III, 1958.
4 G. H. Ayres, Analyt. Chem., 1953, 25, 1622.
5 R. G. W. Hollingshead, Oxine and Its Derivatives, Butterworths Scientific

Publications, Vols. I-IV, 1954-1956.
6 R. Berg, Das o-Oxychinolin: Vol. 34 in Die Chemische Analyse. Enke,

Stuttgart, 1938.
7 F. Welcher, Organic Analytical Reagents, D. van Nostrand, Inc. Vols. I-IV,

1947-52.
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in the literature that the reagent had ever been used for the qualitative
and quantitative treatment of metals of the platinum group. Investi¬
gations have therefore been carried out on the reactions of this reagent
with ruthenium, rhodium and palladium, and the results obtained
are presented here.

Experimental
Ruthenium

Ruthenium reacts with 8-hydroxyquinoline in chloroform yielding a dark-
green extract in the chloroform layer. Experiments showed that complete
extraction of ruthenium as the oxinate could be achieved if the pH were
controlled during extraction and a suitable concentration of the oxine reagent
used. For optimum extraction a pH of 6.4 was found to be best. This was
obtained by adjustment of the pH of the aqueous solution with sodium acetate.
A series of experiments was carried out to find the most effective concentration
of reagent. It was found that concentrations in the range 5-15% were capable
of extracting more than 92% of ruthenium as oxinate. As this was the highest
value obtained throughout the range investigated, a 10% reagent solution was
used in subsequent investigations.

During extraction of ruthenium oxinate with chloroform it was observed that
dark green particles remained in the aqueous phase. These particles were found
to be very soluble in solvents such as ethanol, acetone or Butylcellosolve, and
were therefore thought to be particles of the insoluble hydrated ruthenium
oxinate complex. Butylcellosolve was the best solvent for the removal of the
particles, and when used in conjunction with chloroform, about 97% of the
ruthenium was extracted as oxinate.

The ruthenium oxinate extract in chloroform-Butylcellosolve was examined
spectrophotometrically, and the absorption spectrum obtained showed two
maxima - a large one at 410 mjx and a smaller one at 570 mpi (Fig. 1). In the
range 12.5 —150 g.g Ru, solutions of the complex obeyed Beer's Law. The
following procedure was developed for the extraction and photometric deter¬
mination of the element.

Procedure for the determination of ruthenium

Shake the ruthenium solution (4-5 ml) vigorously with 5 ml of the oxine-
chloroform reagent for 3 minutes. Add sufficient 10% sodium acetate reagent
to make the solution approximately 21 pH 6.4. Continue the shaking for a
further 3 minutes. Allow the phases to settle and draw off the green chloroform
layer. Repeat the extraction with a further 5 ml of reagent. Shake the aqueous
phase with a 3-ml portion of Butylcellosolve and remove the latter by extraction
with three 5-ml portions of chloroform. Combine all the extracts and filter
through a No. 42 Whatman or equivalent filter paper holding about 2 g of
anhydrous sodium sulphate. Collect the clear green filtrate in a 50-ml graduated
flask, and make up to the mark with chloroform. Measure the absorbance of
the solution at 410 mjj. using 1.00-cm cells. Determine the concentration of
ruthenium present from a calibration curve.

This procedure is very satisfactory for extraction of ruthenium in the presence

8 G. H. Morrison and H. Freiser, Solvent Extraction in Analytical Chemistry,
John Wiley and Sons, Inc., 1957.
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Fig. 1. Extinction curve of ruthenium oxinate. Calibration curve for ruthenium.

of rhodium, but not in the presence of palladium. Where ruthenium is present
alone, and extraction from none of the other platinum metals is required, an
amended procedure was found to be more sensitive for the determination of
the element.

Palladium

In view of conflicting statements in the literature 7-10 it was necessary to

9 J. C. Ogburn, J. Am. Chem. Soc., 1926, 48, 2493.
10 E. B. Sandell, Colorimetric Determination of Traces of Metals, 3rd Edition,

Interscience, New York, 1959.
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Wave length

Fig. 2. Extinction curve of the palladium (II) oxinate complex in chloroform.
Calibration curve for palladium.

investigate completely the preparation and extraction of palladium oxinate.
It was found that palladium readily forms an oxinate which can be extracted
under the conditions already outlined for ruthenium. The complex in chloro¬
form, when examined spectrophotometrically, showed a maximum absorption
peak at 430 mp (Fig. 2). Beer's Law was obeyed at this wavelength.
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Fig. 3. Extinction curve of rhodium (III) oxinate.
Calibration curve for rhodium.

Rhodium

Very little information is available in the literature concerning the behaviour
of rhodium with 8-hydroxyquinoline, and what is available, as in the case of
palladium, is superficial and vague '• 9. To check the information available
and to study the reaction of rhodium with the reagent a series of investigations
was carried out. Preliminary work indicated that rhodium (III) formed a bright
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yellow precipitate with oxine in acetic acid. The formation of the precipitate
occurred over the range pH 2-8, on heating. Precipitation was found to be
incomplete, especially in the range pH 2-4, but as the pH was increased,
precipitation increased. In the pH range 6-8 extraction reached a maximum
of 92% when the solution was warmed to 80°. Extraction of the rhodium oxinate
from the aqueous phase was readily effected by chloroform. By raising the
temperature to 90°-100° for a short period, with the pH controlled, extraction
was almost complete. The chloroform extract showed an absorption maximum
at 425 mjx, and at this wavelength solutions obeyed Beer's Law. On the basis
of these observations a procedure was developed for the extraction and deter¬
mination of the element.

Procedure for the determination of rhodium

To a 5-ml aliquot of the rhodium solution, which should contain not less
than 25 p.g of rhodium, add 6.0 ml of a 2% solution of 8-hydroxyquinoline in
acetic acid. Adjust the pH to 6.0-8.0 using 10% ammonium acetate solution.
Warm for 30 minutes on a boiling water bath. Cool, and transfer to a separatory
funnel. Extract with three 5-ml portions of chloroform, until all the colour
has been removed from the aqueous layer. Filter the combined extracts through
a filter paper holding about 2 g of anhydrous sodium sulphate. Collect the
clear liquid in a 50-ml graduated flask and dilute to the mark with chloroform.
Measure the absorbance of the solution at 425 mp., and determine the amount
of rhodium from a calibration curve.

Separation of ruthenium, rhodium and palladium
The investigations described above indicated the possibility of utilising the

8-hydroxyquinoline reagent to provide the basis for a separation of ruthenium,
rhodium and palladium. Difficulty arises from the fact that both palladium
and ruthenium are extracted together under the same conditions. A method
of separating these two elements had therefore first to be devised.

A number of procedures are known for the precipitation and extraction of
palladium. These were examined to determine if any of them would fit satis¬
factorily into the oxinate procedure for ruthenium and rhodium. The use of
dimethylglyoxime as precipitant 11 was not satisfactory since conversion to the
oxinate required the use of aqua regia and evaporation with concentrated acid,
a time-consuming procedure. For similar reasons other methods 12-16 were
rejected.

Dwyer, Figgis and Gibson 17> 18 recommended triphenylmethylarsonium salts
for the determination of bismuth, antimony and cadmium on the micro-scale,
and Neeb 19 was able to apply these salts to the detection and determination

11 W. R. Schoeller and A. R. Powell, The Analysis of Minerals and Ores of
the Rarer Elements, Charles Griffin and Co., Ltd., 1940.

12 J. H. Yoe and L. G. Overholser, j. Am. Chem. Soc., 1939, 61, 2058.
13 E. Rosina Alvarez, Anales direc. gen. ofic. qufm. nacl. (Buenos Aires),

1949, 2, 88: Chem. Abs., 1951, 45, 69 f.
14 G. H. Ayres and B. L. Tuffly, Analyt. Chem., 1952, 24, 949.
is E. W. Rice, ibid., 1995.
16 N. C. Sogani and S. C. Bhattacharyya, ibid., 1957, 29, 397.
17 F. Dwyer and N. A. Gibson, Analyst, 1950, 75, 201.
18 B. Figgis and N. A. Gibson, Analyt. Chim. Acta, 1952, 7, 313.
19 R. Neeb, Z. analyt. Chem., 1957, 155, 1.
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Fig. 4. Extinction curve of the T.P.M. As iodo-palladite complex in chloroform.
Calibration curve.

of osmium 20. Investigations carried out on palladium showed that solutions
of palladium (II) salts, on treatment with a 1% aqueous solution of triphenyl-
methylarsonium iodide (TPMAsI) yielded an immediate blood-red coloration
20 Idem, ibid., 154, 23.
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Table I

To about 5 ml of the mixture (contained in a sepa-
ratory funnel) which should be 0.1 IV with respect
to hydrochloric acid, add 2 ml of a 1 % aqueous
solution of triphenylmethylarsonium iodide followed
by about 0.4 ml of 3 N NaCl. Extract with two 5-ml
portions of chloroform. Allow the layers to settle,

and separate.

Aqueous layer

Shake vigorously for 3 minutes with
5 ml of 10% oxine in chloroform.
Adjust the pH of the aqueous layer
to about 6.4, shake for a further
3 minutes, allow the layers to settle,
and separate. Add a further 5 ml
of reagent and repeat the extraction.

Combine the extracts.

Aqueous layer
Add 3 ml of Butylcellosolve and
shake vigorously for about 3 minu¬
tes. Extract with three 5-ml portions

of oxine reagent.

Aqueous layer

Use this layer to determine the
amount of

RHODIUM
as described above.

Solvent layer

A red chloroform layer indicates the
presence of

PALLADIUM.
Determine the amount present as
described above.

Solvent layer

Solvent layer

Combine. A dark green extract
indicates the presence of

RUTHENIUM.
Determine the amount present as
described above.

similar to that obtained with the palladium (II) ion and iodide. The red species
was only partially extractable into chloroform, but in the presence of sufficient
chloride ion extraction was complete. Neither ruthenium nor rhodium yielded
extractable products with the reagent. Further, it was found that the red
coloration in the chloroform layer, due to palladium, could be discharged on
adding 8-hydroxyquinoline in chloroform, with the formation of a yellow
solution of palladium oxinate.

21 R. A. Milton and W. A. Waters, Methods of Quantitative Microanalysis,
2nd Ed., Edward Arnold (Publishers) Ltd., London, 1955, p. 408.
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On the basis of these observations a procedure was developed for the separa¬
tion and determination of palladium.

Procedure for separation and determination of palladium
To a small separatory funnel containing 25-250 pg Pd in about 5 ml of the

test solution, which should be 0.1 N with respect to hydrochloric acid, add
1-2 ml of TPMAsI reagent and shake. Add 0.4 ml of 3 IV sodium chloride solution
and shake again. Extract the dark red solution or precipitate with three 5-ml
portions of chloroform. To the combined extracts in a separatory funnel add
5 ml of a 5% solution of oxine in chloroform and shake vigorously. Loosen the
stopper of the funnel, and warm in a water bath at 40° for 10 minutes. Filter
the solution through a filter paper holding about 2 g of anhydrous sodium
sulphate. Collect the dried filtrate in a 50-ml graduated flask and make to the
mark with chloroform. Measure the absorption in 1.00-cm cells in the spectro¬
photometer at 430 mji. Determine the amount of palladium present from the
calibration curve.

The minimum amount of palladium which can be determined by this method
is 25 pg. The yellow colour due to the oxinate of palladium is stable .for more
than 4 hours. It is fully developed 15 minutes after addition of the reagent
and shaking.

The red colour obtained on adding TPMAsI to palladium may be used for
the colorimetric determination of the element by measuring the absorbance
at 450 mp. A smaller maximum also occurs in the absorption spectrum at
525 mp (Fig. 4). Use of the red complex has, however, the disadvantage that
colour fading begins after 1 hour.

Based on the two reagents, 8-hydroxyquinoline and TPMAsI, it was now
possible to draw up a procedure for the separation and determination of the
three elements, ruthenium, rhodium and palladium. This procedure is outlined
in Table I.

Heavy metals which react with 8-hydroxyquinoline must be absent. Osmium,
iridium or platinum do not interfere with the determination of ruthenium.

Table II

No.
Palladium/10 ml Ruthenium/10 ml Rhodium/10 ml

Present Found Present Found Present Found

1 480 475 250 245 500 495
2 600 585 875 870 350 345
3 52 54 375 365 0 0
4 672 676 0 0 125 128
5 0 0 625 620 775 780
6 528 528 1000 995 450 455
7 0 0 0 0 950 955
8 432 434 125 118 625 630
9 748 745 900 890 700 697

10 100 108 1000 978 0 0
11 1000 990 100 110 500 490
12 500 490 0 0 100 105
13 0 0 100 95 1000 985
14 100 100 100 107 100 97
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Results.

As a test of the effectiveness of the scheme described, one of us

(F.J.) analysed a number of "unknowns", and the results obtained
are recorded in Table II, all quantities being expressed in micrograms.

These results are considered to be satisfactory. The relatively small
deviations that do occur are considered to be due, not to faults in
the procedure, but to inherent errors in the measurement of volumes
and other manipulative factors. The results for palladium and rhodium
are particularly satisfactory.

(Received April ist ig6o).
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Summary—A procedure is described for the separation and subsequent colorimetric determination of
ruthenium and palladium as complex and ammine-type thiocyanates respectively, using solvent
extraction. Suggestions are put foiward as to the nature of the ruthenium complex occurring in
solution.

A number of organic reagents have been employed in the solvent extraction of the
platinum metals, but the use of these has been largely restricted to palladium and
platinum. One difficulty in the way of easy formation of chelate compounds is the
fact that the commonest form for these metals is in stable complex ions such as
(PtClg)2-, (RuClgOH)3". This class of compounds, involving hexachloro-complexes
etc., is presumably essentially ionic in character and will exist as entities only in the
solid state; reagents forming such compounds would not be expected to assist the
solvent extraction of the platinum metals. A second category, however, apparently
consists of non-ionic substances related to Pd(NH3)2Cl2, and solubility in organic
solvents may be expected. Thus Ryan1 extracted the/?-nitrosodiphenylamine complex,
Pd(C12H10N,O)2Cl2, into ethyl acetate, ether and chloroform, while Yoe and Kirkland2
used /r-nitrosodimethylaniline for a similar purpose. The covalent complex Pd py2Cl2
(py = pyridine) has been known for many years,3'4 but the analytical possibilities of
similar complexes with thiocyanate ion in place of halogen appear either not to have
been noted in the literature or to have been completely neglected, although Rubinshtein5
prepared a series of substituted pyridino-chlorides of palladium, without investigating
their extractability into organic solvents.

A survey of the literature reveals that little attention has been paid to the solvent
extraction of thiocyanate complexes of the platinum metals. Ogburn6 first noted the
formation by Rum of a red colour with thiocyanate ion, which is extracted by suitable
organic solvents.7 Recently8 the red complex [Pd(SCN)4]2~ has been extracted with
butyl alcohol or Ao-amyl alcohol at pH below 5, in the presence of PtIV and IrIv.
Apart from such investigations, however, it would appear that the analytical value of
the complex and ammine-type thiocyanates of ruthenium and palladium has not been
examined to any extent.

This paper describes a procedure for the separation and determination of ruthenium
and palladium through the formation of compounds of both the above types.

PRELIMINARY INVESTIGATIONS

The replacement of CI by SCN in Pd py2Cl2 was undertaken and the conditions
under which a pyridine thiocyanate of palladium is formed were examined. It was

324
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found that if excess thiocyanate is added to a palladous chloride solution and the pH
adjusted to between 4 and 6, the addition, dropwise, of pyridine causes the red-brown
solution to become pale yellow in colour. After a moment the solution becomes
completely colourless with the formation of a yellow flocculent precipitate, which is
only obtained from solutions containing palladium alone. In the presence of other
platinum metals no precipitate is obtained from the pale yellow solution and this effect
is also observed in the presence of excess pyridine or in alkaline solution. The yellow
precipitate was analysed both by ignition to PdO and by C, H and N determinations;
all results accorded with the formula Pd py2(SCN)2. Both this precipitate and the
pale yellow aqueous solution from which it is obtained were found to be very readily
and completely extracted, even from solutions of pH up to 12, by organic solvents
such as chloroform, ethers, ketones and tributyl phosphate, in all cases yielding a pale
yellow solution in the organic phase. The species extracted was thought to be the
molecular species Pd py2(SCN)2, since both chloroform and hexone (methyl wo-butyl
ketone) yield similarly coloured solutions, very different in colour from that of the
palladium thiocyanate complex extracted into hexope from acid solutions. Palladium
here closely resembles nickel in the behaviour of its complex and ammine-type
thiocyanates.9

The behaviour of ruthenium complex thiocyanates was next investigated. Ruthe¬
nium was present in the tervalent state as the complex [Ru(H20)C15]2_, soluble in
water or dilute hydrochloric acid. In OTA acid solution, on the addition of excess
thiocyanate, a crimson extractable complex is obtained, which is stable provided that
the solution is not heated. On heating the solution, however, the colour changes to
deep blue, this process being complete at about 50° in OTA acid solution and being
independent of the particular acid used. In neutral solution it is necessary to maintain
the temperature near to the boiling point for a few moments in order to bring the
reaction to completion, but in both cases an odour of hydrogen sulphide is observed.
The blue colour obtained is considerably intensified if the solution is made 1A or more
in acid concentration, when it appears very stable and showed no fading after standing
for one week.

From neutral or only weakly acid solutions this blue complex is extracted only
partially by hexone or a 1 : 5 tributyl phosphate/cyc/ohexane mixture and not at all by
chloroform, ethers or acetates. From a 2A hydrochloric acid solution, however, it is
rapidly and completely extracted by the first two solvents mentioned above, partially
extracted by ethers and acetates, and not at all by chloroform.

On the basis of these preliminary observations it was found possible to effect a
separation of ruthenium and palladium. It was decided to employ an absorptiometric
method for the determination of the metals and as a first step the absorption spectrum
of Pd py2(SCN)2 in hexone was determined. This is shown in Fig. 1. The maximum
at 345 m/u is very suitable for measurement and was used throughout. For known
amounts of palladium a calibration curve was prepared, from which the minimum
amount which could be determined with certainty was 25 fxg.

The absorption spectrum of the dark blue ruthenium thiocyanate complex in
hexone is shown in in Fig. 2, the maximum at 570 being employed in subsequent
measurements. For known amounts of ruthenium a calibration curve was prepared,
from which the minimum amount which could be determined with certainty was
25 [xg.
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PROCEDURES

To about 20 ml of the solution for analysis, which should contain not less than 25 /<g palladium
and 25 ,ug ruthenium and have pH 1-5-2 0, add ION sodium hydroxide solution rapidly until the pH
is 11 to 12. It is essential that this adjustment should be made quickly with a strong alkali solution.

Transfer the solution to a separating funnel and use 005N sodium hydroxide to rinse the beaker,
adding these washings to the main solution. To the pale green solution add 0-5 ml (excess) of a 40%
solution of potassium thiocyanate, followed by 5 drops of pyridine. The solution becomes pale
yellow in colour due to the formation of the pyridine thiocyanate of palladium.

Extract the solution twice with 10-ml portions of hexone and make up to 25 ml. The hexone
solution contains all the palladium present in the original aqueous solution. Under these conditions
a thiocyanate complex of ruthenium is not formed, or, if formed, is not extracted.

Filter the hexone extract and pour into the absorption cell of the spectrophotometer. This
operation removes tiny globules of air or water which may be present. Measure the optical density of
this solution at 345 m/i, with reference to hexone as standard, and read off the concentration of
palladium present from the prepared calibration curve.

Determination of ruthenium
Transfer the pale green aqueous solution remaining after the extraction of palladium to a 50-ml

beaker. This solution contains potassium thiocyanate (excess), a trace of pyridine, ruthenium, if
present, and has a pH of approximately 11.

Add 1 ml of concentrated (1 IN) hydrochloric acid rapidly with stirring and heat the solution to
about 90°, when an odour of hydrogen sulphide is observed. The time taken to reach this temperature
should be about 4 minutes. While still hot, add a further 5 ml of concentrated hydrochloric acid down
the sides of the beaker. This has the effect of intensifying the colour of the blue complex and, allowing
for wash liquor, renders the solution approximately 2N in hydrochloric acid. Cool the beaker and
contents to about 20°.

When cool, transfer solution to a separating funnel, extract twice with 10-ml portions of hexone
and make up to 25 ml. This solution will contain all the ruthenium present in the original aqueous
sample.

Filter the hexone extract and pour into the absorption cell of the spectrophotometer. Measure the
optical density of this solution at 570 m/<, with reference to hexone as standard, and read off the
concentration of ruthenium present from the prepared calibration curve.

Notes

It is necessary to carry out the extraction of Pd py2(SCN)2 at pH above 11, since this is not formed
below plT 4, while at pH 4-8 a hydrous oxide of ruthenium is precipitated. It cannot be too strongly
emphasised that the initial adjustment to pH 11 of the ruthenium-palladium mixture must be made
very rapidly using a concentrated alkali solution, under which conditions no precipitation is observed.
The same precaution is also necessary on later acidification i.e. concentrated hydrochloric acid must
be rapidly added.

RESULTS

To test the validity of the proposed method, a number of "unknown" mixtures
were analysed by one of us (J. H. W. F.). The results are recorded in Table I. Where
the experimental results differ from the actual composition, the latter is recorded in
parentheses.

These results were extremely satisfactory, especially for palladium. The method
shows great promise in the separation and subsequent concentration and determination
of small amounts of ruthenium; results are easily reproducible and precision is very
good.

DISCUSSION

In 1952 Yaffe and Voigt,10 through a spectrophotometric study, claimed to have
established the formula Ru(SCN)2+ for the deep blue complex formed by the reaction
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of Rum and RuIV perchlorates with thiocyanate ion. In the case of Ru11', reduction to
Rum occurred at the expense of the thiocyanate, and no evidence was found for higher
complexes. However, during the present investigations it was found that both the
crimson Rum thiocyanate complex and the blue complex later obtained were, in fact,

Table 1

No. of Sample Palladium, /tig Ruthenium, /.ig

1 450 30 (25)
2 295 (300) 155 (150)
3 97-5 (100) 405 (400)
4 — 250

5 745 (750) 25

6 50 495 (500)
7 247-5 (250)

anionic in nature, being readily adsorbed on the anionic-exchange resin Amberlite
IRA-410. In neither case did any adsorption take place on the cationic-exchange resin
Dowex 50. These observations conflict directly with the findings mentioned above.

From their experimental data, for the reaction,
A -f- «B ^ ABre

Yaffe and Voigt obtained best agreement with experiment when n was chosen as unity.
They endeavoured to fit their results to other values for n, but found these to be less
satisfactory. From their published curve, the deduction must be that at least some of
their results were capable of being fitted to the assumption that n could equal 2, 3, or
even 4. The formation of a negatively charged Rum thiocyanate complex capable of
being adsorbed on an ionic-exchange resin, as observed in the present work, would
require it to be formulated as Ru(SCN)4~ or Ru(SCN)52_, i.e. n = 4 or 5; and this
may be regarded as at least a possibility, if the behaviour of FeIn thiocyanate11'12 is
taken into account. It is, therefore, suggested that the crimson Rum thiocyanate may
be represented by one or both ofthe above formulae, at high thiocyanate concentration.

Again it is known,13'14 that aqueous solutions of Ru111 chloride turn deep blue
when treated with strong reducing agents, ruthenium being reduced to the Ru11 state.
It is suggested that the odour of hydrogen sulphide observed on formation of the blue
thiocyanate complex is due to the reduction of Rum to Ru11 at the expense of the
thiocyanate, catalysed by the metal. Ruthenium11 then forms the blue anionic
thiocyanate complex, which could be formulated as Ru(SCN)42~ or Ru(SCN)3~, and
would be capable of adsorption on anionic-exchange resins. At very low thiocyanate
concentrations the formation of the complex Ru(SCN)+ would be possible. Investi¬
gation with such solutions showed that it was, in fact, possible to form a blue ruthenium
thiocyanate complex which was not completely adsorbed on anionic-exchange resins,
and this is considered evidence for the existence of one or both of the complexes
Ru(SCN)+, Ru(SCN)a. Yaffe and Voigt evidently failed to take into consideration
the possibility of such a reduction to Ru11, or the possibility of the existence of a whole
series of cationic and anionic complexes at different thiocyanate concentrations, as in
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the case of iron111. Babko12 has postulated the coexistence at the same thiocyanate
concentration of two complexes of iron111 and the incomplete adsorption referred to
above indicated the probability of a similar phenomenon in the case of ruthenium11.
Although ruthenium11 is certainly unstable in alkaline solution, as instanced by the
apparent non-existence of the oxide RuO,14 yet under the fairly strongly acid conditions
in which the most intense colour of the blue thiocyanate complex is observed, stabili¬
sation of this relatively unfamiliar oxidation state appears to be possible.
Acknowledgement—One of us (J. H. W. F.) gratefully acknowledges a research grant from the
Imperial Chemical Industries Ltd., (Billingham Division), which enabled him to take part in this work.

Zusammenfassung—Eine Methode zur Trennung und nachfolgenden kolorimetrischen Bestimmung
von Ruthenium und Palladium als Komplex bzw. Thiocyanate des Ammintyps unterverwendungvon
Solventextraktion wird beschrieben. Die Natur der in der Losung auftretenden Rutheniumkomplexe
wird diskutiert.

Resume—On decrit un procede pour la separation puis la determinationcolor imetrique du ruthenium
et du palladium a Tetat de complexes ammines et thiocyanates respectivement, en utilisant l'extraction
par solvant. On a propose quelques hypotheses sur la nature du complexe du ruthenium en solution.
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THE ANALYTICAL CHEMISTRY OL THE PYRIDINE
THIOCYANATES—III

THE SEPARATION OF RHODIUM, PALLADIUM AND PLATINUM

J. H. W. Forsythe, R. J. Magee and C. L. Wilson
Chemistry Department, The Queen's University, Belfast,

Northern Ireland.

{Received 22 August 1959)

Summary—A procedure is described for the separation and subsequent colorimetric determination of
rhodium, palladium and platinum through the formation of complex and ammine-type thiocyanates,
using solvent extraction. Suggestions are put forward as to the nature of the complexes in solution.

Part II1 of this series of papers outlined a procedure for the separation of ruthenium
and palladium through the formation of their complex and ammine-type thiocyanates
respectively, using solvent extraction. The success achieved in this manner led to
further investigations of such compounds, with a view to including other platinum
metals within the scheme. In this connection, the thiocyanate system appears to have
been completely neglected, even McBryde's comprehensive review2 making no
reference to it.

For platinum, at least, the possibility arises of forming non-ionic compounds,
R2MXX?, resembling those formed by palladium, with a high probability of successful
extraction into organic solvents. Thus, in the cold, platinumIV does not react with
such organic reagents as p-nitrosodiphenylamine, but, on warming, a coloured
extractable product is obtained.3 It is believed that the effect of heating is to cause
reduction of platinumIV to the II state, in which it does react with this and certain
other reagents in the same manner as palladium. Complexes of platinum containing
thiocyanate ion do not appear to have been investigated in this context.

Little information is available on the behaviour of rhodium in thiocyanate solution,
although it has been stated4 that the action of potassium thiocyanate on potassium
chlororhodite yields the stable complex K3Rh(SCN)6 and that the addition of dilute
sulphuric acid to a solution of this salt liberates the free acid, H3Rh(SCN)8, which
may be extracted by amyl alcohol.

This paper describes a procedure for the separation and determination of rhodium,
palladium and platinum through the formation of both complex and ammine-type
thiocyanates.

PRELIMINARY INVESTIGATIONS

The conditions for formation of the ammine-type thiocyanate of palladium,
Pd py2(SCN)2, have been discussed in Part II of this series.1 It was found that this
procedure can be applied for the removal of palladium by extraction with hexone
(methyl Ao-butyl ketone) in presence of both rhodium and platinum, with the advantage
that it is unnecessary to use strong alkali for rapid pH adjustment. If pyridine is used
instead to adjust the pH to 6-0-6-5, the Pd py2(SCN)2 compound is formed in solution,

330
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while, in the cold, the complexes of rhodium111 and platinumlv, if formed at all, are not
extracted.

In the cold, platinumIV, present as PtCle2~, is not extracted, even from acid solution,
in the presence of excess thiocyanate, by any of the usual organic solvents. However,
if such a solution, approximately OTA in hydrochloric acid concentration, is heated
almost to boiling point, an odour of hydrogen sulphide is observed and the solution
becomes golden yellow in colour. This colour is quite stable and is readily extracted
by hexone at pH below 6-5, giving a golden yellow colour in the organic layer. The
process occurring here is presumably reduction of platinumIV to platinum11, with
formation of an extractable thiocyanate complex. As in the case of ruthenium, this
complex is anionic in nature, as shown by its ready adsorption on the anionic-exchange
resin Amberlite IRA-410. This is the case even in the presence of pyridine or acids
other than hydrochloric, the rate of formation of the complex being to some extent
dependent on acid concentration. It is possible that this species could be formulated
as Pt(SCN)42~, although Ayres5 has shown the danger of assuming simplified structures
for platinum complexes.

Solutions of ammonium chlororhodite or chlororhodate behave very similarly to
the PtClg2- ion in their reaction with potassium thiocyanate, a golden yellow colour
being developed on heating. This, however, is only completely extracted from about
3N hydrochloric acid solution by hexone or oxygen-containing solvents and is not
extracted from solutions of pH above 1-5. Once again, the rhodium thiocyanate
complex is anionic in nature.

On the basis of these observations it was found possible to effect a separation of
rhodium, palladium and platinum and to employ an absorptiometric method for their
determination. The absorption spectrum of Pd py2(SCN)2 in hexone is shown in
Part II of this series.1 For known amounts of palladium a calibration curve was
prepared, from which the minimum amount which could be determined with certainty
was 25 fig.

The absorption spectrum of the platinum11 thiocyanate complex in hexone is
shown in Fig. 1, the maximum at 385 m ft being employed in subsequent measurements.
For known amounts of platinum a calibration curve was prepared, from which the
minimum amount of platinum which could be determined with certainty was
50 fig.

Fig. 2 shows the absorption spectrum of the rhodium thiocyanate complex in
hexone, subsequent optical density measurements being made at 380 mfi. From the
calibration curve prepared, the minimum amount of rhodium determinable was 50 fig.

PROCEDURE
Determination ofpalladium

To about 20 ml of the solution for analysis, which should contain not less than 25 /tg palladium,
50 fig platinum, 50 pg rhodium, and should have a pH about 2-5, add pyridine dropwise with stirring
until the pH reaches 60-6-5.

Transfer the pale yellow solution to a separating funnel, add 0-5 ml (excess) of a 40% potassium
thiocyanate solution, swirl the mixture and allow to stand for two minutes. Extract the solution twice
with 10-ml portions of hexone and make up to 25 ml. The hexone solution contains all the palladium
present in the original aqueous solution. Under these conditions, thiocyanate complexes of platinum
and rhodium are not formed, or, if formed, are not extracted.

Filter the hexone extract and pour into the absorption cell of the spectrophotometer. This
operation removes tiny globules of air or water which may be present. Measure the optical density of
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Aim/*)
Fig. 1.

Fig. 2.
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this solution at 345 m,« with reference to hexone as standard and read off the concentration of
palladium present from the prepared calibration curve.

Determination ofplatinum
The colourless solution remaining after the extraction of palladium contains potassium thiocyanate

(excess), a little pyridine, platinum and rhodium, if present, and has a pH approximately 6 0. Adjust
the pH to 2-0-2-5 using hydrochloric acid and heat the solution. On first heating a cloudiness appears
at about 40°, a golden yellow colour being developed. The reaction is complete at about 90° and the
time taken to reach this temperature should be about 4 minutes. Cool the beaker and contents to
about 20°.

When cool, transfer the solution to a separating funnel, extract twice with 10-ml portions of hexone
and make up to 25 ml. This hexone solution will contain all the platinum present in the original
aqueous sample. Under these conditions the rhodium thiocyanate complex, although present in
solution, is not extracted.

Filter the hexone extract and pour into the absorption cell of the spectrophotometer. Measure the
optical density of this solution at 385 m/i, with reference to hexone as standard, and read off the
concentration of platinum present from the prepared calibration curve.

Determination of rhodium
To the yellow aqueous solution remaining after the extraction of palladium and platinum add

0-5 ml (excess) of 40% potassium thiocyanate solution, followed by concentrated hydrochloric acid
until the acid concentration of the solution is 3-4N. Cool the beaker and contents to about 20°.

When cool, extract the solution twice with 10-ml portions of hexone and make up to 25 ml. This
hexone solution will contain all the rhodium present in the original aqueous sample.

Filter the hexone extract and pour into the absorption cell of the spectrophotometer. Measure the
optical density of this solution at 380 m/t with reference to hexone previously saturated with 2N
hydrochloric acid as standard and read off the concentration of rhodium present from the prepared
calibration curve.

RESULTS

To test the validity of the proposed method a number of "unknown" mixtures were
analysed by one of us (J. H. W. F.). The results are recorded in Table I. Where the

Table I.

No. of sample Palladium Platinum Rhodium

1 too 110(100) 95(100)
2 202-5(200) 260(250) 65(50)
3 50 105(100) 90(100)
4 52-5(50) 245(250) 215(200)
5 255(250) 55(50) 210(200)
6 205(200) 260(250) 50(50)
7 100 100 75

8 100 105(100) 220(225)

experimental results differ from the actual composition, the latter is recorded in
parentheses.

The results, especially for palladium, are extremely satisfactory. The procedure
described is rapid in application, a complete separation and determination of the
three elements taking about \ \ hours.
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DISCUSSION

Although ruthenium forms two thiocyanate complexes, one of which is thought
to result from reduction from the III to the II state, rhodium forms only a single
complex, and this fact operates against the hypothesis of reduction of rhodium to
the II state. The fact that platinum also forms only one observed thiocyanate complex
is no bar to the hypothesis of the reduction of platinum1^ since the bivalent state is also
stable. Rhodium presents the important difference that, although the ion Rh2+ is
probably stable, yet in the presence of chloride it is readily oxidised6 to RhCl63-.
From these considerations it is probably safest to assume that the extracted species is
a thiocyanate complex of rhodium111. On the other hand, although the sulphide Rh2S3
is normally precipitated from acid solutions by hydrogen sulphide, yet under the
conditions described this is not the case. Very recently Jackson7 separated rhodium
from iridium by precipitation with thioacetanilide after treatment with chromous
chloride and suggested that a bivalent complex was formed by rhodium. In either
case, some evidence exists for the formation of more than one complex in a varying
range of thiocyanate concentration.

Acknowledgement—One of us (J. H. W. F.) gratefully acknowledges a grant from the Imperial
Chemical Industries Ltd., (Billingham Division), which enabled him to take part in this work.

Zusammenfassung—Eine Methode zur Trennung und anschliessenden kolorimetrischen Bestimmung
von Rhodium, Palladium und Platin durch Bildung von Thiocyanaten des Ammintyps, unter Verwen-
dung von Solventextraktion wird beschrieben. Die Natur der in der Losung auftretenden Komplexe
wird diskutiert.

Resume—On decrit un procede pour la separation puis la determination colorimetrique du rhodium
du palladium et du platine par la formation de complexes ammines et thiocyanates en utilisant
l'extraction par solvant. On a propose quelques hypotheses sur la nature des complexes en solution.
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The adherence to Beer's law of solutions of ammonium chloro-iridate

and similar compounds

{Received 9 October 1958)

In 1956, Spitzy, Magee and Wilson1 confirmed the formation of quinquevalent rhenium by
reduction of perrhenate in sulphuric acid solution with bismuth amalgam, and applied this to the
determination of rhenium. During the course of recent work in this laboratory in which quinque¬
valent rhenium was obtained by the above method, it was found that on standing the blue rheniumv
solution was transformed into a deep purple solution, with sedimentation of a black powder. The
assumption that this change was due to disproportioning of the rheniumv into 4- and 6-valent forms,
with deposition of ReOa is being investigated polarographically, and the results will be reported
later.

It was also observed, in the preparation of potassium perrhenate solutions in sulphuric acid
for reduction, that if the concentration of the sulphuric acid was greater than 341V, potassium
perrhenate (Specpure) dissolved, not with formation of a colourless solution (as in less strongly acid
solutions) but with the formation of a solution identical in colour with the disproportioning
quinquevalent solutions. The absorption spectra of both solutions were identical.

It is supposed, therefore, that in the solutions in concentrated sulphuric acid the S02 impurity
reduces a small amount of potassium perrhenate to the 5-valent state, and that this in turn
disproportions to rheniumIV and rheniumVI as before.

At a recent extended discussion2 concerning the existence of mixed valency states in the
compound (NH4)2IrCI6, it was stated3 that the deep purple colour of that compound was evidence
of the presence of mixed valencies. No-one present, however, was able to confirm that solutions of
that compound obey Beer's law. As there appeared to be an obvious similarity between the
ammonium chloro-iridate system and the rhenium system which we are investigating, it was
considered useful to examine the adherence to Beer's Law of solutions of ammonium chloro-iridate
and the rhenium system. Since it is not supposed that mixed valency states of ammonium
chloro-osmate exist, this compound was also included for direct comparison with the other systems.
This communication reports the results of this investigation.

Ammonium chloro-iridate

An aqueous solution containing 0 03 g/100 ml of this compound was prepared, and the
absorption spectrum was examined. Absorption maxima were found to occur at 305 m/<, 416 m//,
435 mfi and 490 m/(. Measurements were carried out in subsequent work at 305 mn, 435 m/u and
490 m/u.

A series of accurate dilutions of the original solution of ammonium chloro-iridate were prepared,
and the spectral densities of the solutions at the above wavelengths were determined. The plot of
extinction against dilution factor produced a curve showing marked deviations from Beer's law.

The rhenium system
To compare this system with the ammonium chloro-iridate, a solution containing 0-082 g/100 ml

of potassium perrhenate in 36N H2S04 was prepared. The absorption spectrum of this solution
has a marked maximum occurring at 513 m/r. Measurements were made at this wavelength.

A series of accurate dilutions of the original solution were prepared, and the plot of extinction
against dilution factor produced a curve showing deviation from Beer's law.

Ammonium chloro-osmate

An aqueous solution of this compound containing 0-004 g/100 ml was prepared, and it was
found that absorption maxima occur at 309 m/u, 425 m/t and 480 m/u. A series of dilutions of the
original solution were prepared. The plot of extinction against dilution factor, in contrast to the
other two systems, showed complete adherence to Beer's law.
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Conclusion

The results obtained in the above investigations lend support to the view that mixed valencies
occur in the ammonium chloro-iridate and the rhenium systems. It will be of interest to extend
these investigations to related compounds, and to examine the results obtained from a complete
polarographic study, from which indisputable evidence should be obtained.

The investigations described above will be reported in detail subsequently.

1 H. Spitzy, R. J. Magee and C. L. Wilson, Mikrochim. Acta, 1957, 354.
2 Meeting of The Faraday Society on Ions of the Transition Elements, Dublin, 9-11 September 1958.
3 Linus Pauling, in discussion.
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The ^oaotrophotometrlo Determination of Palladium
as Tetraphonyiarsenium PalladoMs-thiooysjaate

R. J, Magee and K. A. Khattak

Department of Chemistry,
The jueen'» University of Belfast (N. Ireland)

INTRODUCTION

The reactions of palladium with thioayanate, although not

extensively investigated have been known for sane time. On adding

potassium thiooyanate to a solution of potassium ohloropalladitr, a

brick-red precipitate of palladium thiooyanate Pd(CN)2 is obtained,w
which dissolves in exoess of the reagent giving potassium Pollado-thiooyanate.

The preoipitate of P4(CNS)2 may be used for the gravlmetrio determination
(2)

of palladiuar ' (but the time required is such that there are no advantages

over other methods), or the soluble anionic complex with exoess of the

reagent may be used for its oolorinetric determination. An extension
(3)of the latter method has been used for the determination of palladiumv ,

in which the anionic complex is extracted with butyl or iao-aayl alcohol.

Thiooyanate complexes of palladium have been used to separate the

element from other platinum metals. Porsythe et al * 1 , separated

palladium and ruthenium, and palladium^ platinum and rhodium, basing their
methods on the selective solvent extraction of amine-type thiooyanates

of these metals by hexone at different PH-valuea. In an earlier paper

dealing with the diffuse reflectance spectrophotometry of cobalt^, the

present authors used the reagent tetraphenylaraoniuE chloride in the



precipitation of the element. During this Investigation it was found

that palladium also produced a coloured precipitate with the same reagent

which is readily extractable into chloroform. A survey of the

literature revealed that the complex of tetraphenylarsonium Palladous

thiooyanate had not been previously employed analytically. Jasim
(7)

et al , used tetraphenylarsoni\» ohlorlde or iodide to preoipitate
/g\

palladium and separate it from rhodium and ruthenium, while Neebv '
used tetraphenylarsonium - and - phosphonium chloride for the micro sooplo

detection of palladium and other elements. Recently, while the present

paper was in preparation, two papers on the solvent extraction of metal

halides, and triphenylphosphlne, -arsine, and -stibine salts by Senise and

Levi appeared.^ The first of these papers deals with the

detection of palladium as (Pd , while in the second a method is developed

for the extraction of the lodo-oomplex of palladium as triphenylaraoniias

palladous iodate by oyolohexane.

It appeared that tetraphenylarsonium Palladous thiooyanate might

form the basis of a method for the determination of palladium.

Investigations were, therefore, carried out, the results of whioh are

reported in the following pages.

EXPERIMENTAL

Solutions and Reagents

0.336g. Pd&2 (Johnson and Matthey Reagent) dissolved in two
litres, containing AOml. hydrochloric acid. The amount of palladium

in the solution was checked using the well-known dimethylglyoxiae method.



Less ounoentruted solutions ware prepared from this standard solution

by dilution.

Potasalum thtooyanate: Artalar grade KCNS was used to prepare a 50f

(V*) solution,

Tetraphenylarsonium ohloride (T.F...C.): A 0.05M solution was prepared

from the reagent supplied by L, Light and Co, Ltd,

Procedure

In the presence of exoess (100-fold) KCNS, palladium ohloride

reacts with TPAC as follows:

PdCl2 + 4KCNS + 2(C6H5)^A6C1 = E(CgH )^As]2 Pd(CNS)^ + Wl,
The preoipitate of TPA Pd T is soluble in ohloroforra. The absorption

spectrum of the complex in ohloroform was determined after extraction

in the following manner,

She ,bsorption ;peotrua of Tetraphenylarsonium palladous thiocyanate

in chlprofore

irooedure:

Add to 10ml of test solution containing palladium in a separating

funnel, 1ml of 50f aqueous potassium thiooyanate solution and, after

shaking and diluting to 20ml, 1al of Q.Q5L aqueous tetraphenylarsonium

ohloride. A pale red precipitate, a mixture of tetraphenylarsonium

palladous thiocyanate (tctraoyanato palladate) and tetraphenylarsonium

thiooyanate, is obtained.

Shake the solution containing the precipitate with 5ml of chloroform

for 1 minute, Filter off the chloroform layer through a filter paper

which removes the suspended water droplets. Repeat the extraction using

5 drops of TPAC solution and a further 5ol of chloroform.



Dilute the filtered chloroform solution to the mark and measure

the absorbaaoe with reference to a bleak prepared In the same way

(Notes 1,2),

The spectrum obtained is shown in fig* If where it will be seen

that a large maximum occurs at 320m{a.

Motes

1. It Is desirable that the solution examined should be compared

against a blank extraoted In the same way. The spectrum of an

extraoted blank against pure chloroform is shown in Pig, 2, and that cf

TPA Pi T with reference to chloroform in Fig, 3*

2, Sometimes when TPAC is added to a blank, before extraction, a
A

faint pink colour develops, probably due to the oxidation of CNS In

an aoid mediumv1 ^ , To prevent extraction of this colour into the

chloroform layer, several reagents were investigated,

(a) Sodium thiosulphate (b) bromine water. The former prevents

the formation of the pink colour (beoause of its reducing action) when

added in a few drops of 10$ solution, but unfortunately, its presence

in the test solution also prevents the ootaplete extraction of the

palladium, probably due to the partial reduction of palladium.

Bromine is very satisfactory, (bromine drops probably oxidises the

coloured intermediate product into final oxidation product which are

colourless). However, a thorough examination of the extraction pro¬

cess showed that if the FH is adjusted by means of dilute hydroohlorio

aoid (2k rather than oonoentrated), the chloroform phase is not



coloured. In final experiments, adjustment of the PH of the aqueous

phase was made with dilute hydrochloric aoid and bromine water

eliminated.

CALIBRATION CURVE

Solutions of known palladium contents were extracted by the fore¬

going procedure and the absorbancles measured at J20 jd(ju The results

are shown graphically in Fig. 4. In the concentration range 5 to

100 pg/10 ml, an excellent straight line is obtained showing close

adherence to Beer's law. The molar extinction coefficient was found

to be 2.413 x 105.

STABILITY

Chloroform extraots of the palladium complex were kept In cup¬

board, away from direct sunlight, for a period of fifteen days. The

absorbanoes were measured at regular intervale. At the end of the

period there was no appreoiable change in the measured readings.

Direct sunlight brings changes in the absorbanay, however, quite

quickly.

It would appear that the peek being used (the only peak in the

spectrum) ia a charge transfer peak. The size of the molar extinction

coefficient and the wavelength of the absorption maximum indicate this.

The effect of direot sunlight, therefore, is to bring about a photo

chemical oxidation reduction reaction.

The Effect of hi

The effect of hydrogen ion concentration on the efficiency of the



extraction process was investigated. It was found that in the pH~

range 1 .15 - 7.5 over 90/? of the palladium complex is removed in a

single extraction. The optimum pH-range was 2.0 - 2.5, where

extraction is oonplete.

The Effect of hiverse Ions

The effect of various oationa and anions was investigated.

All were added to the aqueous phase and, exoept in the case of Na^

SgG^, none of the common salts NH^Cl, (NH^gSO^, NH^NOy Na2H P0^.
12^0 interfered up to a 50,000-fold excess.

In investigations with oations associated with palladium the

results shown in table I were obtained.

Interferenpe

Three types of interferences in the determination of palladium

by the above procedure are most frequently encountered;

1. Ions which form an anionic complex with CN31 will be precipitated

as the tetraphenylarsonium metal thiooyanate, e.g. Co2*, Cu2+ ^2''
2. Ions which form coloured non-ionic compounds with CN3* and which

are extracted into chloroform.

3. Ions whioh oxidise CNS1 to a coloured, chloroform-soluble complex

of indefinite composition.

Copper

The interference of Cu++ can be removed by reducing it to the

monovalent state by treating the solution with K.I and removing the
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liberated iodine with Na^O^. However, in the preseaoe of Na^O^
extraction of the palladiimt complex is not complete.

Rhodium

With this element no interference was found up to a 10O-fold

exoecs (Table 1).

Ruthenium

This elscant either does not form an ionic thiooyanate complex,

or if it does, the complex is not extracted into chloroform, under the

above conditions. A dark blue film forms at the interface of the

aqueous-organic phase and is sometimes carried mechanically into the

ohlorofoxm layer. It is, however, retained by the filter paper on

filtering, and no interference ia experienced up to a 10-fold excess

of Uv?*0

Platinum

This element forms two types of thiooyaaate complex, the thio-

eyan&to platinite and the thiocyanato platinate e.g. KgPt(CNh)^ and
KgPtCCNS)^. The former is produced easily, but the latter is not
easily prepared at room temperature, requiring a temperature of 80°C
for its formation^1 .

Platinum interferes in the determination of palladium as tetra-

phenylarsoniva palladoua thioqyanate. Its interference, however,

o&n be removed by the use of NagH PO^ 12^0 (Table 1), as a masking
agent* In the presence of an excess of chloride ion (e.g. excess



hydrochloric aoid) platinum (and rhodium and ruthenium) will interfere

due to the formation of the extractable hexaohloro anions.

Omaivan

This element has the greatest tendency to form the hexaehloro and

thloayan&to complexes^1 . In faot OsCl^' has been extracted as
tetraphanylarsoniua osmium chloride ([CgH^]^As)2 OaClg into chloroform

(16)
by Heeb '. Potassium thiocyanate forms blue soluble oomplexes in

(17)
aoid solution, which are extraotable into ether or amy1alcohol '.

Osmium interferes in the determination of palladium giving high

results. When the amount of omnium is low and the procedure, including

the measurement of absorbonce, is made rapidly, interference is

negligible. Nevertheless, the determination of palladium is not

satisfactory in the presence of osmium.

Iron

Perrio salts form the oharaoteristic blood-red coloration with

thiocyanate and interfere completely with the extraction of palladium.

Interference can be removed using NK^P which forms hexafluoferrate and
other colourless oomplexes with the iron -111. This was not used,

however, in the present work, because of the tendency of the platinum

group metal & to form extractable fluorates^. Instead Na^H .

12HgO was used successfully to complex the iron.

Nfttr^ acid

A high concentration of nitric acid oxidises thiooy&nates to a



chloroform-soluble, pink sub stance. Nitrate, however, in the form

of ammonium nitrate has no effect on the extraction of palladium

Analysis of 'unknown1 samples

As a final check on the method the following 'unknown*

mixtures ware analysed by one of us (K.A.K.).
pa/ml

Present afound Rrror
MMNNMIM

1 '(a) 0.5 fig 0

0.5 fig ^

(to)
1 (•)

0.51 fig

0.5 fig

+0.01

0

I
^(d) 0.51 fig +0.CH

2 0.95 -0.05

1.0 fig J oo 1.0 0

(, (°) 1.0 0

Other Elements Present

Ru - 5 Hi/ml

Rh - (nil)

Pt - (nil)

Ru - 2 (id/ml
Rh - 5 yd/ml
Pt - (nil)

4*0 fig

r(») 4.7 ftg* ♦0.7 r Ru - 2,5 pg/rnl

\ (to) 5.4 fig* +1 .4
r Rh - 2.5 fig/ml

jf (0 4.0 fig* 0 t
U(d) 4.0 fig* 0 Pt - 5 fig/ml

* In this * unknown* platinum was present. Results (a) and (b)
carried out without any alteration to the procedure give, as expected,

high results. In analysis (o) 0.3g of Na^HPC^.l 21:^ 0 was added and in
(d) 0.5g of the compound. It will be seen that in the presence of
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l.aJC^.12H.0 th® results for palladium are entirely satisfactory.
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suaiARY

Tetraphenyiarsonium chloride roaots with palladium in the presence

of thiocyanate to produce tetraphenylarsoniua palladothiooyanate. This

complex is readily extracted into chloroform giving a solution which

shows an absorption maximum at 32Ctap with a molar extinction coefficient
3

of 2.4 x 10 . A method was developed for the spectrophotometry

determination of palladium in the presence of other platinum metals

except osmium. The method is precise and very reproducible.
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Table i

j)ivik„k iaw

RHODIUM

Detenaiaatioa f Palladium la the treaonoe of Diverse lona
Pd

Mi,*AMOUNT

300 vM,

1500 mS

J000|j.(ig

30 mS

30 mS

30 |oS

30,0 PS

29.8 |if

"29.9 p(

SkROR

0

—0 *2

—0 .1

RUTHENIUM

150 (jg

300 ps

60 pg

30 pg

30 us

30 m«

29*5 PS

29.1 PS

30.0 MS

-0.5

-0.9

o

PLATINUM

3UTWUU

10 MS

20 pS

AO mS

100 pg

200 MS

400 MS

400 MS

40 ug
+•

300 ag.
N*2HPC4
.t2Ha0

50 MS
+

500 ag.
H& ffi 'C .1211 0

l_ 2 4 2

50 pg

l#i^> iffff i .12H2M

40 ps 42.8 pg 42.8

40 pg 43.Op S +3.8

40 P^g 40.8 pg +0.8

40 pg 42.8 pg 4-2.8

40 Pg 44-.S pg +4.8

40 Pg 56.0 pg +46.0

40 Pg 110.0 pg ♦70.0

40 pg 39.6 pg -0.4

40 Pg 39.5 Pg -0.5

40 Pg 39.0 Pg -1.0
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THE SPECTROPHOTOMETRIC DETERMINATION OF
NIOBIUM IN THE PRESENCE OF TANTALUM AND

ASSOCIATED ELEMENTS

R. J. MAGEE and I. MARTIN

Department of Chemistry, The Queen's University, Belfast (Northern Ireland)

The close similarity of niobium and tantalum, especially in their atomic radii (Nb
1.34 A, Ta 1.34 A) and ionic radii (Nb 0.70 A for M+5 ion, Ta 0.73 A for M+5 ion)
is reflected in their chemistry. Their analytical chemistry is complicated by effects
of association imposed by other elements, and by the close similarity of their individ¬
ual reactions. Separation is difficult; classical methods have involved the lengthy
tannin precipitation, or fractional crystallisation of their fluorides. More recently,
ion exchange and chromatographic methods have been employed.

Titrimetric methods for niobium have been based on the reduction of the ele¬
ment with nascent hydrogen but no method is entirely satisfactory1. Colorimetric
methods for the detection and determination of these elements are not numerous.

The most common colorimetric method in use for niobium is the thiocyanate method2,
for which many amendments have been proposed3. Niobium also forms a yellow
complex with hydrogen peroxide in the presence of sulphuric acid or sulphuric-
phosphoric acid mixture4. This method is not as sensitive as the thiocyanate method
and is subject to much interference from other elements. The yellow colour produced
by niobium in alkaline solution with pyrogallol has also been widely examined5.
Tantalum forms a coloured complex with pyrogallol only in acidic solutions, and
so does not interfere with the determination of niobium.

8-Hydroxyquinoline has been used as a colorimetric reagent for niobium5, but
interfering elements must be separated.

The complex niobium phosphomolybdate has also been employed for the colorimetric
determination of the element7. The method is, however, subject to strictly controlled
conditions and a careful time schedule. Among other reagents which have been sug¬
gested are hydroquinone8, tiron9, catechol-EDTA10, anthracene-chrome-violet11 and
dimethylfluorescein12. All of these methods are subject to interference from a number
of elements, mainly titanium and tantalum, which usually makes a prior separation
essential.

In the present work possible methods were investigated for the rapid colorimetric
determination of niobium in the presence of tantalum and associated elements.
Two approaches were made. In the first, the behaviour of niobium and tantalum with
different reductants was investigated.- In the second a study of ammine-type com¬
plexes was carried out.
References p. igg
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experimental

The behaviour of niobium and tantalum with reductants
Niobium in sulphuric or hydrochloric acid can be reduced electrolytically, or by

zinc, tin metal, or amalgams to form coloured solutions.
The blue colour formed by reducing hydrochloric acid solutions of niobium(V)

with metallic zinc has been applied colorimetrically13. The colour produced, however,
by reducing niobium in hydrochloric or sulphuric acid solutions is dependent on the
acid strength; in 6 M sulphuric acid the reduced solution is brownish-red, while in
3 M sulphuric acid it is blue.

Kiehl and Hart14 studied the niobium/sulphuric acid system and concluded
that the blue and brown solutions contained niobium(III).

In the present work a study was made of the reduction states of niobium in hydro¬
chloric and sulphuric acids. A 0.01415 M niobium(V) solution was used and the acidity
was varied from 3 to 10 M. Care had to be taken during dilution of the stronger
acids that the temperature did not rise too high, otherwise hydrolysis of niobium
was liable to occur. To 25 ml of each solution, 1.5 g of zinc metal powder was added.
When the reaction had gone to completion, the solution was filtered and its absorp¬
tion spectrum determined.

Absorption spectra of reduced niobium in sulphuric acid solutions
The general form of the spectra of these solutions was similar. The 6 M solution

showed three main maxima at 306, 505 and 700 m/t, respectively (Fig. 1), with a fourth
weak maximum at 940 m/i. The colour of the solution was always brown-red.

Wave I« n qt h m p

Fig. 1. Niobium reduced with Zn dust in H2SO4 solution. Shift in Amlx with [SO4-2].

As the concentration of acid was decreased, the maxima shifted towards shorter
wavelengths (Figs. 1 and 2), e.g., in 2 M acid peaks occurred at 450 in/t and 650 mju
corresponding to the 505 and 700 m/i peaks in the stronger acid. The colour of the
solution was greenish blue, but, at no time did the blue colour obtained by Kiehl
and Hart become evident. On standing, however, the 2-3 M sulphuric acid solu
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tion slowly turned blue and the absorption spectrum showed the disappearance of the
maximum at 450 m//, and the appearance of a broad maximum at 810 m/t (Fig. 3).

Molarity of H,S 04

Fig. 2. Molarity of H2SO4 against Amax for reduced solution (Zn dust).

Fig. 3. Reduction of niobium in 2 M H2SO4. Blue solution obtained using Cd metal and Cd amalgam.

Absorption spectra of reduced niobium in hydrochloric acid solutions
The spectra of these solutions showed maxima at 435 and 640 m/t. The shift in

maxima over the range 2.5-10 M amounted only to a few m/t.

Reduction with amalgams in sulphuric acid solutions
The Nb/HaS04 system was investigated further using a nutnber of amalgams in

2 M and 6 M acid, in the presence and absence of air (Table I). Solutions reduced in
the absence of air were titrated with potassium permanganate in an attempt to
establish the valency state of the reduced species.
References p. 199
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TABLE I

behaviour of Nb/HaSCb systems with various amalgams

A tnalgam
Acid

molarity
Colour

produced
Absorption

maxima
Valency of

reduced species .

Zn 6 M Brown going through 505 m/i, 700 mpi
to green

Zn 2 M Green 400, 650 m/i Mixture of III(& IV)
Cd 6 M Green-brown-green 505, 700 m/i „ IV(& III)
Cd 2 M Blue-violet 700 m/i
Sn 6 M None —

Sn 2 M Blue 700-800 m/i IV
Bi 6 M None . —

Bi 2 M None —

Pb 6 M None —

Pb 2 M None —

Conclusions
Kiehl and Hart give the values of E0 in the different acid strengths as follows:

3 M, •—0.3730 V; 6M,—0.3849 V; \oM,—0.7026 V. If one accepts these values, then
Znamalgam (E0 = —0.763 V) can produce the 'brown' state easily (En — —0.3849 V),
and Cd amalgam could just produce it (Cd -> Cd+2; E0 = —0.403 V). Cd amalgam
could also produce the 'blue' state in 3 M sulphuric 'acid. Sn amalgam (£0 =

—0.136 V) should not possess the power of producing either reduced state.
Green and brown coloured solutions produced by reducing niobium in 2 M and

6 M sulphuric acid with zinc metal show absorption spectra with the same shape,
but in the higher acid concentration the maxima are shifted to longer wavelengths.
It seems clear that both solutions contain niobium in the same oxidation state. The
shift of maxima to longer wavelengths is due to a charge-transfer effect. Increasing
the sulphate concentration alters the nature of the absorbing species in solution thus
altering the spectrum. The fact that the shift is towards longer wavelengths, i.e. less
energy is involved, would indicate that the charge transfer is smaller. The species
involved might probably be Nb(SC>4)+, Nb(S04)2~, Nb(S04)3-3 with increasing sulphate
concentration.

Both the brown and green solutions have two absorption maxima in the visible
range of the spectrum. In the case of 2 M acid these maxima appear at 450 m// and
650 mn, i.e., equivalent to the mixing of a yellow and blue solution. In 6 M acid
these maxima are at 505 m/i and 700 m/i respectively, i.e., equivalent to the mixing
of red and blue solutions. It is likely, therefore, that the green solution obtained in
2 M sulphuric acid is a mixture of Nb(IV), characterised by a blue solution (Amax =
820 m/i), and a lower trivalent state, characterised by a maximum at 450 m/<. All
the reductions carried out in 2 M sulphuric acid correspond to this situation.

In 6 M sulphuric acid Cd amalgam produces a green solution, while Zn powder
and amalgam yield a brown solution. Here again, it is likely that at least two oxidation
states are present.

A nalytical applications
The investigations carried out above were examined as a possible basis for the

colorimetric determination of niobium. The solutions obtained on reduction with

amalgams are not as stable as those obtained with powdered zinc. Further, at acid
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concentrations below 6 M there is a variation in A max with sulphate concentration.
Above b A/, while there is no further shift of maximum, the solutions become increas¬
ingly difficult to filter. Zinc powder was therefore chosen as the reductant at an

acidity of 6 M. Sufficient zinc powder to produce a i.o M solution of zinc ions was
found to be the most useful. Beyond this concentration the fall in hydrogen ion
concentration adversely affected the reproducibility.

For the determination of niobium in a steel the following procedure was used.
Procedure: Dissolve the steel sample in a i:i mixture of nitric and hydrochloric

acids. Heat the solution to boiling with 70% perchloric acid, reflux for 30 min and
add equal amounts of water and sulphurous acid. Cool, filter and wash any precipitate
with 2% hydrochloric acid. Ignite at red heat for 1 h. Dissolve the oxide precipitate
in HF/HNO3 acid mixture. Add sulphuric acid and heat to white fumes. Dilute
to 20 ml with sulphuric acid and water to give a molarity of 6 M in H2SO4. Add zinc
powder to reduce the solution and filter. Measure the absorbance at 505 m/i. From
a calibration curve determine the amount of niobium in the original steel.

Notes: (1) By this treatment of the steel many of the metals in the steel are sep¬
arated as the insoluble perchlorates, e.g. Nb, Ta, W, Sn, Sb, Te, and do not interfere.
(2) The calibration graph for niobium at 505 mp, obeys Beer's Law up to a concentra¬
tion of at least 0.4 mg/ml. The minimum amount that could be determined with
certainty was greater than 1 mg/10 ml.

Results: The method was applied to synthetic 'unknown' mixtures and two steels.
Results are shown in Table II. One outstanding defect is the lack of sensitivity.
An attempt was therefore made to obtain a more sensitive method.

TABLE II

Method
Synthetic mixtures Standard steels

No. 246b

Reduction
with Zn

powder

Strychnine
method

0.27 mg/ml 0254
0.281

0.273
0.264
0.267
0-277.

Average
0.269

0.65% Nb 0.85% Nb
0.67% Nb 0.79% Nb
0.70% Nb 0.81% Nb

0.665% 0.810% Nb
0.810% Nb

a A Nb 18/12 stainless steel containing 0.71% of Nb + Ta; the Ta content is very low.
b A Nb/Mo 18/12 stainless steel containing 0.82% Nb.

Ammine-thiocyanate systems
Niobium forms a yellow thiocyanate complex in strong hydrochloric acid solutions

which can be extracted into ether2 and used for the determination of niobium.

Attempts have been made3 to improve the sensitivity of the method, e.g. by addition
of acetone to the aqueous thiocyanate solution. In the present work a different
approach was used. The thiocyanate complex was changed into an ammine-type
complex by the introduction of bases of the pyridine type into the complex. It was
expected that the sensitivity an.d extractability of the complex of niobium would
thus be improved.

The addition of pyridine to solutions less than 2 M in hydrochloric acid produced
References p. igtj



198 R. J. MAGEE, I. MARTIN

little or no effect but, as the acid strength increased, a yellow colour extractable into
chloroform was obtained. These extracts showed an absorption maximum at 391

m/(. Investigations of the acidity showed that the most convenient was 5.5 M hydro¬
chloric acid since, at this value, maximum colour and extractability into chloroform
were obtained. In the formation of the complex a solution of pyridine or quinoline
in chloroform proved suitable; the concentration of the base was critical, for at
high concentrations a complex between the base and thiocyanate appeared to form
which showed considerable background absorption at 391 m/y. Because of this diffi¬
culty both bases were rejected and other bases were examined.

Complexes with niobium were formed with the bases dimethylaniline, strychnine,
narcotine, and triethanolamine. Except for triethanolamine, all were superior to
pyridine and quinoline, giving more easily extracted complexes; the most useful
was the strychnine complex which, apart from its ease of extraction and very high
sensitivity, gave no background reaction. It was, therefore, chosen in subsequent
work (Fig. 4).

Fig. 4. (A) Absorption spectrum of niobium strychnine thiocyanate (5.5 M HC1) in chloroform.
(B) Blank solution of strychnine thiocyanate. (C) Absorption spectrum of titanium strychnine

thiocyanate (5.5 M HC1) in chloroform.

The conditions for extraction were the same as for pyridine. None of the associated
elements, e.g. Ta, W, Cr and V, except titanium interfered in this determination of
niobium. Since no great success was achieved in eliminating the interference of
titanium a method which involved its prior separation was used15. The procedure
adopted for the determination of niobium in steels is outlined below.

Procedure-. Dissolve 0.5 g of the steel sample in HF/HNO3 acid mixture (5 ml
H2O, 5 drops HF, 1 drop HNO3) in a platinum crucible. Heat the crucible to reduce
the volume to 3 ml. Cool, and add 3 ml of water and 3 ml of hydrochloric acid.
Wash the contents of the crucible into a 600-ml beaker containing 100 ml of water
and 2 g of tannin. Add 8 g of boric acid and stir. Dilute to 250 ml with water and
boil gently for 10 min. Remove from the hotplate and leave for 2 h. Filter through
Whatman No. 40 filter paper and wash with tannin solution. Place the filter paper
and precipitate in the platinum crucible. Drive the moisture off gently, char the
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paper at low heat, and then ignite at red heat for a few minutes. Dissolve the residue
in HF/HNO3 acid mixture and add 5 ml of 12 N sulphuric acid. Heat to fumes and
dilute to 500 ml with concentrated hydrochloric acid. For less than 1% Nb take a
10-ml aliquot, add 3 ml of 40% potassium thiocyanate solution, 7 ml of water, and
a few small crystals of strychnine. Extract the yellow colour obtained with chloro¬
form (2 extractions) and dilute the combined chloroform extracts to 50 ml in a
volumetric flask (Note 1). Measure the absorption at 400-m/< and determine the
concentration of niobium in the steel from a calibration curve.

Notes: (1) Dilution must be carried out with chloroform which has been shaken with
a blank solution containing thiocyanate and strychnine in 5.5 M hydrochloric acid.
If this is not done, a loss in colour intensity is found. (2) The minimum amount of
Nb which can readily be determined is about 4 Mg/10 ml; £max = 23,000.

Results: This method was applied to the same steels as before and, for comparison
the results are shown in Table II.
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DISCUSSION

E. L. Bush (U.K.): Would it be possible to determine niobium in a tantalum matrix?

R. J. Magee: Microgram amounts of niobium could be determined in presence of large amounts
of tantalum provided that conditions were adjusted to avoid hydrolysis of tantalum which could
cause low niobium recoveries. We have found no difficulty with 10-20-fold amounts of tantalum.
We determined 4 /<g of niobium but it should be possible to lower this limit.

R. J. Otter (U.K.): Could the reduction of Nb(V) to Nb(III) be done in 2 M perchloric acid so
that there would be no tendency to complex formation?

R. J. Magee: For various reasons we have not used perchloric acid media but results would prob¬
ably be similar to those obtained in sulphuric acid media.

J. B. Headridge (U.K.): Nb(V) is certainly reduced to Nb(lII) quantitatively in 6 M HCl-0.5 M
HF in a Jones reductor; the HF keeps the Nb(V) in true solution.

R. J. Magee: Probably a hydrofluoric acid medium would be more satisfactory than the sulphu¬
ric acid media which are not always reliable. Our results tend to support Mr Elwell's suggestion
that niobium is quantitatively reduced in presence of titanium.
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THE EXTRACTION AND ABSORPTIOMETRY
DETERMINATION OF TITANIUM WITH

8-HYDROXYQUINOLINE

C. L. Chakrabarti*, R. J. Magee and C. L. Wilson
Department of Chemistry, The Queen's University, Belfast, Northern Ireland

(Received 19 July 1962. Accepted 1 July 1963)

Summary—A study of the extraction of titanium into chloroform as
the titanium oxinate complex, and its absorptiometric determination,
using either the absolute spectrophotometric technique or the differ¬
ential spectrophotometric technique, has been carried out. The
relevance of the conclusions for the determination of titanium in
steel is considered.

In 1951 Gardner1 described the photometric determination of small amounts of tita¬
nium based on the yellow colour produced by titanium with hydrogen peroxide com¬
bined with 8-hydroxyquinoline (oxine) in chloroform. He measured the optical
density of this colour with a Spekker absorptiometer, using an Ilford 601 filter (with
maximum transmission at 4300 A) and an H 503 filter, adding appropriate amounts
of the interferents to the blank, and measuring the optical density of the test solutions
against such a blank. However, no systematic study of the titanium-oxinate-chloro-
form system was made, nor was there any experimental evidence for the validity of
the procedure when applied to titanium-bearing materials. Moreover, the addition of
interferents to the blank to compensate for their effects on test solutions, as was done
in that study, has limitations. In a later publication Morrison and Freiser2 refer to the
extraction of titanium (up to 200 /tg) from a solution at pH 8-9, by oxine in chloro¬
form, using EDTA as a masking agent for interferents, and measuring the optical
density at 2400 mpi.

Apart from these references, no detailed information concerning the extraction
behaviour of titanium oxinate into chloroform solution is available. The object of
the present work was to make a study of this extraction, of the effect of interferents,
and of the means of eliminating them.

THEORETICAL CONSIDERATIONS

(a) Oxine as a chelating agent
Titanium"' forms a yellow inner-complex salt with oxine which is precipitated

from slightly acid or alkaline aqueous solution; it has the formula3 TiO(C9H6ON)2'
2HaO. The extractability of this complex into organic solvents may well be associated
with the removal of water molecules from it.

* Present address: Coates Chemical Laboratory, College of Chemistry and Physics, Louisiana
State University, Baton Rouge, Louisiana, U.S.A.
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Oxine is a bidentate chelating agent—the anion co-ordinates4 with numerous
metallic cations to give inner complexes as shown below, forming 5-membered rings:

OH O- I /O-
M/
n

In acid solutions the metal and hydrogen ions are in direct competition for the
oxinate anion and in alkaline solutions the oxinate and hydroxyl ions are incompetition
for the metal cation. There is therefore a limited pH range within which the complex
is stable; this is characteristic for each metal, and is dependent on the stability con¬
stant of the complex and the metal-hydroxyl ion association constant. The pH ranges
over which the various metals form a complex with oxine differ sufficiently for useful
quantitative separations to be possible by careful adjustment of the pH values, com¬
bined with the use of masking agents. By a judicious combination of masking agents
further selectivity of the reaction can be achieved, and the reaction can, in fact, be
made highly selective for a particular element. The combination of masking agents
used in this study was EDTA and potassium cyanide.

(b) Solvent extraction of titanium oxinate
The electrical neutrality of inner complexes, which is responsible for their low

solubility in water, frequently leads to an appreciable solubility in organic media;
consequently, in the presence of an organic ligand which can form an inner complex,
titanium can be extracted into a water-immiscible organic solvent, and especially into
chloroform.

The solvent extraction of titanium as titanium oxinate into chloroform from an

aqueous phase containing EDTA and cyanide as complexing agents involves
consideration of the three equilibria existing between each of the ligands—oxine,
EDTA, cyanide—and the metal ions in solution. Fundamentally, solvent extraction
from aqueous solutions depends upon the competition of hydrogen ions and metal
cations for the ligand anion (A-):

H20 + HA ^ HaO+ + A- (1)
Mn+ + nA~ ^ MAn (2)

In the presence of more than one ligand in solution, there is a competition between
the ligands for the metal ions. The ligand that forms the most stable complex at a
given pH preferentially forms the complex with the metal ions.

The distribution of the metal between the phases thus depends on the acidity con¬
stant of the ligand acid and the stability constant of the inner complex, and is sensitive
to changes in pH. It is for this reason that the most satisfactory results are obtained
with the more acidic ligands when two ligands are in competition for the same metal
cations. In the case of EDTA the relationship may be expressed as follows.

Mn+ + H2Y2~ ^ MY(n~4) + 2H+
With increasing value of pH there is an increasing tendency for the formation of
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slightly soluble metal hydroxides. The over-all process may be represented by the
reaction:

jy[Y<n-4) + nOH- % M(OH)n + Y(n_4)
[M(OH)n] X

[MY(n_4>] X [OH-]11 11
Thus, an increase in the hydroxyl-ion concentration tends to shift the equilibrium to
the right, i.e., to cause the precipitation of the metal hydroxide. For this reason, a loss
in complexing efficiency results with increasing pH. This effect may be overcome, at
least in part, by using an excess of EDTA, the quantity needed increasing with in¬
creasing pH. Thus, in the absence of EDTA the pEl range for the optimum extraction
of titanium2 is 3-8-5 0, whereas in the presence of EDTA the range for the complete
extraction of titanium is raised to 7-9-9-0. Only when the pH is raised to 7-9-9-0 does
the complex of titanium with EDTA become less stable than that with oxine, with the
result that oxine will preferentially form a complex with titanium. The extraction of
oxine alone is maximum5 near a pEl of 7.

EXPERIMENTAL

Apparatus
Hilger Uvispek Photoelectric Spectrophotometer, model H 700.307, fitted with a quartz prism.
1-cm Silica cells.
Doran pH meter.

Reagents
All reagents were of Analytical-Reagent grade purity.

Oxine-chloroform solution: 1 % w/v solution of oxine dissolved in chloroform.
EDTA solution: 0 \M aqueous solution of disodium salt of ethylenediaminetetra-acetic acid.
Potassium cyanide solution: 10% w/v aqueous solution of potassium cyanide.

RESULTS

Absorption spectrum of titanium-oxinate in chloroform
The yellow chloroform extract of the titanium-oxinate complex shows one broad

absorption band with maximum absorption around 380 mp. The ultraviolet absorp¬
tion spectra of a 69 X 10~3 M solution of oxine against chloroform as blank, and of
chloroform against distilled water as blank, are shown in Fig. 1. The broken part of
the curve represents the maximum reading that is possible with the Uvispek spectro¬
photometer—the actual optical density being greater. In Fig. 2 the absorption curve
of a 5-6 x 10~5M solution of titanium oxinate in chloroform against a 69 X 10~3Af
solution of oxine in chloroform as blank, is shown.

It will be seen from these absorption spectra that the titanium oxinate complex
absorbs strongly between 370 mp and 400 mp. The reagent oxine in chloroform
absorbs strongly from 370 mp to shorter wavelengths, and chloroform alone absorbs
strongly below 250 m,M.

Molar extinction coefficient and sensitivity
The molar extinction coefficient of the titanium oxinate complex was found to be

6-90 x 103 at 380 mp, the peak of the absorption band, and 6-36 X 103 at 400 mp,
the wavelength reported by Morrison and Freiser.2

It would appear from these values that the absorption band at 380 mp probably
o
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Fig. 1.—Ultraviolet absorption spectra:
O—69 x 10~3M oxine in chloroform against chloroform as blank,
x—chloroform against distilled water as blank.

Fig. 2.—Absorption curve of titanium oxinate in chloroform
5-6 x 10-5M titanium in chloroform against 69 x 10 3M oxine in chloroform as blank.
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arises from charge transfer, since the molar extinction coefficients are close to the
usual range6,7 of Emax = 104—10® for a fully allowed transition, and far removed from
those for a forbidden transition, such as a d-d transition, with its range of Emax =
0-01-200, and a value usually less than 50.

The sensitivities of the colour reaction, based upon the Sandell notation,5 are, at
380 mfx, 0-007 //g/cm2 for log I0/I == 0-001; and at A 400 m/r, 0-008 //g/cm2 for log
I0/I = 0-001.

These values demonstrate the advantage of making measurements at 380 it^m
rather than at 400 m/r. The present authors have therefore used 380 in this study,
despite the report in the literature2 of the use of 400 m,w,.

Interferences
One of the objects of the present study was to evaluate the suitability of titanium

oxinate in chloroform for the absorptiometric determination of very low percentages
of titanium in steel. Interference studies were therefore restricted to metals commonly
found in steel.

Oxine forms complexes with all metals other than the alkali metals, and these
complexes are extractable into chloroform. As already noted, selectivity can be con¬
trolled by pH and selective masking agents. When the interferents are in small
quantities they can be effectively masked; those present in large quantities are ob¬
viously best eliminated by solvent extraction.

The metals that react in the selected pH range of 8-9 are: aluminium, antimony,
bismuth, cadmium, ceriumVI, cobalt, copper, iron11, iron111, lead, manganese, mer¬
cury1, mercury11, nickel, tin11, titanium, uranium and zinc. Of these, only alumin¬
ium, copper, iron111, manganese, nickel and cobalt need be considered for the
purpose of steel analysis. Chromium111 must also be considered since it forms a
complex with EDTA. EDTA also forms complexes with the other interfering ele¬
ments but its complexes with amphoteric metals, such as aluminium and chromium,
and with weak electropositive metals like iron, are not stable in basic solutions.8
Also, although the formation of EDTA complex with most metals is practically
instantaneous, the amphoteric and weakly electropositive metals mentioned above are
exceptional. Chromium111 reacts scarcely at all with EDTA at normal temperature
and in acidic medium, but when heated to boiling forms a very stable violet complex,8
CrY~. Iron111 and aluminium also react slowly with EDTA at room temperature, and
their complexes are not stable in basic solution in the absence of a large excess of
EDTA, probably because hydroxyl ion displaces EDTA as ligand.

Although chromium111 does not form an extractable complex with oxine, it does
interfere by forming a voluminous gelatinous precipitate of Cr(OH)3 in the basic
medium, even in the presence of EDTA, and thus interferes in the separation of the
phases in solvent extraction. Hence chromium111 should be removed by oxidation to
chromiumVI followed by solvent extraction.

A study of the relative stability constants of the complexes formed by the above
metals with EDTA and with oxine indicates that EDTA is not a satisfactory masking
agent for any of the above metals other than manganese11. A few examples of stability
constants of the respective complexes shown below in Table I will make this point clear.

Although the above values do not relate to strictly comparable media in the
experimental determination of the constants, they do, however, indicate the general
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Table I

Cations
Log stability constants

EDTA Oxine

Cu2"1" 18-4 26-22
Fe3+ 25-1 33-9
Fe2+ 14-33 15-0
Mn2+ 13-52 12-6
Ni2+ 18-62 18-7

unsuitability of EDTA for preventing all but manganese from forming a complex
with oxine.

Cyanide may, however, be used as a masking agent in conjunction with EDTA.
The cyanide ion forms very stable complexes with cadmium, cobalt11, copper1, iron11,
manganese11, mercury11, nickel, silver, uranium and zinc. All these complexes, with
the exception of that with manganese, are stronger than the corresponding complexes
with EDTA. Even with the combined use of EDTA and KCN, however, uranium
interferes, and also aluminium in excess of ~50 /xg, because of co-extraction and
absorbance at about the same wavelengths.

In dealing with the problem of interferences in the analysis of steel, an example of a
titanium steel e.g., 18/8 stainless steel, B.C.S. No. 235/1, may be considered. This steel
has the following percentage composition: Fe71-92%; C 0-42%; Si 0-60%; S 0-019%;
P 0-020%; Mn 0-60%; Ni 8-21 %; Cr 18-36%; Mo 0-04%; Cu0-13%; V 0-035%;
W <0-02 %; Ti 0-36 %. A steel with a composition of this type presents an elimination
problem in which the ratio iron: titanium is 200:1 and the ratio chromium Titanium
is 50:1. Since this steel has a low titanium percentage of 0-36, it would normally be
necessary to take for final determination of titanium, a sample-weight of 60 mg which,
when extracted into a volume of 60 ml of extractant, would give a titanium concen¬
tration of 3-6 ppm, with optical density <~0-4 when measured in a 1-cm cell at 380 m/x.
Such a sample weight would involve elimination of about 43-2 mg of iron and about
10-8 mg of chromium. Selective masking, while feasible and economic for a maximum
of about 2 mg of individual interferent, is clearly impractical and uneconomic for such
large amounts of interferent. In any case, in practice iron111 solutions masked with
EDTA and KCN produced a bulky iron111 oxinate precipitate, only partially extracted
into chloroform. The only practical solution for such major constituents as inter-
ferents is to eliminate them by a preliminary solvent extraction. Iron111 and chro¬
mium"^ can be readily extracted respectively from a 5-1M HC1 solution at room
temperature and 3M HC1 solution at —0°, by iso-butyl methyl ketone.
Adherence to the Beer-Lambert law of the titanium oxinate solution

The titanium oxinate-chloroform system obeys the Beer-Lambert law at the wave¬
lengths 380 m[x and 400 mfx in the concentration range of 0-12 ppm, and a linear
curve is obtained by plotting the optical density as a function of concentration. The
system deviates markedly from the Beer-Lambert law above the limiting concentration
12 ppm. Fig. 3 shows the calibration curve of titanium for titanium concentrations
of 0-6 ppm at the wavelengths 380 m/u and 400 m/x, using an absolute spectrophoto-
metric technique, i.e., by using the reagent blank as the check solution. Fig. 4 is the
calibration curve for titanium at 380 m/x, using a differential spectrophotometry
technique, i.e., by using a standard titanium solution of a slightly lower concentration
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Fig. 3.—Calibration curves of titanium oxinate in chloroform at wavelengths 380 m/x
and 400 m/<

Molar absorptivities: at 380 m/x = 6-90 x 103; at 400 m/< = 6-36 x 103.

Concentration
of titanium, p.p.m.

Fig. 4.—Calibration curve of titanium oxinate in chloroform.

as check solution. It will be seen that the curve at 380 mfx is slightly steeper than the
curve at 400 m/x, which confirms the finding that the molar extinction coefficient at
380 m/x is slightly greater than that at 400 m/x. Because of the increased error in the
absolute spectrophotometric method when the reading of optical density exceeds
<~0-70, it is necessary to use the differential spectrophotometric method for more
concentrated solutions to keep the error within reasonable limits. Also, the differential
spectrophotometric method gives better accuracy and precision, as predicted from
theoretical considerations.
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Control of pH
In the presence of EDTA, the range for complete extraction of titanium is raised

to pH 7-9-9-0. Copper and uranium interfere in this pH range when EDTA is
used as a masking agent. Copper can be masked by KCN. Aluminium in small
amounts can be masked by EDTA, but if present in excess of ~50 ,«g, would
interfere by being co-extracted with titanium. In the pH range 8-9, which gives
satisfactory extraction coefficients, the pH 8-5 has been found to be the most satis¬
factory, and is, therefore, used in this study.

Stability of colour of the oxinate complex
The colour formed by titanium with oxine in chloroform is fairly stable for a few

hours, if the chloroform extract of titanium oxinate is kept protected from light. The
solution of oxine in chloroform is also stable when kept protected from light. Both
should, therefore, be kept in amber-coloured bottles, and the optical density of the
chloroform extract of titanium oxinate should be measured as soon as possible after
the development of colour. In the differential spectrophotometric technique, any
slight change in the intensity of colour of the test solution is largely cancelled by a
similar change in the intensity of colour of the check solution, the titanium concen¬
trations of both being nearly the same.

Precision of instrument readings
A study of the precision of the readings of the Uvispek Photoelectric Spectro¬

photometer, when used as an absorptiometer, gave the results shown in Table II. In
two series of experiments with two different test solutions, multiple readings of optical
density of each solution were taken consecutively, keeping all instrumental settings
and operational conditions constant throughout the experiments.

Table II.—Precision of instrument readings

Wavelength,
mfi

Optical
density

Number of

readings
Average standard /vTF

deviation, S = ./ ——v n—1

Coefficient
of variation,

%

400 0-650 21 readings in 0-004 0-60
5 series

400 0-292 11 readings in 0-001 0-34
1 series

380 0-292 11 readings in 0-001 0-34
1 series

The low values of the standard deviation indicate that the instrument itself, when
used as an absorptiometer, has high precision. The cause for any larger deviations
in the experimental results of titanium determinations should, therefore, be sought
elsewhere, i.e., in the various steps of separations and extraction, and in other photo¬
metric steps (other than setting and reading the spectrophotometer scale).

ANALYSIS OF A TITANIUM STEEL
Procedure

Take a suitable aliquot of steel sample in hydrochloric acid solution so as to give about 3 ppm of
titanium with an optical density of about 0-4. Adjust the acidity of the solution to make it about
~ IMin HC1. Oxidise chromium111 and iron11 to chromiumVI and iron111 with a small quantity of solid
potassium bromate, or any other suitable oxidant (which must not interfere with subsequent solvent
extraction and colour reaction) and boil off bromine. Adjust the acidity of the solution to 3M in HC1.
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Cool in an ice-bath, transfer to a 250-ml separating funnel, and extract with two successive 25-ml
portions of iso-butyl methyl ketone by continuous inversion for 2 min. ChromiumVI is quantitatively
extracted into the organic phase. Allow the phases to separate. Draw off the aqueous phase into
another 250-ml separating funnel. Adjust the acidity to 5-7M in HC1, and extract with two success¬
ive 25-ml portions of iso-butyl methyl ketone by continuous inversion for 2 min. Iron is quantitatively
extracted into the organic phase. Allow the phases to separate. Draw off the aqueous phase into a
250-ml beaker. Neutralise the solution with concentrated NaOH solution. Add 10 ml of 01AFEDTA
solution and 10 ml of 10% KCN solution. Cool, and adjust the pH to 8-5, using a pH-meter. Trans¬
fer to a 250-ml separating funnel, and dilute the volume to 100 ml with distilled water. Extract with
three successive 20-ml portions of 1 % oxine-chloroform extractant, equilibrating manually for 2 min.
Allow the phases to separate. Draw off the organic phase into a small amber-coloured stoppered
bottle. Remove traces of water from the organic extract and the reagent blank by shaking with
anhydrous sodium sulphate and filter the extracts. Measure the optical density of the test solution
against the reagent blank (for the absolute method) or a known titanium of concentration slightly
less than that of the test solution (for the differential method). Determine a standard curve by
carrying known amounts of titanium—0, 60, 120, 180, 240, 360, 480, 600, 720 /tig through the whole
extraction procedure. Read off the concentration of titanium in the test solution from the standard
curve, which should be prepared daily to avoid slight variations.
Notes

(а) At higher acidities HC1 tends to reduce CrVI to Crm.
(б) The optimum extraction of CrVI occurs at 3M HC1.
(c) Lowering the temperature of the test solution to ~ 0° increases greatly the extraction of CrVI

into iso-butyl methyl ketone.
(d) Shaking, manually or mechanically, produces a water—iso-butyl methyl ketone emulsion.

The emulsiflcation delays phase separation and makes quantitative separation of phases difficult
and questionable.

(e) The optimum extraction of Fem occurs at 5-7M HC1.
(/) The amounts of EDTA and KCN required as masking agents depend on the amount of inter-

ferents to be masked. Since EDTA and KCN also compete with oxine to form complexes with
titanium, they should not be added in amounts more than necessary to mask interferents, to prevent
a shift of the equilibrium

Ti+1 + Y~4 ^ TiY

to the right. (Y represents EDTA or cyanide anions.)
(g) The amount of oxine-chloroform extractant required depends on the amount of titanium and

the excess of EDTA and KCN present. For higher concentrations of titanium, a more concentrated
solution of oxine in chloroform, i.e., 5% or 10% oxine w/v, will tend to shift the above equilibrium
(Y now represents oxinate anions) to the right, thereby favouring the formation and extraction of
titanium oxinate. For the same volume of the extractant, a larger number of extractions with smaller
portions of the extractant is more effective than a smaller number of extractions with larger portions
of the extractant.

DISCUSSION

The validity of this absorptiometric method for the analysis of steel containing
less than 1 % of titanium, is substantiated by the results shown in the Table III, which
are in satisfactory agreement with the accepted values.

Table III.—Reproducibility and accuracy of titanium analysis

Description
of sample

Number
of tests

Ti content

certified, %
Ti content

found, %

Mean
Ti con¬

tent

found,
%

Standard

deviation,
°//o

Coef¬
ficient
of var¬

iation,
%/o

Error as

% of Ti
content

B. C. S. 7 0-36 0-37 0-35 0019 5-4 2-8

235/1,18/8 0-33
stainless 0-33
steel + Ti 0-34

0-37
0-34
0-37
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The increasing importance of titanium in the field of steels and high temperature
alloys has prompted a continuous search for simple and sensitive methods of deter¬
mining this element. While this procedure can be used with satisfactory results for
steel containing less than 1% of titanium, the magnitude of the standard deviation
suggests some lack of precision. While a lack of high precision does not affect seri¬
ously the determination of titanium contents less than 1 %, it would affect seriously
those with a higher percentage of titanium. This lack of high precision originates in the
various steps in the process of solvent extraction and masking. The actual absorptio-
metric determination, especially by the differential absorptiometric technique, is,
however, very precise as has been found when working with pure titanium in examin¬
ing the adherence of the titanium-oxinate-chloroform system to Beer-Lambert's Law.

Acknowledgment—One of the authors (C. L. C.) wishes to thank The Queen's University of Belfast
for the research scholarship which enabled him to undertake this research.

Zusammenfassung—Die Extraktion von Titanoxinat mit Chloroform
wurde studiert. Der Extrakt wird entweder absolut oder diferentiell

spektrophotometriert. Die Anwendung der Methode auf die Best-
immung von Titan in Stahlen wird diskutiert.

Resume—Les auters ont etudies l'extraction du titane a l'etat d'oxinate
dans chloroforme at son dosage spectrophotometrique par color-
imetrie classique et par colorimetrie diffdrentielle. La methode est
appliquee au dosage du titane dans les aciers.
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Tungsten is most commonly determined gravimetrically as tungsten oxide, after
preliminary separation and purification of the impure oxide, but many procedures have
been suggested for the titrimetric determination. A number of these methods involve
the reduction of tungsten to a lower valency state followed by re-oxidation with a
standard solution of an oxidising agent. The first to attempt the determination of
tungsten by an oxidation-reduction procedure was Pfordten1 who reducedtungsten-
(VI) to the quadrivalent state with zinc and back-titrated with permanganate.
Someya2 used the same oxidant but reduced the tungsten present in hydrochloric
acid either to tungsten(III) with lead amalgam, or to tungsten(V) with bismuth amal¬
gam. Holt and Gray3 also used lead amalgam but carried out the reduction in a
special reduction vessel under an atmosphere of carbon dioxide and titrated tungsten-
(III) with potassium dichromate. Reduction of tungsten to lower valencies was achieved
by Geyer and Henze4 using zinc powder and a cadmium reductor, while Luke5
has recently published a method in which the reduction is achieved by first boiling the
hydrochloric acid solution with granulated lead, and then passing the solution through
a lead reductor. The reduced tungsten is collected in an iron(III) solution, and the
iron(II) produced is finally titrated with potassium dichromate.

None of these procedures is, however, entirely satisfactory. Some are complicated
and time-consuming; others require the use of a column reductor. In the course of
investigations with tungsten, molybdenum, chromium and vanadium, it became
necessary to develop a rapid and simple method for the determination of tungsten. A
study was made of the use of bismuth amalgam as a reducing agent. The results of
this study are presented in following pages.

experimental

Apparatus and chemicals
All of the following reagents were prepared from reagents of analytical grade purity.

Bismuth amalgam was prepared by dissolving 3 g of bismuth metal in 100 g of
mercury. Standard tungstate solution was prepared by dissolving 5.00 g of sodium
tungstate in 250 ml of water. Aliquots of this solution were carefully evaporated on a
hot plate until the salt began to separate out. The residue was dissolved in a minimum
amount of water (a few drops), followed by 60 ml of concentrated hydrochloric acid.
The precipitated WO3 formed was dissolved either by shaking or by heating.

Anal. Chim. Acta, 27 (1962) 366-370
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A glass reduction apparatus similar to that described by Nakazono6 was used. It
consisted of a separating funnel fitted with a side-arm through which nitrogen or car¬
bon dioxide could be admitted and a closed bulb of 20 ml capacity was attached to the
outlet stem to act as the amalgam collector.

The titration vessel consisted of a 250-ml beaker covered with a rubber bung through
which there were 5 openings, which held respectively a nitrogen gas inlet and outlet,
the tip of a burette, a platinum indicating electrode, and the salt bridge side-arm of a
standard calomel electrode.

Preliminary investigations
In earlier work in this laboratory, bismuth amalgam was found to be very useful as

a reductant for other transition metals7. As far as tungsten is concerned, however, an
extensive use has not been made of this reductant. One reference alone, that of
Someya2, notes its application in this direction. The work of Someya was carried out
in 1925 and little detail is given of the value of bismuth amalgam as a reductant for
tungsten. It has one advantage over other reductants of a similar type, e.g. zinc and
cadmium amalgams, in that tungsten is reduced to the pentavalent state. Zinc and
cadmium amalgams are somewhat too reactive to be used conventionally while lead
amalgam at elevated temperatures yields the trivalent state.

It was felt that bismuth amalgam was worthy of further investigation and, in view
of the lack of information of its effect on tungsten, investigations were carried which
led successfully to the development of a standard procedure.

procedure

The acid tungstate solution was transferred to the reduction vessel in which 100 g of
bismuth amalgam had previously been placed, the flask was washed twice with 10-ml
portions of concentrated hydrochloric acid, and the washings were transferred to the
reduction vessel. Nitrogen gas was introduced for 3 min to remove air from the system.
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Fig. 1. Potential jump at equivalence point in titration of pentavalent tungsten with o.i N eerie
sulphate solution in presence of 8 N hydrochloric acid
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The tungsten solution was then shaken with the amalgam for 3 min, the colour of the
solution becoming blue owing to the formation of tungsten(V). The amalgam was

separated from the solution by opening the lower cock of the reduction vessel, the
amalgam replacing the water originally present in the lower container. During this
displacement process the amalgam is washed by the water, thus minimising any loss
of tungsten solution.

The reduced solution was then transferred quickly to the titration vessel which had
been previously filled with an inert atmosphere. The solution was titrated with 0.1 N
eerie sulphate solution, the potential changes being plotted during the course of the
titration. The end-point was determined from the resultant graph as shown in Fig. 1.

The series of titrations were repeated using diphenylamine as visual indicator.
The method proved to be satisfactory for sodium tungstate solution. It was decided,

therefore, to apply it to the determination of tungsten in a steel.

Application to steel analysis
The tungsten in a standard alloy steel was isolated as crude tungstic oxide by the

well known procedure8 in which the bulk of the tungsten is precipitated from a hydro¬
chloric acid solution by oxidation with concentrated nitric acid. The last traces are

precipitated by the addition of cinchonine hydrochloride solution. The tungstic oxide
is filtered off and washed, first with dilute cinchonine solution, and finally with hot
water.

In one series of tests the crude precipitate was ignited in a platinum crucible at
about 700°. The residue was fused with sodium carbonate, cooled, the melt taken up
with water, and the tungsten content determined by the procedure outlined for the
standard tungsten solutions. In a second series of tests, the precipitate was dissolved
from the filter paper with normal sodium hydroxide and this alkaline tungstate solu¬
tion was neutralised and treated as previously described.

RESULTS

The results obtained in the titration of standard tungsten solutions by the potentio-
metric end-point detection and with diphenylamine as visual indicator are recorded
in Table I.

TABLE I

Potcntiometric titration Visual titration

mg mg % error mg mg % error
used found used found

200 198.30 —0.85 200 198.26 —O.87
180 179-32 —o-37 180 179.24 —O.42
160 158.17 —1.14 160 158.15 —115
I50 148.20 1.20 150 148.19 — 1.18

140 13957 O.3O 140 139-47 —o-37

IOO 98.60 I.4O IOO 98.17 —1.83
80 79.07 1.l6 80 79.12 —1.10

60 58.92 I.8O 60 58.88 —1.90

50 49-57 O.86 50 49-56 —0.88

40 39 56 1.IO 40 3965 —0.85
20 19-53 —2-35 20 1951 —2-45

Standard deviation from true value 131 i-33
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The steel was obtained from the Bureau of Analysed Samples Ltd. with a certified
5.66% W. The results obtained from the titration of ignited tungstic oxide precipi¬
tates were of the order of 5.8% but when the initial precipitate was merely dissolved
off the filter paper by strong alkali, the results were higher, being around 6.4% W.
The high values were traced to the interfering effect of co-precipitated molybdenum.

discussion

Table I shows that the titration procedure gives a consistently low tungsten result.
A study of the results indicates that the error (expressed as standard deviation from
the true value) is 1.3% of tungsten present. This indicates a recovery of 98.7% which
is similar to the 99% recovery claimed by Luke5 who used a two-stage reduction
process involving lead granules and a lead reductor. From Fig. 1 it can be seen that
diphenylamine is a very suitable indicator for this titration; this is confirmed by the
similarity of the results obtained by means of the two methods of end-point detection.
The hydrochloric acid present in very high concentration during the titration forms
a chloro complex with the tungsten and allows the satisfactory use of diphenylamine
as indicator. The technique for reduction is comparatively simple and reasonably
fast. With the visual indicator readily available, the method has much to commend it.

One limitation, however, is the low tungsten recovery. Losses can result from in¬
complete reduction, loss of solution, partial oxidation by trapped air during the
transfer of the reduced solution to the titration vessel or the presence of small amounts
of oxygen in the gas used to give an inert atmosphere. The magnitude of the tungsten
loss (expressed as percentage) is fairly consistent, so that this limitation can be mini¬
mised by standardising the eerie sulphate against standard tungsten solution treated as
above. A more important limitation is the effect of other reducible species. Many ele¬
ments are reduced to lower valencies by bismuth amalgam and the influence of even
traces of impurities is shown by the results obtained in the analysis of alloy steels.

It is well known that molybdenum readily co-precipitates with tungsten when it is
isolated as the insoluble oxide. Even precipitation from homogeneous solution as
described by Dams and Hoste9 does not overcome this problem. Molybdenum is
reduced to the trivalent state by bismuth amalgam so that oxidation involves a three
electron change. Small amounts of molybdenum accompanying the tungsten thus con¬
sume appreciable amounts of titrant and are responsible for the major errors obtained
in the alloy steel analysis.

The completely satisfactory application of this redox titration technique to alloy
steel analysis requires an efficient preliminary separation of the tungsten from other
reducible elements, particularly molybdenum. Classical procedures such as the precip¬
itation of molybdenum as sulphide from a tartrate solution containing tungsten and
molybdenum are available, but alternative procedures are desirable. A satisfactory
separation of tungstate, molybdate, vanadate and chromate has been achieved by
paper chromatography10.

SUMMARY

A titrimetric determination of tungsten is described; it is based on reduction of tungsten to
tungsten (V) by bismuth amalgam in concentrated hydrochloric acid solution and titration with
eerie sulphate solution. The end-point can be detected potentiometrically or visually. The method
may be extended to the determination of tungsten in a steel.
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RESUME

Une methode est decrite pour le dosage volumetrique du tungstene, par reduction au moyen d'araal-
game de bismuth et titrage avec une solution du sulfate de cerium(IV). Le point final est decele a
l'aide d'un indicateur colore ou par potentiometrie. Cette methode peut etre appliquee au dosage
de tungstene dans un acier.

ZUSAMMENFASSUNG

Beschreibung einer volumetrischen Methode zur Bestimmung von Wolfram durch Reduktion mit
Wismutamalgam und Titration mit Cer-(IV)-losung. Die Bestimmung des Endpunktes kann mit
einem Indikator oder potentiometrisch erfolgen.
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SPECTROPHOTOMETRY DETERMINATION OF MOLYBDENUM WITH

8-MERCAPTOQUINOLINE
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Department of Chemistry, The Queen's University, Belfast (Great Britain)

(ifeceived February 22nd, 1963)

8-Mereaptoquinoline forms chelating compounds with a large number of cations;
most of these complexes are coloured compounds, which are insoluble in water
but soluble in a number of organic solvents. It has also been shown that these com¬
plexes are in general more stable than the corresponding salts of 8-hydroxyquinoline1.
The reagent has been used for the determination of vanadium2 which forms a light-
green precipitate of composition VO(C9HeNS)2 in weakly acid solution, and which
is extractable into most organic solvents to give a yellow-green solution showing
an absorption maximum at 412 mpi. It has also been used for the determination of
copper3 which forms a dark-brown precipitate, extractable by organic solvents.

8-Mercaptoquinoline has not, up to the present, been employed as a reagent for
molybdenum. The present paper reports the investigations carried out and the pro¬
cedure developed for the application of the reagent to the determination of molyb¬
denum.

experimental

Reagents
Standard molybdenum solution. This was prepared by dissolving 252.1 mg of sodium

molybdate (A.R.) in 100 ml of water. The resulting solution contained 1 mg Mo/ml.
From this solution, others containing differing amounts of molybdenum were pre¬
pared.

8-Mercaptoquinoline solution. The reagent was prepared as described by Edinger4,
with quinoline 8-sulphonic acid as starting material.

The solution used was obtained by dissolving 1 g of the compound in a mixture
of 40 ml of concentrated hydrochloric acid and 60 ml of water. The solution, after
being stirred for 10 min, was filtered, and the clear yellow filtrate was used in sub¬
sequent investigations.

Preliminary investigations
It was found that 8-mercaptoquinoline formed a yellow-brown complex with

molybdenum which was extractable into organic solvents. The chloroform extract
showed maximum absorbance at 425 m/r (Fig. 1). Formation of the molybdenum
complex was highly dependent on pH; it was found that pH 1.3 gave the best results.

Anal. Chim. Acta, 29 (1963) 27-30
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A plot of absorbance against pH for a solution containing 5 p.p.m. Mo is shown
in Fig. 2.

The chloroform extract of molybdenum 8-mercaptoquinolinate obeyed Beer's law
up to 15 jMg/ml. Above this concentration low results were obtained, probably because
of an insufficiency of reagent; amounts larger than that suggested in the procedure
given below were not examined.

Fig. 1. Spectrum of the chloroform extract of molybdenum 8-mercaptoquinolinate (5 fig Mo/ml).

pH

Fig. 2. Effect of pH on the absorbance of the complex (5 fig Mo/ml).

Procedure

In a separating funnel, place an aliquot (about 1 ml) of the molybdenum test
solution. Add 10 ml of 2 A sodium acetate and 18 ml of 1 N hydrochloric acid, and
mix well. Add 1 ml of the 8-mercaptoquinoline reagent and mix. After 2 min extract
the yellow-brown colour or precipitate with 10 ml of chloroform. Shake for 2 min.

Allow the 2 phases to separate and filter the chloroform layer through cotton-wool
into a 20-ml volumetric flask. Extract the aqueous layer with another 5 ml of chloro¬
form and filter as before. Make up to the mark with chloroform. Carry a blank through
the same operations. Measure the extinction of the molybdenum extract at 425 m[i
against a blank and determine the amount of molybdenum from a calibration curve
previously prepared from standard molybdenum solutions.

Anal. Chim. Acta, 29 (1963) 27-30
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Results obtained for a number of molybdenum-containing solutions are shown
in Table I.

TABLE I

DETERMINATION OF MOLYBDENUM WITH 8-MERCAPTOQUINOLINE

Mo taken Mo found Error

(K) (fig) (%)

150 149 -0.7
120 121 +0.8
100 IOO 0

80 79-8 —o-3
50 5° 0

Interfering ions
The anions, acetate, phosphate, and cyanide do not interfere even if present in

comparatively large amounts. Oxalate, citrate, and tartrate interfere seriously in the
determination, probably because of the formation of molybdenum complexes which
are stronger than that of molybdenum 8-mercaptoquinolinate.

The cations mentioned in Table II form complexes with 8-mercaptoquinoline, but
their interference is negligible under the conditions outlined above, and it is not
necessary to complex them. Vanadium(V) interferes with the determination of molyb¬
denum if present in amounts more than double that of molybdenum.

TABLE II

EFFECT OF DIVERSE CATIONS

Mo taken Diverse elements added Mo found Error

(fig) (^g) (fig) (%)

5° W(VI), IOO 49 — 2

50 V(V) 100 52-5 + 45
5° As (V), 150 49-5 — 1

50 Cr(III), 100 . 48.2 -3-6

IOO U(VI), 100 99 — 1

IOO Cd(II), 1000 98 — 2

IOO Ni(II), 1000 98 — 2

IOO Co(II), 1000 102 + 2
IOO Fe(III), 1000 98.5 -3
IOO Ag(I), 1000 98 — 2

IOO Hg(I,II)iooo IOO 0

Some of the elements mentioned in Table II do not react with 8-mercaptoquinoline
in highly acidic media, e.g. nickel(II) only forms a red complex in alkaline and neutral
media. Others, such as tungsten and silver, are precipitated and cause little inter¬
ference. The cations copper(II), bismuth(II), antimony(III) and zinc(II), however,
interfere seriously with the determination of molybdenum and must, therefore,
be removed. The following procedure was found to be successful.

To the molybdenum test solution containing one or more of the interfering ions,
add 10 ml of 2 N sodium acetate and sufficient 5% sodium hydroxide to give a pH

Anal. Chim. Acta, 29 (1963) 27-30
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of about io after the reagent has been added. Mix and leave for 2 min. Extract the
8-mercaptoquinolinates of the interfering ions with chloroform, until the extract
and the aqueous phase are both colourless. Add the required amount of 1 IV hydro¬
chloric acid, so that, after the addition of a further 2 ml of the reagent, the optimum
pH for the molybdenum determination is obtained. Proceed in the recommended way
for pure molybdenum solutions.

NOTES

(1) The above procedure depends on the fact that molybdenum does not react with
8-mercaptoquinoline in alkaline medium.

(2) If molybdenum has to be determined in solutions containing ions which require
prior separation, it is recommended that the calibration curve should be prepared
in the same way rather than from pure molybdenum standard solutions.

(3) The molar extinction coefficient of the molybdenum complex in chloroform
is 8,000.

(4) Molybdenum is reduced to the quadrivalent state on reacting with the reagent.
(5) The composition of the molybdenum complex is Mo(C9H6NS)2.

SUMMARY

8-Mercaptoquinoline was found to be sensitive for the colorimetric determination of molybdenum.
A procedure is outlined in which the complex formed, Mo(C9H6NS)2, is extracted into chloroform
and the extinction measured at 425 mju. The effects and removal of interfering ions are discussed.

RESUME

La mercapto-8-quinoleine est proposee comme reactif sensible pour le dosage colorimetrique
du molybdene. Le complexe forme, Mo(C9HeNS)2, est extrait dans le chloroforme et l'extinction
est mesuree a 425 m^. L'influence des ions genants est examinee, ainsi que leur elimination.

ZUSAMMENFASSUNG

Als empfindliches Reagenz zur spektrophotometrischen Bestimmung von Molybdan wird 8-
Mercaptochinolin empfohlen. Der gebildete Komplex, Mo(C9HoNS)2, wird mit Chloroform extra-
hiert und die Extinktion der Losung bei 425 m/j, gemessen. Der Einfluss storender Fremdionen
und deren Entfernung werden beschrieben.
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B. ANALYTICAL E",VESTIGATI01'!S USING PARTITIOK CHROltATOGMHIY.

IOK-EXCHAMCtE MP SOLVECT EXTRACTION

In the 1950's the separation techniques, partition chromatography,

ion-exchange and solvent extraction, became popular for the separation

of inorganic substances. This section is made up of publications which

attempted to exploit these techniques for the separation and determination

of "difficult" groups of elements. For example, Publications B1-B3,

inclusive, set as their objective the separation and determination of

the alkaline earth and alkali metals, with the further aim of developing

methods which could be applied to the determination of the elements in

locks, minerals and ores.

In publication B3 an attempt was made to determine the concentration

of analyte in the separated spots by means of spectrophotometric titrations

employing a special cell.

Further studies made using this technique, ion-exchange or solvent

extraction methods resulted in the separation and determination of the

following groups of elements: niobium and tantalum (Publication Bh);

aluminium, gallium, indium, thallium (Publication B5)j ohromiura, tungsten,

molybdenum, vanadium (Publication B6)j niobium, tantalum, titanium

(Publication B7)j tin and antimony (Publications BB and B9); and cobalt

and nickel (Publication B11),
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The Separation of Group IIA Elements of the Periodic

Table by Paper Chromatography
By ROBERT J. MAGEE and JAMES B. HEADRIDGE

(Presented at the meeting of the Scottish Section on Thursday, April 28th, 1955)

A mixture of methanol - M-butanol - sy;«m.-collidine - t> .Y acetic acid
(40:20:20:20 per cent, v/v) has been used to separate beryllium, magnesium,
calcium, strontium and barium chlorides. Sodium rhodizonate has been
employed for the detection and estimation of 0-1 to 10 pM (micromoles) of
strontium and barium, and 8-hydroxyquinoline has been used for the same
amounts of beryllium, magnesium and calcium. Up to 10 pM of any of the
group IIA metals, singly or combined, did not interfere with the detection
and estimation of 0-1 pM of any particular metal, except calcium, of which
the minimum amount detectable, in the presence of 10 /AI of magnesium,
was 0-25 pM. The presence of the alkali or the heavy metals caused no
interference with the separation.

Despite the wide application of paper chromatography to inorganic analysis, few successful
separations of the group IIA metals beryllium, magnesium, calcium, strontium, barium
and radium have been reported.1'2>3>4'5'6'7 Usually little or no reference is made to variation
of the amounts of material separated or the minimum amounts detectable in the presence
of variable amounts of other cations. Miller and Magee4 separated strontium from barium,
calcium and magnesium, and could detect and estimate 2-5-jug amounts of strontium in a
maximum of 500 pg of any one or total of the other cations; no claim, however, was made
for the separation and estimation of all four cations.

In this paper the separation of beryllium, magnesium, calcium, strontium and barium
in a mixture and the estimation of a particular cation in a 100-fold excess of any other or total
of the others are described.

Experimental

To investigate the influence of an organic anion on the solubility and distribution of the
salts of group IIA metals in organic solvents, w-butyrates were first prepared. An ion-
exchange resin, Amberlite IRA-400 (mesh 50 to 100), was used in the preparation. Group IIA
butyrates were found to be soluble in water, anhydrous butyric acid and methanol; slightly
soluble in higher alcohols, the solubility decreasing as the carbon chain lengthens; and insoluble
in ethyl butyrate, ether, acetone, carbon tetrachloride and benzene.

Single alcohols and mixtures of alcohols were first tried in the paper-chromatographic
work and idler these were mixed'with butyric acid of various concentrations. Table I
shows the results obtained with a selection of the solvents employed.

Table I

Effect of some solvent mixtures on the alkaline-earth butyrates

Amount Hp values
of each , ——* ,

Solvent mixture ion, pg Magnesium Calcium Strontium Barium
1. Methanol-butanol (50:50 % v/v) 200 0-66 to 0-84 0-55 to 0-73 0 0 to 0-36 0-0 to 0-17
2. Ethanol . 200 0-65 to 0-90 015 to 0-72 0-0 to 0-37 0-0 to 0-13
3. Methanol - butanol - 2 N butyric 200 0-69 to 0-82 0-62 to 0-75 0-24 to 0-56 0-03 to 0-43

acid (40: 40: 20 % v/v)
4. Ethanol - 6 N butyric acid (80: 20 50 — 0-54 to 0-72 0-16 to 0-47 0 03 to 0-33

% v/v)
5. Methanol - butanol - 6 N butyric 200 0-07 to 0-77 0'05 to 0-76 0-24 to 0-58 0-01 to 0-37

acid (40:40: 20 % v/v)

Solvent mixture No. 5 gave the best results, separating barium, strontium and calcium
in amounts up to 50 fig, but not magnesium and calcium. The Hp values are measured
from the front and back of the bands. The minimum amount of calcium, strontium and
barium detectable was 10 fig.
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The addition of the base symtn.-collidine (2:4:6-trimethylpyridine) to solvent mixture

No. 5 gave a marked improvement in the separations and the banding. The solvent mixture
" used was methanol - w-butanol - 6 N butyric acid - symm.-collidine (40:20:20:20 per cent,
v/v). A mixture of 100-fig amounts of calcium, strontium and barium was well separated,
but 50 fig of magnesium and calcium still touched. The Rf values for a mixture of 50 fig
of each of the cations were: barium, 0-11 to 0-26; strontium, 0-30 to 0-47; calcium, 0-64
to 0-71; and magnesium, 0-71 to 0-81. Beryllium butyrate could not be prepared by the
ion-exchange method, because, on concentrating the solution obtained, hydrolysis occurred
and beryllium hydroxide was precipitated.

Further investigations with the nitrates, chlorides and acetates of the metals showed
that they gave similar RF values to the butyrates and were clearly more advantageous to use.-
With the discovery that other salts could be used, butyric acid in the solvent mixture was
replaced by acetic acid, and a mixture of the following composition was used: methanol -
M-butanol - syww.-collidine - 6 N acetic acid (40:20:20:20 per cent. v/v). This solvent
mixture was adopted for all further work with the metals in the chloride form. All five
cations were separated.

Method
Apparatus and reagents—

Descending chromatography was employed. Chromatograms were produced in a
Shandon 12-inch Universal-Strip Glass Chromatank, having an over-all height of 22\ inches
and a solvent trough lOf inches long. This apparatus accommodates sheets of chromato¬
graphic paper 16 cm wide and permits the solvent-front to travel a distance of 50 cm. No
special arrangements were made for maintaining constancy of temperature, which was
usually between 12° and 15° C. All experiments, except the preliminary investigations,
were made on strips of Whatman No. 3MM filter-paper.

In each test a 0-01-ml portion of the solution was applied as a spot to the paper from
capillary tubes calibrated by means of an Agla micrometer syringe. Four such spots could
be accommodated by placing them 4 cm apart, across the paper.

Molar stock solutions of the cations were prepared from the purest material available,
the following substances being used—

Beryllium—Beryllium oxide dissolved in hydrochloric acid.
Magnesium—Magnesium metal dissolved in hydrochloric acid.
Calcium—Calcium carbonate dissolved in hydrochloric acid.
Strontium—Strontium chloride, SrCl2.6H20, dissolved in distilled water.
Barium—Barium chloride, BaCl2.2H20, dissolved in distilled water.
Since five cations with a range of atomic weights from 9(Be) to 137(Ba) are being

investigated, all quantities are expressed throughout in micromoles (/xM) in preference to
microgram {fig) amounts.

The following reagents were used in the detection of the cations on the paper strip
by spraying—

Barium and strontium—A saturated aqueous solution of sodium rhodizonate.
Calcium, magnesium and beryllium—A 5 per cent, w/v solution of 8-hydroxyquinoline

in methanol - chloroform - water mixture (85:10:5 per cent. v/v).
Procedure— ' ■ .

Place the solvent mixture methanol - »-butanol - symm.-collidine -6 N acetic acid
(40:20:20:20 per cent, v/v) in the solvent trough at least 1 hour before the experiment
is started. On a Whatman No. 3MM filter-paper strip place 0-01 ml of the test solution
and allow it to dry before inserting the strip in the chromatographic vessel. Allow the
solvent to run down the paper for a distance of 45 to 50 cm; this usually requires 16 to 18
hours and it is very suitable to leave the paper overnight. Remove the paper from the
apparatus and hang it in the air to dry for about 30 minutes; next heat it over a hot-plate
until very little smell of the solvent mixture persists. The paper is now ready for spraying.
Detection and estimation of barium, strontium, calcium, magnesium and beryllium—

Spray the paper with the 8-hydroxyquinoline reagent adjusted in the following manner.
To 5 ml of reagent add 0-1 ml of 0-1 N carbonate-free sodium hydroxide solution. Allow
the paper to hang in the air for 15 minutes to ensure complete drying and examine it under
an ultra-violet lamp. Under these conditions calcium, magnesium and beryllium fluoresce
brilliantly (calcium, green; magnesium, yellow; beryllium, yellow), while barium and strontium
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show no fluorescence at all. For estimation purposes compare the bands with a set of
standards, prepared from 0-1, 0-25, 0-5, 1, 2-5, 5 and 10-pM amounts of the metals on
Whatman No. 3MM filter-paper. The lengths and intensity of the bands increase with
increasing amounts of the elements.

Spray the upper portion of the paper with the sodium rhodizonate reagent. Allow to
dry completely and compare with standards as before.
Notes—

1. The colour of the barium and strontium bands or the fluorescence of the calcium,
magnesium and beryllium does not deteriorate on standing.

2. The use of 0-1 N sodium hydroxide solution in the 8-hydroxyquinoline reagent
produces a solution of pH about 9-4, under which conditions only calcium, magnesium and
beryllium fluoresce. At higher pH values lithium, if present, shows a bright fluorescence.
It is essential to add the sodium hydroxide solution to the reagent immediately before spraying;
otherwise, changes occur in the reagent and inferior fluorescent bands result. Sodium
hydroxide, in preference to ammonium hydroxide, produces a more stable band.

3. The presence of 8-hydroxyquinoline on the paper does not interfere with the detection
of barium and strontium.

4. syww.-ColIidine hydrochloride forms a band below the magnesium position and can
be seen as a dark spot in ultra-violet light.

Results

By the above procedure 0-1 pM of barium, strontium, calcium, magnesium and beryllium
can be detected. With the exception of calcium, the minimum amount of any of the metals
can be detected in the presence of 10 pM of any other or total of the others. Although
0T pM of calcium shows the weakest fluorescence and when present with more than 5 pM
of magnesium is sometimes missed, 0-25 pM of calcium can be readily detected in the presence
of 10 pM of magnesium. When the amount of calcium is 5 pM or more, a precipitate is
formed on the starting line. This precipitate is a calcium chloride - syraw.-collidine complex
and is only sparingly soluble in excess of the solvent mixture. This results in tailing, not
only of the calcium band, but also of the others and makes the detection and estimation
of minimum quantities more difficult.

The RF values of 1-pM amounts of the five cations are: barium, 0-05 to 014; strontium,
0T7 to 0-27; calcium, 0-44 to 0-51; magnesium, 0-55 to 0-64; and beryllium, 0-78 to 0-93.

The positions of other elements were investigated, and it was found that most of the
heavy metals were ahead of the magnesium position and caused no interference with the
separation of the alkaline earths and magnesium. The RF values of 100-pg amounts of
some of these metals are shown in Table II.

Table II

Rp values of some metals with the solvent mixture used

Metal

Lead
Copper
Mercury11
Iron111
Aluminium

Rf
0-55 + 006
0-83 + C 05
0-88 + 0-07
0-91 ± 0 07
0-88 + 0-10

Metal

Chromium
Manganese
Zinc
Cobalt
Nickel

Rf
0-88 ± 0-08
0-66 + 0'04
0-89 ± 0-05
0-81 ± 0-07
0-83 + 0-07

The alkali metals sodium, potassium and lithium are separated by this procedure,
the Rf values of 100-pg amounts being: sodium, 0-22 ± 0-06; potassium, 0-08 ± 0-06; and
lithium, 0-52 ^ 0-06.

As a final test of the validity of the proposed scheme, 14 mixtures of unknown com¬
position were submitted to one of us (J.B.H.) for analysis. The results are shown in Table III
and are the estimated amounts, in micromoles, of the metals found.

In mixtures No. 5 and No. 8, respectively, doubt was felt about the presence of the
minimum amount of calcium and magnesium. Because of this doubt they are reported as
missed. The results are considered to be satisfactory.

The procedure was introduced into the qualitative scheme of analysis used by third-year
students in the University, during the last session. For the detection and estimation of the
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elements concerned, barium, strontium, calcium and magnesium, it proved to be very
successful.

Table III

Analysis of unknown mixtures; estimated amounts of metals
Mixture Barium Calcium Strontium Magnesium Beryllium

No. found, /xM found, pM found, /xM found, /xM found, fiM
1. 5(4) 0-25 (0-1) 0 2(5) 0-2
2 8 0-1 0-3 (0-1) 0-5 (1) 0
3 0 8 0-4 (0-1) 0 1
4 0 0-5 (0-2) 0 0-25 (0-1) 8(9)
5 0 0(0-1) 0-25 (0-1) 2-5 (9) 0-1
6 1 0-1 (0-2) 1 (0-5) 2-5 (8) 0
7 0-35 (0-2) 0-5 (0-1) 10(9) 0 0
8 0-8 (0-5) 5(8) 0-25 (0-1) 0 (0-1) 0-25 (0-5)
9 0-4 (0-5) 8(10) 0(0-1) 0 0

10 0 0-40 (0-25) 0-25 (0-1) 7(10) 0
11 0 0-35 (0-1) 0 0-1 9 (10)
12 0-2 (0-1) 5 0-25 (0-1) 0-25 (0-1) 4(3)
13 0-4 (0-2) 8(7) 0-35 (0-2) 0-1 0
14 0 0-4 (0-25) 0 10 0

Note—The figures in parentheses are the amounts present when they differ from the amounts found.
The success of the separation and the positioning of the heavy metals have suggested

the use of this method for the analysis of dolomites, barytocalcites, strontianites, soil samples
and mineral waters. Experiments along these lines are at present being conducted and
will be reported later.

We are indebted to Imperial Chemical Industries Ltd. for grants.
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Discussion
Mr. R. B. Rashbrook asked if the possible use of a side-strip spray method for locating positions

of metals before their elution had been considered instead of the ignition of the sprayed strips.
Mr. Headridge said that such a method had not yet been tried, although it was being considered.

The ignition of Whatman No. 3MM paper was certainly unsatisfactory, because of the high calcium content
of the ash and, whilst this could be reduced to one-tenth by the use of double-acid-washed paper, it seemed
likely that the metals in the paper ash would still interfere with the titration.

Mr. A. V. Parke asked whether it was possible to make quantitative determinations of separated
cations on chromatograms by photometric measurement of the colour or fluorescence of the spots.

Mr. Headridge replied that, by these means, a semi-quantitative determination was possible, although
other workers had found that the accuracy was generally not better than 5 per cent.

Miss E. S. R. McCallum asked what method was used for the determination of calcium and magnesium
after separation by paper chromatography and what time was taken for such analyses.

Dr. Magee replied that it was intended to titrate the salts spectrophotometrically with a solution
of ethylenediaminetetra-acctic acid after they had been removed from the paper. Only a few preliminary
titrations had been done, and at present it was not certain how long an analysis would take.

Mr. E. j. Butler asked whether the choice of solvent mixture was entirely empirical.
Dr. Magee replied that this was so. While investigations of the solubilities of the salts in various

so vents gave some indication of what solvents to avoid, the final solvent mixture had been reached by
s rting with the simplest solvents, such as alcohols, and adding other substances that improved the
separation.
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Chromatographic Separations in Phenol - Methanol -

Hydrochloric Acid Solvents, with Special Reference to
the Alkali Metals

By ROBERT J. MAGEE* and JAMES B. HEABRIDGE

A phenol - methanol - concentrated hydrochloric acid mixture (57-5:
22-5:20 per cent, w/v/v) has been used to separate the chlorides of lithium
and sodium, and of potassium, rubidium, caesium and ammonium. Zinc
uranyl acetate has been employed for the detection and determination of
0-25 to 10 /iM (micromoles) of lithium and 0-1 to 10 /xM of sodium, and sodium
lead cobaltous hexanitrite for 0-1 to 10 /aM of potassium, rubidium and
caesium and 0-25 to 10 /jM of ammonium. It was found that 10-;uM amounts
of any of the group 1A metals, singly or combined, did not interfere with the
detection and determination of the minimum amounts of any particular metal.

A phenol - methanol - concentrated hydrochloric acid mixture (50: 20: 30
per cent, w/v/v) has been used to separate small amounts of aluminium,
gallium, indium, thallium and zinc, and titanium, zirconium and iron.

SEPARATION* OF THE ALKALI METALS
The separation of lithium, sodium and potassium is not difficult and references in the
literature to this separation are numerous; usually the chlorides and nitrates have been
used and these are generally separated with solvents consisting of one or more alcohols.
For example, these three cations and the ammonium ion may be separated with a metha¬
nol - M-butanol mixture (70:30 per cent, v/v).1 The separation of potassium, rubidium
and caesium is not easy, and only two solvent mixtures have been found to accomplish this
separation.2'3 Miller and Magee2 were able to separate 5 /xg of any of these ions from a total
weight of 1000/xg, but could not use the solvent mixture to separate lithium, sodium and

* Present address: Chemistry Department, The Queen's University of Belfast.



96 magee and headkidge: chromatographic separations [Vol. 82
ammonium from them. Steel3 claimed a separation of 50-fig amounts of ammonium,
potassium, rubidium and caesium ions with the phenol-rich layer from liquid phenol - dilute
hydrochloric acid solution (1 + 2, by volume), but did not mention the effect of this solvent
mixture on lithium and sodium chlorides.

A good separation of the alkali metals on one chromatographic strip was required, as
it was later intended to determine the amount of each of the separated salts by micro-
analytical methods. This separation was not found to be possible, but a solvent mixture
giving a reliable separation of lithium and sodium salts, and of potassium, rubidium, caesium
and ammonium salts is described.

Experimental

Most previous investigators have used the salts of inorganic acids, although the acetates4
and citrates5 of lithium, sodium and potassium have been separated. To investigate the
influence of an organic anion on the solubility and distribution in organic solvents of the
salts of group IA metals, in particular potassium, rubidium and caesium, «-butyrates were
prepared. An ion-exchange resin, Amberlite IRA-400 (50 to 100 mesh), was used in their
preparation. A column of the resin (10 cm long and diameter 1 cm) was regenerated with
2 N sodium hydroxide, washed free from alkali, converted to the butyrate form with 2 N
butyric acid and finally washed with water to remove excess of acid. The alkali-metal
chlorides (20 mg of cation) were separately changed to butyrates on this column. Of the
solvents tried, the alkali-metal butyrates were found to be readily soluble only in water,
methanol and anhydrous butyric acid.

Lithium, sodium and potassium butyrates were separated by using certain mixtures of
simple alcohols, e.g., methanol - w-butanol mixture (80 to 20 per cent, v/v), with which
200-/ag amounts of the cations gave the following A',, values: lithium, 0-91 + 0-06, i.e.,
"0-85 to 0-97"; sodium, 0-52 + 0-06; and potassium, 0-23 + 0-07. With these and other
solvent mixtures containing butyric acid, no separation of potassium, rubidium and caesium
was achieved.

From the chromatograms produced it was apparent that butyrates were reacting in a
similar manner to chlorides and other inorganic salts. Further investigations were made
with chlorides.

Miller and Magce2 used concentrated hydrochloric acid - methanol - w-butanol - tsobutyl
methyl ketone mixture (55:35:5:5 per cent., by volume) to separate potassium, rubidium
and caesium; 100-p.g amounts of these cations and of lithium, sodium and ammonium were
chromatographed separately, with use of this solvent mixture. The Rv values for the mid¬
points of each spot are given in the first line of Table I. Sodium and potassium, ammonium
and caesium were not separated. Chromatograms were prepared by using solvent
mixtures similar to that described above, but these contained the organic base symm.-collidine.
The A'f values found are shown in Table I.

Table I

R„ values fdr the alkali metals with various solvents

Composition of solvent mixture, per cent, by volume

Concentrated fsoButyl Hv values for
hydrochloric symm.- methyl ,

j.
,

acid Methanol w-Butanol Collidine ketone Na4 K+ Rb4 Cs+ Nil,4 I.i4

55 35 5 — 5 0-45 0-47 0-51 0-60 0-6.3 0-68
35 55 10 0-38 0-28 0-25 0-33 0-75
40 55 5 0-36 0-25 0-28 0-34 0-51 0-68
70 25 — 5 0-58 0-58 0-60 0-69 0-69 0-76
95 — 5 0-75 0-79 0-80 0-83 0-83 0-80
85 — 10 5 0-65 0-70 0-72 0-78 0-77 0-76
65 20 10 5 0-52 0-51 0-55 0-63 0-66 0-73

It can be seen from Table I that no separation of all six cations is achieved. 111 fact,
no solvent mixture gives a separation of potassium, rubidium, caesium and ammonium on
one strip and so permit a mixture of these cations to be resolved and identified.

Steel3 gives the order of the separated salts from the starting line as ammonium, potas¬
sium, rubidium and caesium. Although several chromatograms were made with chlorides
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under similar conditions, these results were not reproducible. Potassium, rubidium and
caesium were separated, but the ammonium and rubidium ions were always in the same
position. However, it appears that the flow of the ammonium ion is at times erratic and
is dependent on the anion present.6 The phenol-rich layers obtained when other proportions
of dilute hydrochloric acid and phenol were used gave almost identical chromatogranrs to
those obtained with Steel's solvent mixture. Lithium coincided with and sodium was

above the potassium position.
In attempts to get lithium below potassium, rubidium and caesium, methanol was

introduced into the mixtures of phenol and concentrated hydrochloric acid. The relative
positions of the cations with a number of these solvent mixtures and with others containing
derivatives of phenol are given in Table II, Whatman No. 1 filter-paper being used. The
Kv values refer to the mid-points of each hand.

Table II

Separation of 1-pM amounts of alkali-metal and ammonium ions
Rp values forSolvent

mixture
No.

1

Solvent mixture

Phenol saturated with 20 per cent, hydro¬
chloric acid

Of composition-
Concentrated
hydrochloric

Li+

0-1 I

Na+

0-07

K+

0-12

Rb+

0-18

Cs+

0-43

NH4+

0-20

Phenol, Methanol, acid,
K ml ml

(«) 33 33 33 0-55 0-24 0-21 0-28 0-42 0-42

(b) +2 10 42 0-42 0-27 0-31 0-43 0-55 0-31

M 20 30 50 0-70 0-44 0-43 0-50 0-64 0-64

(d) 50 30 20 0-37 0-14 0-10 0-16 0-30 0-30
(e) 25 50 25 0-57 0-19 0-1 1 0-14 0-23
(1) 40 50 10 0-51 0-1 1 0-05 0-08 0-15 —

(g) 50 40 10 0-37 006 0-04 0-06 0-13 —

w 40 40 20 0-45 0-12 0-08 0-12 0-21
(i) 00 20 20 0-27 01 1 012 0-19 0-38 0-24

3 Cresol-rich layer from in-eresol - concen-

trated hydrochloric acid (90: 10 per
cent, v/v)* 0-09 0-01 0-04 0-09 0-31 —

Catechol - methanol - concentrated hydro¬
chloric acid (45 : 35 : 20 per cent, v/v)

Resorcinol - methanol - concentrated
hydrochloric acid (50:30:20 per cent,
v/v)

Unsatisfactory chromatograms owing to the dark
backgrounds produced with the spraying reagents

\s with solvent mixture No. 4.

* Whatman No. 4 filter-paper was used with this solvent mixture.

With a methanol content of 30 to 35 per cent, in solvent mixtures containing phenol
and concentrated hydrochloric acid (mixtures No. 2, (c) and (d)), potassium, rubidium, caesium
and lithium were separated in that order, but the sodium could not be removed from the
vicinity of the potassium. The separation of potassium and rubidium could not be effected
when the methanol content exceeded .15 per cent.

From these investigations it was evident that all the alkali metals and the ammonium
ion could only he separated by using two-dimensional chromatography, with, for example,
a methanol - w-butanol mixture (70 to 30 per cent, v/v) for the separation of potassium,
sodium, ammonium and lithium, and a solvent mixture consisting of phenol, methanol and
concentrated hydrochloric acid for potassium, rubidium and caesium. However, for the
purpose of detection and rough estimation, a solvent mixture able to separate the groups
potassium, rubidium, caesium and ammonium, and lithium and sodium would be sufficient,
since selective spraying reagents could be used for the detection of the cations in each group.

The best spacing of potassium, rubidium, ammonium and caesium is achieved with a
phenol - methanol - concentrated hydrochloric acid mixture (57-5 :22-5 : 20 per cent, w/v/v),
with which L7-/aM amounts of the alkali-metal and ammonium ions (10/aM total) in a run
of 50 cm on Whatman No. 1 filter-paper gave the following RF values: potassium, 0-08 to 0-1T,
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sodium, 0-09 to 0-13; rubidium, 0-15 to 0-20; ammonium, 0-23 to 0-27; lithium, 0-27 to 0-32;
and caesium, 0-33 to 0-40. The separations are better on the fast Whatman No. 4 filter-paper.
This solvent mixture gives bands superior to those obtained with the solvent mixtures used
by Miller and Magee, and by Steel.

Method
Apparatus and reagents—

Descending chromatography was employed. Chromatograms were produced in a
Shandon 9-inch Universal-strip glass "Chromatank," having an over-all height of 22 inches
and a solvent trough 7f inches long. This apparatus accommodates sheets of chromato¬
graphic paper 16 cm wide and permits the solvent-front to travel a distance of 50 cm. The
temperature of the room was maintained at 18° to 20° C. Preliminary investigations with
the alkali metals were carried out with use of Whatman No. 1 and No. 4 filter-papers, but
in later work Whatman No. 41 filter-paper was used. For all experiments with other metals
Whatman No. 1 filter-paper was used.

In each test a 0-01-ml portion of the solution was applied as a spot to the paper from
capillary tubes calibrated by means of an Agla micrometer syringe. Four such spots could
be accommodated by placing them 4 cm apart, across the paper. After their removal from
the tank, the strips were dried by being heated in an oven at 110° C for 10 minutes. The
strips were held taut and sprayed by means of a simple compressed-air atomiser.

Molar stock solutions of the group IA cations were prepared as follows—
Lithium—Prepared from anhydrous lithium chloride (obtained from The British Drug

Houses Ltd.).
Sodium and potassium—Prepared from AnalaR sodium and potassium chlorides.
Rubidium and caesium—Prepared from ordinary grade rubidium and caesium carbonates

(obtained from Johnson, Matthey & Co. Ltd.), dissolved in dilute hydrochloric acid.
While preparing standards, it was noticed that the rubidium solution contained some

caesium (about 0-25 ju,M per 10 /aM), and for further work a molar solution prepared from
Specpure rubidium chloride was used.

The following reagents were used in the detection of the cations on the paper strip
by spraying—

Lithium and sodium—Zinc uranyl acetate reagent prepared as described by Barber
and Kolthoff.7

Potassium, rubidium, caesium and ammonium -Sodium lead cobaltous hexanitrite
reagent prepared as follows—

Dissolve 12-5 g of cobaltous acetate, Co(CH3COO)2.4H20, and 19-0 g of lead acetate,
Pb(CH3C00)2.3H20, in about 100 ml of water. To this solution add a solution of
20-7 g of sodium nitrite in about 100 ml of water. Mix thoroughly and dilute to 250 ml.
Set aside for 1 hour and then filter. The reagent corresponds to the formula
Na2PbCo"(N02)6.

This reagent is similar to that used by Sergienko8 for the quantitative determination of
potassium, but cobalt and lead acetates are substituted for cobalt and lead nitrates.
Procedure—-

Place the solvent mixture in the solvent trough I hour or more before the experiment
is started. On the appropriate Whatman filter-paper strip place 0-01 ml of the test solution
and allow the strip to dry before inserting it in the chromatographic vessel. Allow the
solvent to run down the paper for 16 to 18 hours (with Whatman No. 41 filter-paper the
solvent-front reaches the foot of the paper within this time and is allowed to drip off evenly
by notching the bottom edge before inserting the paper). Remove the paper from the
apparatus and dry it.
Detection and determination of lithium and sodium

Spray the paper with the zinc uranyl acetate reagent and hang it in the air for 1 hour
to ensure complete drying. Examine it under ultra-violet light. Lithium and sodium
fluoresce brilliantly (turquoise-green). For determination purposes compare the bands
produced with a set of standards, prepared from 0T, 0-25, 0-5, 1, 2-5, 5 and 10 /aM amounts
of the cations on Whatman No. 41 filter-paper.
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Detection and determination of potassium, rubidium, caesium and ammonium—•

Spray the paper with ethanol and then immediately after with sodium lead cobaltous
hexanitrite reagent. Leave the paper in the air for 10 minutes to ensure the complete
development of the ammonium precipitate and then wash off the excess of reagent, which
itself forms a pale yellow background. Allow the paper to dry and compare it with a set
of standards prepared as before. Potassium and ammonium appear as grey bands, rubidium
as a brown band and caesium as a yellow-brown band. The best results are obtained when
a freshly prepared reagent is used.

Results

By using the above procedure, 0-1 /xM of sodium, potassium, rubidium and caesium
can be readily detected. The minimum amounts of lithium and ammonium detectable
are 0-25 /xM. The minimum amount of any of the metals can be detected in the presence
of 10 p.M of any other or total of the others. In an overnight experiment lasting 16 hours
a mixture of I /xM of each of the six cations travelled the following distances: sodium, 5-4 to
8-4 cm; potassium, 6-4 to 9-1 cm; rubidium, 10-2 to 13-3 cm; ammonium, 15-2 to 17-7 cm;
lithium, J8-1 to 20-6 cm; and caesium, 21-3 to 25-3 cm. The first and second figures give
the distances to the back and front of the spots, respectively.

As a test of the validity of the proposed scheme, 10 mixtures of unknown composition
were submitted to one of us (J.B.H.) for analysis. The results are shown in Table III.

Table III

Analysis of unknown mixtures

Mixture I.ithium Sodium Potassium Rubidium Caesium Ammonium
No. found, found, found. found, found, found.

/xM juM /xM ,xM /xM /xM
1 0 0-1(0-20) 9 0-25(0-2) 0-5 0-5
2 0 0-25(0-1) 0-5(0-1) 5(10) 0-25(0-2) 0-5(0-25)
3 9(10) 0-25(0-1) 0 0-25(0-1) 0-1 0-5(0-3)
4 2-5(3) 0-25(0) 0 0-25(0-1) 2(7) 0-5(0-3)
5 0-25 0-1 0-25(0-1) 0 8(10) 0
(i 0 0 0-5(0-1) 0-1 0 9(10)
7 0-25 9 0-25(0-2) 0-25(0-2) 0-1(0-2) 1
8 0-25 0-1 5 0 0 3(5)
9 4(3) 0 0 0-4(0-1) 0-8(0-3) 5(7)

10 0-5 0-1(0) 0-25(0-2) 0-3(0-2) 10 0

Note—The figures in parentheses are the amounts present when they differ from the amounts found.

In mixtures No. 4 and No. 10, a small amount of sodium was found, although none
had been added to these mixtures. It was observed that this sodium was present in mixtures
containing large amounts of caesium and, by producing a chromatogram with 10 p,M of
caesium and spraying it with zinc uranyl acetate reagent, it was confirmed that the caesium
stock solution contained a small percentage of sodium as an impurity. The results are,
however, considered satisfactory.

Application to the analysis of a silicate rock

The success of the method of separation described suggested its application to the analysis
of rocks containing rubidium and caesium, such as lepidolite and pollucite. The method
was therefore applied to the determination of the alkali metals present in a lepidolite that had
been previously analysed by Miller and Traves9 and contained 1-6 per cent, of lithium,
0-1 per cent, of sodium and 5-8 per cent, of potassium.

A 50-mg sample of the finely ground lepidolite was subjected to a Lawrence-Smith fusion.10
The fused mass was digested with water for 30 minutes on a steam-bath and the insoluble
material was filtered off. The calcium in the solution was precipitated as the carbonate,
which was dissolved in dilute hydrochloric acid and re-precipitated. The final solution was
evaporated to dryness in a platinum vessel and the residue was ignited to remove the am¬
monium salts. The residue was dissolved in 0-25 ml of dilute hydrochloric acid and 0-01-ml
portions were spotted on to the paper strip. The separated salts were detected in the usual
manner and it was estimated that 2 mg of the rock contained 5 ^xM of lithium, 0T juM of
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sodium, 2 pM of potassium, 0-1 /xM of rubidium and no caesium. These figures correspond
to 1-7 per cent, of lithium, 0-1 per cent, of sodium, 3-9 per cent, of potassium and 0-4 per cent,
of rubidium.

The use of the proposed method for separating the alkali metals with a view to their
subsequent quantitative determination by micro-techniques11 is at present under investigation,

SEPARATION OF CERTAIN OTHER METALS

The Rv values for 100-/xg amounts of certain other metals with a phenol - methanol
concentrated hydrochloric acid mixture (57-5:22-5:20 per cent, w/v/v) on Whatman No.
filter-paper are given in Table IV.

Table IV

Rv values of some metals with the solvent mixture used

Metal Ri> Metal RK Metal

Copper
Mercury11
Cadmium
Bismuth

Antimony111
Tinlv
1 ton111

0-22 ±
0-34 +
0-30
0-20
0-44
0-37
0-39

0-04
0-04
0-05
0-04
0-05
0-04
0-05

Chromium111
Aluminium
Gallium
Indium
Thallium111

Manganese"
Cobalt

0-12 + 0-04
0-10 + 0-05
0-66
0-20
0-53
0-16
0-16

0-06
0-05
o-or>
0-04
0-04

Nickel
Zinc

Beryllium*
Magnesium f
Calcium f
Strontiumf
Bariumf

Rg
14 + 0-04
35 + 0-05
23 + 0-10
4 7 -I- 0-04
70 + 0-04
03 + 0-03

0

Sulphate taken. f Nitrate taken.

It can be seen that, in addition to the group IA metals of the Periodic Table, this solvent
mixture separates many elements, including those of group IIIB, viz., aluminium, indium,
gallium and thallium. The separation of these elements with aqueous hydrochloric acid
and aliphatic-alcohol solvent mixtures has been mentioned before.12'13 Improvements in
the separation of the group IIIB metals were made by varying the ratios of phenol, methanol
and hydrochloric acid. They are separated with solvent mixtures containing 20 to 40 per
cent, of concentrated hydrochloric acid and 15 to 20 per cent, of methanol. The best
separation achieved was with a phenol methanol - concentrated hydrochloric acid mixture
(50:20:30 per cent, w/v/v).

Method
Apparatus and reagents

The apparatus was the same as that used for the alkali metals. Whatman No. 1 filter-
paper was used throughout. Solutions of the metals were prepared by dissolving the chlorides
in water or dilute acid. The concentration was 10 g of metal per litre.

The following reagents were used in the detection of the cations on the paper strips-—
Aluminium, gallium, indium, zinc and iron—A 5 per cent, w/v solution of 8-hydroxy-

quinoline in a methanol - chloroform - water mixture (85 : 10:5 per cent. v/v). This reagent
was used by Miller and Magee2 for the detection of magnesium and calcium.

Thallium— A 5 per cent, w/v aqueous solution of potassium iodide.
Titanium A 1 per cent, w/v aqueous solution of chromotropic acid.
Zirconium- Ethanol saturated with alizarin.

Procedure

The procedure was the same as that for the alkali metals (p. 98).

Detection of aluminium, gallium, indium, zinc and ikon-

Spray the paper with 8-hydroxyquinoline reagent and hang it in a closed vessel con¬
taining a beaker of concentrated ammonia solution. Iron appears as a black band. Allow
the paper to dry and examine it under ultra-violet light. Aluminium, gallium, indium and
zinc fluoresce a brilliant yellow.

Detection of thallium, titanium and zirconium —

Spray the paper with the appropriate reagent. Thallium shows as a yellow band,
titanium as a red-brown band and zirconium as a purple band.
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Results
The RF values of 100-jU.g amounts of a few metals obtained witli the phenol - methanol -

concentrated hydrochloric acid mixture (50:20:30 per cent, w/v/v) in a 16-hour experiment
are: zirconium, 0-09 + 0-06; aluminium, 0-13 + 0-05; indium, 0-28 + 0-04; titanium, 0-34
+ 0-06; zinc, 0-40 + 0-05; thallium111,0-58 + 0'06; iron, 0-64 + 0-06; and gallium, 0-73 + 0-07.

It was found that i -fig amounts of aluminium, gallium, indium and zinc were readily
detected with 8-hydroxyquinoline and 1 fig of gallium could be separated from 1000 fig of
aluminium with this solvent mixture.

These results suggest that the solvent mixture might be of use in the qualitative analysis
of certain aluminium alloys.

References
1. Sakaguchi, T., and Yasuda, H., /. Pharm. Soc. japan, 1951, 71, 1469.
2. Miller, C. C., and Magee, R. J., J. Chem. Soc., 1951, 3183.
3. Steel, A. E., Nature, 1954, 173, 315.
4. Erlenmeyer, H., von Hahn, H., and Sorkin, E., Helv. Chim. Acta, 1951, 34, 1419.
5. Burma, D. P., Anal. Chim. Acta, 1953, 9, 513.
6. Steel, A. E., private communication.
7. Barber, H. 14., and Kolthoff, I. M., /. Amer. Chem. Soc., 1928, 50, 1625.
8. Sergienko, P. S., Ukrain Khem. Zhuv., 1932, 7, 36.
9. Miller, C. C., and Traves, F., J. Chem. Soc., 1936, 1390.

10. Hillebrand, W. F., and Lundell, C. E. F., "Applied Inorganic Analysis," Second Edition, J. Wiley
& Sons Inc., New York, 1953, p. 925.

11. Duval, C., and Doan, M., Mikrochim. Acta, 1953, 200.
12. Arden, T. V., Burstall, F. 14., Davies, G. R., Lewis, J. A., and Linstead, R. P., Nature, 1948,

162, 691.
13. Lederer, M., Anal. Chim. Acta, 1951, 5, 185.

Chemistry Department
King's Buildings

The University
Edinburgh

First submitted, December 6th, 1955
Amended, August 20th, 1956



B3

Talanta, 1958, Vol. 1, pp. 117-126, Pergaraon Press Ltd., London.

THE SPECTROPHOTOMETRIC DETERMINATION OF
ALKALINE EARTH METALS AFTER SEPARATION

BY PAPER CHROMATOGRAPHY

James B. Headridge* and Robert J. Magee
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(Received 14 January 1958)

Summary—The spectrophotometry titration of magnesium, calcium, strontium, and barium, in the
visible and ultra-violet regions of the spectrum, has been investigated and a method is presented for
the determination of small amounts of these elements by spectrophotometric titration using Erio-
chrome Black T as indicator, after separation by paper chromatography and removal from the paper
with dilute hydrochloric acid. The minimum amount of each cation determined was 0-5/.iM and the
procedure was applied successfully to the analysis of a dolomite, a strontianite, and a barytocalcite.

Several procedures have been reported for the determination of the alkaline-earth
metals after the separation by paper chromatography.1-3 In two of these procedures1'2
the elements are estimated semi-quantitatively, and, in another3 the elements are
determined indirectly by microtitration. An interesting method is that by Pollard,
McOmie, and Martin4 who have determined the alkaline-earth metals spectro-
photometrically using o-cresolphthaleincomplexone for barium, strontium, and
calcium, and Eriochrome Black T for magnesium. In an earlier work,5 we ourselves
have described a separation by paper chromatography of these elements and beryl¬
lium in which the elements are estimated semi-quantitatively by visual comparison.
Although this method of estimation was found suitable for many purposes, it became
necessary to investigate methods which would permit a more accurate determination
of the separated elements. A spectrophotometric titration of the elements after
their removal from the chromatographic paper was found to be very satisfactory
and the development of this procedure is now reported.

REMOVAL OF SEPARATED CATIONS FROM
THE CHROMATOGRAM

The solvent-mixture used was methanol-n-butanol-yy»r-collidine-6A acetic acid
(40 : 20 : 20 : 20% v/v) and the separated cations were detected by spraying with
sodium rhodizonate solution for barium and strontium, and 8-hydroxyquinoline
for calcium and magnesium.

Three methods of removing the separated salts from the chromatogram were
investigated:

(1) dissolving the material from the chromatogram with concentrated acid after
development with the detecting reagent;

(2) cutting out the separated bands from the sprayed paper and destroying the
organic matter by a wet or dry oxidation process;

(3) separating two identical amounts of the mixture on the same paper, spraying
only the control to find the position of the bands, and dissolving out the separated
salts from the unsprayed chromatogram with water or dilute acid.

* Present address: The Chemistry Department, The University, Sheffield, England.
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Of these procedures, the most satisfactory was the third, and this was the refore
used throughout.

Initially Whatman 3 MM paper was used as supporting medium but, because
of the relatively high calcium content of this paper, it was replaced by the double-
acid-washed Whatman No. 41 for quantitative work.

SPECTROPHOTOMETRIC TITRATIONS WITH DI-SODIUM
ETHYLENEDIAMI NETETRA-ACETATE

Several methods were tried for the determination of the salts after separation
from the chromatogram. Although some were satisfactory for one or two of the
elements, none was capable of use for all four: it was, therefore, decided to search
for a method that could be used for all the cations and, to this end, titrations of the
solutions with ethylenediaminetetra-acetate (EDTA) were investigated.

Magnesium and the alkaline earths form stable water-soluble complexes with
EDTA. The stability constants of these complexes have been determined;6 pAl
values are: magnesium 8-7, calcium 10-6, strontium 8-6 and barium 7-8. Biedermann
and Schwarzenbach7 have suggested that magnesium should be titrated with EDTA
in a solution buffered at about pH 10, using Eriochrome Black T as indicator. The
colour-change is from wine-red to blue. Calcium, strontium and barium do not
form very stable complexes with this indicator. Murexide forms a stable complex
with calcium8'9 and can be used to detect the end-point when a solution of that metal
is titrated at pH 12. Any magnesium in the solution is precipitated as the hydroxide
at that pH and is not titrated. Strontium and barium may also be titrated with the
reagent using Eriochrome Black T as indicator, if a known quantity of magnesium
is added.7'10-12 In visual titrations there is a limit below which the indicator concentra¬

tion must not fall, if a colour-change is to be detected. When this minimum amount
of indicator is added to microgram quantities of magnesium, the end-point is very
unsatisfactory. For this reason a spectrophotometric titration was necessary for
the determination of the salts removed from the paper.

A spectrophotometric titration has been used by Sweetser and Bricker13 for the
quantitative determination of iron, cobalt and nickel, and Karsten et al.u have
found that a plot of optical density against wavelength for the free dye (Eriochrome
Black T) and the magnesium complex, shows the greatest differences in absorption
at 530 and 630 m/u. If titrations of magnesium with EDTA are made at 630 m/r,
the light absorption increases, i.e. the optical density rises as the end-point is
approached until a constant value is obtained. At 530 m/u, a decrease in optical density
occurs. Under optimum titration conditions a sharp break in the optical density-
volume of titrant curve occurs at the end-point. Fortuin et al.15 have developed
a theory of the spectrophotometric titration and shown that a sharp break in the
above curve is obtained if:

(1) ATC> Kj (numerically, log Kc/Kx should be at least 4).
(2) Kl is large (numerically, 104-5), where Kc is the complex-forming capacity of

the titrant substance and ATj is the complex-forming capacity of the indicator. The
first of these criteria is the more important. The end-point of the titration becomes
less sharp as the value of log Kc/Kj decreases. However, satisfactory end-points
may still be obtained provided that the value exceeds 3.

For magnesium ions and Eriochrome Black T indicator at pH 9-10 a value of
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104'5-5"5 for Kj has been given.14 Since the Kl values for calcium, strontium and barium
are small it is necessary to add magnesium ions to a solution of these ions, to get a
detectable end-point when the solution is titrated with EDTA. The value for
magnesium should therefore be compared with the Kc values for calcium, strontium
and barium in a solution buffered at pH 10. Such a comparison is made in the
following table. ^(Mg) is taken as 105'0.

Table I. Stability constants of alkaline earth complexes

Cation Kc Tfc/AfiMg)

Mg 108'2 108 2
Ca 10101 105'1
Sr 108'2 108"2
Ba 1Q7-3 102-3

These figures suggest that titration curves would be satisfactory for magnesium,
calcium and strontium, but less satisfactory for barium.

APPARATUS

The arrangement of the apparatus for the spectrophotometric titrations on the Unicam SP 500
spectrophotometer was similar to that employed by Hunter and Miller.16 The apparatus is shown in
Fig. 1. The titration cell which completely fills the cell compartment of the spectrophotometer was
constructed from 3-mm Perspex sheet and had external dimensions 9-9 x 4-7 x 6-2 cm. The cell

compartment was closed by a Perspex cover which had two openings in it for a 5-ml burette and a
microstirrer. The stirrer (supplied by Voss Instruments Ltd.) was suitably driven by a 2-volt accumula¬
tor in series with a variable resistance. Opaque paper was stuck to the cover by means of chloroform
to make it light proof.

As Perspex is opaque to ultra-violet light, a special cell with quartz windows was constructed for
use in the region 200-400 m/i. This cell, a diagram ofwhich is shown in Fig. 2, had the same dimensions
as the ordinary cell but contained two quartz windows of dimensions, 3 4 x 2-5 x 01 cm. These
were constructed from a 3 in. x 1 in. fused silica microscope slide of 1 mm thickness (supplied by
Thermal Syndicate Ltd.) and were sealed to the Perspex with Araldite 101 cold-setting resin mixed
with Hardener 951 (supplied by Aero Research Ltd.). The windows were inserted in such a way that
the beam of monochromatic light passed through the centre of them to the photoelectric cell.

REAGENTS

Disodium dihydrogen ethylenediaminetetra-acetate dihydrate: An approximately 0-0025M
aqueous solution.

Magnesium, calcium, strontium, and barium chloride solutions: Exactly molar. Other standards
were prepared from these by dilution.

Ammonia-ammonium chloride, solution A: 6-75 g ammonium chloride and 57 ml of 0-88
ammonia diluted to 100 ml with water.

Ammonia-ammonium chloride, solution B: 5-40 g ammonium chloride and 57 ml of 0-88
ammonia diluted to 100 ml with water.

Ammonia, solution C: 57 ml of 0-88 ammonia diluted to 100 ml with water.
Indicator solution: A centrifuged solution of 50 mg of Eriochrome Black T and 450 mg of hyd-

roxylamine hydrochloride in 10 ml of anhydrous methyl alcohol.
Ascorbic acid: A 1 % w/v aqueous solution freshly prepared.
Potassium cyanide: A 04% w/v aqueous solution.
Ammonium tartrate: A 0-2% w/v aqueous solution.

As far as possible, all reagents were of AnalaR grade.
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TITRATIONS IN SIMPLE BUFFERED SOLUTIONS

Approximately 0 0025M EDTA solution was standardized at 630 my by titrations with 10 /iM
amounts of magnesium chloride contained in 100 ml of solution buffered at pH 10 with ammonia-
ammonium chloride Solution A and containing 0-1 ml of Eriochrome Black T indicator solution.
Corrections were made for the indicator blank. Titres were concordant to 3 parts in 1000. Typical
titration curves for 10 yM of magnesium chloride and blank are shown in Fig. 3.

Titrations in simple buffered solutions had one particular defect; fading of the indicator occurred
which was troublesome if the titration was not completed within 15 min.

Using this technique, mixtures of 2-5 yM amounts of each of the elements were separated on a
chromatogram, removed from the paper by means of O-OSTVhydrochloric acid, and titrated with EDTA
Recoveries for each cation (after correction for the blank) are shown in Table 2.

Table 2.

Cation
Amount in the mixture Amount recovered

(yM) (yM)

Magnesium 2-50 2-49

Calcium 2-50 2-43

Stronium 2-50 2-38

Barium 2-50 2-25

The results, especially for barium, appeared to indicate that 0-05JV hydrochloric acid did not remove
all of the cations from the paper. In later work N hydrochloric acid was employed.

TITRATIONS IN THE ULTRA-VIOLET RANGE

Because of the trouble from the fading of the indicator in the above titrations, attention was turned
to the possibility of carrying out titrations in the ultra-violet region without the use of an indicator.

Sweetser and Bricker17 have stated that the XJ~ and MX2- ions have different absorption curves
in the short ultra-violet region of the spectrum (H4X represents ethylenediaminetetra-acetic acid and
M2~ a bivalent cation). For magnesium and calcium the greatest difference in absorption takes place
at 222 my. Using 1-cm quartz cells on the Unicam SP500 spectrophotometer and solutions of
2-4 x 10~3MEDTA, graphs of optical density as a function of wave-length were drawn for solutions
of the X4-, MgX2-, CaX2-, SrX2-, and BaX2- ions. The curves of the last four ions were very similar.
A plot of the difference between the optical density readings for X4- and MX2~ ions gave a maximum
at 218 my, a value in good agreement with that of Sweetser and Bricker.

With water in the Perspex cell with quartz windows it was not possible to balance the spectro¬
photometer at wavelengths less than 220 my so that titrations were carried out at 225 my. Informa¬
tion concerning increases in optical density during titration was obtained by adding a 0-0025M
solution of EDTA in 0-5-ml increments to (1) 100 ml of solution at pH 10 containing 50 yM of
magnesium chloride and (2) 100 ml of water, buffered at pH 10, with ammonia and ammonium
chloride. The results are shown in Fig. 4. The graphs are linear indicating the suitability of 0-0025M
reagent for titrating magnesium.

Using EDTA solution previously standardized at 630 my, 5 yM amounts of magnesium chloride
were titrated at 225 my. The result is reproduced in Fig. 5. The end-point occurs at 2-03 ml compared
with 2-07 ml for the titration of the same amount at 630 my (no blank corrections were made in
either case). Similar results were obtained for barium.

Generally, titrations at 225 my gave less concordant results than those at 630 my, possibly due to
the fact that a very wide slit width (1-5 mm-2-0 mm) is required at 225 my and this results in slight
unsteadiness in galvanometer readings. It is also difficult to get accurate readings for blanks in this
region.

TITRATIONS OF SOLUTIONS TREATED WITH CYANIDE

The main drawback to titrations in simple buffered solutions was the fading of the indicator
during titration. This is attributed to a reaction between traces of iron and the indicator. Hunter
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and Miller16 were able to eliminate interference from iron, copper and certain other elements in the
titration of zinc with EDTA by reducing the iron to the ferrous state with ascorbic acid and com-
plexing with potassium cyanide in alkaline solution.

Following this procedure, 2 mg of ammonium tartrate and 4 mg of potassium cyanide were added
per 100 ml of solution. These quantities were calculated to be about ten times any likely impurities
present. 10 jiM amounts of magnesium chloride in a solution buffered at pH 10 were titrated using
this procedure. Titres, corrected for the blanks, agreed to within 2 parts in 1000. With cyanide
present there was no fading of the indicator. The graphs of optical density plotted against volume of
titrant are similar to those with no cyanide present but the slopes are less steep. Typical graphs for
10 nM amounts of magnesium, calcium, strontium and barium are shown in Fig. 6: those for mag¬
nesium and calcium are the best. For amounts of strontium less than 2-5 /xM, the graph resembles
those of magnesium and calcium very closely. The titrations of solutions with cyanide present were
considered to be very satisfactory.

PROCEDURE
The standardisation ofEDTA solution

Add 10 ml of exactly 0 001M magnesium chloride solution, i.e. 10 fiM, to a conical flask and
dilute to about 40 ml with water. Add 0-05 ml of concentrated hydrochloric acid solution, 1 ml of
0-2% w/v ammonium tartrate solution and 0-05 ml of a freshly prepared 1 % w/v solution of ascorbic
acid to the flask. Add 2 ml of the ammonia-ammonium chloride solution B and 1 ml of 0-4% w/v
potassium cyanide solution, heat the solution to 80° and allow to cool in the air for 10 min. Cool to
room temperature by immersing the flask in cold water and add 0-1 ml of the indicator solution, i.e.
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Volume of titrant added, rrfl

Fio. 6. (1) 10/xM magnesium chloride + reagent blank; (2) 10pM calcium chloride+
1 /uM strontium chloride + 1 f.iM magnesium chloride + reagent blank; (4) 10 pM barium

chloride + 1 pM magnesium chloride + reagent blank.

enough indicator to give a rise in optical density of 01 to 0-2 divisions. Transfer the solution to the
Perspex titration cell, making the volume up to 100 ml.

Balance the Unicam SP 500 Spectrophotometer with the switch in position '1' and optical density
at zero. Set to an optical density of 0 01 and with the dark current shutter open add the titrant slowly
from a 5-ml burette until the galvanometer balances. Close the dark current shutter, and after adjusting
the dark current if necessary, proceed with the addition of the titrant in small increments making
sure that the optical density is steady after each addition. Near the end-point, add the solution in
0-025-ml increments and allow an interval of 1 minute before reading the optical density. Continue
the titration until the readings are the same for four consecutive additions of titrant. Determine the
end-point from the (optical density-volume of titrant) curve. A reagent blank is determined in the
same way.

The complete analysis
Prepare a 16-cm wide sheet of Whatman No. 41 filter paper. Mark the paper along the 7-cm line

at point 2 cm, 6 cm, 10 cm, and 14 cm from one edge. Place an exact volume of solution containing
2-5 pM each of the four chlorides on the 2-cm position from an Agla micrometer syringe. Apply
identical quantities of the chlorides on the 6- and 10-cm positions, leaving the 14-cm position blank.
Place the paper in the chromatographic vessel.5 After removal of the developed chromatogram, dry
the paper in an oven. Detect the positions of the separated salts on the control (the outside strip).
Mark out the unsprayed position of the sheet into areas containing the separated cations. In a similar
manner, mark out the blank strip into four areas, corresponding to the four elements.
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Extract the inorganic material from each of the twelve positions of paper (4 positions are for
blanks) with 2 ml of N hydrochloric acid. The acid should be left in contact with the paper for 10
minutes. Collect the solutions in conical flasks and wash the papers with 25 ml of 0-027V hydrochloric
acid followed by 10 ml of water.

To each solution add 1 ml of 0 001M magnesium chloride and 1 ml of 0-2% w/v ammonium
tartrate solution. Add 0-05 ml ofa freshly prepared 1 % w/v solution of ascorbic acid, 2 ml of ammonia
solution C and 1 ml of 0-4% w/v potassium cyanide solution. Heat the flasks to 80°, cool in air for
10 min, and then cool to room temperature by immersing the flasks in cold water. Add 0-1 ml of
indicator solution to each flask and transfer the solutions to the titration cell making the volume up
to 100 ml. Titrate each solution with EDTA solution by the method outlined above for the standardisa¬
tion of the titrant.

The results for the analysis of mixtures of 2-5 /(M and 0-5 )j,M of the four cations are given in
Table 3.

Table 3. Analyses for alkaline earth cations

Cation
Amount present Corrected recovery Error

(jzM) (f.iM) (fiM)

Magnesium 2-50 2-30 -0-20
2-50 2-50 0
0-50 0-54 -004
0-50 0-35 -0-15

Calcium 2-50 2-45 -005
2-50 2-70 -0-20
0-50 0-30 -0-20
0-50 0-48 -0-02

Strontium 2-50 2-36 -0-14
2-50 2-52 -0-02
0-50 0-50 0
0-50 0-57 -007

Barium 2-50 2-60 -010
2-50 2-64 -0-14
2-50 0-58 -0-08
0-50 0-59 -009

For a solution containing a particular element, the titratable inorganic material originated from
four sources, viz. (a) the salt extracted from a portion of the chromatogram, (b) the foreign cations
extracted from the paper at the same time, (c) the added magnesium chloride (1 /xM) and (d) the
titratable cations from the reagents, i.e. the reagent blank.

For the corresponding blank solution, the titratable inorganic material originated from three
sources, viz. (1) the foreign cations extracted from the paper blank, i.e. the portion of paper equal
in area to the portion from which the salt was extracted, both portions being taken from the chromato¬
gram at the same distance from the starting line, (2) the added magnesium chloride (1 /iM) and (3)
the titratable cations from the reagents. Quantities (b), (c), and (d) are the same as (1), (2), and (3)
respectively.

The foreign titratable material from the paper (b) and (1) were found to vary from 0-11 /liM for
barium to 0-42 fxM for magnesium (40 cm2 of paper in both cases). The reagent blank (d) and (3)
was 0-34 fiM.

Recoveries are correct to ±0-20 /iM.
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The analysis of carbonate rocks
The above method was applied to the analysis of a dolomite, a strontianite, and a barytocalcite as

follows.
Place a weighed 50-mg portion of the rock in a porcelain basin and cover with a clock glass.

Moisten the powder with a little water and introduce through the spout of the basin 2 ml of con¬
centrated hydrochloric acid. When the reaction has ceased, rinse the cover glass and sides of the
basin with water and evaporate the solution to dryness on a gently heated sand bath. Add 1 ml of
concentrated hydrochloric acid and, after about 1 min, dilute with 4 ml of water. Warm and filter
through a 7-cm Whatman No. 4 paper receiving the filtrates in a 30-ml beaker. Add 2 or 3 drops of
dilute hydrochloric acid to the basin and rinse the insoluble residue with 8 ml of hot water added in
small portions.

Evaporate the solution in the beaker to 1 ml and transfer the solution to a 5-ml graduated flask.
Make up to the mark with water. On a sheet of Whatman No. 41 paper 12 cm wide, mark points
along the 7-cm line at 2 cm, 6 cm, and 10 cm from one edge. To each of the 2-cm and 6-cm marks
apply 0 04 ml of solution in volumes of 0 005 ml, drying the spots between each addition with an
electric hair dryer. The 10-cm position is left blank. Develop the chromatogram and determine the
separated cations as outlined above.

The results for three rocks are given in Table 4.
Table 4. Analysis of minerals

Analysis by described Previous analysis
method (%) (%)

Dolomite MgO 20-2 ; CaO 29-5 MgO 21-5 ; CaO 30-5

Strontianite CaO 41 ; SrO 60-2 —

Barytocalcite CaO 191 ; BaO 42-6 CaO 18-4 ; BaO 44-5

The Dolomite was No. 88 supplied by the Bureau of Standards, Washington, U.S.A.
The Barytocalcite was from Alston, Northumberland, England and was previously analysed for

calcium oxide and barium oxide by a classical method.18
Much smaller quantities of rock could be analysed if the cations were obtained in a volume of

0-05 ml for application to the paper. It is suggested, in this connection, that the solution should be
evaporated to dryness in a micro-crucible, the residue taken up in 0 05 ml of water, the resulting
solution drawn up into a fine capillary and applied to the paper. The crucible should be rinsed with
2 x 005-ml portions of water and the washings also applied to the paper. Approximately the same
weight of rock should be similarly treated for the control. In this way, 1 mg of a dolomite and 3 mg
of a strontianite or barytocalcite could be analysed with an accuracy for each oxide of ± 1 % of the
total contents for amounts of oxide up to 20%; and with an accuracy of ±2% where the amount of
oxide was greater than 20%.

The procedure has been applied successfully to the determination of microgram amounts of
magnesium in copper-stabilised chlorophyll,19 3-mg samples being analysed.

Zusammenfassung—Die spektrophotometrische Titrage des Magnesiums, Calciums, Strontiums und
Baryums wird auf sichtbarem und ultra-violettem Gebiet untersucht, und ein Verfahren fiir die Bestim-
mung geringer Mengen dieser Elemente durch spektrometrische Titrage nach papier-chromatograph-
ischer Trennung wird beschrieben.

Der Minimalbetrag jedes Kations belauft sich auf 0,5 fiM und das Verfahren wurde zur Analyse
von Dolomit, Strontianit und Barytocalzit erfolgreich benutzt.

Resume—Apres examen du titrage spectrophotometrique du magnesium, du calcium, du strontium
et du baryum dans les regions visibles et ultra-violettes du spectre, on presente une methode pour
effectuer le dosage de petites quantites de ces elements par titrage spectrophotometrique, utilisant
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comme indicateur le noir eriochrome T, apres separation chromatographique sur papier et deplace-
ment par l'acide chlorhydrique dilue. La quantite minimum dosee de chaque cation a ete 0,5 p.M.
On a applique avec succes ce processus a l'analyse d'une dolomie, d'une strontianite et d'une baryto-
calcite.
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Summary—A procedure is outlined for the separation and determination of niobium and tantalum
by paper chromatography. A mixture of methyl Aobutyl ketone and hydrofluoric acid was used as
solvent and the metals were detected by means of 8-hydroxyquinoline. The minimum amount of
each element detectable is 20 /rg.

The procedure was applied successfully to the quantitative determination of small amounts of
niobium and tantalum in a steel.

Because of the lanthanide contraction the atomic volumes of niobium and tantalum
are almost identical, and the chemical resemblance between them is very close. Both
elements are invariably associated together in minerals, and are occasionally encoun¬
tered in steels and other alloys. The great difficulties in the analysis of these metals are
stressed by at least two authors.1'2 Discussing the importance of niobium as a metal
in nuclear technology, Colter3 states that, although there are a number of methods
used for the extraction of niobium from columbite, the major difficulty in all of them
is separation from the accompanying tantalum.

It is not surprising that, because of the difficulty in separating these elements, many
attempts have been made to determine one element in the presence of the other.4-6

An extensive review of recent works on the separation of these two elements by
means of organic solvents has been prepared by West.7 A feature of many of these
separations based on liquid-liquid extraction processes is, however, that while they are
successful for microgram amounts of the elements, they are not at all efficient when
the quantities are increased.

Few chromatographic methods have been developed for the separation of the
elements. Cabell and Milner8 achieved a separation using anion-exchange resin
De-Acidite FF. The separation is claimed to be quantitative, less than 0-01 % of
tantalum being present in the niobium fraction. Bruninx et a/., report the separation
of these elements on paper by electrophoresis.9 The largest quantities separated are
50 /<g. The same authors also10 report a separation by paper chromatography using
the oxalates of the metals and a solvent-mixture composed of ethyl methyl ketone and
10N hydrochloric acid. Microgram amounts are separated.

This paper describes the separation and determination of the elements niobium and
tantalum by means of partition chromatography.

EXPERIMENTAL

Preliminary investigations
Little information is available to indicate the effect of simple alcohols or mixtures of alcohols on

niobium and tantalum. A number of experiments were therefore carried out on Whatman No. 1
filter paper using methanol, ethanol and butanol. These alcohols or mixtures of alcohols gave no
separation. Ketones were next used and they showed some separation. With methyl propyl ketone,

329
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niobium remained at the top of the paper and tantalum moved with the solvent-front but showed
considerable "tailing". Methyl Aobutyl ketone gave a similar result to methyl propyl ketone while
mesityl oxide, Aophorone and diacetyl alcohol showed little improvement.

Admixture of alcohols with the ketones only succeeded in destroying the partial separation
achieved by ketones alone.

Simple acids were now tried and it was found that hydrofluoric acid effected a separation. The
positions of the niobium and tantalum on the paper were, however, reversed.

The behaviour of acid-ketone mixtures was now examined. Since the metals were present as their
fluorides, hydrofluoric acid was used. This showed a marked improvement on the ketone separation
in all cases. It therefore appeared necessary to examine the composition of the acid-ketone mixtures
thoroughly in order to find that best suited to the separation. Two solvent-mixtures showed promise,
methyl propyl ketone and methyl wobutyl ketone, each with hydrofluoric acid. These were examined
in detail, and some of the results are shown in Table I.

Table I

Rf values
No. Solvent mixture

Nb Ta

1* MPK48 ml : HF 2 ml 2% 0-0-20 0-83-0-95
2* MPK 46 ml : HF 2 ml 2% 0-40 0-90
3 MwoBK 50 ml : HF 2\ ml 4% 0-60 0-89
4* M/soBK 50 ml : HF li ml 40% 01 0-87
5* M/.soBK 50 ml : HF 3 ml 4% 0-70 0-80
6 MAoBK 50 ml : HF 2 ml 4% 0-53 0-63
7 MAoBK 50 ml : HF 2i ml 2% 0-23 0-72
8 MAoBK 50 ml : HF 2 ml 40% 0-80 0-91
q* MAoBK 50 ml : HF 2 ml 20% 0-15-0-40 0-84

10* MAoBK 50 ml : HF 4 ml 4% 0-43 0-81

"Indicates "bearding" and/or "tailing" with the solvent mixture.

Mixtures of methyl propyl ketone and acid were not entirely satisfactory because of the "tailing"
which occurred. Of the methyl Aobutyl ketone-hydrofluoric acid mixtures, the best separation and
banding were obtained with solvent-mixture No. 3, containing 2-5 ml of 4% hydrofluoric acid in 50 ml
of ketone. This is a two-phase system, and is used directly on preparation. The niobium in this two-
phase solvent mixture moves with the acid front, and the tantalum with the ketone front. In approxi¬
mately three hours the acid front travels 10 cm, and the ketone front 3 cm further. This gives an
excellent separation of the two elements.

Spraying reagents
Most workers who have carried out investigations on niobium and tantalumhaveprecipitatedthem

by forming the thiocyanate complex,11 the cupferron complex12 or by the addition of pyrogallol.13
Niobium has also been detected by tannic acid.14

All of these reagents were found to be unsatisfactory for development of the elements on a paper
chromatogram, with the exception of tannic acid which, however, could only be used for niobium.
It was considered, therefore, that it would be a great advantage if a single reagent could be found
which would detect both elements on the chromatogram.

Various reagents were investigated but that which fulfilled requirements most satisfactorily was
8-hydroxyquinoline. A 5 % (w/v) solution of the reagent in methanol-chloroform-water (48 : 48 : 4)
was used.

Development of the bands may be carried out in two ways. Firstly, the paper may be sprayed with
a 5N ammonium hydroxide solution and then with the 8-hydroxyquinoline solution. It is then dried
in an oven at 120° and, as the strip dries, both metals develop as bright yellow bands. On the other
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hand, if the strip is not so sprayed with ammonium hydroxide solution, niobium may be detected as a
bright orange and tantalum as a pale orange band. Under ultra-violet light niobium fluoresces bright
yellow but tantalum, although visible, fluoresces only slightly. Although both methods are quite
satisfactory, the limit of detection being the same in each case, the first procedure was used in all
succeeding work.

DETAILED PROCEDURE

1. Place the solvent-mixture (methyl wobutyl ketone-4 % HF) in the solvent trough of a Chroma-
tank at least one hour before starting the experiment.

2. Cut sheets of Whatman No. 1 paper into strips 16 cm wide.
3. At distances of 2-5, 4 and 6 cm from the top, rule lines across the paper and bend along the

first of these lines.
4. Along the 6-cm line place 0 01 ml of the metal fluorides. The spots should not be allowed to

dry before inserting into the Chromatank.
5. Allow the solvent-mixture to run down the paper—the acid front to the 10-cm mark and the

ketone to about the 15-cm mark. This development takes about three hours.
6. Remove the strips from the tank and allow to dry in air. The paper is now ready for spraying.
7. Attach the strip to the strip-holder and spray with 5N ammonium hydroxide solution and then

with a 5 % solution of 8-hydroxyquinoline in methanol-chloroform-water (48 : 48 : 4).
8. Dry the strip in an oven at 120° for 30 minutes.
9. Wash with hot water to remove excess 8-hydroxyquinoline.

10. Dry in an oven for about 1 hour.
11. Examine the strip in ultra-violet light when niobium will be observed as a brilliant yellow

band (R, 0-60). Tantalum, detected by the naked eye, has an Rf value of 0-90.

Standards, limits of detection, synthetic mixtures.
Standards of 20, 100, 250, 350, and 500 fig amounts were prepared for each element. For both

elements the limit of detection is 20 fig and an upper limit of at least 1 mg may be used. These
standards were very satisfactory.

Synthetic mixtures of "unknown" composition were analysed by one of us (I.A.P.S.). Estimations
were carried out by comparison of band intensities and areas with the set of standards. The results
are shown in Table II. Where the actual amount present differs from that found, the former is
written in parentheses.

Table II

No. Nb, fig T*. Rg

1 400 (500) 20 (25)
2 300 (350) 350
3 50 (25) 30 (25)
4 — 200 (250)
5 230 (250) —

6 220 (200) 250
7 25 425 (400)
8 20 —

9 400 (425) 20 (25)
10 25 (20)

Application of the method to quantitative determinations.
The success achieved in the semi-quantitative analysis of these elements suggested that the separa¬

tion might be applied quantitatively. Since the elements exist on the chromatograms as their oxinates,
investigations were centred on the removal of these from the paper and their determination spectro-
photometrically. Each element was investigated separately.
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(а) Niobium. Using the procedure outlined for the detection of this element, it was found that
precipitation of niobium oxinate on the paper was complete. After detection the square of paper
containing the developed band was cut out. To remove the complex from the paper it was shaken in
a separatory funnel with 10 ml of hot 2N hydrochloric acid. To extract niobium oxinate from the
acid solution chloroform was used. pH conditions for the extraction were found to be critical. On
the acid side, extraction is small but, as the pH is increased, extraction increases to a maximum in
the range pH 8-9. Above this range it again decreases. pH 8-5 was used in all subsequent investi¬
gations.

After adjustment of the pH with ammonia, using indicator paper, the niobium oxinate solution
was shaken with three 3-ml portions of chloroform; the combined extracts were dried over sodium
sulphate and make up to the 10-ml mark in a calibrated flask. This solution, when examined spectro-
photometrically, showed a strong maximum at 385 mju.

(б) Tantalum. As was the case for niobium, the procedure used for the detection of the element
ensured complete precipitation of tantalum oxinate on the paper. Hot 2N hydrochloric acid was
again very suitable for removal of all the complex from the paper and extraction of this complex by
chloroform was greatest in the range pH 9-11. A pH of 10 0 was used in all subsequent investigations.

Extraction was carried out in exactly the same manner as described for niobium oxinate and the
extracts, when examined spectrophotometrically, showed strong maxima at 310 m/t and 390 m/i.

Since at wave lengths 385 m/t (niobium) and 390 mfi (tantalum) there is no interference from 8-
hydroxyquinoline, these values were chosen respectively for spectrophotometric determination of the
elements.

Solutions of both metal oxinates showed adherence to Beer' laws.

Alloy analysis
The analysis of a "straight N6 18/12" Stainless Steel, with certificate figures by the Bureau of

Analysed Samples, Ltd., was carried out using this procedure.
The bulk components of the steel were removed as soluble perchlorates, the niobium and tantalum

perchlorates were ignited to the oxides and were treated with hydrofluoric acid to give the fluorides.

Procedure

Place 1 g of the steel in a beaker and dissolve in 100 ml of a 1 : 1 (v/v) mixture of 37 %hydrochloric
acid and 70% nitric acid.

Treat the solution with 100 ml of 71 % perchloric acid, heat to boiling, and reflux for 30 minutes.
Cool. Treat with 100 ml of water and 100 ml of saturated sulphurous acid. Heat to boiling and digest
for two hours. After cooling, filter and wash the residue with 2% hydrochloric acid. Ignite at dull
red heat for about one hour. Convert the oxides to the fluorides with 40 per cent hydrofluoric acid and
a few drops of concentrated nitric acid. Dissolve the fluorides in 1 ml of hydrofluoric acid.

Results

The solution obtained using the above procedure was applied in 0 05-ml amounts to the paper and
chromatograms were prepared using the methyl Aobutyl ketone-hydrofluoric acid solvent-mixture.
Development of the niobium and tantalum positions was carried out with 8-hydroxyquinoline and the
oxinates of the elements were extracted into chloroform in the manner already described.

From prepared calibration curves, in the range 0-500 fig of metal the amounts of niobium and
tantalum in steel were found to be: Nb 0-69% (present 0-67%); Ta 0-05% (present 0-04%).

It is interesting to note that a semi-quantitative analysis carried out independently, in which the
developed oxinates on the paper were compared directly with the sets of standards, gave values of
0-65 % and 0-04% for niobium and tantalum respectively.

Zusammenfassung—Es wird ein Verfahren fur die Trennung und Bestimmung von Niob und Tantal
mittels Papierchromatographie angegeben. Als Losungsmittel dient eine Mischung von Methyl&o-
butylketon und Fluorwasserstoffsaure. Die Identifizierung der Metalle erfolgt mit 8-Oxychinolin und
besitzt eine Nachweisgrenze von 20 fig. Das Verfahren wurde mit Erfolg fur die quantitative Bestim¬
mung kleiner Mengen von Niob und Tantal in nichtrostendem Stahl angewandt.
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Resume—Description d'un procede de separation et de dosage du niobium et du tantale par chromato¬
graphic surpapier. Utilisant commesolvant unemelange: methylAobutylcetone-acidsfluorhydrique,
on a identifie les metaux a l'aide de la8-hydroxyquinoleine. La quantite minimum decelable de chaque
element est 20 /ug.

On a pu appliquer avec succes cette methode a la determination quantitative du niobium et du
tantale dans un acier.
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Summary—A method is described for the chromatographic separation and determination of small
amounts of aluminium, gallium, indium and thallium. The chlorides of the metals are separated using
a solvent-mixture containing phenol : methanol : conc. hydrochloric acid (50 : 30 : 20 W : V : V).
Each substance is detected by a single spraying reagent—8-hydroxyquinoline—and the amount of
element present estimated semi-quantitatively by visual comparison with standards.

Investigation of the conditions for the removal of the metal oxinates from the paper into an
organic solvent has permitted the determination of the elements spectrophotometrically.

A number of methods have been suggested for the separation of two or more of the
elements of Group III B of the Mendeleef Periodic Table.1 Many techniques have
been used for separation of elements in this group. In an interesting paper Steinbach
and Freiser2 have examined the extraction of the acetyl acetonates of aluminium,
gallium and indium from iron. They suggest a possible separation of these metals by
solvent extraction at different pH values. A different approach is that of Klement
and Sandmann3 who separated indium and gallium on cation-exchanger Dowex-50.
Gallium has also been separated from aluminium as the thiocyanate by a solvent
containing ether and tetrahydrofuran.4

One of the most extensive investigations in the separation of this group of elements
is that by Arden et al.,5 who separated aluminium, gallium, indium and zinc by
partition chromatography using n-butanol-hydrochloric acid as the solvent-mixture.
Attempts by us to include thallium were found to be unsuccessful.

From the literature survey it appeared that a complete separation of all four
elements of the Group had not been successfully achieved. These elements are
becoming increasingly important, occurring in small amounts in aluminium alloys
and various minerals. Bassett and Tompkins6 attempted the determination of all
four elements in uranium-bearing materials. Aluminium was determined colori-
metrically with haemotoxylin or alizarin, but attempts to determine gallium, indium
and thallium were wholly unsuccessful.

An important condition in the determination of these elements appears to be the
complete separation of one from another. It seemed likely that by careful investiga¬
tion of solvents or solvent-mixtures, partition chromatography would offer the best
and simplest method of separating the elements. This paper, therefore, reports the
investigations carried out and the results obtained.

PRELIMINARY INVESTIGATIONS

In 1957, Magee and Headridge7 reporting results on the chromatographic separation of the
alkali metals, suggested that a solvent-mixture containing phenol as complexing agent might give a
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separation of aluminium, gallium, indium and thallium. A wide range of solvent mixtures were
therefore prepared to investigate the action of phenol, in the presence of alcohols and acids. With
simple phenol-methanol mixtures, "bearding" occurred. On the addition of acid to these mixtures
the bearding disappeared and separation, with good banding, was obtained. The best mixture was
found to be one containing phenol-methanol and concentrated hydrochloric acid. Chromatograms
with 200 /tg of each element were prepared, over a wide range of solvent-mixture components.
The Rf values of the most promising are shown in Table I.

Table I

No Phenol Methanol Conc. HC1

Rf Values

A1 Ga In T1

1 33 33 33 018 0-66 0-26 0-43

(±0 04) (±006) (±004) (±003)
2 40 30 30 0-52 0-80 0-52 0-74

O6 (±005) (±0-05) (±003)
3 25 40 30 0-48 0-91 0-53 0-74

(±005) (±005) (±0-04) (±004)
4 50 30 20 010 0-76 0-24 0-50

(±003) (±006) (±006) (±006)
5 40 50 10 0-20 0-68 0-28 0-51

(±005) (±005) (±005) (±004)
6 20 40 40 0-55 0-90 0-50 0-75

(±006) (±006) (±0-04) (±005)
7 10 50 40 0-70 0-84 0-72 0-77

(±0-05) (±005) (±0-05) (±005)
8 40 10 50 0-25 0-55 0-27 0-45

(±005) (±006) (±0-06) (±0-04)

In the solvent-mixtures No. 3-10 each constituent of the phenol-methanol-concentrated
hydrochloric acid mixture was varied over the range 20-50%. It can be seen that the
separation of gallium, indium and thallium is achieved in every case, but the separation
of indium from aluminium is more difficult. This separation was investigated
separately and it was found that a large amount of phenol with almost equal quantities
of acid and methanol was the most effective. The solvent-mixture used in subsequent
work was No. 4 containing phenol : methanol : conc. hydrochloric acid (50 : 30 : 20 :
W : V : V).

Development of spraying reagents
Most workers who have investigated these elements by chromatography devel¬

oped aluminium and gallium with aluminon,8 indium with dithizone and thallium
with an aqueous solution of potassium iodide.7

In paper chromatography, however, it is obviously a great asset if a single spraying
reagent can be used. Experiments were therefore carried out to find such a reagent.
Gallium and indium have been detected by spraying the paper strips with a 5%
solution of 8-hydroxyquinoline in methanol : chloroform : water (85 : 10-5% V : V)7
and then hanging the strips in an atmosphere of ammonia. Under ultra-violet light
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these elements fluoresce brilliant yellow. Investigations were carried out with this
reagent and it was found that, if the chloroform concentration is increased to an
amount equal to methanol, the paper sprayed with a 5N aqueous solution of ammonia
and then with a 8-hydroxyquinoline reagent, aluminium, gallium, indium and thallium
may be detected as yellow bands. Aluminium, gallium and indium also give a
brilliant fluorescence under ultra-violet light. The composition of the spraying reagent
used throughout was a 5 % W : V solution of 8-hydroxyquinoline in methanol :
chloroform : water (48 : 48 : 4 V : V : V).

Detailed procedure
1. Place the solvent-mixture, phenol-methanol-conc. hydrochloric acid (50 : 30 : 20 W : V : V)

in the solvent-trough of the Shandon Chromatank at least one hour before the experiment is started.
A beaker containing the solvent-mixture should be placed at the bottom of the tank.

2. Cut sheets of Whatman No. 1 filter paper into 16-cm strips.
3. At distances of 2-5, 4 and 6 cm from the top, rule lines across the strip and bend the paper

along the first of these lines.
4. Along the 6-cm line place 0 01 ml of the metal chloride test solution. Three such spots may

be accommodated on the paper by placing them 4 cm in from the edge and allowing the same distance
between spots. Leave the spots to dry in air and insert the strip into the chromatographic vessel
in such a way that all below the 4-cm marks hang vertically.

5. Allow the solvent-mixture to run down the paper to the 40-crn mark. This takes about 16
hours.

6. Remove the strip from the trough and allow it to hang in air for about 30 minutes. Heat in
an oven at 80° for 15 minutes. The paper is now ready for spraying.

7. Attach the strip to the strip-holder and spray with the 8-hydroxyquinoline reagent.
8. Hang the strip in an ammonia-saturated atmosphere at 80° for 10 minutes.
9. Wash the strip with hot water to remove excess 8-hydroxyquinoline.

10. Dry in an oven at 120° for about 2 hours.
11. Examine the strips under ultraviolet light. Aluminium, gallium and indium will be observed

as brilliant yellow, fluorescing bands with the following Rf values: aluminium 010; gallium 0-76;
indium 0-24; thallium 0-50.

Notes:

1. Although in the procedure just outlined it is recommended that the strip should be examined
under ultraviolet light, it was found, in practice, that aluminium, gallium, indium and thallium,
down to the minimum amount, may be detected by the naked eye.

2. For the semi-quantitative estimation of thallium it was found convenient to amend the pro¬
cedure. If the strip containing thallium is heated to 150° for 10 minutes, the thallium position becomes
a vivid purple, due possibly to the formation of a complex of the metal with the phenol on the paper.
If desired, a set of standards may be prepared in this way and used for the estimation of thallium.

3. The oxinates of the metals should be kept out of contact with light as much as possible since
they tend to be photo-sensitive. Aluminium, gallium and indium show signs of decomposition in
10 hours whereas thallium oxinate breaks down in 5 hours.

Standard and limits of detection
Using the procedure outlined a number of standards were prepared. For all the

metals a range of 20 pg up to at least 500 /ug may be detected. The minimum amount
(20 pig) of any element can be successfully separated and detected in the presence of
the maximum amount of any other or combination of the other elements.

As a test of the validity of the proposed scheme synthetic mixtures of "unknown"
composition were analysed by one of us (I. A. P. S.). The results are shown in Table II.
The estimated amounts are in micrograms.
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For estimation purposes, the bands, developed in the recommended manner, were
compared with a set of standards. The areas and intensities of the bands increase with
increasing amounts of the elements. Where the amounts detected differ from the
amount present, the latter are shown in parentheses.

Table II

No. A1 Ga In T1

1 25 30(50) 400 70(50)
2 450(500) 50(25) —

3 50(25) 500 — —

4 — — 30(25) 450(500)
5 30(25) 470(500) —

6 25(50) 30(50) 25 25

7 120(150) 125(150) — 100(150)
8 200(250) 250 50(25) —

9 — 350(400) 25 70(50)
10 450(400) 50(75) —

The determination of aluminium, gallium, indium and thallium
The success of the separation and the satisfactory manner in which the semi¬

quantitative estimations were obtained suggested the possibility of quantitative
determination of the elements. Since, after detection, all the metals are present as
oxinates, it appeared hopeful that the metal oxinates might be extracted quantitatively
from the paper.

The metal oxinates are of the form X(C9H6ON)3 and show chelate linkages
within the molecule which are completely satisfied by co-ordinate number six,
normally shown by this group of metals. It therefore appeared highly probable
that they would dissolve, under suitable conditions, in a solvent such as chloroform.
It would then be possible to carry out a spectrophotometric determination on the
solution.

Gallium: Moeller and Cohen9 have investigated the absorption spectra of chloro¬
form solutions of gallium oxinate and have shown that strong absorption peaks occur
at 335, 320 and 392-5 mfx. In this investigation, the authors point out that the
precipitation of gallium oxinate in aqueous solution is complete above pH 3-10.
It appeared likely that the same conditions of pH would apply to precipitation on the
paper and the following procedure was used:

Spray the paper with a 5% solution of 8-hydroxyquinoline in ethanol, followed by a 5N aqueous
ammonia solution. This treatment was found to raise the pH to approximately 6. Dry the strip in
the oven for 10 minutes at 75°. Cut a 3-cm square of paper around the metal oxinate band. This
keeps the excess of 8-hydroxyquinoline to a uniform minimum. Wash the square of paper with
3 x 10-ml portions of boiling water to remove excess oxine. Dry in an oven for 1£ hours at 120°.
To extract the metal complex from the paper place it in a separatory funnel along with 5 ml of hot
conc. hydrochloric acid and shake for 5 minutes. After dilution to 25 ml and adjustment of the pH
to 4-5, shake the solution containing the gallium oxinate with 2 x 4-ml amounts of chloroform.
Dry the combined extracts over sodium sulphate and make the volume up to 10 ml with chloroform.
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For the extraction of gallium oxinate completely from aqueous solution into
chloroform, careful control of pFl conditions is necessary. Sandell10 states that
complete extraction can only take place in the range 2-6-3-0. Lacroix11 claims that
it is complete at pH 2-0, while Moeller and Cohen9 favour the range 3-0-7-0. Numerous
experiments carried out to investigate the extraction showed that pH 4-5 gave the
optimum extraction and this pH was used in the subsequent work.

The absorption spectrum of the chloroform solution of the metal complex,
prepared as described showed a strong absorption peak at 390 m //, which was used
in all subsequent work.

Indium: The precipitation of indium was carried out in the same way as for
gallium by spraying with a 5% solution of 8-hydroxyquinoline in ethanol. This
method did not, however, give reproducible results and it was found more satisfactory
to use a 5 % solution of 8-hydroxyquinoline in chloroform. The best method for the
development and extraction of indium was devised as follows:

Develop the indium band on the paper by spraying with a 5 % solution of 8-hydroxyquinoline in
chloroform. Re-spray with 2N aqueous ammonia solution. Dry in an oven at 75° for 10 minutes.
Cut out the indium oxinate band (keeping the size 3 cm2 as for gallium). Wash with 3 x 10-ml
portions of hot water. Finally, dry in an oven for 1J hours at 120°. Shake in a separatory funnel with
5 ml of conc. hydrochloric acid to remove the complex from the paper. Dilute the acid extract to
about 25 ml and adjust the pH to 4 0 to ensure complete extraction. Shake with 2 x 3-ml portions
of chloroform. Dry the combined extracts over sodium sulphate and make up the volume to 10 ml
with chloroform.

The absorption spectrum of the chloroform solution of the metal complex
prepared in this way showed a strong absorption peak at 395 m,a which was used in
all subsequent work.

Thallium: Thallium oxinate was developed and extracted in a very similar manner
to gallium, since complete precipitation occurs in the range pH 3-0-8. The following
procedure was used:

Spray the strip of paper with a 5% solution of 8-hydroxyquinoline in ethanol and then with
2N aqueous ammonia. Dry in an oven at 20° for | hour. Cut out the thallium oxinate band from the
paper (keeping the size 3 cm2 as for gallium), wash with 3 x 10-ml portions of hot water. Dry in
an oven for 1J hours at 120°. Shake in a separatory funnel with 5 ml of hot conc. hydrochloric acid.
Adjust the pH, after dilution to 25 ml, to a value between 7 and 8. Extract with 2 x 3-ml portions of
chloroform. Dry the combined extracts over sodium sulphate and make the volume up to 10 ml with
chloroform.

The absorption spectrum of the chloroform solution of the metal complex
prepared in this way showed a strong absorption peak at 400 m/r which was used
in all subsequent work.

Note: Photochemical decomposition of thallium oxinatc occurs readily in daylight.
It should, therefore, be developed and extracted in red light.

Aluminium: The oxinate of aluminium was prepared and extracted in the same
way as that of indium:

Spray the strip with a 5 % solution of 8-hydroxyquinoline in chloroform, followed by 2A ammonia
solution. Dry the strip in an oven at 75° for 20 minutes. Cut out the aluminium oxinate band from
the paper (keeping the size 3 cm2 as for gallium) and wash with 3 x 10-ml portions of hot water.
Dry at 120° for 1J hours. Shake in a separatory funnel with 5 ml of conc. hydrochloric acid. Adjust
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the pH to about 6 0 to give complete extraction into chloroform. Extract with 2 x 3-ml portions of
chloroform. Dry the combined extracts over sodium sulphate and make the volume up to 10 ml with
chloroform.

The absorption spectrum of the chloroform solution of the metal complex
prepared in this way showed a strong absorption peak at 385 m/j, which was used in
all subsequent work.

The analysis of synthetic mixtures
Using the procedures described calibration curves were prepared for each metal

over the range 20-500 /ig. In all cases Beer's law was obeyed.
To test the validity of the method a number of "known" mixtures was analysed

by one of us (I. A. P. S.). The results expressed in micrograms, are recorded in
Table III. Where experimental results differ from the amount actually present, the
latter are shown in parentheses.

Table III

No. A1 Ga In Th

1 300 60(50) 105(100)
2 460(450) — 50(25) —

3 250 225(200) — 65(50)
4 — 40(30) 450 30(20)
5 55(50) — 245(250) 255(250)
6 — — 50 480(500)
7 500 — 50(30) —

8 250 258(250) 25 —

9 — 400 30(25) 60(50)
10 155(150) 140(150) —■ 150

Small deviations that occur in the above results are thought to be due most
likely, not to the method, but rather to the error inherent in the measuring of small
volumes by means of the micro-pipettes and in making up the "unknowns".

For the aluminium the determinations are very good. Gallium and indium also
give very satisfactory values. The results for thallium are, perhaps, the least satis¬
factory. This may be due in part to the fact that thallium oxinate is light-sensitive,
and superficial decomposition may occur.

Although the upper limit is given as 500 /ig, experiments have shown that this
may be increased to 1 mg for gallium, indium and thallium. Aluminium and indium
are the bands closest to one another on the chromatogram and, if the ratio of one
to the other is increased beyond 25-1, the bands tend to touch.

The behaviour of other elements with the solvent-mixture was investigated.
The Rf values of some of them are as follows:

CopperO-25; iron 0-40; cadmium 0-33; nickel 0-15; chromium 0-15; zinc 0-35.
It will be seen from these figures that many important elements will not interfere

with the separation, so that the method may be capable of wider application.
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Zusammenfassung—Eine Methode zur papierchromatographischen Trennung und nachfolgenden
Bestimmung kleiner Mengen von Aluminium, Gallium, Indium und Thallium wird beschrieben.
Die Chloride der Metalle werden getrennt mittels einer Mischung von Phenol: Methanol: conc.
Salzsaure (50 : 30 : 20 g/ml/ml). Alle Ionen werden mit einem einzigen Spriihreagens, namlich
Oxin, nachgewiesen. Die Mengen konnen halbquantitativ durch Vergleich der erhaltenen Flecken
mit denen von Standardlosungen erzeugten bestimmt werden.

Die Metalloxinate konnen mittels organischer Losemitteln vom Papier gelost und spectrophoto-
metrisch bestimmt werden.

Resume—Les auteurs decrivent une methode de separation chromatographique et de dosage de
faibles quantites d'aluminium, de gallium, d'indium et de thallium. On separe les chlorures metal-
liques en utilisant un melange de solvants contenant du phenol, du methanol, de Tacide chlorhydrique
concentre (50, 30, 20, P.V.V). Chaque substance est decelee par une simple pulverisation d'oxine,
et on dose semi-quantitativement la quantite d'element present par comparaison visuelle avec des
etalons.

L'etude des conditions pour separer du papier les oxinates metalliques dans un solvant organique
a permis le dosage des elements par spectrophotometrie.
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Summary—A method has been proposed for the separation and determination of microgram amounts
of chromium, vanadium, tungsten and molybdenum, using the technique of partition chromatography.
The solvent-mixture employed consisted of sym-collidine, 10 parts; iso-butanol, 38 parts, concen¬
trated hydrochloric acid, 52 parts (v:v:v).

INTRODUCTION

Vanadium of Group Vb of the Periodic Table, and chromium, tungsten and molyb¬
denum of Group VIb show marked similarities in chemical properties and are, in the
form of the metals, of considerable importance in alloy steels. In spite of their wide¬
spread use, however, methods for the separation and determination of microgram
amounts of the four elements are not numerous. Several attempts have been made to
separate mixtures of the elements by paper chromatography. Venturello and Ghe1
used the radial paper chromatographic technique and a solvent-mixture composed of
butanol, acetylacetic ester, and hydrochloric acid. Paper treated with perchlorate ion
was employed by Murata2 to separate the elements in the form of anions from each
other and from sulphate ions. Aqueous solvents have also been used in an attempt to
separate the elements,3 but RF values for chromate and molybdate are close, indicating
overlap of the bands. Lacourt4 obtained a more satisfactory separation by developing
chromatograms with a mixture of acetone, chloroform and hydrochloric acid, after
saturating the tank with the vapours of a mixture of equal parts of methylethylketone
and chloroform. Many other solvent-mixtures have been tried, but in most cases
there was either extensive tailing or the group of elements tended to migrate at the
same rate.

This paper describes the investigations carried out and the results obtained with a
solvent-mixture of the following composition: sym-collidine, 10 parts; iso-butanol,
38 parts; concentrated hydrochloric acid, 52 parts (v:v:v).

EXPERIMENTAL

Sym-collidine has been used in other circumstances as a constituent of solvent-mixtures in paper
chromatography.6 However, because of its high viscosity, it is necessary to dilute this solvent, if
excessive periods of development are to be avoided. Because of its miscibility with alcohols, but low
miscibility with water, a number of the former were examined and iso-butanol was ultimately selected.
Because of the low basic strength of the anions, hydrochloric acid was chosen as a source of protons.
To determine the optimal amount of collidine that should be present in the solvent-mixture, chromato¬
grams were developed with solvent-mixtures containing varying proportion of collidine. The results
are summarised in Table I.

It will be observed that satisfactory and consistent separations are achieved with solvent-mixtures
containing 5 to 10% of sym-collidine. Further investigations indicated that the best combination was
a solvent-mixture composed of 10 parts of sym-collidine, 38 parts of iso-butanol and 52 parts of
concentrated hydrochloric acid.
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Procedure

Solutions of sodium vanadate, molybdate, tungstate and chromate were prepared from AnalaR
grade compounds, and mixtures containing varying proportions of the anions were obtained by mixing
aliquots of these solutions. Using a micropipette, 0 01 ml of a mixture was applied to points 6 cm
from the end of the strips of Whatman No. 1 filter paper, which were 40 cm long and 5 cm wide. The
spots were allowed to dry in the air for 10 min, then the papers were transferred to a Shandon Chro-
matank previously saturated with the vapours of the developing agents (a beaker of solvent-mixture

Table I.—Effect of collidine concentration on R,, values

* Collidine content RF values
of solvent mixture,

volume % Cr V W Mo

0 0-65 0-54 0-65 0-65
1 0-34 0-39 0-52 0-52
2 0-32 0-48 0-66 0-80
4 0-29 0-35 0-64 0-77
5 0-29 0-39 0-68 0-79

10 0-28 0-37 0-68 0-81
30 0-92 0-85 0-65 0-65

(elongated)
* All the above solvent mixtures contained, in addition to collidine 38 % of iso-

butanol, the remainder being concentrated hydrochloric acid.

was placed in the tank at least 1 hr before introducing the strips). After insertion of the papers, the
solvent reservoir was filled with the solvent-mixture, the tank was closed, and the chromatogram was
allowed to develop by the descending technique for a period of 24 hr. During this time the solvent
front advanced approximately 30 cm.

After development, the strips were removed from the tank, and were allowed to hang in the air for
1 hr. They were then dried in an oven at 60°.

Table II.—Detection of the elements

Cr V W Mo
No.

Pg RF Pg Rf Pg Rf Pg Rp

1 32 0-30 22 0-40 17 0-70 8 0-83
2 32 0-28 44 0-38 11 0-69 40 0-80
3 32 0-28 4 0-38 28 0-68 20 0-84
4 6 0-29 8 0-40 55 0-69 20 0-83
5 — — — — 28 0-69 20 0-84
6 — — 22 0-38 28 0-70 20 0-84
7 16 0-28 — — 28 0-68 20 0-82
8 16 0-30 22 0-40 28 0-71 20 0-84
9 96 0-37 4 0-45 17 0-71 8 0-82

10 6 0-28 8 0-37 110 0-69 80 0-80
11 6 0-28 44 0-38 17 0-71 8 0-81

Detection of the elements
The components of the mixture were located by spraying the dry chromatogram with suitable

detecting agents. One strip was sprayed with a mixture of 5 % pyrogallol in alcohol and was then
dried. The elements, if present, produce four bands as follows: green (Cr), blue (V), light brown (W),
and bluish (Mo). A second strip was sprayed with 1 % 8-hydroxyquinoline solution in a mixture of
sodium acetate, acetic acid and water. With this reagent the elements produce bands which are yellow,
excepting that of vanadium, which has a greenish tinge.

The RF values were calculated for each ion, and the results are summarised in Table II.
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It will be observed from the Table that less than 10 gg of each element can be separated from much
higher concentrations of other elements and detected. It will also be observed that the RF value of a
particular species is only slightly influenced by the concentration of the other species present.

Determination of the elements
For the determination of the four elements, the procedure described above was used for separation,

except that Whatman No. 40 paper was substituted for Whatman No. 1 paper. The former is acid
washed paper, and was found to yield more compact bands after development.

To carry out the determination, four chromatograms of the same mixture were prepared in the
same tank simultaneously. After drying, one of the chromatograms was sprayed with pyrogallol and
other with 8-hydroxyquinoline reagent. By this means the bands of the individual components of
the mixture were located. By comparison the position of the elements on the untreated chromato¬
grams were located. A 3-cm square was cut around the region of the detected element. The paper
removed in this way was boiled with 10 ml of 1A hydrochloric acid for 15 min to extract the metal ion.
The extract was cooled, filtered and used for the determination of the element using the appropriate
procedure, as indicated below.

(a) Chromium: The acid extract was carefully evaporated to dryness, and the residue was dis¬
solved in water. By boiling with excess sodium peroxide until the excess was destroyed, all the chro¬
mium was oxidised to the sexavalent state. The quantity of chromium present was then determined
photometrically using the diphenylcarbazide method.6 Measurements were made at 540 m/«, and the
chromium content was evaluated from a calibration curve.

(b) Vanadium: The hydrochloric acid extract was made alkaline with sodium hydroxide and was
then boiled with sodium peroxide, to oxidise vanadium to the quinquevalent state. The solution was
filtered into a 50-ml volumetric flask, and 5 ml of AN H2S04, 1 ml of 1:1 phosphoric acid and 0-5 ml
of 0-6M sodium tungstate were added. The mixture was shaken until the yellow colour of phos-
photungstovanadic acid was formed. The solution was now boiled, cooled and made up to a standard
volume. The extinction was measured at 400 m/u, and the vanadium content was determined from a
calibration graph.

(c) Tungsten: The hydrochloric acid extract was transferred to a separating funnel together with
1 ml of 1 ANaOH, 6 ml of 5% KCNS solution, and 10 ml of 10% SnCl2 in concentrated hydrochloric
acid. The solution was well shaken after the addition of each reagent. The mixture was allowed to
stand for 1 hr, to permit the full development of the yellow colour. The thiocyanate complex was then
extracted with two 10-ml portions of ethyl ether which had previously been shaken with potassium
thiocyanate and stannous chloride solution.

The ether extract was transferred to a 25-ml volumetric flask and was diluted to standard volume
with ether. The extinction of the solution was measured at 420 m/«,6 and the tungsten content was
determined by reference to a calibration curve similarly prepared.

(d) Molybdenum: The hydrochloric acid extract was transferred to a separating funnel, and 6 ml
of 5 % KCNS and 2 ml of 10% SnCl2 in concentrated hydrochloric acid were added. After shaking,
the amber-red colour formed was extracted into ether, as for tungsten. The extinction of this solution
at 475 m/t6 was measured, and the amount of molybdenum present was obtained by reference to a
calibration graph.

Blanks were used in all the colorimetric determinations.

Table III.—Analysis of mixtures

Cr Mo w V

Given Found Given Found Given Found Given Found

9 8-5 — — 90 71
10 9 12 20 50 42 10 10
— — 17 17 40 26 42 20
90 80 10 9 5 4-5 — —

85 80 — — 10 9 10 10

RESULTS

As a check on the procedure, a number of "unknown" mixtures were analysed by
one of us (A. S. W.). The results are summarised in Table III. (All quantities in the
Table are in micrograms.)
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It will be observed from Table III that complete recovery of the individual elements
was achieved in only three cases. In the others, recovery was 90% or more. In view
of the small amount of material present, these results can be considered to be very
satisfactory.

The low results may in part result from the following causes: firstly, the element
may not be completely located in the "detected "spot on the chromatogram because
of slight tailing from the starting point; secondly, extraction of the element from the
paper may not have been complete; thirdly, there may have been errors or losses in
the final evaluation stage of the analysis.

DISCUSSION

The use of an acid solvent-mixture for the paper separation of this group of anions
requires a little explanation. The metals were placed on the paper in the form of their
sodium salts, chromate, vanadate, tungstate and molybdate. The aqueous phase
therefore contained the anions of group Vb and group VIb metals plus sodium ions,
and hydroxonium ions are introduced by the mobile solvent. Under these conditions
equilibria similar to the following arise:

4H+ + Cr04= ^ 2H2Cr04 ^ HaO + Cr207=

Sym-collidine may also react with the acid introduced into the solvent, and become
protonated at the basic nitrogen

Collidine + H+ ^ [Coll. H]+

The position of equilibrium in these reactions will be dependent on the acidity of
the solvent mixture, since the concentration of hydrogen ions available in the aqueous
phase will be controlled by partition of these ions from the mobile organic phase back
into the water phase. Increasing the collidine content of the developing agent might
therefore have several effects: (i) The increased concentration of protonated material
can attract (by ion association) a larger proportion of anions into the mobile phase.
This effect was exhibited by molybdenum (Table I); (ii) dissociation of protonated
collidine can increase the acidity of the aqueous phase resulting in increased associa¬
tion in this phase and less solution in the mobile solvent. This effect was shown by
chromium and vanadium; (Hi) this reduced movement could be caused by partial reduc¬
tion of these elements by the paper and chloride ions, since a large excess of collidine
(e.g. 30 %) resulted in enhanced movement (greater solution in the organic phase) of
these two elements. The movement of tungstate did not appear to be significantly
influenced by the presence of collidine in the solvent.

The complexity of the species that may be derived from the four elements studied
in aqueous solution (e.g., poly-salts) makes a complete explanation impossible, but in
general terms, the separation of the anions can be explained by a mechanism based
on the association of the anions with protonated collidine. The butanol in the solvent
acts merely as a diluent for the collidine, and accelerates the rate of development of
the chromatogram by reducing the viscosity of the solvent mixture.

Zusammenfassung—Eine verteilungschromatographische Methode zur Trennung und Bestimmung
von Mikrogrammengen von Chrom, Vanadin, Wolfram und Molybdan wird vorgeschlagen. Die ver-
wendete Losungsmittelmischung ist sym.-Collidine:Isobutylalkohol:conc. Salzsaure = 10:38:52
(volumsteile).
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Resume—Les auteurs proposent une methode de separation et de dosage de microgrammes de chrome,
vanadium, tungstene et molybdene, par chromatographic de partage. Le melange de solvants utilise
comprend: 10 parties en volumes de collidine symmetrique, 38 parties d'isobutanol et 52 parties
d'acide chlorhydrique concentre.
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Summary—Following a critical study of the composition of solvent
mixtures which separate niobium, tantalum and titanium by partition
chromatography, a solvent mixture has been developed which gives
ideal R, values for these elements. Its composition is 2-2M hydro¬
fluoric acid-2M nitric acid-diethyl ketone. Separation is complete in
about 30 min. The method has been applied to the determination of
these elements.

Because of the lanthanide contraction, the atomic volumes of niobium and tantalum
are almost identical and chemical resemblance between them is very close. Their
analytical chemistry is characterised by generally weak chemical behaviour, and
complicated by the effects of association imposed by other elements. This results in
close similarity of their individual reactions, which produces difficulties in separating
the two elements from one another. The difficulties in separation and analysis of
these metals have been stressed by several authors.b2.3 Colter,4 discussing the impor¬
tance of niobium as a metal in nuclear technology, states that, although there are a
number of methods used for the extraction of niobium from columbite, the major
difficulty in all of them is separation from the accompanying tantalum. Elwell and
Wood3 in a recent review emphasise that in the analytical separations involving
niobium and tantalum, the presence of other metals, particularly titanium and
zirconium, may introduce difficulties. In this laboratory the difficulties caused by the
presence of titanium have been experienced in recent work.5 It was the intention of
this work to achieve a separation of niobium, tantalum and titanium by partition
chromatography. The number of chromatographic methods available for the separa¬
tion of niobium and tantalum (and titanium) is not large. The first separation of this
type was by Wood,6 based on the elution of the ammonium fluoro-salts of the metals
from a cellulose column with ketone solutions containing various concentrations of
hydrofluoric acid.

Partition methods on paper employing hydrofluoric acid and ketones have been
used by Hunt and Wells7 and by Scott and Magee.8 Bruniux et a!,9 have reported the
separation of niobium and tantalum on paper by electrophoresis. The largest quant¬
ities separated are 50 pg. The same authors have also achieved a separation by
paper chromatography using the oxalates and a solvent-mixture composed of ethyl
methyl ketone and 10M hydrochloric acid. Microgram amounts were separated.
None of the methods employing paper chromatography include titanium in the
separation. This paper describes the separation and determination of niobium,
tantalum and titanium, using partition chromatography in systems involving hydro¬
fluoric acid/mineral acid, alcohol and ketones.

1119
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EXPERIMENTAL

Reagents
Titanium solution: 0-66 g of titanium dioxide was dissolved in a mixture of nitric and hydrofluoric

acids in a 30-ml platinum crucible. The solution was evaporated to dryness, the residue taken up in
1 ml of 40 % hydrofluoric acid and the resulting solution diluted to 20 ml with water to give a con¬
centration of 2% of titanium. This solution was stored in a Polyethylene bottle.

Niobium solution: 0-8 g of niobium pentoxide was treated in the same way as for the titanium
solution. The concentration was 2% of niobium in 0-6M hydrofluoric acid.

Tantalum solution: 1-0 g of tantalum metal was dissolved in a mixture of nitric and hydrofluoric
acids and treated in the same way as the other two metals to give a 2/ tantalum solution in 1M
hydrofluoric acid. This solution should be made up freshly each week.

Preliminary investigations
Experiments were carried out on Whatman No. 1 paper using mixtures of (1) 2M nitric acid, (2)

5-5M hydrochloric acid, and (3) 6M sulphuric acid, with alcohols and ketones, and 0-6M hydrofluoric
acid. The aqueous acid mixture was shaken with the appropriate alcohol or ketone until the organic
phase was saturated. The organic phase was used as the mobile phase. Where the organic component
was miscible with the aqueous phase, mixtures varying from 99-9 to 95 % in the organic component
were used.

Table I.—Hydrofluoric acid-nitric acid system

0-6MHF + 2MHNO,
with

Rt values

Ti Nb Ta

Methyl isobutyl ketone 0 0 ^0-10 1-00-slight tail
Methyl propyl ketone 0 0-1 —>- 0-35 1-00

Dipropyl ketone 0 0 0-42-0-80

Diethyl ketone 0 0 1-00-excellent separation
Acetone* 0-64 0-75 1-00

Ethyl alcohol* 0-5 -* 0-95 0-5 —0-95 1-00

Butyl alcohol 0-25 0-43 O-85-good separation
Amyl alcohol 0 0 0-90

* Rf values varied with concentration of aqueous phase in the solvent-mixture.

Table ii.—Hydrofluoric acid-hydrochloric acid system

0-6MHF + 5-5MHC1
with

Rt values

Ti Nb Ta

Methyl isobutyl ketone 0 0 0-93
Methyl propyl ketone 0 0 —>- 0-6 10
Dipropyl ketone 0 0 0-4 —>- 01
Diethyl ketone 0 0 -*■ 0-5 0-95
Acetone 0-89 0-92 0-98

Ethyl alcohol 0-8-0-9 0-8-0-9 1-0
Butyl alcohol 0-1 - 0-5 0-1 - 0-5 0-97
Amyl alcohol 0-31 0-51 0-93

RESULTS AND DISCUSSION

The results obtained for the hydrofluoric acid-nitric acid and hydrofluoric acid-
hydrochloric acid systems are shown in Tables I and II, respectively.

Substitution of 6M sulphuric acid produced much the same effect on the ketone
chromatograms as did hydrochloric acid. Any movement of the elements was almost
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invariably associated with tailing and streaking. Separations using alcohol solvents
were in this case disappointing, no separations being obtained despite considerable
movement of the elements on the paper. While these solvent-mixtures give a satis¬
factory separation of tantalum-niobium or titanium, the separation of niobium and
titanium was not satisfactory. It appeared that to achieve the complete separation of
all three elements, it would be desirable to increase the Rf value of niobium to about

Table III

No. Solvent-mixture
Ri values

Ti Nb Ta

1
2
3

2-2M HF-2M HN03-diethyl ketone
2-2MHF-5-5MHCl-dipropyl ketone
2-2M HF-5-5M HCl-hexone

005
000
000

0-55
0-45 - 0-55
0-3 - 0-4

1-0
0-90 - 10
0-95 - 10

0-5, keeping those for tantalum and titanium at 1-0 and 0-0, respectively. A possible
method of achieving this was by alteration of the hydrofluoric acid concentration.
In solvent extraction work there is no appreciable extraction of niobium until the
molarity of the hydrofluoric acid is increased above 4. Addition of mineral acids,
however, lowers the molarity at which niobium begins to be extracted. In the present
work this is in the region of 2M in hydrofluoric acid. In choosing solvent mixtures
which would give a complete separation of all three elements attention was paid to
this factor and to the evidence of the above work. As a result of this assessment, the
three solvent-mixtures shown in Table III were selected for further examination.
Solvent-mixture No. 1 is a fast solvent, a good "run" occupying about 30 min.
Solvent-mixtures Nos. 2 and 3 are slower but not unreasonably slow. While all
three produce the separations predicted, solvent mixture No. 1 provides the best
separation of all. Band definition, reproducibility and speed are all good. No
significant hydrolysis is observed.

Spraying reagents
All of the usual reagents which have been used for the determination of niobium

and tantalum were investigated. These included thiocyanate, pyrogallol, tannin and
8-hydroxyquinoline. With the exception of 8-hydroxyquinoline, all of these reagents
proved unsatisfactory as spraying reagents on a chromatogram. Using the method of
Scott and Magee,8 8-hydroxyquinoline was satisfactory but slow. Attempts were made
to improve this reagent and a dilute solution of the reagent in dilute sodium hydroxide
was found to be most suitable. On spraying this solution on the dried chromatogram
the colours of the elements developed immediately: yellow bands for niobium and
tantalum, and orange for titanium. The reagent requires to be prepared fresh daily.
Procedure

Place the solvent-mixture (2-2M hydrofluoric acid-2AT nitric acid-diethyl ketone) in the solvent
trough of a Shandon Chromatank at least 1 hr before the experiment is to be started. Cut strips of
Whatman No. 1 paper of 50 cm x 16 cm. At a distance approximately 12 cm from the end of a
strip, rule a line across the paper. Spot the metal fluorides along this line, using a volume of 0-01 ml.
The spots should still be slightly damp when the strips are inserted into the tank. Allow the solvent-
mixture to run down the paper for a distance of about 16 cm from the line. Remove the strip from
the tank and allow to dry in the air. Attach the strip to the strip holder and spray with 8-hydroxy¬
quinoline reagent. (0-5% solution of 8-hydroxyquinoline in 0-25N sodium hydroxide) Examine
the strip, when niobium and tantalum will be observed as yellow bands and titanium as an orange
band at the Rrvalues indicated in Table III.
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Standards, limits of detection, synthetic mixtures
Standards of 20, 100, 200 and 300 fig were prepared for each element. For all

three elements the limit of detection was 20 fig.
Synthetic mixtures of "unknown" composition were analysed by one of us (I.M.).

Estimations were carried out by comparison of band intensities and areas with a set
of standards. The results are shown in Table IV.

Table IV

Nb, fig Ti, fig Ta, fig

Actual 300 300 200
Found 285 290 190

|Actual 100 20 100

(Found 95 20 95

(Actual 50 200 30
(Found 45 190 25

Application of the method to quantitative determinations
To extend the method to quantitative determinations, it is necessary to ensure

that the precipitation of the oxinates on the paper is complete. Secondly, a method of
removal from the paper is required. If these two requirements are met, it should then
be possible to determine the metals colorimetrically, assuming that extraction from
the paper is complete.

It was found that by spraying as described, precipitation on the paper was complete,
providing hydrolysis has not taken place during the running of the chromatogram.

Removal of the oxinates from the paper and subsequent extraction into chloroform,
using the method of Scott and Magee8 was investigated. Hot 2M hydrochloric acid
was used for the removal from the paper. The pH values used in the extraction were:
niobium 8-5, tantalum 10 0, titanium 9-0. With this method some hydrolysis of the
elements, particularly tantalum, occurred and complete extraction into the chloroform
layer was not always obtained. The method, however, yields better results when the
standards are put through the same procedure. Using this method to prepare
calibration curves is, however, tedious. Investigations showed that more satisfactory
results were obtained in the case of niobium and titanium by cutting the developed
bands from the chromatogram, igniting in a 5-ml platinum crucible, and dissolving
the oxides in 40% hydrofluoric acid and nitric acid, adding 6M sulphuric acid and
heating to fumes of sulphuric acid. The residue is taken up in hydrochloric acid and
the strychnine thiocyanate method5 applied. Reproducible results for "unknown"
mixtures were obtained. The results for niobium, titanium and tantalum are shown
in Table V.

Table V

(1) (2) (3) (4)

Nb, (Actual 100 100 25

t'g (Found 95 105 23

Ti, (Actual 100 20 60

K (Found 95 22 56

Ta, (Actual 100 50 50 250

K (Found 105 — — 230
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Tantalum is best treated by bisulphate fusion, oxalate leaching8 and determined by
the pyrogallol method.9 Results for amounts of tantalum below 100 //g were,
however, unreliable.

The method is satisfactory (for niobium and titanium) but colorimetric methods
for tantalum are not sufficiently sensitive. The Scott-Magee method is satisfactory if
one adheres to a long calibration procedure, but using this chromatogaphic system
hydrolysis of tantalum does occur with resultant incomplete precipitation of tantalum
oxinate.

Zusammenfassung—Nach kritischer Untersuchung verschiedener
Losemittelgemische zur verteilungschromatographischen Trennung
von Niob, Tantal und Titan wurde eine Zusammensetzung gefunden,
die ideale Rrwerte fur diese Elemente ergibt. Die Losung bestaht aus
2-2n HF-2n HN03-diethylketon. Die Trennung ist in 30 Minuten
komplet und wurde auf die Bestimmung der Elemente angewendet.
Resume—A la suite d'une etude critique de la composition des melanges
de solvants utilises pour separer le niobium, le tantale et le titane par
chromatographie de partage, un melange de solvants donnant des
valeurs de Rt optimales pour ces elements a ete mis au point. Dans le
melange se trouvent 2-2N HF-2N HN03-diethyl cetone. La separation
est totale en 30 minutes environ. La methode est appliquee au dosage
de ces elements.
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Numerous procedures are known for the estimation of tin and antimony1
based on different principles. Almost all of these procedures are difficult,
time-consuming and, in the experience of the authors, unsatisfactory.
Since it was desired to develop an analytical method for these elements
which was simple in operation, rapid, and capable of wide application,
attempts were made to find a new method for separation based on ion-
exchange.

References given in the literature to the ion-exchange behaviour of
tin and antimony are few in number2-5. Investigations were first carried
out on cation-exchange resin but, although antimony and tin exchanged
readily, no clear-cut separation of these elements could be achieved by
chromatographic elution. It was decided, therefore, to investigate anion-
exchange resins, with the possibility of exploiting complex-formation
of these elements using as eluant a solution of citric acid, oxalic acid or
some other suitable complexing medium.

Shortly after this decision was made, Smith and Reynolds6 reported
an anion-exchange separation of tin and antimony (and tellurium),
using 0.1 M oxalic acid solutions at a pn less than 1.4, as eluant on the
anion-exchange resin Dowex-1. At that time Dowex-1 resin was not
available to us and we carried out investigations using a corresponding
anion-exchanger, Amberlite IRA 400. However, in the range investigated,
it was found that cross-contamination for the tin and antimony occurred
and attempts to separate relatively large amounts failed.

Recently, since we concluded our work on tin and antimony, the
separation of these elements (and arsenic) by anion-exchange has been
reported by Klement and Kuhn7. The elements as complex sulphide-
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anions were exchanged with Amberlite IRA 400 in the OH-form and
eluted chromatographically by potassium hydroxide of increasing concen¬
tration. We have not investigated this separation closely.

This paper describes the results of our investigations and outlines
a procedure for the separation of tin and antimony by anion-exchange.

Investigations
A number of distribution experiments were carried out using tartaric,

oxalic, citric and malonic acids as complexing eluants to determine the
degree of exchange with the resin. Malonic acid was found to be superior
to the other reagents tried and figures obtained in the distribution
experiments are here reproduced.

To allow the separations to be followed, U3Sn and 121Sb tracers were
used. Both elements were assayed by counting. In addition it was
found necessary to oxidise the tin and the antimony to the higher-valent
states. The resin, Amberlite IRA 400, was converted to the malonate
form.

Determination of Distribution Coefficients
Weighed amounts of resin dried at 105° were shaken for at least

18 hours with 3 per cent malonic acid solutions (adjusted to different pn
values with ammonia) containing radioactive tin and antimony. The
supernatant liquid after each experiment was removed and assayed by
counting. From the values obtained the distribution coefficients at
different pn values were calculated. These are shown in Table I.

Table I

Ph 1 2 3 4 5

AjjSn 23.3 96.8 152 164 150

Ka sb 17.1 22.4 22.4 6.4 5

A 1.3 4.3 7 25.6 30
K(iSb

The distribution coefficient

jr Ms Volume of solution (V)d ~ Ml mass of resin (to)
where Ms = fraction of ion in the resin phase and Mt = fraction of
ion in the liquid phase.

Values above pn 5 were not considered to be satisfactory because
of the effect of hydrolysis at these higher pn values.

From the table, the degree of separation (<%) is seen to be a maximum
at ph 5. To avoid any effect of hydrolysis however, it was decided to
operate the columns at a pn below 5; pn 4.8 was selected. In these batch
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experiments equilibrium was obtained in 18 hours. By applying this
batch data to column operation8, the elution volumes expected may
be calculated as below.

Column 1.0 cm2 x 43 cm.

Weight of resin in column = 16.2 g
pH 4.8.

16.2
Liquid phase of this column or "free volume" (F) =43 ^ =

= 18.8 ml.

If ratio MJMl is designated C, then C — Kd ■ m/v.
Substituting the data for pu 5.0 from Table I,

CM= 150-1|| = 129.2,
c<» - 5'° ' W = 4'3'

Therefore, Sb would be expected to show an elution peak about
4.3 V or 80.8 ml, while Sn should not show its elution peak until the
volume 129.2 V or 2430 ml was reached.

Experiments carried out under these conditions showed good agree¬
ment with calculations. The figures obtained above refer to equilibrium
conditions. It appeared to us however, that, since the value of Kd Sn

was large and Kd Sb was small, it might be possible to operate the column
under non-equilibrium conditions and achieve a rapid separation. This
was, indeed, found to be the case. Antimony may be eluted rapidly by
means of malonic acid solution while tin exchanges with the resin and
remains fixed. The experimental details of this separation are described
below.

Preparation of the Exchanger
Grind the resin Amberlite IRA 400 or — 410 in a mortar and sieve

it using particles in the range 50-72 mesh. Place the sieved resin (OH-
form) in a 3 per cent malonic acid solution and allow to stand for 3 hours:
this operation converts the resin to the malonate form. Decant the
resin as a slurry into the resin column, allow to settle, and wash with
distilled water until just neutral to litmus.

Preparation of the Test Sample
Oxidise the metals to the higher valency state by means of the chlorate

or perchlorate method as follows. Add 1 to 2 g of potassium chlorate
or perchlorate to a strongly acid test solution. Set aside for 5 minutes
and heat to boiling to remove excess chlorine. Now bring the volume
of the oxidised test solution to about 10 ml and add 2-3 g of malonic
acid, followed by 9 N ammonium hydroxide until the pn is adjusted to 4.8.
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Note

Should precipitation of the hydroxides of the elements occur during
the Ph adjustment, the cause is most often incomplete oxidation. It is
advisable to approach the required ph from the acid rather than from
the alkaline side.

Fig. 1. Separation of antimony and tin. 1.0 cm2 • 30 cm Amberlite IRA 400 (mesh 50—72) column.
Flow rate a antimony 0.5ml/min, b tin lml/min

Operation of the Column
Transfer the prepared test solution to the resin column with the

minimum disturbance of the resin particles. Wash out the containing
vessel with three 1-ml portions of malonic acid solution and take the solu¬
tion and washings on to the column at such a rate that the whole opera¬
tion lasts 20 minutes. Leave the column undisturbed for 15 minutes and
then elute with malonic acid solution buffered to pn 4-8 at 0.5 ml/min/cm2.

The first 120 ml of eluate contain all the antimony. Now change
the eluate to 9 N sulphuric acid and increase the rate of elution to
1 ml/min/cm2. All the tin is found in 100 ml of this eluate.

Fig. 1 represents the elution curves obtained for the two species in
a typical run.

Summary
A method is outlined for the anion-exchange separation of tin and

antimony using malonic acid as eluant. In the presence of this acid
these elements form anionic complexes, the tin being held by the resin
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while the antimony passes rapidly through the column. Investigations
of the ion-exchange equilibria are included and show that the separation
factor is high.

Zusamincnfassung
Bin Verfahren zur Trennung von Zinn und Antimon durch Anionen-

austausch und Elution mittels Malonsaure wird beschrieben. In deren

Gegenwart bilden diese Elemente Anionenkomplexe; das Zinn wird vom
Austauscher gebunden, wahrend das Antimon rasch durchlauft. Untersuchun-
gen iiber das Austauschgleichgewicht ergeben einen hohen Trennungsfaktor.

Resume

Description d'une m6thode pour la separation par echange d'anions de
l'etain et de l'antimoine avec emploi de l'acide malonique comme eluant. En
presence de cet acide, les elements cites forment des complexes anioniques,
l'etain etant retenu par la rdsine tandis que l'antimoine traverse rapide-
ment la colonne. Des recherches effectuees sur les equilibres d'echanges
d'ions montrent que le facteur de separation est eleve.
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The Determination of Antimony, Tin and Lead
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In the course of some years' experience determining the metals
antimony, tin and lead in white metals and tin-base alloys, it became
evident that conventional methods1'2 were time-consuming, and often
yielded results with a wide spread. In the preceding paper3, we reported
a procedure for the anion-exchange separation of tin and antimony.
Further investigations have shown that this procedure is capable of
providing the basis of a method for the determination of tin, antimony
and lead in alloys containing them. All three elements are determined
finally by colorimetric methods.

The Ion-Exchange Separation

Preparation of the Resin
A Pyrex glass tube 75 cm long and 1 cm in internal diameter, fitted

with a stop-cock at its lower end and with the upper end modified into
a type of reservoir, is used to contain the exchanger. This is prepared
by grinding up Amberlite IRA-400 or -410, sieving, and using particles
in the range 50-72 B. S. S. mesh.

The sieved resin (OH form) is then placed in 3% malonic acid solution
and allowed to stand, with intermittent stirring for 3 hours, thus converting
the resin into the malonate form. It is then poured into the column and
washed with distilled water until the hquid is just neutral to litmus.

Preparation of the Test Sample
The elements for the investigation were prepared by dissolving tin

metal in concentrated hydrochloric acid, antimony metal in aqua regia,
and lead nitrate in water and acidifying. For complete separation
antimony and tin must be in the higher valency states. This is achieved
by adding 1 to 2 g of potassium chlorate or perchlorate to the acid test
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solution, allowing to stand for 5 minutes and then gently heating the
solution almost to boiling to remove excess chlorine. The volume of
the oxidised solution is now made up to about 10 ml, 2 to 3 g of malonic
acid are added and the solution is adjusted to pn 4.8 by means of 9 N
ammonium hydroxide.

Operation of the Column
The prepared test solution is transferred to the resin column (a column

of resin 1 cm2 x 30 cm is convenient) with the minimum disturbance
of the resin particles. The vessel containing the test solution is washed
out with three 1-ml portions of 3 per cent malo'nic acid solution, and the
solution and washings are taken on to the column at a rate such that
the whole operation takes 20 minutes. After allowing to stand for
15 minutes, elution is carried out with malonic acid solution buffered
to ph 4.8, at 0.5 ml/min/cm2.

The first 120 ml of eluate which contain all the antimony are collected
and made up to 250 ml with water.

Determination of Antimony
The procedure of McChesney* and Wyatt5 based on the absorptiometry

determination of the element as iodoantimonate was found to be very

satisfactory, although investigations showed that the Rhodamine-B
method of Ward and LaJcin6 was accurate and reproducible, particularly
for microgram amounts. The iodoantimonate method was successful
over the whole range of concentrations used and was, therefore, adopted
throughout.

The basis of the method is the formation of potassium iodoantimonate
whose solution in sulphuric acid shows an absorption maximum at 425 nm.
The method is accurate and reproducible, the colour is stable and pn
conditions are not too critical. To remove free iodine which would other¬
wise cause interference, ascorbic acid was found to be most suitable.

Procedure

Reagents:
10 N Sulphuric acid standardised.
Potassium iodide-ascorbic acid reagent: Dissolve 15 g of potassium

iodide and 2.5 g of ascorbic acid in water and dilute to 100 ml. The
reagent keeps for a few days in a dark-coloured bottle but is better
prepared fresh for use.

Standard antimony sulphate solution: Dissolve 0.100 g of finely
powdered metallic antimony in 27 ml of concentrated sulphuric acid,
cool to room temperature, and dilute carefully to 100 ml. Dilute 10 ml
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of this solution with standardised 10 N sulphuric acid to 100 ml in a

graduated flask.
1 ml of this solution = 100//g Sb.

Determination of Antimony in the Test Solution
Place 10 or 20 ml of the antimony-containing solution from the ion

exchange column in a 50 ml graduated flask. To this add 4.5 ml of
concentrated sulphuric acid, mix the whole well and dilute with water
to approximately 25 ml. After cooling carefully to room temperature,
add 20 ml of potassium-iodide-ascorbic acid reagent and dilute the
mixture to the mark with water. Allow the solution to stand for
10 minutes and shake thoroughly. Measure the optical density on the
"Spekker" Absorptiometer in a 2-crn cell using Kodak No. 543 violet filters.

From aliquots of the standard antimony solution equivalent to 0,
100, 200, 300, 400 and 500 fig antimony prepare a calibration curve in
the same manner. From this curve calculate the amount of antimony
in the test solution.

Determination of Tin

After the removal of the antimony-containing solution, 9 N sulphuric
acid is used to elute tin at a rate of 1 mml/in/cm2. All the tin is found
in the first 100 ml of eluate and this is diluted to 250 ml with water.

The solution obtained by this method contains tin as stannic tin
in sulphuric acid. Both of the latter conditions place a restriction on
the usual methods7-9 for determining this metal and it was, therefore,
necessary to investigate methods to suit the conditions.

The most successful method found was one depending on the formation
of a tin iodide complex in a manner similar to the procedure for antimony.
This iodide complex is then extracted into an 8-hydroxyquinoline solution
in chloroform and the optical density is determined on the "Spekker"
Absorptiometer. The method is accurate and reproducible, the colour
is stable for several hours and pn of extraction is not too critical.

Procedure

Reagents:
5 N Sulphuric acid standardised.
Potassium iodide-ascorbic acid reagent.
9 N Ammonium hydroxide solution.
8-hydroxyquinoline reagent: 0.1 per cent in chloroform. Prepare fresh

each day.
Standard tin solution: Dissolve 0.1 g of metallic tin by warming

with 20 ml of concentrated hydrochloric acid. Cool, and dilute with
water in a graduated flask. Measure 10 ml of this solution into a beaker,
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add 10 ml of 1:1 sulphuric acid and evaporate to strong white fumes
of sulphuric acid. Cool, add carefully 60 ml of water. Cool to room
temperature and dilute to 100 ml in a graduated flask.

1 ml of this solution = 100 ug Sn.

Determination of Tin in the Test Solution
Place 10 or 20 ml of the test solution from the ion-exchange column

in a flask, adjust the pn carefully to 7 by means of ammonium hydroxide
and add 2 ml of 5 N sulphuric acid.

After mixing thoroughly and cooling to room temperature, add 10 ml
of potassium iodide-ascorbic acid reagent and transfer the contents to
a separating funnel. From a burette add 15.0-25.0 ml of 0.1% 8-hydroxy-
quinoline reagent (for amounts less than 100 fig, 15 ml of the reagent
is sufficient) and shake the mixture vigorously for 3 to 4 minutes. Allow
the two phases to separate and run the chloroform layer through a dry
filter paper into a dry container. Measure the optical density of this
solution on the "Spekker" Absorptiometer using Kodak No. 543 and
Wratten No. 2 filters in conjunction with the mercury vapour lamp.

From a calibration curve prepared in the same way from the standard
tin solution, determine the amount of tin in the test solution.

The Determination of Lead

In order to permit the determination of this element in alloys its
behaviour on the ion-exchange column was examined. It was found
that, under the conditions indicated above for antimony and tin, the
lead does not exchange with the resin, being found in the eluate with
antimony. When, therefore, lead and antimony are sought the first
120 ml of eluate taken for antimony also contains all the lead.

Many methods are available for the determination of lead but, in
the choice of method, consideration had to be given to the fact that
antimony could possibly be present.

Of the methods investigated, the dithizone method10'11 was found
to be the most satisfactory under the existing circumstances. This
method is based on the extraction of lead from an alkaline cyanide medium
into a chloroform solution of dithizone and measuring the brick-red
coloration produced on the "Spekker".

Procedure

Reagents:
10 per cent wjv potassium cyanide solution.
Ammonia-cyanide-sulphite reagent: Dilute 350 ml of 0.88 ammonium

hydroxide and 30 ml of 10 per cent potassium cyanide solution to 1 litre
and dissolve 1.5 g of sodium sulphite in the solution.
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Standard lead solution: Dissolve 0.160 g of lead nitrate, previously
dried to constant weight at 160° C, in 100 ml of water acidified with
nitric acid. Take 10 ml and dilute to the 100 ml mark in a graduated flask.

1 ml of this solution = 100//g Pb.
Hydroxylamine hydrochloride: Dissolve 20 g in 100 ml of water.
Dithizone (Diphenylthiocarbazone): 0.01 per cent in chloroform.

Prepare fresh each day.

Determination of Lead in the Test Solution
Place 10 or 20 ml of the test solution from the ion-exchange column

in a flask and dilute to approximately 25 ml with water. Add 75 ml
of ammonia-cyanide reagent and transfer the mixture to a separating
funnel. From a burette add 25.0 to 50.0 ml (depending on the expected
lead concentration) of dithizone reagent, shake the solution for 90 seconds,
and allow the phases to separate. Filter the bottom organic phase through
a dry filter paper into a clean, dry container. Measure the optical density
of the solution on the "Spekker" Absorptiometer using Kodak No. 549
blue-green filters in conjunction with the tungsten lamp. From a calibra¬
tion curve prepared in the same way from the standard lead solution,
determine the amount of lead in the test solution.

Under the conditions described dithizone does not react with antimony,
which therefore causes no interference with the determination. Copper,
however, under these conditions does form a complex with dithizone but,
for small amounts, reduction with hydroxylamine hydrochloride before
addition of alkali cyanide completely suppresses the interference due
to this element. Large amounts of copper cannot be completely suppressed
in this way and must be reduced or removed before carrying out the
lead determination. To do this the following procedure is employed.
Adjust the pn of the solution containing copper, lead (and antimony)
to between 2 and 2.5 by means of dilute sulphuric acid. Add 50 ml of
0.1% 8-hydroxyquinoline reagent and shake the mixture for 1 minute.
Copper is extracted into the organic layer (if the pH of the solution is
greater than 5 during extraction, lead will also be extracted). The
aqueous phase may now be used for the determination of lead and
antimony in the manner described.

Synthetic Mixtures
As a final test on the proposed method, some "unknown" mixtures

were analysed by one of us (J. D.). The results are shown in Table I.
All quantities are expressed in milligrams.

The high value obtained for antimony in No. 5 was thought to be
due to the large amount of copper present, despite the fact that extraction
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Table I

No.
Lead Antimony Tin Copper

Given Found Given Found Given Found Given Found

1 5 4.9 2 2 3 3
2 10 10 — — 1 1 10 Not
3 — — 1 1 10 10 10 Determined
4 2 1.9 10 10.15 1 1 —

5 10 9.8 1 1.5 — — 40

of the element had been carried out. Although this mixture was repeated
three times the figure for antimony was not improved. Subsequent
experiments have indicated that the copper content should not be more
than about twice the antimony content, as a safe limit, if the value for
the latter is to be true and precise.

The results are considered to be satisfactory.

Application of the Method to the Analysis of Alloys

The method was now applied to the analysis of antimony, tin and
lead in various alloys.

0.1 g of the alloy was dissolved in aqua regia and 1-2 g of potassium
chlorate or perchlorate were added to the cold solution: the chlorine
liberated oxidises the tin and antimony to the higher valency states.
The solution was then heated to boiling to remove excess chlorine. A
yellow solution may persist but this is removed on addition of ammonium
hydroxide solution at a later stage in the procedure. The solution was
now cooled and the volume made up to 100 ml in a graduated flask by
means of 5 N hydrochloric acid. A 10-ml portion of this solution was
applied to the ion-exchange column and the procedure carried out as
described above for antimony, tin and lead.

The results for some alloys are given in Table II. All figures refer
to percentages of the constituents.

Table II

Lead Antimony Tin Copper

PresentPresent Found Present Found Present Found

White Metal •59.8 1. 60.8 19.9 20.1 20.3 20.0 Nil
No. 1 2. 60.7

White Metal 79.4 79.73 13.2 13.13 7.4 7.8 Nil
No. 5

Alloy X. 10 4.8 9.0 8.6 83.03 83.0 5.22

Alloy X. 14 0.44 9.18 8.7 85.33 85.11 5.32
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The values listed under "present" for antimony and tin refer to
"average analyses" prepared by the Bureau of Analysed Samples Ltd.
No reliable figures were available for lead in alloys X. 10 and X. 14;
in the other alloys, the figures refer to "average analyses" obtained
by classical methods.

In the alloys X. 10 and X. 14 it was not necessary to extract copper
before determining the antimony and lead. Reduction of the copper
by the addition of hydroxylamine hydrochloride was sufficient.

Summary
A method is outlined for the determination of antimony, tin and

ltw-d based on an ion-exchange separation of antimony and tin. All
three metals are determined colorimetrically, antimony as iodoantimonate,
tin as iodostannate, and lead with dithizone. The method is accurate
and reproducible: it has been applied successfully to the analysis of a
number of White Metals and Tin-base alloys.

Zusammenfassung
Es wird eine Methode zur Bestimmung von Antimon, Zinn und Blei

beschrieben, die auf der Trennung von Antimon und Zinn durch Ionen-
austausch beruht. Alle drei Metalle werden kolorimetrisch bestimmt: Antimon
als Jodantimonat, Zinn als Jodstannat und Blei mit Dithizon. Das Verfahren
ist genau und gut reproduzierbar. Es wurde mit Erfolg zur Analyse einer
Anzahl von WeiBmetallproben und Zinnlegierungen verwendet.

Resume

Description d'une methode de dosage de l'antimoine, de l'etain et du
plomb fondee sur la separation par echange d'ions de l'antimoine et de
l'etain. Ces trois metaux sont doses par colorimetrie, l'antimoine sous forme
d'iodoantimoniate, l'etain sous forme d'iodostannate et le plomb a l'aide de
la dithizone. La methode est exacte et reproductible: elle a ete appliquee
avec succes a l'analyse d'un certain nombre de metaux blancs et d'alliages
a base d'etain.
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GENERAL AND PHYSICAL CHEMISTRY.

1. INFRARED AND RAMAN SPECTROSCOPY.

The first part of this Report deals with the spectra of molecules considered
as isolated systems and continues with spectral effects characteristic first of
condensed phases and then of more specific forms of association, such as
hydrogen bonding. Some miscellaneous topics and papers on apparatus
and techniques are reported at the end.

During the year, Volume IX in the series " Techniques of Organic
Chemistry," entitled " Chemical Applications of Spectroscopy," 1 has
appeared. This volume, edited by W. West, contains inter al. chapters on
the theory of infrared and Raman spectroscopy including the application of
group theory to molecular vibrations and on the applications of infrared
and Raman spectroscopy to the elucidation of molecular structure of organic
compounds. Greater emphasis is given to infrared methods. Complement¬
ing this treatment, the Raman spectroscopy of inorganic compounds has
been reviewed.2 Other reviews have been given on the use of infrared
spectroscopy in structural and analytical studies,3 in the study of natural
products,4 and in relation to intramolecular effects 5 (ring strain, conjugation,
etc.). A catalogue of infrared spectra of gases has been published 6 and
Russian work on the resonance-Raman effect (Raman spectra excited by
radiation of frequency close to the resonance frequency of the molecule) has
been reviewed.7 Abstracts have been published of papers presented at
international conferences at Pittsburg8a on Analytical Chemistry and
Applied Spectroscopy and at Ohio 86 on Molecular Structure and Spectro¬
scopy.

Potential Functions.—A new potential function for diatomic molecules
has been suggested,9 applicable to molecules for which data are available

1 " Techniques of Organic Chemistry," General editor A. Weissburger, Vol. IX,
" Chemical Applications of Spectroscopy," Interscience Publishers, Inc., New York and
London, 1956.

' L. A. Woodward, Quart. Rev., 1956, 10, 185.
3 J. Lecomte and Y.-R. Naves, J. Chim. phys., 1956, 53, 462; L. J. Bellamy,

Research, 1956, 9, 147; A. E. Martin, Ind. Chemist, 1956, 32, 464.
4 A. R. H. Cole, Fortschr. Chem. org. Natursloffe, 1956, 13, 1.
6 R. C. Lord and F. A. Miller, Appl. Spectroscopy, 1956, 10, 115.
6 R. H. Pierson, A. N. Fletcher, and E. St. C. Gantz, Analyt. Chem., 1956, 28, 1218.
' J. Behringer and J. Brandmiiller, Z. Elektrochem., 1956, 60, 643.
8 (a) Spectrochim. Acta, 1956, 8, 107; (b) ibid., p. 280.
9 C. Le R. Beckel, J. Chem. Phys., 1956, 24, 553.
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for higher vibrational states. Linnett10 has discussed the internuclear
distances and force constants of a number of diatomic molecules in terms of
the number of electrons in the bonding region and the a or n character of
the electrons. There are still few accurate vibrational data for isotopically
substituted molecules other than for deuterium substitution. Such data
are necessary to evaluate the force constants of the most general quadratic
potential-energy function. Thus, for bent XY2 molecules, while three
fundamental frequencies can be observed there are two primary and two
interaction force constants to be evaluated. Smith and Linnett11 have
discussed the relation between these when the three frequencies are known,
for a number of molecules of this type, and have indicated ways in which,
in the absence of isotopic data, one of the force constants can be estimated,
so fixing approximately the values of the others. Besides providing more
reliable values of the primary constants the interaction constants provide
results of direct chemical interest as they may often be related to electronic
changes in one bond caused by stretching or bending another. Smith and
Linnett11 suggest that the compression of the lone pairs may contribute
to the bending constant in such molecules as 03, N02~, etc. Simpson 12
has pointed out that potential-energy terms linear in angle may occur for
the out-of-plane vibrations of planar molecules and that such terms are
likely to be important where interatomic repulsion is large.

Vibration-Rotation Spectra.—Numerous vibration-rotation spectral
studies have been published. Molecules studied include NO 13 (r0 =
1-1506 A), CS214 (CS r0 1-553 A), N20 15 (the four constants in the quadratic
potential-energy expression obtained), HON and DCN 16,17 (complete set
of vibrational anharmonic constants calculated),17 0318,19 (with a deter¬
mination 19 of the four quadratic potential-energy constants from combined
use of infrared data and measurements by microwave spectroscopy of
centrifugal distortion effects), D20 and HDO 20 (in great detail), H2S 21
(re-assignment of strong absorption round 2600 cm.-1 to vx), H2Te,22
CD3F 23-24 (compared with that in methane, the C~TI bond is lengthened
and the HCH angle enlarged23), C10SF25 (symmetric top), allene,26-27-28
and deuterated allenes 27-28 (infrared 26-28 and Raman 27 studies).

10 J. W. Linnett, 1956, 275.
11 S. Smith and J. W. Linnett, Trans. Faraday Soc., 1956, 52, 891.
12 C. J. S. M. Simpson, J. Chem. Phys., 1956, 24, 1109.
13 H. W. Thompson and B. A. Green, Spectrochim. Acta, 1956, 8, 129.
11 H. C. Allen, jun., E. K. Plyler, arid L. R. Blaine, J. Amer. Chem. Soc., 1956, 78,

4843.
16 E. K. Plyler, E. D. Tidwell, and H. C. Allen, jun., J. Chem. Phys., 1956, 24, 95.
16 I. R. Dagg and H. W. Thompson, Trans. Faraday Soc., 1956, 52, 455.
17 H. C. Allen, jun., E. D. Tidwell, and E. K. Plyler, J. Chem. Phys., 1956, 25, 302.
18 L. D. Kaplan and L. Neven, ibid., 24, 1183.
19 L. Pierce, ibid., p. 139.
20 W. S. Benedict, N. Gailar, and E. K. Plyler, ibid., p. 1139.
21 H. C. Allen, jun., L. R. Blaine, and E. K. Plyler, ibid., p. 35.
22 K. Rossmann and J. W. Straley, ibid., p. 1276.
23 F. A. Anderson, B. Bak, and S. Brodersen, ibid., p. 989.
21 W. F. Edgell and L. Parts, J. Amer. Chem. Soc., 1956, 78, 2358.
25 R. P. Madden and W. S. Benedict, J. Chem. Phys., 1956, 25, 594.
26 K. N. Rao and E. D. Palik, ibid., 1955, 23, 2112.
27 B. P. Stoicheff, Canad. J. Phys., 1955, 33, 811.
28 J. Overend and H. W. Thompson, Trans. Faraday Soc., 1956, 52, 1295.
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Vibration Spectra and Force Constants.—Force constants have been
evaluated for series of molecules of the following types : XH3 and XD3,29
XY3 30 (planar), XY331 (pyramidal), XY4 32 (tetrahedral), M(CH3)3,33 and
M(CH3)4.34 The solution of the vibration problem of pyramidal molecules
of the type XY(CH3)2 has been discussed.35 The force constants of BF3 and
CF4 have been compared with those of the other fluorides of the first row
of the Periodic Table.36

Spectra of inorganic and metallo-organic compounds. Increasing attention
is being given to the infrared spectra of inorganic compounds. New or
improved spectra or interpretations of spectra have been reported for the
following compounds of the XY„ type : A1C13 (and A12C16),37 PI3 and Asl3,38
PH4+ 39 (in PH4I), GaCl4~ 40 (in aqueous hydrochloric acid solutions of
GaClg and in fused GaCl2) and BH4~ 41 (from these spectra and published
data comparison was made of the bond-stretching force constants in the
four series of isoelectronic compounds : BH4~, CH4, NH4+; A1H4~, SiH4,
PH4+ ; A1C14~, SiCl4, PC14+ ; and ZnCl42~, GaCl4~, GeCl4); also for ZnCl42-
and CdCl42-,42 A1H4" 43 (in LiAlH4), SF4,44 0s04,45 AuC14-,46 PFS,47 UF6 48
NpF6, and PuF6.49 Among closely related compounds, studies have been
made of the mixed halides of boron 50 and germanium,51 sulphur dichloride,52
sulphur and selenium halides of the type S2X2,53 and tetramethyltin.54 Of
considerable chemical interest is the determination of the infrared absorp¬
tion spectrum of the N3 radical by Pimentel and his co-workers 55 by the
" matrix isolation method " in which the reactive species and a large excess
of inert diluent, such as argon, are rapidly condensed on a transparent plate
maintained at a low temperature. Also of interest is the report 56 of two

29 V. P. Morozov, Zhur.fiz. Khim., 1955, 29, 1804.
30 K. Venkateswarlu and S. Sundaram, J. Chem. Phys., 1955, 23, 2368.
31 Idem, Proc. Phys. Soc., 1956, 69, A, 180.
32 Idem, J. Chem. Phys., 1955, 23, 2365.
33 K. Shimizu, J. Chem. Soc. Japan, 1956, 77, 1103.
34 Idem, ibid., p. 1284.
35 H. C. Beachell, B. Katlafsky, and J. L. Lauer, J. Chem. Phys., 1955, 23, 2171.
36 J. Goubeau, W. Bues, and F. Kampmann, Z. anorg. Chem., 1956, 283, 123.
37 W. Klemperer, J. Chem. Phys., 1956, 24, 353.
38 H. Stammreich, R. Forneris, and Y. Tavares, ibid., 25, 580.
33 L. A. Woodward and H. L. Roberts, Trans. Faraday Soc., 1956, 52, 1458.
40 Idem, J., 1956, 3721, 3723.
41 Idem, ibid., p. 1170.
42 M. A. Bredig and E. R. Van Artsdalen, J. Chem. Phys., 1956, 24, 478.
43 L. D'Or and J. Fuger, Bull. Soc. roy. Sci. Liege, 1956, 25, 14.
44 R. E.Dodd, L.A.Woodward, and H. L. Roberts, Trans. Faraday Soc., 1956, 52,1052.
45 L. A. Woodward and H. L. Roberts, ibid., p. 615; N. j. Hawkins and W. W. Sabol,

J. Chem. Phys., 1956, 25, 775.
46 A. A. Vleck and P. Beran, Chem. Listy, 1956, 50, 1306.
47 J. P. Pemsler and W. G. Plaget, jun., J. Chem. Phys., 1956, 24, 920.
48 J. G. Malm, B. Weinstock, and H. H. Classen, J. Chem. Phys., 1956, 25, 427.
49 Idem, ibid., 1955, 23, 2192; N. J. Hawkins, H. C. Mattraw, and W. W. Sabol,

ibid., p. 2191.
60 L. P. Lindeman and M. K. Wilson, J. Chem. Phys., 1956, 24, 242.
51 O. HalovA, Coll. Czech. Chem. Comm., 1955, 20, 1261.
62 C. Otero and J. R. Barceld, Anales Fis. Q.ulm., 1956, 52, B, 291.
63 H. Stammreich and R. Forneris, Spectrochim. Acta, 1956, 8, 46.
54 W. F. Edgell and C. H. Ward, J. Amer. Chem. Soc., 1955, 77, 6486.
66 D. E. Milligan, H. W. Brown, and G. C. Pimentel, J. Chem. Phys., 1956, 25, 1080.
66 J. T. Mulhaupt and D. F. Hornig, J. Chem. Phys., 1956, 24, 169.
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Raman bands in the spectrum of perchloric acid monohydrate which appear
to belong to the OH stretching and bending vibration of the hydroxonium
ion. Use has been made of infrared emission methods to obtain the spectrum
of LiH 57 and of Group II halides which show rather unexpected inter¬
relationships.58 Metal carbonyls 59 and the interesting compounds, the
hydrocarbonyls,60 for which conflicting structures have been proposed, have
received attention. Spectral studies have been made of the cyanogen
halides,61 the fsocyanate group,62 trifluoromethyl cyanide,63 boron cyanide,64
alkali cyanides,65 complex cyanides,66 potassium thiocyanate,67 metal
ammines,68 and nitro- and chloro-ammines.69 Closely related to the
ammines are the series of mercury-nitrogen compounds investigated by
Brodersen and Becher.70 These authors evaluated approximately the
stretching force constant of the Hg~N bond and assigned frequencies to the
vibrational modes of NH, NH2, and NH3 groups. A number of similar
studies of inorganic complex and chelate compounds have been published.
That of the complex acetates of uranium and some transuranic elements 71
is interesting in that it seems to show that the metal-oxygen stretching force
constant decreases as the metal-oxygen separation decreases. Other
inorganic compounds investigated include N2022~ 72 (trans, planar, from
absence of coincident frequencies between the infrared and Raman spectra),
NOaF 73 (probably planar), various sulphur-nitrogen compounds 74 including
the ring trimer (NS02~)3 analogous to the trimetaphosphate ion, the aqueous
silicate ion,75 di-76, 77 penta-, and deca-borane,77 trimethylborane,78 deuter-

67 W. Klemperer, J. Chem. Phys., 1955, 23, 2452.
58 W. Klemperer and L. Lindeman, ibid., 1956, 25, 1066.
69 S. L. Shufler, H. W. Sternberg, and R. A. Friedel, /. Amer. Chem. Soc., 1956, 78,

2687; F. T. King and E. R. Lippincott, ibid., p. 4192; L. H. Jones, /. Chem. Phys.,
1955, 23. 2448.

60 W. F. Edgell, C. Magee, and G. Gallup, J. Amer. Chem. Soc., 1956, 78, 4185;
F. A. Cotton and G. Wilkinson, Chem. and Ind., 1956, 1305.

61 W. O. Freitag and E. R. Nixon, J. Chem. Phys., 1956, 24, 109.
62 H. Hoyer, Chem. Ber., 1956, 89, 2677.
63 W. F. Edgell and R. M. Potter, J. Chem. Phys., 1956, 24, 80.
64 J. Guy and M. Chaigneau, Bull. Soc. chim. France, 1956, 257.
65 W. Briigel, G. Daumiller, and O. Rommell, Angew. Chem., 1956, 68, 440.
66 (a) R. A. Penneman and L. H. Jones, J. Chem. Phys., 1956, 24, 293; (b) L. H.

Jones and M. M. Chamberlain, ibid., 25, 365; G. B. Bonino and O. Salvetti, Atti Accad.
naz. Lincei, Rend. Classe Sci. fis. mat. nat., 1956, 20, 150; M. F. A. Elsayed and R. K.
Sheline, J. Amer. Chem. Soc., i956, 78, 702; D. M. Sweeney, I. Nakagawa, S. Mizushima,
and J. V. Quagliano, ibid., p. 889.

67 J. R. Saraf, Sci. Light, 1956, 5, 23; E. H. Jones, J. Chem. Phys., 1956, 25, 1069.
68 D. B. Powell and N. Sheppard, /., 1956, 3108; D. B. Powell, ibid., 4495; G. M.

Barrow, R. H. Krueger, and F. Basolo, J. Inorg. Nuclear Chem., 1956, 2, 340.
69 I. R. Beattie and H. J. V. Tyrrell, 1956, 2849; D. G. Hill and A. F. Rosen¬

berg, J. Chem. Phys., 1956, 24, 1219; L. H. Jones, ibid., 1955, 23, 2105; R. B. Pent-
land, T. J. Lane, and J. V. Quagliano, J. Amer. Chem. Soc., 1956, 78, 887.

70 K. Brodersen and H. J. Becher, Chem. Ber., 1956, 89, 1487.
71 L. H. Jones, J. Chem. Phys., 1955, 23, 2105.
72 L. Kuhn and E. R. Lippincott, J. Amer. Chem. Soc., 1956, 78, 1820.
73 R. E. Dodd, J. A. Rolfe, and L. A. Woodward, Trans. Faraday Soc., 1956, 52, 145.
74 H. J. Hofmann and K. Andress, Z. anorg. Chem., 1956, 284, 234.
75 D. Fortnum and J. O. Edwards, J. Inorg. Nuclear Chem., 1956, 2, 264.
76 H. C. Beachell and E. J. Levy, J. Chem. Phys., 1955, 23, 2168; D. A. Brown

and H. C. Longuet-Higgins, J. Inorg. Nuclear Chem., 1955, 1, 352.
77 P. R. Pondy and H. C. Beachell, J. Chem. Phys., 1956, 25, 238.
78 J. E. Stewart, J. Res. Nat. Bur. Stand., 1956, 56, 337.
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ated germanes 79 and digermane,80 deuterium-substituted silanes,81 halogen-
substituted silanes,82 CClg-SCl,83 NC*SC13,84 disiloxane, and [2H6]disiloxane 85
(it is suggested that the Si-O-Si angle is close to 180°, from the absence of
genuine coincidences between the infrared and Raman spectra).

Spectral studies of individual organic compounds. Among the simpler
organic compounds for which detailed assignments are possible, halogen-
substituted ethanes, ethylenes, and benzenes continue to receive attention;
papers have appeared on CH3*CC13 and CD3-CC13,86 sjw-tetrachloro- 87a'b
and sym-tetrabromo-ethane 87i' 88 (syw-tetrabromoethane will crystallise in
either the trans or the gauche form 876), 1 : 2-dibromo-2 : 2-difluoroethane,89
trichloroethylene,90 trichlorofluoroethylene,91 1-chloro-l-fluoroethylene,92
monohalogenobenzenes,93 dihalogenobenzenes,94 and hexafluorobenzene.95
Bellamy and Williams 96 discuss relations between the frequencies of halides
of the type CH3X and the corresponding halogen acid HX, and between
the halides CH3X and molecules CH3Y, for various groups Y such as ~C02H,
~SiCl3, _SH, etc. These relations are interpreted largely in terms of changes
of hybridisation. Several papers have appeared on the spectra of formic
acid and related compounds : formic acid,97 formaldehyde,98 formate ion,"0'6
formyl fluoride,100 acetate ion, 101a oxalate ion,101n'i> and oxalic acid.1016
The force field for molecules of type X~CH-0 has been discussed.102 Other
small molecules studied include f.wbutane and pHJisobutane,103 propene

79 L. P. Lindeman and M. K. Wilson, Z. phys. Chem. (Frankfurt), 1956, 9, 29.
80 D. A. Dows and R. M. Hexter, /. Chem. Phys., 1956, 24, 1029, 1117.
81 J. H. Meal and M. K. Wilson, ibid., p. 385.
82 K. Kawai and H. Murata, ibid., 1955, 23, 2451; C. Newman and J. K. O'Loane,

S. R. Polo, and M. K. Wilson, ibid., 1956, 25, 855; Y. Morino, ibid., 1956, 24, 164.
83 F. Feh&r and H.J. Barthold, Z. anorg. Chem., 1956, 284, 60.
81 F. Feh^-r and W. Weber, Z. Naturforsch., 1956, lib, 426.
85 R. C. Lord, D. W. Robinson, and W. C. Schrumb, J. Amer. Chem. Soc., 1956, 78,

1327.
86 J. C. Evans and H. J. Bernstein, Canad. J. Chem., 1955, 33, 1746.
87 (a) S. Mizushima and co-workers, J. Chem. Phys., 1955, 23, 1907; J. P. Zeitlow,

F. F. Cleveland, and A. G. Meister, ibid.., 1956, 24, 142; (b) R. E. Kagarise, ibid.,
p. 300.

88 D. E. Mann, J. H. Meal, and E. K. Plyler, ibid., p. 1018.
89 R. E. Kagarise, ibid., p. 1264.
90 J. C. Evans and H. J. Bernstein, Canad. J. Chem., 1955, 33, 1792; T. J. Houser,

R. B. Bernstein, R. G. Miekka, and J. C. Angus, J. Amer. Chem. Soc., 1955, 77, 6201.
91 D. E. Mann and E. K. Plyler, J. Chem. Phys., 1955, 23, 1989; J. R. Nielsen,

C. W. Gullikson, and A. H. Woolett, ibid., p. 1994.
92 D. E. Mann, N. Acquista, and E. K. Plyler, ibid., p. 2122.
93 D. H. Whiffen, J., 1956, 1350; D. W. Scott and co-workers, J. Amer. Chem.

Soc., 1956, 78, 5457.
94 A. Narasimham, M. Z. El-Sabban, and J. R. Nielsen, J. Chem. Phys., 1956, 24,

420, 433, 1232; S. L. N. G. Krisbnamachari, Current Sci., 1956, 25, 185, 260.
95 L. Delbouille, J. Chem. Phys., 1956, 25, 182.
98 L. J. Bellamy and R. L. Williams, J., 1956, 2753.
97 W. J. Orville-Thomas, Research, 1956, 9, sl5; D. Chapman, /., 1956, 225;

J. K. Wilmshurst, J. Chem. Phys., 1956, 25, 478.
98 T. Miyazawa, J. Chem. Soc. Japan, 1955, 76, 1132.
99 K. Ito and H. J. Bernstein, (a) J. Chem. Soc. Japan, 1956, 77, 381; (b) Canad.

J. Chem., 1956, 34, 170.
100 pj -yy Morgan, P. A. Staats, and J. H. Goldstein, J. Chem. Phys., 1956, 25, 337.
101 (a) K. J. Wilmshurst, ibid., 1955, 23, 2463; (b) H. Murata and K. Kawai, ibid.,

1956, 25, 589.
192 T. Miyazawa, J. Chem. Soc. Japan, 1956, 77, 366.
102 J. C. Evans and H. J. Bernstein, Canad. J. Chem., 1956, 34, 1037.
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and deuteropropene,104 cycZohexene,105 CH3CN, and CDgCN,86 compounds
related to adamantane and urotropin,106 ethylene oxide,107 ozonides of
ethylene, propene, and fsobutene,108 ethylene carbonate 109 (probably planar
in the liquid state), naphthalene,110 anthracene and tetracene,111 acet-
aldehyde,112 diacetyl,113 dicyanoacetylene,114 halogenopicrins,115 and some
alkyl phosphates and thiophosphates.116 It is possible only to refer to a
small fraction of all the organic structures investigated by infrared and
Raman spectroscopy : a few of the groups of compounds that have received
most attention are referred to below.

Characteristic spectra ofgroups. Ketones. The carbonyl group continues
to be the subject of numerous spectroscopic investigations. Halford,117 in a
paper basic to any discussion of variation of the carbonyl stretching fre¬
quency, investigates the location of the carbonyl frequency in a variety of
models applicable to non-conjugated ketones. He shows that in a planar
model (MC)2CO in which the M" C linkage is a normal single bond, the
carbonyl frequency is insensitive to variation of mass or position of M and
that the Y shaped C2CO model can be used with fair accuracy to obtain the
carbonyl force constant. The carbonyl frequency increases linearly with
carbonyl force constant and decreasing C-C-C angle; this is supported by
experimental evidence.5 Data defining frequency-bond-length correlations
for CO and CN bonds have been assembled.118 Lecomte, Josien, and Las-
combe 119 examined a large number of ketones in the KBr region and were
able to trace through the series bands arising from three bending modes.
Jones et al.120 discuss the origin of some low-frequency bands in steroids.
Attention has been drawn to the higher intensity of the Raman spectra and
the lower carbonyl frequency of conjugated ketones compared with those
of similar unconjugated ketones.121 Shorygin had previously discussed in
detail the effect of conjugation on Raman intensities.122 The effects of

104 L. M. Sverdlov, Doklady Akad. Nauk S.S.S.R., 1956, 106, 80.
105 K. Sakashita, J. Chem. Soc. Japan, 1956, 77, 1094.
106 R. Mecke and H. Spiesecke, Chem. Ber., 1955, 88, 1997 ; Spectrochim. Acta, 1956,

7, 387; J. Chem. Phys., 1956, 25, 577; A. Cheutin and J.-P. Mathieu, J. Chim. phys.,
1956, 53, 106.

107 R. C. Lord and B. Nolin, J. Chem. Phys., 1956, 24, 656.
108 D. Garvin and C. Schubert, J. Phys. Chem., 1956, 60, 807.
108 C. L. Angell, Trans. Faraday Soc., 1956, 52, 1178.
110 J. Brandmiiller and E. Schmid, Z. Physik, 1956, 144, 428.
111 J. W. Sidman, J. Chem. Phys., 1956, 25, 115, 122.
112 J. C. Evans and H. J. Bernstein, Canad. J. Chem., 1956, 34, 1083.
113 J. W. Sidman and D. S. McClure, J. Amer. Chem. Soc., 1955, 77, 6471.
114 F. A. Miller, R. B. Hannan, jun., and L. R. Cousins, J. Chem. Phys., 1955, 23,

2127.
115 J. Mason and J. Dunderdale, /., 1956, 754, 759.
116 M. Baudler, Naturwiss., 1956, 43, 124; J. Michalski, R. Mierzecki, and E.

Rurarz, Roczniki Chem., 1956, 30, 651.
117 J. O. Halford, J. Chem. Phys., 1956, 24, 830.
118 E. M. Layton, jun., R. D. Kross, and V. A. Fassel, ibid., 25, 135.
118 J. Lecomte, M.-L. Josien, and J. Lascombe, Bull. Soc. chim. France, 1956,

163—165.
120 R. N. Jones, B. Nolin, and G. Roberts, J. Amer. Chem. Soc., 1955, 77, 6331.
721 L. Piaux, M. Durand, and L. Henry, Compt. rend., 1956, 242, 2650; M. Harrand

and H. Martin, Bull. Soc. chim. France, 1956, 1383.
122 P. P. Shorygin, Uspekhi Khim., 1950, 19, 419; English translation, National

Research Council of Canada, Technical translation TT-228.
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conjugation,123 halogen substitution,123,124 and transannular interaction 125
(in cyclic ketones) on the carbonyl band have been further investigated.

Hydrocarbon and OH modes. A high proportion of papers on hydro¬
carbons have been concerned with OH deformation frequencies.126,127,128, 129
Kross, Fassell, and Margoshes 126a have discussed the OH out-of-plane
bending frequencies of a large number of mono- and di-substituted benzenes
(see also Bellamy 1266 and Kakiuti126c). Groups attracting electrons out
of the ring raise the OH bending frequencies. Kross et al.12r>'' suggest that
higher bending frequencies are to be associated with decreased ability of the
7r electrons to contribute to sp3 character in the carbon orbitals as the
hydrogen atoms move out of the plane. Whiffen 127 has shown that the
stronger infrared bands in benzene from 1650 to 2000 cm.-1 can be interpreted
as summation tones of out-of-plane C~H bending modes. The frequencies
of the summation bands agree quite closely with the sum of the fundamental
frequencies, suggesting low mechanical anharmonicity. Whiffen suggests
that large electrical anharmonicity is characteristic of out-of-plane bending
motion of C~H bonds having sp2 hybridisation and also of bending motion
of C~H bonds having sp hybridisation. The analytical use of the OH
stretching region has been discussed.130 Among other groups of compounds
that have received attention are polynuclear hydrocarbons m-131 and
related compounds,132 fatty acids,130,133 glycerides,134 glycols,135 ethers,136
alkoxides,137 imines,138 and compounds containing the nitro-group.139

Amides, peptides, and proteins. Further advance has been made in the
interpretation of the spectra of amides, peptides, and proteins. A thorough
investigation of the spectra of a series of IV-monosubstituted amides in
various physical states has been made by Japanese workers.140 The spectral
data, together with the results of force-constant calculations, were used to
assign to their vibrational modes six bands characteristic of monosubstituted
amides. Other papers have appeared on the doubling of a band near 3|j. in

123 S. Inayama, Pharm. Bull. (Japan), 1956, 4, 198.
121 H. Gerding and H. C. Haring, Rec. Trav. chim., 1955, 74, 1409.
125 N. J. Leonard et al., J. Amer. Chem. Soc., 1955, 77, 6234, 6237.
126 (a) R. D. Kross, V. A. Fassell, and M. Margoshes, J. Amer. Chem. Soc., 1956, 78,

1332; (b) L. J. Bellamy, /., 1955, 2818; (c) Y. Kakiuti, J. Chem. Phys., 1956, 25, 777.
122 D. H. Whiffen, Spectrochim. Acta, 1955, 7, 253.
128 J. K. Brown and N. Sheppard, Trans. Faraday Soc., 1955, 51, 1611.
129 M.-L. Josien and J.-M. Lebas, Bull. Soc. chim. France, 1956, 53, 57, 62.
130 D. L. Guertin, S. E. Wiberley, and W. H. Bauer, J. Amer. Oil Chemists' Soc.,

1956, 33, 172.
131 N. Fuson and M.-L. Josien, J. Amer. Chem. Soc., 1956, 78, 3049.
132 L. Cencelj and D. Hadzi, Spectrochim. Acta, 1955, 7, 274.
133 D. L. Guertin, S. E. Wiberley, and W. H. Bauer, Analyt. Chem., 1956, 28, 1194;

R. T. O'Connor, J. Amer. Oil Chemists' Soc., 1956, 33, 1; W. Fuchs and R. Drieberg,
Fette u. Seifen, 1956, 58, 3; R. T. Holman and P. R. Edmondson, Analyt. Chem., 1956,
28, 1533.

134 D. Chapman, /., 1956, 55, 2522.
135 N. Chakhovskoy, R. H. Martin, and (in part) R. Van Nechel, Bull. Soc. chim.

beiges, 1956, 65, 453.
136 G. Lagrange and P. Mastalgi, Compt. rend., 1955, 241, 1947.
137 D. L. Guertin et al., J. Phys. Chem., 1956, 60, 1018; F. H. Seubold, jun., J.

Org. Chem., 1956, 21, 156.
138 J. Fabian, M. Legrand, and P. Poirier, Bull. Soc. chim. France, 1956, 1461, 1499.
139 J. F. Brown, J. Amer. Chem. Soc., 1955, 77, 6341.
140 T. Miyazawa, T. Shimanouchi, and S. Mizushima, J. Chem. Phys., 1956, 24, 408.
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the spectra of some iV-monosubstituted amides, which was interpreted as
evidence for cts-fraws-isomerism; 141 the near-infrared spectrum of the
peptide group,142 the infrared dichroism of acetanilide and the transition
moment direction of the amide-I characteristic vibration,143 and the di¬
chroism of fibrous proteins in the 2p. region.144 A summary has been given
of the use of infrared spectroscopy in investigating polypeptide and protein
structures.145 Blout and Asadourian,146 using infrared methods, examine
critically one case of the supposed a -> p transformation of polypeptides
in the presence of formic acid. Lenormant 147 has studied by infrared
methods the state of proteins in silk glands and the process by which they
become insoluble. He suggests that the insolubilisation of the proteins of
silk glands by mechanical strain corresponds to the same change as that
occurring in the thermal denaturation of other proteins. Goulden 148 has
used infrared methods to investigate protein-sugar interactions. Several
other papers on proteins and related materials have appeared.149

Some spectra of biological interest. Compounds of biological interest for
which infrared spectra have been reported include deoxyribonucleic acid,150
vitamin Bx and related compounds,151 salts of phosphoglyceric acid,162
thymus nucleohistone,153 adenosine phosphate,154 anhydrous (3-lactose,155
charoninsulphuric acid, chrondroitinsulphuric acid, and related poly¬
saccharides,156 and halogeno-steroids.157

Intensities.—The determination of bond moments and their spatial
derivatives from gas-phase infrared intensity measurements has now become
fairly standardised; however, considerable discretion is usually needed. A
brief critical survey of the position at the end of 1955 has been given by
Hornig.158 The importance of taking into account movements during the
vibration of all the electrons, especially unshared pairs, is emphasised and
illustrated by a consideration of the intensity of v2 (symmetrical bending
mode) of ammonia and the intensity and force constant of the bending mode
of hydrogen cyanide. Theoretical calculations 159 indicate that the major
part of the intensity of the v2 vibration of ammonia is due to the changing

111 R. A. Russell and H. \V. Thompson, Spectrochim. Acta, 1956, 8, 138.
142 K. T. Hecht and D. L. Wood, Proc. Roy. Soc., 1956, A, 235, 174.
113 N. B. Abbott and A. Elliott, ibid., 234, 247.
144 R. D. B. Fraser, J. Chem. Phys., 1956, 24, 89.
145 A. E. Elliott, J. Appl. Chem., 1956, 6, 341.
148 E. R. Blout and A. Asadourian, J. Amer. Chem. Soc., 1956, 78, 955.
147 H. Lenormant, Trans. Faraday Soc., 1956, 52, 549.
148 J. D. S. Goulden, Nature, 1955, 177, 85.
149 A. Elliott and B. R. Malcolm, Trans. Faraday Soc., 1956, 52, 528; E. Ellenbogen,

J. Amer. Chem. Soc., 1956, 78, 363, 366, 369; H. P. Schwarz et at., Science, 1956, 123,
328.

150 H. Lenormant and C. de Loze, Bull. Soc. chim. France, 1955, 1501, 1504; H. P.
Schwarz et al., Science, 1956, 123, 328.

161 H. Hirano, H. Yonemoto, and H. Kamio, J. Pharm. Soc. Japan, 1956, 76, 239.
152 A. Rosenberg and B. G. Malmstrom, Acta Chem. Scand., 1955, 9, 1546.
153 C. de Loze and H. Lenormant, Bull. Soc. chim. France, 1956, 450.
164 H. Gomahr, W. Miedreich, and A. Reuter, Angew. Chem., 1956, 68, 578.
155 y. Tsuzuki and N. Mori, J. Chem. Soc. Japan, 1956, 77, 993.
150 K. Nakanishi, N. Takahashi, and F. Egami, Bull. Chem. Soc. Japan, 1956, 29,

434.
467 D. H. R. Barton, J. E. Page, and C. W. Shoppee, /., 1956, 331.
158 L>. F. Hornig and D. C. McKean, /. Phys. Chem., 1955, 59, 1133.
189 N. V. Cohan and C. A. Coulson, Trans. Faraday Soc., 1956, 52, 1163.
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hybridisation of the lone-pair electrons accompanying the motion of the
atoms. A more sophisticated and more accurate way of obtaining the true
intensities from the experimental figures has recently been applied to the
carbon dioxide bending vibration.160 The importance of using an adequate
potential function when interpreting infrared intensities is shown by some
calculations of moments for sulphur dioxide.161 However, a more funda¬
mental difficulty is revealed by the work of Russell and Thompson 162 who
investigated the mechanical and electrical anharmonicity of the N~H
stretching vibration in a series of organic compounds in solution. They
found a large variation in the relative intensity R of first overtone to funda¬
mental, due almost entirely to variation in the intensity of the fundamental.
In some cases (dimethylamine and diethylamine) the first overtone was
more intense. The high values of R were due to high electrical, rather than
high mechanical, anharmonicity. From the data given the mechanical
anharmonicity factor xe can be seen to increase slightly with increasing R.
Investigations of variation of intensity and frequency of characteristic
vibrations of groups, as a function of other substituents in the molecule,
continue; exceptionally large variations of intensity of the C=N stretching
vibration have been found.163 The intensity of the carbonyl stretching
vibration in cyclic ketones shows an interesting variation with ring size.164
Experimental165 and theoretical166 intensity work on paraffins has been
reported. The bond moment and the first and the second derivative of the
bond moment were obtained for hydrogen chloride from infrared dispersion
measurements by Legay.167 Raman intensities have been calculated semi-
quantitatively for C2H3X (X = CI, Br, and I) by using the approximation
of 7t electrons in a one-dimensional box with infinite walls.168 Apparatus
and methods for determining Raman intensities have been described 169
and some depolarisation ratios for CC13X- and CBr3X-type molecules
calculated.170 Raman intensity sum rules have been used as an aid to
vibrational assignment.86

Rotational Isomerism.—Rotational isomerism in substituted ethanes
continues to receive attention.87-89 Barriers to rotation have been estimated
for digermane,80 dimetliylaminodiborane,171 CC13*SC1,83 and diphenyl
derivatives.172 Internal rotation in polyethylene and its derivatives 173

160 L. D. Kaplan and D. F. Eggers, J. Chem. Phys., 1956, 25, 876.
161 D. F. Eggers, I. C. Flisatsune, and I. Van Alten, J. Phys. Chem., 1955, 59, 1124.
162 R. A. Russell and H. W. Thompson, Proc. Roy. Soc., 1956, A, 234, 318.
163 h. W. Thompson and G. Steel, Trans. Faraday Soc., 1956, 52, 1451.
164 T. Biirer and H. H. Grunthard, Helv. Chim. Acta, 1956, 39, 356.
166 H. Luther and G. Czerwony, Z. phys. Chem. (Frankfurt), 1956, 6, 286.
166 H. Primas and H. H. Grunthard, Helv. Chim. Acta, 1956, 39, 1182.
167 Compt. rend., 1956, 242, 1593.
168 M. V. Vol'kenshtein and S. M. Yazyka, Doklady Akad. Nauk S.S.S.R., 1955, 104,

834.
169 D. A. Long, D. C. Milner, and A. G. Thomas, Proc. Roy. Soc., 1956, A, 237, 186,

197.
170 A. Weber and S. M. Ferigle, J. Chem. Phys., 1955, 23, 2207; R. H. Krupp,

S. M. Ferigle, and A. Weber, ibid., 1956, 24, 355.
171 J. E. Stewart, ibid., 1955, 23, 2204.
172 G. Kortiim and H. Maier, Z. phys. Chem. (Frankfurt), 1956, 7, 207.
172 I. J. Novak, Zhur. tekh. Fiz., 1955, 25, 1854; I. M. Ward, Chem. and Ind., 1956,

905.
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has been discussed. Calculations made of barriers to internal rotation 174
illustrate two quite different approaches to the problem : that the problem
is complex is shown by the evidence for the preponderance of attractive
over repulsive forces in some cases of rotational isomerism involving the
relative orientation of halide to methyl groups 175 and chloride to carbonyl
groups.176 Probably of importance for the investigation of rotational
isomerism are some observations by Orr 177 who examined various trans-
stilbene derivatives. The width of the band due to the out-of-plane in-phase
vibration of the olefinic hydrogen atoms was greater in derivatives where
the steric hindrance was greater. The width of this band was supposed to
be due to the short life-time of the vibrational state, which in turn resulted
from transfer of vibrational energy from this mode to other deformational
modes.

Spectra of Condensed Phases.—The infrared and Raman spectra now
reported are those which show points of interest by virtue of the material's
being in a condensed phase. Special effects in gases at high pressures are
also included.

Crystals. Several papers on general aspects of crystal spectra have
appeared.178 In a further paper in the series " Motions of Molecules in
Condensed Systems " Zwerdling and Halford 179 report an investigation of
the polarisation properties of infrared absorption bands of molecular modes
inactive in the free molecule, but active in the crystal because of the lower¬
ing of the symmetry of the molecule by the crystalline field. The sample
studied was a single crystal of benzene. Polarised infrared studies have
been made of a large number of salt hydrates and inorganic hydroxylic
compounds 180 and of benzophenone,181 acetanilide,143 KAg(CN)2,182 and
iodoform.183 In the study of iodoform, Hexter and Cheung investigated,
inter al., the polarisation of the absorption band due to the C~H stretching
mode and found it significantly different from that predicted by the oriented-
gas model, that is, the model in which the solid is regarded as a non-interact¬
ing collection of molecules held rigidly in appropriate relative orientations.
This difference was attributed to the effect of combination of the C~H

stretching mode with lattice frequencies. In a further paper, Hexter and
Dows 184 consider the effect of libration of the molecular units in the lattice
on the polarisation of the infrared absorption bands : with reasonable values
for libration frequencies, features of a number of published crystal spectra

1,4 E. A. Mason and M. M. Kreevoy, /. Amer. Chetn. Soc., 1955, 77, 5808; B. Bak,
J. Chem. Phys., 1956, 24, 918.

176 G. J. Szasz, ibid., 1955, 23, 2449.
176 L. J. Bellamy, L. C. Thomas, and R. L. Williams, /., 1956, 3704.
177 S. F. D. Orr, Spectrochim. Acta, 1956, 8, 218.
178 (a) C. Haas, ibid., p. 19; (6) H. Poulet, Ann. Phys., 1955, 10, 908.
179 S. Zwerdling and R. S. Halford, J. Chem. Phys., 1955, 23, 2221.
180 (a) M. Haas and G. B. B. M. Sutherland, Proc. Roy. Soc., 1956, A, 236, 427;

(6) R. E. Rundle, K. Nakamoto, and J. W. Richardson, /. Chem. Phys., 1955, 23, 2450;
tc) A.-M. Vergnoux, Compt. rend., 1956, 242, 758; M.-P. Bernard, ibid., p. 1012; H. E.
Petch, N. Sheppard, and H. D. Megaw, Acta Cryst., 1956, 9, 29.

181 L. Delbouille, Bull. Classe Sci., Acad. roy. Belg., 1956, 62, 388.
182 L. H. Jones, J. Chem. Phys., 1956, 25, 379.
183 R. M. Hexter and H. Cheung, ibid., 1956, 24, 1186.
184 R. M. Hexter and D. A. Dows, ibid., 25, 504.
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can be accounted for. The most complete study of the infrared spectra of
hydrates was that of gypsum by Haas and Sutherland.180" Reflection
methods were mainly used to obtain the polarised spectra : the superiority
of reflection over transmission methods for highly absorbing crystals is
evident from the results obtained. The coupling of the internal motions of
the equivalent molecular units (H20 and S042"") in the unit cell produced
surprisingly large splittings of frequencies in some cases. The polarisation
and relative intensities of bands corresponding to the symmetric and anti¬
symmetric stretching modes of the H20 units showed interesting anomalies.
The polarisation behaviour of v2 (the symmetrical bending mode) was found
to agree fairly well with that predicted. In several papers attention is
drawn to the relative constancy in frequency of v2 in different hydrates.185
The polarisation behaviour of v2 of water has been used as evidence for

/H
deviation from planarity in the system Cu—Ov in CuC12,2H20. This

\H
suggests some covalent character in the Cu~0 bond.1806 Raman spectra
have been reported for gypsum 186 and several other salt hydrates,187
hydroxonium salts,188 strontianite,189 magnesite,190 and iodoform.191 A
detailed Raman investigation of single crystals of a- and (3-resorcinol by
Penot and Mathieu 192 illustrates the complexity of a detailed analysis of
crystal spectra and the high standard of experimental work required. The
reported observation of discrete lines in the Raman spectrum of MgO 193 has a
bearing on the theory of crystal spectra. A very detailed discussion of anom¬
alous effects in the Raman spectra of crystals has been given by Poulet.1786

Compressed gases. A brief review of collision-complex spectra in com¬
pressed gases and liquids has been given by Ketelaar 194 (see also ref. 195).

Solutions and pure liquids. The intensity of a band of a substance in the
liquid phase will differ in general from the gas-phase value, the difference
being related to the different dielectric constants of the two phases. This
effect has been further examined, theoretically for pure liquids 196 and
experimentally for solutions.197 It appears that the dielectric theory
developed so far for this change of intensity applies strictly only to pure
liquids whilst most measurements have been made on solutions. Effects
of molecular interaction on Raman intensities have been examined.198

185 P. J. Lucchesi and W. A. Glasson, J. Amer. Chem. Soc., 1956, 78, 1347; E.
Hartert, Naturwiss., 1956, 43, 275.

188 A. I. Stekhanov, Doklady Akad. Nauk S.S.S.R., 1956, 106, 433.
187 A. Weill-Marchand, Compt. rend., 1955, 241, 1456; 1956, 242, 93, 1791.
188 D. J. Millen and E. G. Yaal, /., 1956, 2913.
189 T. S. Krishnan, Proc. Indian Acad. Sci., 1956, 44, A, 96.
190 D. Krishnamurti, ibid., 43, A, 210.
191 H. Stammreich and R. Forneris, Spectrochim. Acta, 1956, 8, 52.
192 D. Penot and J.-P. Mathieu, J. Chim. phys., 1955, 52, 829.
193 S. J. Khambcitci, Proc. Phys. Soc., 1956, 69, A, 426.
194 J. A. A. Ketelaar, Pec. Trav. chim., 1956, 75, 857.
195 L. Galatry and B. Vodar, Compt. rend., 1956, 242, 1871; A. Michels and H. De

Kluiver, Physica, 1956, 22, 919.
198 S. R. Polo and M. K. Wilson, J. Chem. Phys., 1955, 23, 2376.
197 J. H. Jafle and S. Kimel, J. Chem. Phys., 1956, 25, 374.
198 Ya. S. Bobovich et al., Doklady Akad. Nauk S.S.S.R., 1956, 108, 607; Idem,

Zhur. eksp. teoret. Fiz., 1956, 30, 189.
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Evidence for a temperature variation of infrared band intensities has been
put forward.199 Further, rigorous experimental work is required. Solute
band-widths in mixed solvents have been interpreted in simple statistical
terms.200 Evans and Bernstein 201 measured the polarisation and intensities
of the two Raman forbidden fundamentals of carbon disulphide in a series
of cyc/opentane solutions. They suggest that interaction between the CS2
molecules in solution reduces their symmetry to Cs (single plane of symmetry
only). A Raman line suggestive of intermolecular vibration has been
observed with liquid carbon disulphide at —100°.202 Lafont 203 describes
the Raman spectrum of a saturated solution of zinc sulphate. The close
similarity to the complex Raman spectrum of crystalline ZnS04,7H20 with
which the solution is in equilibrium, is impressive evidence for regions of
short-range order in the saturated solution. Solvent effects on characteristic
bands of the following groups have been investigated : >CO,2040,6 -OH,2046
>NH,205 -CN,206,163 _N02, and ~CF3.206 Particularly large changes of
intensity with solvent are shown by the ~CN group, which are interpreted
in terms of changes in the electronic structure of the group.

Association and dissociation in solution. Further papers on interaction
in solution are on hydrogen sulphide solutions 207 (including evidence for
an H2S-mesitylene complex), sulphur dioxide solutions 208 (including
evidence for an S02-pyridine complex), association of aldehydes,209 the
concentration-dependent structure of the Raman carbonyl stretching band
in solutions of ketones,204" complexes between ether and HC1 or HBr,210
organic complexes with HBr or HI 211 and with aluminium bromide and
stannic chloride,212 and between benzene and chlorine and bromine 213 (see
however Murakami214). Ionic equilibria studied include equilibria in¬
volving N02+,215 equilibria in molten salts,40,42 and an outstanding investig¬
ation of the equilibrium of complex cyanides in aqueous solution.66"

Hydrogen bonding. There is still diversity of opinion about the nature
of hydrogen-bonded systems and of their spectral manifestations. The
width of OH stretching frequencies in strongly hydrogen-bonded systems
has received much attention in the past. Frisch and Vidale 216 have solved

199 T. L. Brown, J. Chem. Phys., 1956, 24, 1281; U. Liddel and E. O. Becker, ibid.,
25, 173.

200 -j- Yoshino, ibid., 1956, 24, 76.
201 J. C. Evans and H. J. Bernstein, Canad. J. Chem., 1956, 34, 1127.
202 S. C. Sirkar and G. S. Kastha, J. Chem. Phys., 1955, 23, 2439.
203 R. Lafont, Compt. rend., 1956, 242, 1154.
201 (a) C. Mangin and M.-M. Bottreau, Compt. rend., 1956, 242, 2637; (b) H. Tsubo-

mura, J. Chem. Soc., Japan, 1956, 77, 962.
205 p jjirone and Q p Fabbri, Gazzetta, 1956, 86, 1079.
206 E. Lippert and W. Vogel, Z. phys. Chem. (Frankfurt), 1956, 9, 133.
207 M.-L. Josien and P. Saumagne, Bull. Soc. chim. France, 1956, 937.
208 A. Tramer, Bull. Acad, polon. Sci., CI. Ill, 1956, 4, 355.
209 W. Suetaka, Gazzetta, 1956, 86, 783.
219 G. L. Vidale and R. C. Taylor, J. Amer. Chem. Soc., 1956, 78, 294.
211 M.-L. Josien, G. Sourisseau, and U. Castinel, Bull. Soc. chim. France, 1955, 1539.
212 V. N. Filimonov and A. N. Terenin, Doklady Akad. Nauk S.S.S.P., 1956, 109,

799.
213 E. E. Ferguson, J. Chem. Phys., 1956, 25, 576.
214 H. Murakami, ibid., 1955, 23, 1957.
216 S. Fen^ant and J. Chedin, Compt. rend., 1956, 243, 41.
219 H. L. Frisch and G. L. Vidale, J. Chem. Phys., 1956, 25, 982.
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the classical vibration problem of the model system X~H • • -Y in which the
H • • • Y bond is anharmonic, and show that on these grounds alone consider¬
able width is to be expected. Barrow217 and Tsubomura218 measure
the intensities of the hydrogen-bonded X~H stretching frequencies
(X_H = alcohol or phenol, Y various). The intensities are greater, the
greater the acidity of XH. Barrow derives the high intensity of this
vibration from the increase of ionic character of the X~H bond on extension
and Tsubomura from the transfer of charge (electrons) from Y to X on
extension of X~H. Tsubomura points out that the relatively low intensity
found in chelate compounds such as salicylaldehyde can be understood on
the latter basis, as the dipolarity resulting from the above type of charge
transfer can be (formally) eliminated by rearrangement of bonds round the
conjugated system. A different explanation seems to be required for the
apparent absence of the OH stretching band in the anion of o-hydroxy-
benzoic acid.219 Deductions about the nature of hydrogen bonds have been
made from the observed expansion of crystals containing short hydrogen
bonds when the bonding hydrogen is substituted by deuterium. Pirenne 220
presents calculations to show that this may be explained without introducing
strongly anharmonic forces or protonic resonance effects if a three-dimensional
model of the hydrogen bond is used. Other papers on the nature of the
hydrogen bond have appeared.221 Correlations have been suggested be¬
tween X-H stretching frequencies and X~Y distances for several systems 222
and for metallic hydroxides.223 Similar correlations have tentatively been
suggested for the deformation frequencies.220 Sutherland 224 reports on the
deformation frequencies of alcohols. Four bands characteristic of associated
alcohols are found in the region 1450—650 cm."1. Among specific hydrogen
bonding systems studied were hydrogen bonding by phenols225,217,218 and
by the thiol group.225a'226 It has been noted 227 that the spectroscopic
evidence does not support C~H • • • 0 hydrogen bonding in certain cases
where molecular interaction is present.

Polymers. Fundamental papers on the normal modes and spectra of
high polymers have appeared.228 Spectral changes of polymers consequent

217 G. M. Barrow, J. Phys. Chem., 1955, 59, 1129.
218 H. Tsubomura, J. Chem. Phys., 1956, 24, 927.
219 H. Musso, Chem. Ber., 1955, 88, 1915.
220 j Pirrenne, Physica, 1955, 21, 971.
221 v. Von Keussler and G. Rossmy, Z. Elektrochem., 1956, 60, 136; D. N. Shigorin

e.t al., Doklady Akad. Nauk S.S.S.It., 1956, 108, 672 ; D. N. Shigorin and N. S.
Dokunikhin, Zur.fiz. Khim. 1955, 29, 1958.

222 n. Nakamoto, M. Margoshes, and R. E. Rundle, J. Amer. Chem. Soc., 1955, 77,
6480; G. C. Pimentel and C. H. Sederholm, J. Chem. Phys., 1956, 24, 639.

223 O. Glemser and E. Hartert, Z. anorg. Chem., 1956, 283, 111.
224 G. B. B. M. Sutherland and co-workers, J. Chem. Phys., 1956, 24, 559; 25,

778.
225 (a) A. Wagner, H. J. Becher, and K.-G. Kottenhahn, Chem. Ber., 1956, 89,

1708; (b) Y. Sato and S. Nakakura, Sci. Light, 1955, 4, 120; R. Mecke and G. Rossmy,
Z. Elektrochem., 1955, 59, 866.

220 A. Menefee, D. A. Alford, and C. B. Scott, J. Chem. Phys., 1956, 25, 370.
227 W. G. Schneider and H. J. Bernstein, Trans. Faraday Soc., 1956, 52, 13; C.

Fauconnier and M. Harrand, Ann. Phys., 1956, 1, 5.
228 C. Y. Liang, S. Krimm, and G. B. B. M. Sutherland, J. Chem. Phys., 1956,

25, 543; M. C. Tobin and M. J. Carrano, ibid., p. 1045; E. E. Ferguson, ibid., 24,
1115.
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on softening 229 and on irradiation 230 have been described. The effect of
crystallinity on the infrared spectrum of poly(chlorotrifluoroethylene) has
been investigated.231

Miscellaneous applications. A number of papers have appeared on the
spectra of adsorbed molecules. These are reported elsewhere in this volume.
Infrared spectroscopy has been used to study flames.232 The infrared
spectra of glasses,233 clays,234 and coals 235 have been described.

Apparatus and Techniques.—Evaluations of designs of infrared spectro¬
photometers have been made,236 and descriptions have appeared of a zir¬
conium arc source,237 a simple novel slit mechanism,238 a variable-path
absorption cell for corrosive liquids,239 an apparatus for producing single
crystals by sublimation,240 an automatic band integrator,241 and Raman
excitation sources suitable for use with coloured compounds.38,242 Other
papers deal with the matrix isolation method for reactive molecules,243 infra¬
red measurements out to 140 microns,244 and a method of casting plastic
replica mirrors.246

A. D. E. P.

2. KINETICS OF CHEMICAL CHANGE.

Kinetics in the Gas Phase.—During 1956 the study of chemical reactions
in the gas phase has yielded its usual heavy crop of publications. These
can be grouped mainly into a number of well-marked fields—purely
theoretical investigations, experimental studies of molecular decompositions
and isomerisations, reactions between molecules, and reactions involving
free radicals and atoms. We have omitted here the extensive and rather
specialised field of combustions, flames, ignitions, and explosions.

229 G. S. Markova, G. K. Sadovskaya, and V. A. Kargin, Zhur.fiz. Khim., 1956, 30,
437, English summary suppl. No. 2, 9; K. A. Fischer and G. Brandes, Naturwiss., 1956,
43, 223.

230 R. Kaiser, Kolloid Z., 1956, 148, 168; A. Brockes and R. Kaiser, Naturwiss.,
1956, 43, 53.

231 I. I. Novak, Zhur. tekh. Fiz., 1955, 25, 1854.
232 J. T. Neu, J. Phys. Chem., 1956, 60, 320; T. M. Cawthon and J. D. McKinley,

jun., J. Chem. Phys., 1956, 25, 585.
233 Ya. S. Bobovich, O. P. Girin, and T. P. Tulub, Doklady Akad. Nauk S.S.S.R.,

1955, 105, 61.
234 S. G. Garcici, H. Beutelspacher, and W. Flaig, Anales Fis. Quim., 1956, 52, B,

39, 369; A. Hidalgo and J. M. Serratosa, ibid., p. 101.
235 I. G. C. Dryden, Brennstoff-Chem., 1956, 37, 42; R. A. Friedel and J. A. Queiser,

Analyt. Chem., 1956, 28, 22; G. A. Monnot and A. Ladam, Compt. rend., 1955, 241,
1939; K. Kozima, K. Sakashita, and T. Yoshino, J. Chem. Soc. Japan, Ind. Chem.
Sect., 1956, 77, 1432.

236 M. J. E. Golay, J. Opt. Soc. Amer., 1956, 46, 422; W. Zehden, 5. African Ind.
Chemist, 1956, 10, 77; K. Kudo, Sci. Light, 1955, 4, 105; 1956, 5, 1.

■ 237 W. H. Cloud, J. Opt. Soc. Amer., 1956, 46, 895.
238 PI. M. Crosswhite and W. G. Fastie, ibid., p. 110.
239 R. M. Adams and J. J. Katz, ibid., p. 895.
240 S. Z. Zwerdling and R. S. Halford, J. Chem. Phys., 1955, 23, 2215.
241 F. B. Strauss, Chem. and Ind., 1956, 1140.
242 p x. King and E. R. Lippincott, J. Opt. Soc. Amer., 1956, 46, 661.
243 E. D. Becker and G. C. Pimentel, J. Chem. Phys., 1956, 25, 224.
244 E. K. Plyler and N. Acquista, J. Pes. Nat. Bur. Stand., 1956, 56, 149; C. Y.

Liang, S. Krimm, and G. B. B. M. Sutherland, J. Chem. Phys., 1956, 25, 542.
245 G. Haas, J. Opt. Soc. Amer., 1955, 45, 945.
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Theoretical. There have been no entirely new developments in the
theories of rate processes. A few papers extending and clarifying certain
aspects of existing theories have appeared; the remainder are concerned
with the application and testing of established theories. A number of
papers have been published on mathematical methods of handling certain
types of mechanism and on the analysis of experimental results. In the
field of unimolecular reactions, Slater 1 has re-emphasised the need for a
synthesis of the four main treatments of such reaction processes. He has
made a contribution in this direction by discussing the role of specific disso¬
ciation probabilities (S.D.P.) in these theories. The " S.D.P." is defined as
the probability per second of dissociation of isolated molecules in a given
state; the state, in the simplest instance, is prescribed solely by a given
total energy. Slater has shown that any classical theory based on harmonic
vibrations yielding an expression for the high-pressure rate constant of the
form kx — A exp (—B\T) has necessarily an S.D.P. identical in form with
that of Kassel's and must show a pressure dependence of the rate constant
identical with Kassel's. A similar result is derived for the case correspond¬
ing to Kassel's quantum-mechanical treatment. It is pointed out that a
more detailed definition of S.D.P., i.e., one in which configuration and the
internal distribution of energy are important, is responsible for the fact that
Slater's theory 2 gives a pressure dependence of the rate constant different
from that of Kassel's theory. Slater concludes that, whereas the concept
of a detailed S.D.P. is inappropriate to Kassel's theory, it is implicit in
Eyring's theory as formulated by Giddings and Eyring.3 Slater 4 has de¬
veloped a quantum-mechanical form of his harmonic-oscillator theory and
has also shown 5 that the effect of anharmonicity on the results of his classical
theory is negligible. Later, he 6 has treated unimolecular dissociations on
the basis that the activated states are so closely specified that the lifetime
to dissociation is determinate. This " determinate " or " regular " situation
gives different results for the pressure dependence of the rate constant from
those of his treatment based on the usual assumption that dissociations
occur at random. He concludes that the " regular " and " random " cases
indicate the extremes between which lies the true pressure dependence.
The limiting first- and second-order rates, however, are independent of the
type of distribution.

The high frequency factors (~1016 sec.-1) shown by certain molecular
decompositions (see Table 1) have received some attention. Pritchard 7
has discussed the results for a number of mercury alkyls. Assuming that,
in some cases, more than one internal vibrational degree of freedom (up to
a maximum of five) can contribute to the activation energy, and using
plausible critical energy values, Pritchard is able to account for the observed
frequency factors and activation energies. This theory has also been

1 N. B. Slater, Proc. Leeds Phil. Soc., 1955, 6, 259.
2 Idem, Phil. Trans., 1953, A, 246, 57.
3 J. C. Giddings and H. Eyring, J. Chem. Phys., 1954, 22, 538.
4 N. B. Slater, Proc. Roy. Soc. Edinburgh, 1955, A, 64, 161.
3 Idem, Proc. Leeds Phil. Soc., 1955, 6, 268.
6 Idem, J. Chem. Phys., 1956, 24, 1256.
' H. O. Pritchard, J. Chem. Phys., 1956, 25, 267.
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applied 8 to the thermal decomposition of ketones, a number of which also
show high frequency factors (Table 1). The high frequency factors found
for certain mercury alkyIs have also been discussed by Carter, Chappell,
and Warhurst 9 in terms of the shape of the potential-energy surface repre¬
senting the energies of molecular configurations. Both these treatments
associate the high frequency factors with decomposition into three fragments
in a single step, whereas "normal" values, i.e., 1013—1014 sec.-1 are
associated with decomposition into two fragments.

The " automatic fundamental calculations of molecular structure " of

Boys et al.10 are perhaps the most significant theoretical development of
the past year. Their calculations of the activation energy of the reaction
H + H2 —>- H2 -f- H and of the dimensions and vibration frequencies of
the transition state are the first to be carried out by a direct method with
no semi-empirical features. It is claimed that their value for the activation
energy (0-025 atomic unit = 15-6 kcal. mole-1) could be improved without
an unduly large amount of labour; further results of this type of work will
be awaited with great interest. Sato 11 has applied his new semi-empirical
method 12 for calculating activation energies to the reactions H -f- HX —>-
H2 -f X (X = halogen) and to the energies of X3 " molecules." The results
are in closer agreement with experimental values than those of Eyring and
his collaborators and the potential-energy surfaces are free from hollows
near the saddles.

The pre-exponential factors of twelve bimolecular reactions have been
calculated 13 on the basis of simple collision theory and also by using the
transition-state expressions (a) in the partition function form and (b) in
the thermodynamic form, for which the entropies of the activated complexes
have been estimated from analogies with hydrocarbons. Comparing the
results with the experimental values, the authors conclude that method (a)
gives results which are a good deal more satisfactory, and method (b) slightly
more satisfactory, than those derived from collision theory. Knox and
Trotman-Dickenson14 have compared the experimental values for the
relative pre-exponential factors of pairs of HR molecules in the chlorine
atom reactions CI -f- HR —>■ C1H + R with the corresponding relative
values calculated by transition-state theory. These authors consider that
both the experimental and calculated ratios can be estimated much more
accurately than absolute values for any one reaction. They are of the
opinion that some of the discrepancies between the calculated and observed
ratios are definitely outside the likely errors in the estimations and may be
due to transmission-coefficient effects. Calculations of the steric factors for
the reactions of hydrogen atoms and radicals with unsaturated molecules
have been reported.15,16

8 D. Clarke and H. O. Pritchard, /., 1956, 2136.
9 H. V. Carter, E. I. Chappell, and E. Warhurst, 1956, 106.

10 S. F. Boys, G. B. Cook, C. M. Reeves, and I. Shavitt, Nature, 1956, 178, 1207.
11 S. Sato, J. Chem. Phys., 1955, 23, 2465.
12 Idswi ibid p <502
13 D. R. Herschbach, H.S. Johnston, K. S. Pitzer,andR. E.Powell, ibid., 1956, 25, 736.
14 J. H. Knox and A. F. Trotman-Dickenson, J. Phys. Chem., 1956, 60, 1367.
15 A. D. Stepukhovich, Doklady Akad. Nauk S.S.S.R., 1953, 92, 127.
16 A. D. Stepukhovich and E. I. Etingof, Zhur.fiz. Khim., 1955, 29, 1974.



kinetics of chemical change. 23

Further work on the mathematical analysis of chain reaction has
appeared. Blanquet17 has discussed special cases of chain-branching
mechanisms and Vasil'ev 18 has discussed the integration of the equations
of chain reactions in which the concentrations of active intermediates change
with time. For complex reaction mechanisms, instead of making approxim¬
ations to the rigorous rate expression so that these may be solved exactly,

Table 1. Arrhenius parameters of molecular decompositions.
E A

Molecule Method (kcal. mole-1) (sec.-1) Ref

Diethylmercury . F, T 42-5 ± 2 1 X 10" 9

Phenylmercury chloride 59 -t 3 I X 1013
Phenylmercury bromide 63 ± 2 2 X 1014
Diphenylmercury 68 ± 4 1 X 1018
Hexafluoroazomethane 48-5 9-0 x 1013
Trifluoroacetone 67-8 3-0 x 1013
Acetophenone 77-6 51 X 1015
Trifluoroacetophenone 73-8 1-8 x 1015
Benzophenone 87-5 1-6 x 1018
Dibenzyl ketone 71-8 1-8 X 1017
Acetone 70-9 1-4 X 1014

„ 72-0 2-4 X 1014 28
Nitroethane . F, Na 41-4 ± 11 2-2 x 1011 29

1-Nitropropane 47-7 2-5 X 1013 ,,

2-Nitropropane 390 1 X 10" ,,

Diethyl ketone . S, I (NO) 59-6 3-68 X 10" 30
Methyl n-propyl ketone • S, I(P) 56-2 107 X 10" 31
cis- and trans-1 : 2-Dichloroethylene . S, C 52-7 3-6 X 10" 32

cycfoPentyl bromide . S 41-4 7-9 X 10" 33
Ethyl nitrate . S 38-0 5-5 x 1014 34

* F, flow system; S, static system; T, excess of toluene present; N2, nitrogen as
carrier gas; I(NO), fully inhibited by nitric oxide; I(P), inhibited by propene; C,
chain reaction suppressed.

Morrow 19 has suggested that it is useful to derive an approximate solution
of the rigorous expression by expanding the time variable as a function of
the concentrations in the form of a Taylor's series. This can avoid
integrations which may be laborious. Papers on the mathematics of
several types of consecutive reaction 20>21,22,23 have appeared in one of
which23 the advantages of using matrices are illustrated. A special type of
mechanism involving simultaneous reactions has been discussed.24 Flynn 25
has described a method for obtaining the rate constant and order of a
reaction when the reactant concentrations are unknown and the only available
experimental information is the rate of formation of an unreactive product.
The effect of the products on rates of energy transfer in unimolecular re¬
actions in the pressure region where the observed rate is determined by the

17 P. Blanquet, J. Chim. phys., 1955, 52, 826.
18 S. S. Vasil'ev, Voprosy Khim. Kinctiki, Katalizai Reaksionnoi Sposobnosti Akad.

Nauk S.S.S.R., 1955, 137.
18 J. C. Morrow, J. Chem. Phys., 1955, 23, 2452.
20 M. Talat-Erben, ibid., p. 2445.
21 S. Wideqvist, Arkiv Kemi, 1956, 8, 545.
28 D. H. McDaniel and C. R. Smoot, J. Phys. Chem., 1956, 60, 966.
23 A. E. R. Westman and D. B. DeLury, Canad. J. Chem., 1956, 34, 1134.
24 R. Zahradnik and O. Schmidt, Chem. Listy, 1956, 50, 180.
25 J. H. Flynn, J. Phys. Chem., 1956, 60, 1332.
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rate of activation has been discussed by Volpe and Johnston.26 They have
applied their treatment to their recent experimental work 27 on the uni-
molecular decomposition of nitryl chloride in the presence of various foreign
gases at low pressures. In this case, neglect of the energy-transfer efficiency
of the products introduces only small errors in the values of the rate constant.

Molecular decompositions. Table 1 gives the values of the activation
energies and frequency factors obtained by new investigations on molecular
thermal decompositions. All the examples have been shown to be first-
order reactions (at least in the initial stages) and, with one or two doubtful
cases, the figures appear to be reliable for the unimolecular first step in the
decomposition. The results for the three aliphatic nitro-compounds29
and the two ketones30> 31 are somewhat doubtful; the former because the
authors suspected that there may be a change of mechanism in the temper¬
ature range of the investigation; the latter because of the surprising and
variable behaviour shown by several simple ketones towards the presence
of nitric oxide. The decompositions of acetone,35 ethyl methyl ketone,36
and methyl ra-propyl ketone 31 are all catalysed by nitric oxide, but that of
diethyl ketone 30 is inhibited by it. The results for cis- and fraws-dichloro-
ethylene 32 are derived from the observations at high pressures when chain
reactions are suppressed. These authors give details of the changes in the
Arrhenius parameters with pressure, and in a further paper37 discuss the
chain mechanism. Clarke and Pritchard 8 have pointed out that their
results for the series of ketones show that replacement of CH3 by CF3 has
very little effect on either the activation energy or the frequency factor and
hence the effective number of oscillators contributing to the reaction is not
dependent on the physical mass of the relevant groups. Szwarc and
Taylor 28 identify the value of 72 kcal. mole-1 for the activation energy of
the decomposition of acetone with £>(CH3~COCH3) and from this they
deduce a value of 17 kcal. mole-1 for jD(CH3_CO). These authors have also
reviewed critically the validity of the toluene carrier technique. They
conclude that for pyrolyses which yield methyl radicals the method will
give reliable results provided the methyl radical concentration is not very
high and that the method is quite reliable for the pyrolysis of bromides and
substances which yield a large radical which then decomposes into a smaller
radical and a stable species, the latter being used to follow the reaction.
A value of ^5-7 kcal. mole-1 has been deduced 38 for the activation energy
of the reaction H -f- H2CO —H2 + HCO from studies of the pyrolysis of

26 M. Volpe and H. S. Johnston, J. Amer. Chem. Soc., 1956, 78, 3910.
27 Idem, ibid., p. 3903.
28 M. Szwarc and J. W. Taylor, J. Chem. Phys., 1955, 23, 2310.
89 K. A. Wilde, Ind. Eng. Chem., 1956, 48, 769.
30 C. E. Waring and C. S. Barlow, J. Amer. Chem. Soc., 1956, 78, 2048.
31 C. E. Waring and V. L. Garik, ibid., p. 5198.
82 A. M. Goodall and K. E. Howlett, ]., 1956, 2640.
33 S. J. W. Price, R. Shaw, and A. F. Trotman-Dickenson, ibid., p. 3855.
34 F. H. Pollard, H. S. B. Marshall, and A. E. Pedler, Trans. Faraday Soc., 1956,

52, 59.
35 C. E. Winkler and (Sir) C. N. Hinshelwood, Proc. Roy. Soc., 1935, A, 149, 340.
36 C. E. Waring and M. Spector, J. Amer. Chem. Soc., 1955, 77, 6453.
37 A. M. Goodall and K. E. Howlett, /., 1956, 3092.
38 R. Klein, M. D. Scheer, and L. J. Schoen, J. Amer. Chem. Soc., 1956, 78, 50.
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formaldehyde. Further confirmation of the molecular mechanism for the
isomerisation of cyc/opropane has been provided by McNesby and Gordon 39
and Lindquist and Rollefson.40 The former heated cycfopropane-deuterium
mixtures and found that no deuterated cyc/opropanes or propenes are formed.
The latter investigated the isomerisation of cyc/opropane and [3H^cyclo-
propane, and found that the ratio of the rate constants (cyc/opropane/tritium
compound) = (0-63 i 0-02) exp [(825 T: 10)/RT] in the range 447—555°.
The expression derived from transition-state theory is IT6 exp (800/RT) and
the ratio of the frequency factors calculated from Slater's theory 2 is 1-62.
Both theories thus predict a frequency-factor ratio of greater than unity, in
contrast to the experimental value of 0-63 ± 0-02. A similar effect has
been found by Gray and Pritchard 41 who have found that the high-pressure
rate constant for the thermal decomposition of octadeuterocyctobutane is
twice that for cyc/obutane. These authors point out that if the critical
co-ordinate is either a C~H or an H~H distance, and if the two activation
energies are equal, then Slater's theory 2 would predict

UC4H8)/UC4D8) « V2
However, the cause of this apparent discrepancy may lie in a small difference
in activation energy.

The bimolecular decomposition of nitrogen dioxide has been re-examined
by Rosser and Wise 42 and by Ashmore and Levitt.43 At all except the lowest
pressure the results for the reaction NOa -f- N02 —>■ 2NO + 02 agree with
those of Bodenstein.43" At the lowest pressures and during the initial stages
of the reaction, Ashmore and Levitt found deviations from strict bi-
molecularity which they account for by the participation of the reactions
N02 + N02 NO + N03 and NOs + N02 —+- NO + N02 + 02. In
both studies the reaction was followed by measurement of changes in optical
density, the latter workers 43 using a logarithmic photometer. The halogen-
catalysed thermal decomposition of nitrous oxide has been studied; 44 the
reaction was found to be of the first order in nitrous oxide and in halogen
atom concentration. The pre-exponential factors and activation energies
for the three cases of catalysis by CI, Br, and I atoms are 1-3 x 1014 and
33-5, 2-0 X 1014 and 37, and 2-8 X 1014 and 38, respectively; the pre-
exponential factors are in c.c./(mole sec.) units and the activation energies
in kcal. mole-1. It has also been found 45 that the nitric oxide formed in

high yield in the initial stages of the thermal decomposition of nitrous oxide
quickly inhibits its own further formation and that the chemiluminescence
of this decomposition is closely related to this inhibiting effect. The chemi¬
luminescence is ascribed to the reaction NO -f- O >■ N02 + /iv. A mech¬
anism for the decomposition is discussed by these workers. The catalysis
by nitric oxide of the cfs-hwis-isomerisation of dideuteroethylene has been

39 J. R. McNesby and A. S. Gordon, J. Chem. Phys., 1956, 25, 582.
40 R. H. Lindquist and G. K. Rollefson, ibid., 1956, 24, 725.
41 B. F. Gray and H. O. Pritchard, /., 1956, 1002.
42 W. A. Rosser and H. Wise, ./. Chem. Phys., 1956, 24, 493.
43 P. G. Ashmore and B. P. Levitt, Research, 1956, 9, s25.
430 Cf. M. Bodenstein, Z.phys. Chem., 1922, 100, 68.
44 F. Kaufman, N. J. Gerri, and D. A. Pascale, J. Chem. Phys., 1956, 24, 32.
46 F. Kaufman, N. J. Gerri, and R. E. Bowman, ibid., 1956, 25, 106.
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studied by Rabinovitch and Looney.46 The reaction is of the first order
in ethylene and in nitric oxide, the activation energy being 27-5 kcal. mole-1.
These authors conclude that the isomerisation involves the opening of the
double bond.

Stepukhovich and his collaborators 47 have continued their studies of the
thermal decomposition of gaseous hydrocarbons. They find that tetra-
methylethylene greatly accelerates the decomposition of propane at 590°,
but the acceleration decreases with decreasing temperature until at 522° this
substance retards the decomposition of propane. Similar results were
found for the decomposition of fsobutane. The thermal decomposition of
butyl bromides has been investigated.48 The secondary and tertiary
bromides show first-order kinetics whereas the order for the normal and
iso-butyl bromides is 1-5, owing to a chain mechanism. The observations
for the first two bromides are in agreement with those of Maccoll et al. (see
Annual Reports, 1955, 52, 10). In this field it has also been found49 (in
agreement with Maccoll et al.) that the thermal decompositions of w-propyl
and isopropyl bromide are not straightforward unimolecular eliminations of
HBr. A study of the pyrolysis of [l-14C]propane has shown 50 that the
12012C bonds in this molecule break about 8% more frequently than
12C-14C bonds and this result is unaffected by the presence of nitric oxide.
This difference is the same as that found by Stevenson et al.bl between
12C_12C bonds and 12C~13C bonds. The velocity constant for the decom¬
position of photo-excited aniline molecules has been determined; 52 the
frequency factor and activation energy of the process, which probably
involves the breaking of the C~N bond, are 3-6 x 1013 sec.-1 and 12 kcal.
mole-1, respectively. It is interesting that the frequency factor for the
decomposition of an excited molecule lies in the so-called " normal range."
Results for other excited molecules would be very interesting. A detailed
examination of the mercury-photosensitised decomposition of C2H4, C2D4,
and «'s-C2H2D2 has been made,53 and the results further confirm earlier
work by the same authors 54 indicating that hydrogen and acetylene are
formed from ethylene by direct molecular decomposition and not via the
formation of free radicals. This process shows an isotope effect and exten¬
sive isotopic isomerisation also occurs; «'s-C2H2D2 isomerises to the anti
as well as the trans form. The change is considered to take place during
collisional deactivation of energy-rich ethylene molecules. From a quantit¬
ative study of the rate of production of hydrogen it was concluded that there
must be two types of energy-rich ethylene molecules involved, only one of

46 B. S. Rabinovitch and F. S. Looney, /. Chem. Phys., 1955, 23, 2439.
47 A. D. Stepukhovich and E. E. Nikitin, Doklady Akad. Nauk S.S.S.R., 1955, 105,

997.
48 G. B. Sergeev, ibid., 1956, 106, 299.
49 N. N. Semenov, G. B. Sergeev, and G. A. Kapralova, ibid., 1955, 105, 301.
60 H. M. Frey, C. J. Danby, and (Sir) C. N. Hinshelwood, Proc. Roy. Soc., 1956, A,

234, 301.
61 D. P. Stevenson, C. D. Wagner, O. Beeck, and J. W. Otvos, /. Chem. Phys., 1948,

16 993
52 B. Stevens, ibid., 1956, 24, 1272.
53 A. B. Callear and R. J. Cvetanovic, ibid., p. 873.
54 R. J. Cvetanovic and A. B. Callear, ibid., 1955, 23, 1182.
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which can decompose. In contrast to the above conclusions concerning the
production of H2 and C2H2, Varnerin and Dooling,55 from an investigation
of the thermal decomposition of C2H6~CD4 mixtures, conclude that ethane
decomposes into two methyl radicals which start a chain mechanism, and
that a negligible amount of H2 and D2 are formed by direct molecular
decomposition. Benson 56 has given a detailed critical analysis of the
Table 2. Values of E? — \Ev and Xt/V^d for radical reactions involving a

hydrogen-atom, transfer. Ex is the activation of energy of the reaction
R* + HX —>- RH + 'X and £D that of the dimerisation R- + R* —

R2; At and Ar> are the corresponding pre-exponential factors.
Et — 2

Radical Molecule (HX) (kcal.) [c.c./(mole sec.)]' Ref.

ch3- 11-9 — 58
,, D2 12-1 ± 0-6 13-9 X 10« 59

ch3-co-ch3 9-8 ± 0-4 8-5 x 104 ,,

h2 10-2 ± 0-5 — 60
cd3- ch3-ch2-ch2-ch3 « 9-3 — 61

ch3-cd2-cd2-ch3 b 11-4 —

cf3- ch3-ch2-ch3 6-5 ± 0-5 (6 X 104) 4 62
ch3-ch2-ch2-ch3 5-1 ± 0-3 (2 X 104) «

,, ch3-ch(ch3)2 4-7 ± 0-3 (2 x 104) 4
,, H2 9-5 ± 0-7 — 63

hd (to give cf3h) 10-5 ± 1-5 —

,, hd (to give cf3d) 10-2 ± 1-5
,, 10-2 ± 0-7 —

ch4 9-5 ± 2 X3 X 104 64

ch3-ch2-ch2-ch3 5-5 ± 1 ^il-5 x 104
D2 9-7 5-8 x 104 65

,, H2 8-8 8-4 x 104
,, c(ch3)4 7-6 12 x 104

ch3-ch2-ch3 6-2 9-7 X 104
11 ch3-ch2-ch2-ch3 5-3 6 0 X 104
,, cydo-(CH2)5 4-7 7-2 X 104
,, CH3-CH(CH3)2 (3-0) (0-73 X 104)
,, (CH3)2CH-CH(CH3)2 1-7 0-3 X 104
,, ch3-co-ch3 8-0 6-8 X 104
„ c6h6 (7-7) (5-8 X 104)

c6h6-ch3 60 4-5 x 104
c6h6-co-cf3 7-2 + 0-5 (10« - 10®) 4 66

Csh5- c2h6-co-c2h6 Ci1O00 — 67

•CH(CHs), (CH3)2CH-CO-CH(CH3)2 8-5 ± 0-1 1-8 x 1044 68

•CH(C2H6)(CH3) ch3-ch2-ch (ch3) -cho 4-9 4-8 x 10® 69

(a) For the removal of a secondary H atom.
(b) For the removal of either a primary H atom or a secondary D atom.
(c) Calc. from the published figures for the ratios of the steric factors, PtIV^v,

by assuming that the collision-number ratio ZT/-\/ZD = 107 [c.c./(mole sec.)]h
available experimental work on the pyrolysis of dimethyl ether. He has
put forward a chain mechanism for the decomposition and has derived
values for the rate constants of some of the reactions involved. The thermal
decomposition of some alkyl nitrites has been investigated.57

Reactions involving radicals. The activation energies and pre-exponential
factors resulting from new investigations of the hydrogen-transfer reactions
of radicals are given in Table 2. The radicals have been produced mainly by
the photolysis of ketones. The agreement between the two schools of

65 R. E. Varnerin and J. S. Dooling, J. Amer. Chem. Soc., 1956, 78, 2042.
66 S. W. Benson, J. Chem. Phys., 1956, 25, 27.
57 J. B. Levy, J. Amer. Chem. Soc., 1956, 78, 1780; Tnd. Eng. Chem., 1956, 48, 762.
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workers on the trifluoromethyl radical is very good, particularly since
different methods and radical sources were used; one school 62,63 used
the photolysis of (CF3)2CO, while the photolysis of CF3*N=N*CF3 was used
by the other.64' 65 Workers in both schools have arrived at the same general
conclusion, that the activation energies for the hydrogen-transfer reactions
of CF3 radicals are 2—3 kcal. mole-1 less than those of the corresponding
CH3 radical reactions. Ayscough and Polanyi 63 have given a detailed
discussion of their results for trifluoromethyl radical reactions in terms of
collision theory and transition-state theory, and have calculated the pre-
exponential factors of a number of these reactions. The results obtained 64
for the reaction of CF3 radicals with CH4 together with those 70 for the
reaction of CD3 radicals with CF3H permit an estimation of D(CF3~H). A
value of 102 dr 2 kcal. mole-1 was obtained,70 based on Z)(CH3~H) =
102-5 d: 1 kcal. mole-1.

A new theory has been developed for the rotating-sector method of
investigating radical recombination rates.71 It includes the situation when
the radicals are removed by both first- and second-order reactions. Applied
to the case of CH3 radicals the recombination rate constant was found to be
2-2 x 1013 c.c./(mole sec.) which is about half the value hitherto accepted.
The method has also been applied to CF3 radicals,72 yielding a rate constant
of 2-3 X 1013 c.c./(mole sec.). A collision diameter of 4 A being assumed,
this means that Ex, (Table 2) cannot be greater than 1-5 kcal. mole-1. Hence
the figures given in column 3 of Table 2 must be close to the true values for
Et. The sector method has also been applied to the recombination of
w-propyl radicals; 73 a value of 6 X 1015 c.c./(mole sec.) was obtained for
the sum of the rate constants of disproportionation and recombination. The
authors, in discussing likely errors, state that this figure may be as much as
20 times too large. It appears probable, however, that w-propyl radicals
recombine at almost every collision. A very extensive study of the be¬
haviour of ethyl and propyl radicals at room temperature has been made
by Bradley, Melville, and Robb.74-75-76 Two different methods were used

68 J. R. McNesby, A. S. Gordon, and S. R. Smith, /. Amer. Chem. Soc., 1956, 78, 1287.
69 J. Chanmugam and M. Burton, J. Amer. Chem. Soc., 1956, 78, 509.
60 H. Gesser and E. W. R. Steacie, Canad. J. Chem., 1956, 34, 113.
61 J. R. McNesby and A. S. Gordon, J. Amer. Chem. Soc., 1956, 78, 3570.
62 P. B. Ayscough and E. W. R. Steacie, Canad. J. Chem., 1956, 34, 103.
63 P. B. Ayscough and J. C. Polanyi, Trans. Faraday Soc., 1956, 52, 960.
64 G. O. Pritchard, H. O. Pritchard, and A. F. Trotman-Dickenson, Chem. and Ind.,

1955, 564.
65 G. O. Pritchard, H. O. Pritchard, H. I. Schiff, and A. F. Trotman-Dickenson,

Trans. Faraday Soc., 1956, 52, 849.
66 R. M. Smith and J. C. Calvert, J. Amer. Chem. Soc., 1956, 78, 2345.
67 R. K. Brinton and E. W. R. Steacie, Canad. J. Chem., 1955, 33, 1840.
68 C. A. Heller and A. S. Gordon, J. Phys. Chem., 1956, 60, 1315.
69 J. T. Gruver and J. C. Calvert, /. Amer. Chem. Soc., 1956, 78, 5209.
70 G. O. Pritchard, H. O. Pritchard, H. I. Schiff, and A. F. Trotman-Dickenson,

Chem. and Ind., 1955, 896.
71 A. Shepp, J. Chem. Phys., 1956, 24, 939.
72 P. B. Ayscough, ibid., p. 944.
73 S. G. Whiteway and C. R. Masson, ibid., 1956, 25, 233.
74 J. N. Bradley, H. W. Melville, and J. C. Robb, Proc. Roy. Soc., 1956, A, 236, 318.
76 Idem, ibid., p. 333.
74 Idem, ibid., p. 339.
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for the production of ethyl radicals—the photosensitised decomposition of
hydrogen in presence of ethylene and the photolysis of diethylmercury—and
investigations were carried out over a wide range of conditions. From the
determinations of the ethane : butane ratio, these authors conclude 74 that,
besides the normal two-body reaction between ethyl radicals, a three-body
process is important at high pressures, while at low pressures wall reactions
become important. In addition the behaviour of " hot " ethyl radicals
must be taken into account. The quantitative effect of these factors agrees
closely for the two methods of production of ethyl radicals. It is suggested
that these factors are responsible for the varied results obtained in the past
by different workers. Bradley, Melville, and Robb's74 observations
indicate that hot ethyl radicals only disproportionate and do not dimerise
and it is estimated that 105—106 collisions of a hot radical with neon are

required for moderation, while ethylene is about five times more efficient.
Estimates are also made of the ratio of the rate constants of the three-body
and normal two-body reactions between ethyl radicals. The extrapolated
value of the ratio ethane : butane at zero pressure was found to be 0-86;
this ratio decreases with increasing pressure, its average value being 0-43,
which is close to that found by Ivin and Steacie.77 However, there appears
to be a considerable discrepancy between these results and the value of 0-15,
for the ratio kibipTJkmomh. which Smith, Beatty, Pinder, and LeRoy78
have concluded is the best estimate from the most reliable investigations in
this field. Bradley, Melville, and Robb 75 studied the collision efficiency
for the reaction of ethyl radicals by allowing this reaction to compete with
the destruction of the radicals at a molybdenum oxide surface. Mass-
spectrometric analysis was used, which obviated the need for quantitative
observations of the blueing effect of the oxide. The collision efficiency was
found to be 0-15 0-03, corresponding to Adigpr. + /<irecomb. = 2-6 X 1013
c.c./(mole sec.). This is in excellent agreement with the value of 2-2 x 1013
found by Ivin and Steacie.77 The work on propyl radicals,76 produced by
the photosensitised decomposition of hydrogen in the presence of propene,
was carried out under conditions which favoured reaction by the normal
two-body process. The average propane : hexanes ratio was found to be
1-05 ± 0-05, showing that propyl radicals disproportionate more readily
than ethyl radicals. It was also shown that the attack of propene by
hydrogen atoms produces only 7-5% of M-propyl radicals, the remainder
being isopropyl radicals. For the latter radical Heller and Gordon 68 find
^dispr./^recomb. = 0*6 at 200° from studies of the photolysis of diwopropyl
ketone. Brinton and Steacie 67 have studied the reactions of ethyl radicals
produced by the photolysis of diethyl ketone; at the highest pressures they
found evidence of a second butane-forming reaction in addition to the
dimerisation of the radicals. At high intensities of illumination and low
ketone pressures, when the ethylene produced comes solely from the dis-
proportionation, the ratio of rate of ethylene production to rate of butane
production was 0-12 and constant over a wide range of conditions. This

77 K. J. Ivin and E. W. R. Steacie, Proc. Roy. Soc., 1951, A, 208, 25.
78 M. J. Smith, P. J. M. Beatty, J. A. Pinder, and D. J. LeRov, Canad. J. Chem.,

1955, 33, 821.
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result is close to the best value of 0-15 for kiisprJkKComh, selected by Smith
et al."'6 Brinton and Sfeacie conclude that both the disproportionate and
recombination of ethyl radicals are homogeneous and independent of
pressure down to 0-01 mm. (cf., however, ref. 74). Results obtained for
^dispr./^recomb. for other radicals are 0-125 at 100° for w-propyl radicals 73
and 1-67 at 25° for sec.-butyl radicals.69

The free-radical reactions resulting from the photolysis of keten (alone
and in the presence of hydrogen and deuterium) have been studied by two
groups of workers.59-60'79 Unfortunately, the conclusions reached differ
seriously. Chanmugam and Burton 59■79 consider that their observations
show that the reaction CH2 + CH2 —CH4 has a small activation energy
and is a significant reaction even at room temperatures, and that the dimeris-
ation of methyl radicals cannot account for all the ethane produced in their
system. With CD4 present they claim that the reaction CH2 CD4 —►
CH2D2 + CD2 occurs. On the other hand, Gesser and Steacie 60 claim that
the methylene radicals undergo the reaction CH2 + H2 —>- CH3 + H
(not CH4) and that the dimerisation of methyl radicals is the sole source of
ethane. From their observations at the lower temperatures, Gesser and
Steacie estimated that the activation energy of the reaction CH2 + H2 —>-
CH3 + H is 0-8 kcal. mole-1 greater than that for CH2 + CH2-CO —>■
C2H4 + CO and from this they deduce a lower limit of 103 kcal. mole"1 for
X)(*CH2-H). Methylene radicals have also been produced by the flash photo¬
lysis of keten.80 The observations show that methylene radicals must react
very rapidly with keten (collision efficiency > 10"2) to give cyc/opropanone in
one step, which then decomposes into the radicals *CH2-CH2-CO and
•CH2-CO~CH2", the former having a long life. These authors are of the
opinion that the methylene radicals are produced in the singlet state by the
flash photolysis. Methylketen has also been photolysed; 81 the products
suggest that the primary act produces ethylidene radicals.

From a study of the photolysis of (CF3)2CO, Ayscough and Steacie 82
have postulated the existence of two types of excited ketone molecules in
the system, only one of which has sufficient energy to decompose. The
relative rate constants of various energy-transfer processes involving these
species have been calculated. A new determination of the rate of reaction
between nitric oxide and methyl radicals, produced by pyrolysis of dimethyl-
mercury, has been made.83 A mass spectrometer was used and the values of
the rate constants obtained are 1-4 X 1011 at 900° and 1-3 X 1011 c.c./(mole
sec.) at 480°. The authors suggest that the rate constant may be higher
than this at higher pressures (they used -1 mm. of helium) and point out
that the results at various temperatures now available for this reaction
indicate that the activation energy is probably zero. A similar study 83a
has provided a rough value of 10"3—10"4 for the collision efficiency of the

79 J. Chanmugam and M. Burton, ibid., 1956, 34, 1021.
80 G. B. Kistiakowsky and K. Sauer, J. Amer. Chem. Soc., 1956, 78, 5699.
81 G. B. Kistiakowsky and B. H. Mahon, J. Chem. Phys., 1956, 24, 922.
82 P. B. Ayscough and E. W. R. Steacie, Proc. Roy. Soc., 1956, A, 234, 476.
83 W. A. Bryce and K. U. Ingold, J. Chem. Phys., 1955, 23, 1968.
83« K. U. Ingold and W. A. Bryce, ibid., 1956, 24, 360.
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reaction between methyl radicals and oxygen. Lossing el al.84 have em¬
ployed a mass spectrometer to investigate the mercury-photosensitised
decomposition of olefins into free radicals. Ethylene decomposes primarily
by a molecular split; propene gives mainly allyl radicals and hydrogen
atoms; but-l-ene gives allyl and methyl radicals, although splitting at a
OH bond also occurs to a smaller extent, and but-2-ene and wobutene both
decompose by the splitting of a OH bond. The subsequent reactions of
the radicals produced were also studied. The decomposition of primary
and secondary w-butyl radicals has been investigated; 85 they were produced
by photolysis of acetone in the presence of [2:2:3: 3-2H4]w-butane and
the products were identified by mass spectrometry and vapour-phase
chromatography. The results show that hydrogen atoms in a free radical
cannot wander by an intramolecular process and that the radicals decompose
mainly into a small radical (ethyl or methyl) and an olefin (ethylene or
propene). A value of 24 kcal. mole-1 for the activation energy of the decom¬
position of secondary butyl radicals into propene and methyl radicals has
been obtained from work on the photolysis of a-methylbutyraldehyde.69
The rather disturbing suggestion by Boynton and Taylor 86 that studies of
methyl-radical reactions may be appreciably affected by reaction of the
radicals with mercury vapour to give dimethylmercury has been disproved by
the results of Kutshke and McElcheran 87 who have re-examined the photolysis
of acetone in a system carefully kept free from mercury contamination.

Reactions involving atoms. Relatively few quantitative results for
velocity constants and Arrhenius parameters of reactions involving atoms
have been published during the past year. Cvetanovic 88 has studied the
reaction of oxygen atoms, produced by the mercury-photosensitised decom¬
position of nitrous oxide, with acetaldehyde and acetaldehyde-ethylene
mixtures at room temperature. From the results, together with his results 89
for the ethylene reaction, Cvetanovic estimates that the activation energy of
the acetaldehyde reaction is about 3 kcal. mole"1. Cvetanovic 90 has also
reviewed the work on the reaction of oxygen atoms with various olefins and
has formulated certain rules concerning various possible mechanisms. He
has estimated the relative rates of reaction at 25° for a number of olefins
based on m-butane as standard (= 10~5). These are: cis-but-2-ene,
4-8 X 10~3; isobutene, 5-9 X 10"®; but-l-ene, 1-4 X 10~3; ethylene,
2-2 X 10"4; acetaldehyde, 1-5 X 10"4; w-butane, 10~5. A study of the
nitrogen afterglow by a technique involving the simultaneous use of a mass
spectrometer and a photomultiplier has been made 91 which has provided a
value of 2 x 10~33 c.c.2/(molecules2 sec.) for the termolecular rate constant
for the recombination of nitrogen atoms. This value is about one tenth
of that found for recombination of iodine and bromine atoms. The

84 F. P. Lossing, D. G. H. Marsden, and J. B. Farmer, Canad. J. Chem., 1956, 34,
701.

85 J. R. McNesby, C. M. Drew, and A. S. Gordon, J. Chem. Phys., 1956, 24, 1260.
86 C. F. Boynton, jun., and H. A. Taylor, ibid., 1954, 22, 1929.
87 K. O. Kutschlce and D. E. McElcheran, ibid., 1956, 24, 618.
88 R. J. Cvetanovic, Canad. J. Chem., 1956, 34, 775.
89 Idem, J. Chem. Phys., 1955, 23, 1375.
90 Idem, ibid., 1956, 25, 376.
91 J. Berkowitz, W. A. Chupka, and G. B. Kistiakowsky, ibid., p. 457.
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observations indicate that the reaction involves two 4S nitrogen atoms pro¬
ducing a molecule which then undergoes a collision-induced radiationless
transition to a 3IT,, molecule. Values for the termolecular recombination
rate constants for iodine atoms 92 and bromine atoms 93 at high temperature
(1000—1600° k) have been obtained by the shock-tube technique. The
results for various gases as third bodies are given. These velocity constants,
together with those obtained by flash photolysis at very much lower tem¬
peratures, establish the reality of a negative temperature coefficient beyond
any doubt.

An extensive investigation of the rates of reaction of sodium atoms with
aromatic halides has been made94 by use of the diffusion-flame technique.
In addition to the halogen atom removed by the sodium, the halides con¬
tained a second unreactive substituent attached to the benzene ring. Bond-
energy effects are shown to be negligible, and the gradations in velocity
constant are discussed in terms of the stabilisation of the transition state by
the participation of additional ionic structures arising from the presence of
the second substituent. Winkler and his collaborators have continued their

investigations of the reactions of active nitrogen with various substrates—
alkyl chlorides,95 methane and ethane,96 dimethyl- and diethyl-mercury,97
and acetonitrile.98 Evans and Winkler99 have concluded that the main
active species in this system is atomic nitrogen, but the evidence suggests
that there is more than one species involved. They consider that vibration-
ally excited molecules are the most likely possibility. The reactions of
active nitrogen with organic substrates have been reviewed as a whole 100
and a unified mechanism has been outlined to account for the more important
features of these reactions.

The relative efficiencies of the addition of hydrogen atoms to ethylene
and propene have been re-investigated by Bradley, Melville, and Robb.101
Using an improved molybdenum oxide technique, they obtained results
which are in satisfactory agreement with those obtained by other methods,
and the ratio of the efficiencies H -f- propene : H + ethylene ^ 1-5 appears
to be well established. The investigation also shows that the collision
efficiencies of the radical reactions ethyl + ethyl, ethyl + propyl, and
propyl -)- propyl are all approximately equal. It has been discovered that
traces of oxygen greatly accelerate the hydrogen-deuterium exchange
reaction.102 This is due to a chain reaction. This exchange reaction has
also been very carefully re-investigated 103 over the temperature range

92 D. Britton, N. Davidson, W. German, and G. Schott, /. Chem. Phys., 1956, 25, 804.
93 D. Britton and N. Davidson, ibid., p. 810.
94 F. Riding, J. Scanlan, and E. Warhurst, Trans. Faraday Soc., 1956, 52, 1354.
95 B. Dunford, H. G. V. Evans, and C. A. Winkler, Canad. J. Chem., 1956, 34, 1074.
90 P. A. Gartaganis and C. A. Winkler, ibid., p. 1457.
97 D. A. Armstrong and C. A. Winkler, ibid., p. 885.
98 W. Forst and C. A. Winkler, J. Phys. Chem., 1956, 60, 1424.
98 H. G. V. Evans and C. A. Winkler, Canad. J. Chem., 1956, 34, 1217.

100 H. G. V. Evans, G. R. Freeman, and C. A. Winkler, ibid., p. 1271.
181 J. N. Bradley, H. W. Melville, and J. C. Robb, Proc. Roy. Soc., 1956, A, 236,

454, 446.
102 R. Klein, M. D. Scheer, and L. J. Schoen, J. Amer. Chem. Soc., 1956, 78, 47.
103 G. Boato, G. Careri, A. Cimino, E. Molinari, and G. G. Yolpi, /. Chem. Phys.,

1956, 24, 783.
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916—1010° K. Irreproducible results were obtained unless the reaction
vessel was surrounded by an evacuated quartz jacket which prevented
diffusion of air into the system through the reaction vessel walls. The
exchange rates obtained when diffusion of air was excluded were a factor
of 2 lower (cf. ref. 102) than those obtained by previous workers. A value
of 59-8 i 9-4 kcal. mole"1 was obtained for the total activation energy. The
authors consider that the new results provide a stringent test of the transi¬
tion-state theory and they conclude that the theory can account satisfactorily
for the observations. A modified form of the diffusion-flame technique 104
has been used to study the reaction H + 03 —>- OH* + 02, which is
followed by OH* —>- OH + ftv. The preliminary results indicate that the
first reaction probably goes at almost every collision and that the life-time
of the excited hydroxyl radical is about 8 X 10"5 sec.

Molecule-molecule reactions. Further details of the work of Ashmore
and Levitt105 on the H2-N02 reaction have appeared, together with a
description of the logarithmic photometer 106 which was used in the investig¬
ation. At 400° c, nitrogen dioxide in presence of excess of hydrogen is
rapidly and completely removed without change in total pressure; the rate
is much greater than that of the reaction 2N02 —>- 2NO + 02. The
inhibition of the reaction by nitric oxide is not due to the reverse of the
reaction N02 + H2 —>- NO + H20, but is probably due to a chain reaction,
the termination involving nitric oxide. Water has very little effect on the
initial rate but it accelerates the final stages of the reaction. Large amounts
of oxygen retard the reaction. The authors conclude that further work is
necessary before the nature of the chain reaction can be established. The
kinetics of the CFyCN-butadiene cyclisation reaction have been studied; 107
this bimolecular reaction is a modification of the Diels-Alder condensation
in which hydrogen is eliminated. The activation energy is 21-5 kcal. mole-1
and the pre-exponential factor is 2-1 x 109 c.c./(mole sec.), the latter being
considerably less than the " normal " value for bimolecular reactions, and
is characteristic of this type of condensation. The reaction between diethyl
ether and nitrogen dioxide over the range 120—200° has been shown to be
predominantly bimolecular with an activation energy of 22 kcal. mole-1.
The products are numerous and one of them, nitric oxide, acts as an in¬
hibitor.108 Between 0° and 100°, pressure measurements indicate the
formation of ether complexes with nitrogen dioxide. The inhibiting effect
of nitrogen dioxide on the reaction between nitric oxide and dinitrogen
pentoxide has been studied with a fast-scanning infrared spectrometer.109
Values of k2/k6 were obtained at various temperatures and total pressures,
the rate constants corresponding to the reactions in the mechanism :

k k

N2Os „ NOj + NO,; NO + NO, V 2NOa
ka

104 D. Garvin and J. D. McKinley, J. Chem. Phys., 1956, 24, 1256.
105 P. G. Ashmore and B, P. Levitt, Trans. Faraday Soc., 1956, 52, 836.
106 P. G. Ashmore, B. P. Levitt, and B. A. Thrush, ibid., p. 830.
10' J. M. S. Jarvie and G. J. Janz, J. Phys. Chem., 1956, 60, 1430.
108 E. A. Blyumberg, V. L. Pikayeva, and N. M. Emanuel, Zhur. fiz. Khim., 1955,

29, 1569.
109 C. Hisatsune, A. P. McHale, R. E. Nightingale, D. L. Rotenburg, and B. Craw¬

ford, jun., J. Chem. Phys., 1955, 23, 2467.
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The hydrogen-bromine reaction has beeti investigated at 1000—1500° k
by the shock-tube technique.110 The experiments provide qualitative
information about the relative rates of the reactions comprising the well-
known mechanism under non-steady-state conditions. The exchange
reaction between B2D6 and B5H9 at 80° has been studied by infrared spectro¬
scopy 111 and by mass spectrometry.112 Deuterium enters the pentaborane
by two main processes—by a direct exchange reaction which is almost
exclusively restricted to the non-bridge hydrogens of the pentaborane, and
by synthesis following the pyrolysis of the diborane. The deuterium atoms
enter singly during the exchange reaction and tracer studies with 10B show
that the boron atoms are not involved in the process. The reaction between
B2H6 and PH3 to give BH3*PH3 (solid) has been shown to be a homogeneous
gas reaction unaffected by the surface of the solid product.113 A mechanism
for the reaction is suggested and the activation energy of the first step
B2H6 PH3 »- BH3*PH3 + BH3 is 11-4 kcal. mole"1 with a steric factor
of about 3 X 10 5 [based upon a collision number of 1014 c.c./(mole sec.)].

Varnerin and Dooling 114 have investigated the thermal reaction between
C2H4 and D2. The initial rates of formation of the numerous products
were measured by mass spectrometry. A free-radical mechanism is sug¬
gested and estimates are made of the overall activation energies for the
rates of disappearance of the reactants and of appearance of various pro¬
ducts. These are compared with theoretical estimates. Schissler and
Stevenson 115 have continued their mass-spectrometric studies of the gas-
phase reactions between molecules and molecule-ions. In addition to
reactions of the type X+ + HY —XH+ + Y, they give results for
several reactions between simple hydrocarbons and carbonium ions. For
the latter type, however, they emphasise that the simple interpretation of
the reaction cross-sections (because of their dependence on certain experi¬
mental parameters) as bimolecular velocity constants is not strictly valid.
Field et a/.116 have also published results for some examples of the second
type of reaction; they concluded that the polarisation force between the
carbonium ion and the molecule is the dominant factor in determining the
reaction cross-section.

The kinetics of the equilibrium 2HI w H2 + I2 have been carefully
investigated from 600 to 775° k with a flow method.117 The two reactions
were found to be strictly bimolecular and the results agree with extra¬
polations of previous results obtained at lower temperatures. The velocity
constants of the forward and reverse reactions are, respectively, 3-59 X
1015 exp (— 49,200/Jtr) and 1-23 X 1015 exp (—41,000/jRT) c.c./(mole sec.).
Graven considers that his results disprove the suggestion 118 that above
600° k an atomic mechanism should play an appreciable part in the

110 D. Britton and N. Davidson, J. Chem. Phys., 1955, 23, 2461.
111 J. J. Kaufman and W. S. Koski, ibid., 1956, 24, 403.
112 \V. S. Koski, J. J. Kaufman, L. Friedman, and A. P. Irsa, ibid., p. 221.
1,3 H. Brumberger and R. A. Markus, ibid., p. 742.
111 R. E. Varnerin and J. S. Dooling, J. Amer. Chem. Soc., 1956, 78, 1119.
113 D. O. Schissler and D. P. Stevenson, J. Chem. Phys., 1956, 24, 926.
118 F. H. Field, J. L. Franklin, and F. W. Lamp, J. Amer. Chem. Soc., 1956, 78, 5697.

W. M. Graven, ibid., p. 3297.
118 S. W. Benson and R. Srinivasan, J. Chem. Phys., 1955, 23, 200.
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reactions, becoming dominant above 900° K. An attempt 119 to measure
the rate of exchange of 18F atoms between HF and various fluorinated
methanes has shown, in contrast to the results for similar experiments 120
on the exchange of isotopic chlorine between HC1 and chlorinated methanes,
that no exchange occurs. The relative rates of exchange of1311 between I2 and
certain alkyl halides have been measured.121 The mathematical analysis of
this type of system of competitive isotopic exchange reactions is also discussed.

Radiation Chemistry.—In addition to the usual annual reviews on this
topic,1' 2 collections of abstracts of the published and unclassified report
literature have appeared 3 and two more accounts of recent Russian work
in the field became available at the end of last year.4' 5

Dosimetry. The yield for the ferrous sulphate dosimeter has been
determined more precisely 6 for 2Mv electrons as G(Fe3+) = 15-45 T 0-11
molecules per 100 ev. There are now several independent determinations
of this yield covering 2 Mv electrons, 32P electrons, 1 Mvp A-radiation and
60Co y-radiation, which use power output, counting, ionisation chambers,
or calorimetric measurements for determining the energy absorption. All
agree within the experimental errors and there seems to be no variation
with intensity from 0-1 to 2 X 106 r per sec. Slightly lower yields of
G(Fe3+) =-14-15 ±0-6 and 13-4 ± 0-6 are obtained 7 with 10 kv and
8 kv A-radiation, respectively, by using 0-lN-sulphuric acid and assuming
the energy for ion-pair production (W) in air to be 34 ev.

Hart et al.6 have obtained G(Fe3+) for 3-3—21-2 Mev deuterons and for
0-3—2 Mev protons produced by a cyclotron. The former increases from
6-90 to 10-86 over this energy range, and the latter from 7-16 to 8-00. There
is reasonable agreement with previous determinations for particular energies.
The methods used to measure the energy inputs in a similar investigation
of cyclotron-produced deuterons and a-particles have been described.9

Pucheault 10 finds that, by using ferrous sulphate solutions containing
boric acid, the yields of Fe3"1 given by y-radiation and neutrons in reactor
radiation are additive. Ceric sulphate, eerie sulphate-boric acid, and
ferriin solutions 11 are recommended for separating the y and neutron

118 J. E. Boggs, E. R. Van Artsdalen, and A. R. Brosi, J. Amer. Chem. Soc., 1955, 77,
6505.

120 J. E. Boggs and L. O. Brockway, ibid., p. 3444.
121 L. R. Darbee, F. E. Jenkins, and G. M. Harris, J. Chem. Phys., 1956, 25, 605.

1 Ann. Reports, 1955, 52, 42.
2 C. J. Hochanadel and S. C. Lind, Ann. Rev. Phys. Chem., 1956, 7, 83; F. S. Dain-

ton, Ann. Rev. Nuclear Sci., 1955, 5, 213.
3 R.W.Clarke, A.E.R.E. ReportsC/R 1575; Part 1, Theory, Interpretations, Water

and Aqueous Inorganic Systems. Part 2, Organic Compounds (including Polymeris¬
ation Reactions). Part 3, Gaseous Systems (excluding Organic Compounds). Part 4,
Solid Systems (excluding Organic Compounds). Part 5, Biochemistry and Radio-
biology (excluding animal studies). Part 6, Miscellaneous.

4 Session Acad. Sci. U.S.S.R. on Peaceful Usesof Atomic Energy, July 1955. Part 1,
Meetings of Chem. Div.

5 Collection of Papers on Radiation Chemistry, Akad. Nauk S.S.S.R., 1955.
6 R. H. Schuler and A. O. Allen, J. Chem. Phys., 1956, 24, 56.
7 M. Cottin and M. Lefort, J. Chim. phys., 1956, 53, 267.
8 E. J. Hart, W. J. Ramler, and S. R. Rocklin, Radiation Res., 1956.
" R. A. Schuler and A. O. Allen, Rev. Sci. Instr., 1955, 26, 1128.

10 J. Pucheault, J. Chim phys., 1956, 53, 705.
11 Idem, ibid., p. 697.
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intensities. Nitrous oxide, which on radiolysis gives nitrogen, oxygen, and
nitrogen dioxide, makes a convenient gas dosimeter 12 for 5 X 104—1010 R
and has a yield G(~N20) •= 12.

Detailed investigations are reported 13 on silver-activated phosphate
glass for dosimetry over the range 103—107 R, and Cellophane sheets dyed
with an azo-dye are also suggested.14 The latter show a linear change in
transmittance for doses of 60Co y-radiation from 2 X 105 to 107 R, with a
1-5% change in transmittance for 10® R. Electrons are 2-2 times more
effective. A book on radiation dosimetry which is mainly of interest to
radiologists has been published.15

Gases. Two reviews have appeared 16 on experimental and theoretical
aspects of the excitation and ionisation of molecules by electron impact,
mainly in mass-spectrometer conditions. Momigny 17 finds that double
impacts by electrons can occur in the ion source, so that excitation may be
followed by ionisation at the second impact. Ionisation and excitation
energies are obtained which agree with spectroscopic values where available.
Ionising electrons of energies up to 1100 v have been used in the mass
spectrometry of several alkyl halides.18 It is observed that the number of
ions from molecular fragments decreases with increasing electron energy.

Perhaps the most important recent contributions to radiation chemistry
from mass spectrometry are Schissler and Stevenson's observations 19 on
the reactions between ions and molecules. The reaction H2+ + H2 —►
H3+ + II is well known and has been used in the interpretation of the
radiation-induced reactions of hydrogen. Other types of ion-molecule
reactions now found include :

Kr+ + H2 >- KrHh + H CH3+ + CH, >■ C2H5+ + H2
CH,+ + CH, CH6+ + CH3 C3H8+ + C3H6 >■ C,HS+ + C2H,

It is also important that specific rate constants have been estimated which
show that almost every collision is effective in reaction. In similar studies
Meisels et al.20 find that charge transfer with bond breaking may occur :
A+ + CH4 —>- A -f- CH3+ + H. These observations confirm the early
suggestion of Lind that such ion-molecule reactions are important in radi¬
ation chemistry, and they also point to a likely mechanism for the production
of high-molecular weight products in the irradiation of hydrocarbons.

Hickam and Fox21 have applied the retarding-potential difference
method, previously used in the study of positive-ion formation, to study the
capture of low-energy electrons (<2 v) by sulphur hexafluoride. Measure-

12 P. Harteck and S. Dondes, Nucleonics, 1956, 14, No. 3, 66.
13 S. Davison, S. A. Goldblith, and B. E. Proctor, ibid., No. 1, 34; N. J. Kreidl and

G. E. Blair, ibid., No. 1, 56; A. L. Reigert, H. E. Johns, and J. W. T. Spinks, ibid.,
No. 11, 134.

14 E. J. Henly and D. Richman, Analyt. Chem., 1956, 28, 1580.
15 G. J. Hine and G. L. Bronnell (ed.), " Radiation Dosimetry," Academic Press

Inc., New York, 1956.
16 J. D. Craggs and C. A. McDowell, Rep. Progr. Phys., 1955, 18, 375; M. Kraus,

A. L. Wahrhaftig, and H. Eyring, Ann. Rev. Nuclear Sci., 1955, 5, 241.
17 J. Momigny, J. Chem. Phys., 1956, 25, 787.
18 N. N. Tunitskii, S. E. Kupriyanov, and M. V. Tikhomirov, ref. 5, p. 223.
19 D. O. Schissler and D. P. Stevenson, J. Chem. Phys., 1955, 23, 1353; 1956, 24, 926.
20 G. G. Meisels, W. H. Hamill, and R. R. Williams, ibid., 1956, 25, 790.
21 W. M. Hickam and R. E. Fox, ibid., p. 642.
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ments of W for polonium a-particles in H2, N2, CH4, air, BF3, H2S, NH3,
C4H10, C02, S02, CC14, and EtOH have given, in general, good agreement
with previous determinations.22

Among induced chemical reactions, the fixation of nitrogen in air as
nitrogen dioxide (liquid and gas) by pile radiation 23 and the polymerisation
of ethylene by y-radiation have been reported.24 The latter occurs by a chain
reaction to give a wax at ~20 atm. and room temperature, with yields of
about 104 ethylene molecules polymerised per 100 ev absorbed. At 77-6°
carbon tetrachloride vapour with a-particles gives an ion-pair yield 25 of
chlorine of 0-14 which is much less than 0-4 obtained in the liquid phase. In
electron-irradiated mixtures of C2H6 and C2D6 it is found26 that the H2, HD,
and D2 mixture produced is not equilibrated and its composition indicates
that at least half of the hydrogen and deuterium must be formed as molecules
from the hydrocarbon. On the other hand this does not seem to be the case
with methane, for Meisels et al.20 find that electron-irradiated mixtures of
CH4 -)- A + I2 do not give much CH2I2. The ethyl group in the large
amounts of C2H5I found here is thought to originate in the ion-molecule
reaction CH3+ -f- CH4 —>- C2H5+ + H2.

An interesting study of indirect action caused by tritium (3-irradiation
of water vapour has been made by Firestone.27 When small amounts of D2
in H20 vapour containing T20 are used, HD is formed with G(HD) =11 ± 1,
independent of the amounts of H20, D2, or T20 present. The suggested
mechanism for HD formation is

P + H20 H + HO
H + Da HD + D

HO + D2 >■ HOD + D
D + D >- Dj

On this basis G(HD) = G(~H20). The number of water molecules decom¬
posed in the vapour is therefore about three times that observed in liquid
water, which is consistent with current ideas that radical recombination
occurs in the ionisation tracks in liquids.

Non-aqueous liquids. There has been a comprehensive review of the
radiation chemistry of organic compounds 28 and of reactions which might
be useful in synthetic organic chemistry.29 Berry et al.30 have made a
more extensive investigation of the quenching of the radiation-induced
luminescence of p- and ra-terphenyl and 1 : 4-diphenylbutadiene in benzene,
eyc/ohexane, and toluene. The observations are consistent with the earlier
suggestion that quenching is due to interaction of the quencher and excited

22 C. Biber, P. Huber, and A. Miiller, Helv. Phys. Acta, 1955, 28, 503.
23 P. Harteck and S. Dondes, J. Chem. Phys., 1956, 24, 619; Nucleonics, 1956, 14,

No. 7, 22; S. Y. Pshezhetsky, I. A. Myasnikov, and N. A. Buneev, ref. 4, p. 64; ref. 5,
p. 133.

24 J. C. Hayward, U.S.A.E.C., N.Y.O., 1955, 3313.
25 W. Mund, P. Huyskens, and J. Dedaisieux, Bull. Classe Sci., Acad. troy. Belg.,

1955, 41, 929.
26 L. M. Dorfman, J. Phys. Chem., 1956, 60, 826.
27 R. F. Firestone, J. Amer. Chem. Soc., 1956, 78, 3226.
28 E. Collinson and A. J. Swallow, Chem. Rev., 1956, 56, 471.
29 E. J. Bourne, M. Stacey, and G. Vaughan, Chem. and Ind., 1956, 1372.
30 P. J. Berry, S, Lipsky, and M. Burton, Trans. Faraday Soc., 1956, 52, 311.
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solvent molecules before energy transfer to the scintillator can occur, but
the participation of ionic species cannot be ruled out. The resistance of
polyphenyls to radiation has led to their consideration as pile moderators
and coolants. With this in view Colichman and Gercke 31 have subjected
diphenyl, o-, m-, and ji-terphenyls, ^>-quaterphenyl, and various mixtures of
these to electron and pile radiation over the range 30—350°. Yields of
gases (80—90% hydrogen) of 0-001—0-01 molecule per 100 ev were observed.
Polymers are also produced.

Dewhurst,32 using vapour-phase chromatography, has found a multi¬
plicity of products from the irradiation of n-hexane with 800 kv A'-rays.
Sixteen hydrocarbons from C5 to C12 were detected. In contrast, cyclo-
hexane gave only three. Schuler 33 finds the yields of hydrogen from irradi¬
ated liquid cycfohexane and benzene to decrease only slightly when 0-2m-
iodine is present, indicating that, as mentioned above for ethane, it must be
formed as molecules rather than atoms. The acetylene yield from benzene
behaves similarly. In the presence of oxygen, irradiated heptane, 2-methyl-
heptane, cyc/ohexane, toluene, and benzene give peroxy-compounds (RO)2,
ROaH, and H202 (100 ev yields 1—2), carbonyl compounds (yields 0-6—2),
and acids (yields 0-2—0-6).34 The yields of a variety of products from X-
irradiated acetic acid in oxygen have also been measured.35

Liquid ethyl iodide and n- and fso-propyl iodide with 120 kvp AT-rays
give mainly iodine and hydrocarbons with the same number of carbon atoms
as the parent,36 but these do not seem to originate from thermal radicals.
The use of radio-iodine reveals that such radicals as are formed originate
almost entirely from the rupture of the C~I bond. The liberation of halogen
by 60Co y-radiation from CC14, CBr4, C2C16, and C6C16 has also been in¬
vestigated.37

60Co y-radiation induces 38 the reactions C6H6 -f- NH3 —C6H5*NH2
(yields up to 0-36) and C6H6 + CC14—>- C8H5-CC13 (yield 0-45). Other
radiation-induced reactions examined are the bromination of toluene by
IV-bromosuccinimide39 and the oxidation of various alcohols by CC14 to
give HC1, CHC13, and aldehyde.40 These are chain reactions and in the
latter 100 ev yields as high as 1800 are observed.

Radiation-induced polymerisation has received further attention.
Callinan41 compared the physical properties of a variety of polymers
prepared by radiation and by conventional initiators. The intensity depen¬
dencies for the radiation polymerisation of liquid vinyl chloride42 and
acrylonitrile (liquid and solutions) 43 are similar to those given by other

31 E. L. Colichman and R. H. J. Gercke, Nucleonics, 1956, 14, No. 7, p. 50.
33 H. A. Dewhurst, J. Chem. Phys., 1956, 24, 1254.
33 R. H. Schuler, J. Phys. Chem., 1956, 60, 381.
31 N. A. Bach, ref. 5, p. 145; N. A. Bach and N. I. Popov, ibid., p. 156.
36 N. A. Bach and V. V. Saraeva, ibid., p. 175.
36 R. H. Schuler and R. C. Petry, J. Amer. Chem. Soc., 1956, 78, 3954.
37 A. V. Zimin and Z. S. Egorova, ref. 5, p. 249.
38 A. V. Zimin, S. V. Churmanteev, and A. D. Verina, ref. 5, p. 249.
38 R. A. Cox and A. J. Swallow, Chem. and Ind., 1956, 1277.
40 K. Hannerz, Research, 1956, 9, si.
41 T. D. Callinan, J. Electrochem. Soc., 1956, 103, 292.
48 A. Chapiro, J. Chim. phys., 1956, 53, 35.
43 R. Bensasson and A. Pr6vot-Bernas, ibid., p. 93.
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methods of initiation. This argues against any localisation of the radicals
concerned in the kinetic chain, i.e., growing polymer radicals, but does not
reveal anything about the spatial distribution of the initiating radicals
produced by the radiation. A similar comparison of polymerisation rates
has given primary radical yields for the irradiation44 of styrene
[G(radicals) = 2—4-4] and methyl methacrylate (28—54) which, relatively,
are in agreement with previous determinations. However, absolute values
much lower than these are also reported.45 The formation of graft polymers
occurs when a polymer solution containing a different monomer is
irradiated.44 Diphenylpicrylhydrazyl (DPPH) will also attach itself to
polymer chains in similar conditions, but the interesting observation is
made that it does not react at the site of the free radical.46 This is con¬

cluded from the fact that the product still shows the oxidation-reduction
colour changes associated with free diphenylpicrylhydrazyl. The formation
of graft copolymers by using ultrasonic radiation is also reported.47

Water and, aqueous solutions. By an extension of Samuel and Magee's
model, Ganguly and Magee 48 estimated theoretically the extent of primary
radical combination and primary radical-scavenger reactions occurring in
water with electrons, protons, and a-particles of various energies. Coulson 49
has discussed the relative stabilities of H2+ and HO+, which have been
suggested as intermediates in irradiated water, and concludes that the latter
would react readily as HO+ + H20 —>- HO + H20+. Weiss 50 suggests
that the equilibrium HO + H30+ **■ H20 + II20may be responsible
for the pH-dependence of radiation-induced reactions in water and that
H20+ HO —► H302: —>- H202 + H+ is a possible source of hydrogen
peroxide.

Hochanadel and Lind2 have chosen values of primary yields (Gw)
for 0-8N-sulphuric acid and for solutions from O-OIn to neutral which
they consider most representative at present. In 0-8N-sulphuric acid they
propose : GW(H) =3-70, Gw(OH) =2-90, Gw(H202) =0-80, GW(H2) =0-40.
By use of these values and G(Fe3+) = 15-6 for aerated ferrous solutions in
0-8N-sulphuric acid, a new determination 51 G(Fe3+) = 8-24 for de-aerated
solutions now gives a quantitatively consistent picture of the oxidation of
Fe2+, provided that oxidation of Fe2+ by H (possibly as H2+, but see ref. 150)
occurs in de-aerated solutions. A value of GW(H) + Gw(OH) = 6-12 has
been obtained 52 from a comparison of the y- and ultraviolet-initiated chain
oxidation of formic acid by hydrogen peroxide, and 6±0-4 is given 53
by a new assessment of previous observations on the y- and ultraviolet-
initiated chain decomposition of hydrogen peroxide. By measuring Gw(Fe3+)

44 D. S. Ballantine, A. Glines, D. J. Metz, J. Behr, R. B. Mesrobian, and A. J.
Restaino, J. Polymer Sci., 1956, 19, 219.

45 T. S. Nikitina and K. S. Bagdasaryan, ref. 5, p. 183.
46 A. Henglein and M. Boysen, Makromol. Chem., 1956, 20, 83.
47 A. Henglein, ibid., 1956, 18/19, 37.
48 A. K. Ganguly and J. L. Magee, J. Chem. Phys., 1956, 25, 129.
49 C. A. Coulson, J., 1956, 778.
50 J. Weiss, Experientia, 1956, 12, 280.
51 N. F. Barr and C. G. King, J. Amer. Chem. Soc., 1956, 78, 303.
52 J. L. Weeks and M. S. Matheson, ibid., p. 1273.
iS F. S. Dainton, ibid., p. 1278.
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in aerated Fe2+ and Fe2+-Cu2+ solutions, Hart et al8 have determined the
number of water molecules decomposed for the loss of 100 ev by deuterons
with energies of 3—21 Mev and by protons of 0-3—2 Mev. G(H20) = 3-5
for 21 Mev deuterons which lose 100 ev in 224 A, and only decreases to 3-0
for 0-5 Mev protons for which the energy is concentrated in 20 A. Donaldson
and Miller 54 have used the Fe2+ + Cu2+ system with and without air to
obtain primary yields for polonium a-particles. In the absence of air an
appreciable yield of oxygen is found which is considered to originate from
H02 formed by the intra-track reaction HO + H202 —>- H02 + HaO.
The yields GW(H) = 0-77; Gw(H02) = 0-25; Gw(HO) + Gw(H202) = 3-12;
and Gw(H2) = 1-55 are obtained and the last is found to decrease at high
Cu2+ concentrations owing to the competition between Cu2+ + H and
H + H in the track.

Ebert et al,55 have extended their observations on hydrogen peroxide
formation in oxygenated water by fast neutrons and Ghormley56 has
investigated the effect of the pulse frequency of 1-5 Mv electrons on the
steady-rate concentration of hydrogen peroxide formed in water. The latter
experiments suggest an intermediate with a lifetime of —10~3 sec. in these
conditions. Steady-state concentrations of hydrogen and hydrogen peroxide
attained in oxygenated water by 65 kv X-rays and 60Co y-radiation have
been measured 57 and in general agree with previous observations.

LeBail and Sutton 58 find that G(Fe3+) in y-irradiated Fe2+-H2S04
solutions is unaffected by oxygen pressures up to 14 atm. and by acid con¬
centrations up to 5n, which further emphasises the anomaly of the high
yields (up to 60) obtained by Proskurnin et al,59 G(Fe3+) is found by Trum-
bore and Aten 60 to increase from 15-5 to 18-6 in going from H20 to DaO
solutions, which is more than the 12% reported by McDonell,61 who also
finds 62 an increase in the rate of the y-initiated hydrogen peroxide decom¬
position in D20. It seems probable that these differences originate from
the different diffusion and recombination rates of the primary radicals
formed.

It has been established by using tracers that the exchanges Crm-CrVI
and TFn-Tl1 are induced by y-radiation 83 and X-radiation 64 respectively.
In the thallium system Tl2+ is suggested as an intermediate. Sworski 65
also invokes the formation of Tl2+ to explain the increase in G(Ce3+) to 7-9
when Ce4+ solutions are irradiated with Tl+, compared with 2-39 without
Tl+. In this study it is also found, contrary to a previous report, that Ce3+
decreases G(Ce3+) from 2-39 and this is attributed to the reaction

54 D. M. Donaldson and N. Miller, Trans. Faraday Soc., 1956, 52, 652.
55 M: Ebert, P. Howard-Flanders, and D. Moore, Radiation Res., 1956, 4, 110.
66 J. A. Ghormley, ibid., 1956, 5, 247.
57 P. I. Dolin, ref. 5, p. 7.
68 H. LeBail and J. Sutton, J. Chim. phys., 1956, 53, 430.
59 M. A. Proskurnin, V. D. Orekhov, and E. V. Barelko, ref. 4, p. 41; M. A. Pros¬

kurnin, V. D. Orekhov, and A. I. Chernova, ref. 5, p. 79.
60 C. N. Trumbore and A. H. W. Aten, J. Amer. Chern. Soc., 1956, 78, 479.
C1 W. R. McDonell, USAEC Report ANL-5206.
62 Idem, ibid., Report ANL-5207.
63 M. Lefort and M. Lederer, Compt. rend., 1956, 242, 2458.
64 G. E. Challenger and B. J. Masters, J. Amer. Chem. Soc., 1956, 78, 3012.
65 T. J. Sworski, Radiation Res., 1956, 4, 483.
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Ce3+ + HO —>- Ce4+ + OH occurring in the tracks at the expense of
HO + HO —>■ H202. Values of G(Ce3+) in Ce3+ + Ce1+ + H2S04 +
H*C02H solutions 66 suggest that the reaction HO + H2S04 —>- H20 +
HS04 occurs to a significant extent.

Further work is reported on the irradiation of solutions of nitrite and
nitrate,67- 68 ferrous and ferric trisphenanthrolines and dipyridyls,69 and
hydrazine.70

There has been much work on the radiation-induced oxidation of organic
compounds in oxygenated aqueous solution. Ethylene gives mainly
acetaldehyde and, at high pressures (ca. 45 atm.), yields up to 200 are
obtained.71 A further examination of benzene solutions 72 confirms that

phenol is the major product (yield 2-2). A small amount of aldehyde is
also formed which appears to be mucondialdehyde, a product which could
result from oxidative ring opening. In the presence of Fe2+ the phenol
yield increases 73 to 6-0, no doubt owing to the utilisation of the hydrogen
peroxide which is also produced. Solutions of butyl and benzyl alcohols
give aldehydes and hydrogen peroxide 74 with a yield of 3-1. With ethanol
and pyruvic acid Johnson et alJ5 observed yields of aldehyde and lactic acid
respectively which rise as high as 7-0 as the concentration of substrate
increases to 1-Om. They point out that this is higher than would be expected
if HO alone were the oxidant since G(HO) = 3—3-5. Ascorbic acid in
aerated solutions is found to be oxidised according to the reaction
AH2 -f- 02 —>- A + H202, and a high oxidation yield of 7-8 is also reported
here.51 This is accounted for by assuming that H02 also behaves as an
oxidant. On the other hand, the high values of G(NH3) and GJglyoxylic
acid) given by the oxidative deamination of 0-5—2-0m-glycine in aerated
solutions 76 are attributed to direct action, possibly by " sub-excitation "
electrons. The very high yields of sulphur (>103) from thiourea 77 no
doubt arise from a chain reaction. Secondary amines in solution give
primary amine and aldehyde and it is suggested that the mechanism

HO . o, H,O
R-NH-CHjR ► R-NH-CHR RN.'CHR >- R-NH, + R-CHO

may also account for cleavage and post-irradiation effects found with
peptides.78

In de-aerated solutions an interesting difference between the effects of
cyclotron-produced helium ions and AT-rays on aqueous glycine is observed.
The helium ions give amino-derivatives of succinic acid 79 not found with

66 T. J. Sworski, J. Amer. Chem. Soc., 1956, 78, 1768.
67 V. D. Orekhov, A. I. Chernova, and M. A. Proskurnin, ref. 5, p. 91.
68 N. A. Bach, ref. 4, p. 23.
89 J. Pucheault, J. Chim. phys., 1956, 53, 697.
70 M. Lefort and M. Haissinsky, ibid., p. 527.
71 E. J. Henley, W. P. Schiffries, and N. F. Barr, Amer. Inst. Chem. Eng. J., 1956,

2, 211.
72 M. Daniels, G. Scholes, and J. Weiss, /., 1956, 832.
73 M. A. Proskurnin and E. V. Barelko, ref. 5, p. 99.
74 M. A. Proskurnin, E. V. Barelko, and L. V. Abramova, ref. 5, p. 106.
75 G. R. A. Johnson, G. Scholes, and J. Weiss, Nature, 1956, 177, 883.
76 W. M. Garrison and B. M. Weeks, J. Chem. Phvs., 1956, 25 585
77 W. M. Dale, Nature, 1956, 177, 531.
78 M. E. Jayko and W. M. Garrison, J. Chem. Phys., 1956, 25, 1084,
71 W. M, Garrison and B. M. Weeks, ibid., 1956, 24, 616.
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X-rays, which is a consequence of the high radical concentrations in the
former case.

The kinetics of y-initiated polymerisation of acrylonitrile in aqueous
solution have been reinvestigated. The rate depends on (Intensity)0'85
and it is concluded 80 that, since other methods of initiation give about the
same value of the exponent, the previous explanation of the high exponent
in terms of a non-uniform distribution of the radicals is erroneous. Appre¬
ciable degradation of polvmethacrylic acid by X-rays in aqueous solution
occurs even in the absence of air.81 A parallel kinetic study of the break¬
down by HO produced from photolysed hydrogen peroxide supports the
contention that HO is responsible in the X-irradiation and not H02 as
previously reported. These conclusions have been questioned.82 Oxidative
and hydrolytic degradation of amylose in solution by y-radiation is found
to be accompanied by the production of small fragments of the molecule and
of acidic groups.83

The presence of glucose enhances the reversible reduction of aqueous
methylene-blue by y-radiation 84 and the decomposition of low concen¬
trations of chloral hydrate by 200 kv X-radiation.85 These effects are
probably due to the reactions of the radicals produced from glucose by H
and HO. Radicals produced in this way from a variety of organic com¬
pounds have been shown 86 to reduce Fe3+, Cu21, and quinones, and when
both H and HO give rise to a radical the amount of reduction produced is a
measure of GW(H) + Gw(HO). The kinetic analysis of the metal ion-organic
compound systems, previously carried out by Hart for Fe3+ in formic acid,
has enabled relative values for the rates of hydrogen abstraction by hydro¬
gen atoms for a number of substances to be determined.86

In the biochemical field Butler has discussed the effects of radiation on

important biological materials, in particular deoxyribonucleic acid (DNA),
and reviewed the theories of radio-biological action.87 Further work on
DNA suggests that breaks or weak points are produced in the single nucleo¬
tide strands.88 Purine and pyrimidine ribonucleotides give hydroperoxides
in air and form labile phosphate esters, which release inorganic phosphate
after irradiation has ceased.89 High doses are usually required to produce
observable changes in DNA but Cole and Ellis 90 observed that a dose of
850 R given to deoxyribonucleoprotein produces a marked increase in the
liberation of DNA by trypsin as well as a considerable decrease in swelling
capacity in water. Russian work on DNA and various proteins has also
been reported.91 In work on biological iron compounds in solution Barron *

80 R. Benasson and A. Pr£vot-Bernas, J. Chim. phys., 1956, 53, 93.
81 J. H. Baxendale and J. K. Thomas, Chem. and Ind., 1956, 377.
82 P. Alexander and M. Fox, ibid., p. 1387.
83 E. J. Bourne, M. Stacey, and G. Vaughan, ibid., p. 573.
84 V. D. Orekhov, A. I. Chernova, and M. A. Proslcurnin, ref. 5, p. 85.
88 A. Hilsenrod, J. Chem. Phys., 1956, 24, 917.
86 J. H. Baxendale and D. Smithies, Z. phys. Chem. (Frankfurt), 1956, 7, 242.
87 J. A. V. Butler, Radiation Res., 1956, 4, 20.
88 K. V. Shooter, R. H. Pain, and J. A. V. Butler, Biochim. Biophys. Acta, 1956, 20, 497.
88 M. Daniels, G. Scholes, and J. Weiss, /., 1956, 3771.
80 L. J. Cole and M. E. Ellis, Radiation Res., 1956, 5, 252.
81 A. M. Kusin, Session Acad. Sci., U.S.S.R., on Peaceful Uses of Atomic Energy,

July, 1955; Meetings of Biology Division, p. 69; A. G. Passynsky, ibid., p. 104.
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and Johnson 92 find that the Fe11 compounds oxyhsemoglobin and myoglobin
are oxidised and the Fe111 compounds haemoglobin, hfemin, cyanide haemo-
chromogen, and cytochrome c are reduced. In all cases the porphyrin ring
is destroyed. Indirect reduction of cytochrome c by the free radicals
produced in the irradiation of solutions of ethanol, methanol, and hydrogen
is found to give a product different from that of enzyme reduction, but
benzoate or succinate solutions yield the identical product.93 The change in
the catalase activity of irradiated yeast after irradiation has been investig¬
ated.94

Solids. Ghormley et al.9b'90 have extended previous observations on
irradiated ice at low temperatures. Oxygenated ice gives hydrogen and
hydrogen peroxide even at —200°. There is evidence for the release of a
species which decomposes hydrogen peroxide when irradiated ice is warmed
to —180° and of another which has an absorption peak at 2800 A. The
behaviour of these entities with temperature is paralleled by that of para¬
magnetic resonance peaks attributed to H and HO respectively, and also
by certain features of the luminescence which appears when ice warms after
irradiation at —196°.96 Paramagnetic resonance has been used to identify
the ions and radicals formed in the irradiation of a wide variety of com¬
pounds at —196° including alcohols, amines, amides, thiols,97 and alkyls of
tin, zinc, and mercury.98 Electron-irradiated solid ferrous ammonium
sulphate gives sulphite, hydrogen, and Fe3+ when dissolved in water. The
hydrogen appears to arise as a result of reaction of the irradiated salt with
the water since anhydrous ferrous sulphate gives the same yield.99 A more
detailed account of the polymerisation of solid acrylamide by y-radiation
has been given.100 The reaction rate is of the first order in dose rate and
the polymer molecular weight independent of it, which suggests that the
polymerisation occurs in localised regions. Other solid monomers which
polymerise are methacrylamide, methylenebisacrylamide, vinylcarbazole,
vinyl stearate, methacrylic acid, and acrylic acid and its K, Ca, and Ba
salts.100 The polymerisation of hexamethylcyc/otrisiloxane to a substance
insoluble in benzene occurs on irradiation with 800 kvp electrons.101 This is
not the usual type of polymerisation but rather resembles the formation of
high-molecular weight material from solid hydrocarbons.

The irradiation of polymers continues to be an active field. The subject
has been reviewed by Charlesby 102 and Russian work has been described
by Karpov.103 Chapiro 104 has investigated the changes in colour and

92 E. S. G. Barron and P. Johnson, Radiation Res., 1956, 5, 290.
93 L. K. Mee and G. Stein, Biochem. J., 1956, 62, 377.
94 D. L. Aronson, M. J. Fraser, and C. L. Smith, Radiation Res., 1956, 5, 225.
95 J. A. Ghormley and A. C. Stewart, J. Amer. Chem. Soc., 1956, 78, 2934.
98 J. A. Ghormley, J. Chem. Phys., 1956, 24, 1111.
97 C. F. Luck and W. Gordy, J. Amer. Chem. Soc., 1956, 78, 3240.
98 W. Gordy and C. G. McCormick, ibid., p. 3243.
99 E. R. Johnson, ibid., p. 5196.

100 A. J. Restaino, R. B. Mesrobian, H. Morawetz, D. S. Ballantine, G. J. Dienes,
and D. J. Metz, ibid., p. 2939.

101 E. J. Lawton, W. T. Grubb, and J. S. Balwit, J. Polymer Sci., 1956, 19, 455.
103 A. Charlesby, Nucleonics, 1956, 14, No. 9, p. 82.
103 V. L. Karpov, ref. 4, p. 1.
104 A. Chapiro, J. Chim. phys., 1956, 53, 293, 295, 306.
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softening points of poly(methyl methacrylate) and cellulose acetate when
irradiated and finds prolonged post-irradiation effects. He considers that
the primary reaction with these and with other polymers is the simultaneous
breaking of several C~C bonds, as occurs in mass-spectrometric observations
on larger molecules. The changes in physical properties of a wide variety
of polymers after irradiation have been examined by Harrington,105 and
Fowler 106 has given a theoretical treatment of the conductivity induced in
insulators such as amber, mica, and plastics. A clear picture of the processes
which lead to cross-linking, hydrogen formation, and double-bond formation
in polyethylene and related substances has not yet emerged, but recent work
shows some advances. Several workers 103,107 report a decrease in the
extent of the crystalline phase in polyethylene on irradiation, an effect
which is also observed with low-pressure polyethylene.108 It is now estab¬
lished 107,109 that the unsaturation which is produced is entirely trans-
vinylene, and moreover these groups are also formed with about the same
yield in polymethylene and octacosane, so that branching in the molecule
does not affect this process.109 However, branching is responsible for almost
all the gaseous hydrocarbon given by polyethylene. Miller et a/.109 conclude
that main-chain breaking is absent in unbranched molecules except at the
ends, that unsaturation results from the ejection of molecular hydrogen,
and that cross-linking occurs by combination between radicals on adjacent
chains, these being formed by ejection or abstraction of hydrogen. On the
other hand, Pearson 110 suggests that addition of polymer radicals to the
double bonds formed is responsible for cross-linking. From the effect of
oxygen on gel formation, Alexander and Toms 111 conclude that cross-
linking and chain breaking are not alternative processes and that in the
presence of oxygen there is one break for each cross-link. Okamoto and
Isihara 112 have used kinetic analysis to derive relationships between the
extents of the various processes.

Photochemistry. Work in which photochemical methods have been used
mainly to study the kinetics of gas phase reactions is dealt with under
" Kinetics of Gas Reactions."

It appears that after a run of 25 years aqueous uranyl oxalate is likely
to be replaced by ferrioxalate solution as a general purpose actinometer
liquid. In addition to higher sensitivity and greater convenience, ferri¬
oxalate can be used further into the visible region, and as a result of a
thorough investigation by Hatchard and Parker 113 values of quantum
yields are now available from 509 m;j. to 254 m(r. For special purposes, e.g.,
intensity determinations in light of mixed wavelengths, uranyl oxalate is
still useful, and a method of analysis leading to increased accuracy has been

105 R. H. Harrington, Nucleonics, 1956, 14, No. 9, p. 70.
106 J. F. Fowler, Proc. Roy. Soc., 1956, A, 236, 464.
107 A. Brookes and R. Kaiser, Nalurwiss., 1956, 43, 53.
108 R. Kaiser, Kolloid Z., 1956, 148, 168.
108 A. A. Miller, E. J. Lawton, and J. S. Balwit, J. Phys. Chem., 1956, 60,

599.
110 R. W. Pearson, Chem. and Ind., 1956, 903.
111 P. Alexander and D. Toms, J. Polymer Sci., 1956, 22, 343.
112 H. Okamoto and A. Isihara, ibid., 1956, 20, 115.
113 C. G. Hatchard and C. A. Parker, Proc. Roy. Soc., 1956. .4, 235, 518,
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described.114 Further progress with light in the far ultraviolet region is
made possible by the development of a sapphire-tube discharge lamp 115
with an output of 2 x 1019 quanta/sec. in the 1540 A region, and by the
use of synthetic BaF2 crystals 116 which transmit down to 1345 A.

Wijnen 117 has photolysed ethane at 1470 A and observed the formation
of H2, CH4, C3H8, and C4H10. The primary reaction is considered to be
C2H6 -f- /iv —► C2H5 + H which may be followed by H-f C2H5 —>-
C2H6* —>- 2CH3. Further work on photo-ionisation round 1236 A shows
that with nitric oxide 118 dissociative recombination NO+ + e—>- N + 0
is important. Other reported photolyses in the gas phase are : CH20 +
h j —>- H + HCO, which is effective at 3650 A and puts a lower limit
of 78 kcal. on the OH bond strength; 119 CH3-CH:CO + /iv —CH3-CH +
CO; 120 cyc/ooctatetraene -)- hv —>- C2H2 + C6H6 + polymer; 121 and a
detailed investigation of methyl iodide,122 which confirms that " hot "
methyl radicals are responsible for formation of CH4 and some C2H6. Noyes
et al.12Z have reviewed the photochemistry of ketones with particular refer¬
ence to the primary act, and in the case of 3-chloro- and 4-chloro-butan-
2-ones Taylor and Blacet124 find evidence that the major reactions are
CH3-COCHCl-CH3 + /iv —>- CH3-CO-CH-CH3 + CI and CH3-C0-CH2-CH2C1
+ /»v —>- CH3*CO + CH2'CH2C1 respectively. The same workers also
investigated 125 the photochemical oxidation of diacetyl by oxygen in which
the main products are CO, C02, CH20, and H20. Ozone formation from
illuminated N02~02-hydrocarbon mixtures has been followed 126 by infrared
absorption in a cell with path-length 430 m. in an attack on the problem of
atmospheric " smog " formation. Volman 127 has analysed previous work
on the production of ozone from oxygen and concludes that absorption above
the convergence limit (1750 A) to give the 32«~ state of oxygen is followed
by dissociation to two 3P atoms as suggested earlier by Flory. In support of
this, it is found 128 that the kinetics of H202, H20, and 03 formation in H2~02
mixtures at 1849 A agree with those obtained below the convergence limit.

The applications of flash photolysis have been reviewed 129 and the
technique has been used to show the existence of transient species in tetra-
ethyl-lead vapour,130 irradiated aqueous amino-acids,131 and halide

114 G. T. Rogers, Chem. and Ind., 1956, 572.
115 L. S. Nelson, J. Opt. Soc. Amer., 1956, 46, 768; L. S. Nelson and D. A. Ramsay,
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solutions,132 the formation 133 of N3 from NH3, and to obtain the spectrum
of the radical HCO produced from acetaldehyde.134

In the liquid phase Fillet et al,135 find that the photochemical oxidation
of acetaldehyde to peracetic acid is a chain reaction with a mechanism
analogous to that established for the peroxidation of ethylenic compounds.
The decomposition of chromyl chloride to Cr02 and Cl2 in carbon tetra¬
chloride with 4190 A light is also a chain reaction 136 with quantum yields
102—103. The proposed primary step is Cr02Cl2 + In —Cr02Cl + CI.
The phenomenon of energy transfer from solvent to solute has been examined
for irradiated solutions of ^-terphenyl in toluene by Cohen and Weinreb.137
Thej' conclude that the transfer must take ca. ICh9 sec., i.e., there is some
delay. They also show that, even in dilute systems, energy is not exchanged
between solvent molecules before transfer occurs. The transfer from p-
terphenyl to other fluorescent compounds in toluene and dioxan-watcr
solutions has been examined by Gemmill.138 Terenin and Ermolaev 139
have continued their studies of this in ethanol-ether glasses at —195°, and
show that it is possible to transfer energy from a variety of donors which
absorb the radiation, such as aromatic aldehydes and ketones, to a variety
of acceptors such as naphthalene, diphenyl, etc. However this is only
possible when the triplet level of the donor is above that for the acceptor in
accordance with the general thesis that triplet states are the ones concerned
in the transfer.

Other studies on glasses include an investigation of the colour formation
in irradiated spiro-pyran and dianthrane derivatives,140 and a search for
the products of photolysis of tetramethyltetrazen, sulphur chlorides, bromal,
bromopicrin, acetophenone, and diphenylmercury.141 The last two, although
showing appreciable photolysis in the liquid, are stable in the glass at 77° k.

In aqueous solution reactions induced by the photolysis of hydrogen
peroxide have been studied. Burton and Dewhurst 142 compared the
kinetics of oxidation of hydrazine induced by photolysed hydrogen peroxide
with the oxidation by ionising radiation studied earlier. Nitrogen, ammonia,
and oxygen are produced and a reaction is suggested in which the primary
step H202 + hv —► 2HO is followed by HO + N2H5 r —+~ N2H4+ + H20
and subsequent reactions of N2H4+ (or N2H3). The alternative primary
step H202 + h~j —>- H20 + O was also considered and rejected. The
primary quantum yield for photolysis of hydrogen peroxide at 2537 A has
been redetermined by Weeks and Matheson 52 using the induced oxidation
of formic acid by photolysed hydrogen peroxide in the presence of oxygen.
The mechanism proposed by Hart is H202 + hv —► 2HO; HO + H-C02H

138 L. I. Grossweiner and M. S. Matheson, J. Chem. Phys., 1955, 23, 2443.
133 B. A. Thrush, Proc. Roy. Soc., 1956, A, 235, 143.
134 G. Herzberg and D. A. Ramsay, ibid., p. 34.
135 P. Fillet, M. Niclause, and M. Letort, J. Chim. phys., 1956, 53, 8.
136 G.-M. Schwab and S. Prakasli, Z. phys. Chem. (Frankfurt), 1956, 6, 387.
137 S. G. Cohen and A. Weinreb, Proc. Phys. Soc., 1956, B, 69, 593.
138 C. L. Gemmill, Radiation Res., 1956, 5, 216.
138 A. Terenin and Y. Ermolaev, Trans. Faraday Soc., 1956, 52, 1042.
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—H20 + C02H; C02H + H202 —C02 + H20 + HO; C02H +
02 —>- C02 4 H02; 2H02 —H202 4 O2, so that the quantum yield for
absorption of oxygen is the primary yield for photolysis of hydrogen per¬
oxide. The kinetics are consistent with this scheme and the primary
quantum yield 0-49 is obtained. This agrees with another determination by
use of other aliphatic acids in the absence of oxygen.81 Here it is found
that the quantum yield for photolysis of peroxide in conditions where the
chain reaction is absent is 1 -00 at 25° c, but falls to 0-50 in the presence of
aliphatic acids. This is interpreted to mean that the reaction HO 4
H202 —H02 4 H„0, which normally follows the primary step, is replaced
by HO + CH3-C02H —H20 4 CH2-C02H and that the radical CH2-C02H
does not, as is the case with formic acid, take part in a chain reaction.
Neither of these studies, however, eliminates the possibility of H202 4 h J
H20 4- O as the primary step, but they do preclude the possibility that
oxygen atoms, if formed, combine to give 02. Previous work on the ultra¬
violet-induced oxidation of Fe2+ in aqueous solution had indicated that the
reaction Fe2+ 4- H2+ —Fe3+ + H2 was important since the quantum
yields were pH-dependent. However a re-investigation 143 has shown that
initial yields are independent of pH and the alternative reaction Fe2+ + H 4
H20 —FeOH2+ -f- H2 is suggested. A study of the oxidation 144 of
alcohols by oxygen photosensitised by sodium anthraquinone-2-sulphonate
indicates that the excited quinone molecule reacts A* + R-CH2*OH —*-
AH + R-CH-OH. It is pointed out by Bowen 145 that this parallels pre¬
vious work with dichromate instead of quinone and suggests that here, too,
hydrogen-abstraction occurs. The cross-linking of Polythene photosensitised
by benzophenone and diphenylamine observed by Oster 146 probably also
involves a similar reaction, although cross-linking also occurs in the absence
of photosensitiser. Photosensitised oxidation-reductions induced by chloro¬
phyll-type compounds 147 and by fluorescein and its halogen derivatives 148
are also reported. In the latter there is evidence from quenching experi¬
ments for a long-lived excited state. High-molecular weight copolymers of
allyl alcohol and acrylonitrile have been prepared by photopolymerisation
sensitised by acriflavin and ascorbic acid,149 and the kinetics of polymeris¬
ation of styrene, initiated by the absorption of 4600 A light by Neutral-red
and triphenylmethane-type dyes, have been obtained; 150 the latter seem
to act by energy transfer, but with the former it appears that radicals are
produced on illumination.

Polymerisation.—Radical Polymerisations.—General. The effect of devi¬
ations from ideality on the molecular-weight distribution in linear poly¬
merisations has been considered.1 The classical network theory of gelation

143 M. Lefort and P. Daizon, J. Chim. phvs., 1956, 53, 536.
144 C. F. Wells, Nature, 1956, 177, 482.
145 E. J. Bowen, ibid., p. 889.
110 G. Oster, J. Polymer Sci., 1956, 22, 185.
147 R. Livingston and R. Pariser, J. Amer. Chem. Soc., 1956, 78, 2944, 2948; R.

Livingston and K. E. Owens, ibid., p. 3301.
148 A. H. Adelman and G. Oster, ibid., pp. 913, 3977.
148 G. Oster and Y. Mizutani, J. Polymer Sci., 1956, 22, 173.
150 H. Miyama, J. Chem. Soc. Japan, 1955, 76, 1013, 1361.

1 F. E. Harris, J. Polymer Sci., 1955. 18, 351.
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has been verified for a model unsaturated polyester cross-polymerisation.2
The addition of a cross-linking agent to a very dilute solution of a susceptible
polymer produces intramolecular cross-linking with the formation of rings.
The probability of forming rings of various sizes, given one cross-link per
molecule, has been discussed.3 The hydrogen bonding which causes the
dimerisation of carboxylic acids in solution also leads to the formation of
inter- and intra-molecular aggregates in polymers containing carboxyl
groups.4 A thermistor method for the determination of velocity coefficients
in vinyl polymerisations has been developed 5 and applied to reactions in
highly viscous media.6 The influence of carbons on polymerisation reactions
has been discussed,7 and the presence of free radicals on the surface of carbon
black demonstrated by paramagnetic-resonance measurements.8 The action
of carbon black in stabilising polymeric materials cannot be accounted for by
simple cohesive forces 9 and is probably due to the cross-linking of degraded
polymer radicals by carbon particles. Macromolecular stable free A?-poly-
radicals have been obtained by the y-irradiation of a number of polymers in
the presence of diphenylpicrylhydrazyl (DPPH).10 The free radicals
produced in the polymer combine with the a-A-phenyl nuclei rather than
with the p-A'-radical of DPPH, and subsequent oxidation gives a violet
polymer.

Attempts to induce asymmetric radical addition during chain growth
by using monomers containing an asymmetric centre close to the double
bond have been unsuccessful in homopolymerisations,11 but Beredjick and
Schuerch have succeeded in obtaining an optically active copolymer. The
copolymerisation of (—)-a-methylbenzyl methacrylate with maleic anhydride
gives an optically active copolymer containing the asymmetric centres
originally present in the monomer. When these are removed by reduction,
the copolymer remains optically active, but of opposite sign to the unreduced
copolymer. The only apparent explanation is that asymmetry has been
induced during the process of radical polymerisation.12

General kinetics. The photosensitised polymerisation of acrylonitrile in
ACV-dimethylformamide has been studied under homogeneous conditions 13
at 25° c. The initiator exponent (0-59) found is slightly greater than the
approximate value of 0-5 previously reported,14 and strengthens the evidence
for retardation by chain transfer to the solvent. Constancy of order is
maintained up to at least 70% conversion, but after-effects have been
observed which are not in conformity with the theoretical expression. With

2 M. Gordon, B. M. Grieveson, and I. D. McMillan, Trans. Faraday Soc., 1956, 52,
1012.

3 W. Kuhn and H. Majer, Makromol. Chem., 1956, 18/19, 239.
I Shih-Yen Chang and H. Morawetz, J. Phys. Chem., 1956, 60, 782.
s H. Miyama, Bull. Chem. Soc. Japan, 1956, 29, 711.
6 S. Fujii and S. Tanaka, J. Polymer Sci., 1956, 20, 409.
' P. Smith, ibid., 1956, 21, 143.
8 M. Szwarc, ibid., 1956, 19, 589.
9 R. S. Bradley, J. Colloid Sci., 1956, 11, 237.

10 A. Henglein and M. Boysen, Makromol. Chem., 1956, 20, 83.
II C. G. Overberger and I.. C. Palmer, J. Amer. Chem. Soc., 1956, 78, 666.
12 N. Beredjick and C. Schuerch, ibid., p. 2646.
13 P. F. Onyon, Trans. Faraday Soc., 1956, 52, 80.
11 W. M. Thomas, E. H. Gleason, and J. J. Pellon, J. Polymer Set., 1955, 17, 275.
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azofsobutyronitrile (AIBN) as catalyst at 60°, ferric chloride acts as an
exclusive terminator, the ferric ion being reduced to ferrous.15 The value
of d[Fe2+]/d< gives the rate of initiation, and the rate constant for the
decomposition of AIBN into useful radicals has been determined. The rate
of ferric termination depends on the electron-donating properties of the
polymer radicals, and the polymerisation of styrene is strongly inhibited by
ferric salts. The efficiency of initiation of styrene chains by AIBN has been
determined in AW-dimethylformamide and in ethyl methyl ketone, and is
in good agreement with the results for styrene in benzene obtained by
Bevington 16 using a tracer technique. Collinson and Dainton have indi¬
cated the general nature of the redox reaction between organic radicals and
metallic salts.17 The rate of reaction depends on the nature of the metallic
ion as well as on the polymeric radical,18 and in polymerisation systems in
which the probability of chain transfer is low the reaction can be used to
determine the number average degree of polymerisation. Rate constants
have been determined for the thermal and photochemical bulk polymeris¬
ation of methacrylonitrile catalysed by benzoyl peroxide and AIBN.19
Although the polymer comes out of solution as a highly swollen jelly at low
conversions, the rate constants for propagation, termination, and transfer
are normal. The energies of activation and the temperature-independent
factors, however, are all slightly higher than normal, probably owing to the
enmeshing of radicals by the coiled polymer chains.

The mechanism of polymerisation in precipitating media is still uncertain.
The autocatalytic increase in rate with conversion characteristic of these
systems has been observed in the y-ray initiated polymerisation of vinyl
chloride.20 The results can be partly interpreted by the non-stationary-state
treatment proposed by Magat,21 but the problem is complicated by the
production of initiating radicals from the polymer. The non-stationary-
state method has been applied to the bulk polymerisation of acrylonitrile 22
based on the long-lived after-effects observed in the radiochemical polymer¬
isation.23' 24'25 The conventional termination reaction between propagating
radicals is assumed to be prevented by occlusion, leading to a continued
build-up in the concentration of these radicals with conversion. This
approach has been criticised by Bamford and Jenkins,26 who show that
growing polyacrylonitrile radicals initiated photochemically undergo a
termination reaction sufficiently rapid to give stationary-state conditions
at low conversions. The extended period of increase in rate with conversion
observed in both the photochemical and radiochemical polymerisations is
therefore unlikely to be due to the gradual accumulation of occluded

15 C. H. Bamford, A. D. Jenkins, and R. Johnston, Nature, 1956, 177, 992.
16 J. C. Bevington, Trans. Faraday Soc., 1955, 51, 1392.
17 E. Collinson and F. S. Dainton, Nature, 1956, 177, 1224.
18 E. Collinson, F. S. Dainton, and G. S. McNaughton, J. Chim. phys., 1955, 52, 556.
19 N. Grassie and E. Vance, Trans. Faraday Soc., 1956, 52, 727.
20 A. Chapiro, J. Chim. phys., 1956, 53, 512.
21 M. Magat, J. Polymer Sci., 1955, 16, 491.
22 J. Dump and M. Magat, ibid., 1955, 18, 586.
23 M. Magat, ibid., 1956, 19, 583.
24 R. Bensasson and A. Prevot-Bernas, J. Chim. phys., 1956, 53, 93.
25 A. Prevot-Bernas and J. Sebban-Danon, ibid., p. 418.
26 C. H. Bamford and A. D. Jenkins, J. Polymer Set., 1956, 20, 405.
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radicals. Ham 27 has shown that chain transfer with polymer is probably
negligible, and certainly not sufficient to account for the induction period.
The usual stationary-state treatment has been used to derive ratios of kinetic
constants in the bulk polymerisation of acrylonitrile 28 by azofsobutyro-
nitrile at 25°. In contrast to the reaction at 60°, the rate is substantially
constant over the range 1—20% conversion, and the results are consistent
with radical termination by disproportionation.

Further confirmation of the ceiling-temperature effect has been obtained.29
The heat and entropy of polymerisation, and hence the ceiling temperature
of 1-enes, is independent of the length of the saturated side-chain, when this
contains more than one carbon atom. A molecular-orbital theory of
reactivity in radical polymerisation has been presented 30 and the effect of
viscosity on polymerisation kinetics examined.31'32 The onset of diffusion
control at high conversion has been studied for the polymerisation of styrene
and methyl methacrylate.33 The peroxide-catalysed bulk polymerisation
of allyl acetate has been re-examined under oxygen-free conditions.34 The
reaction exhibits the linear relation between the disappearance of the
monomer and the disappearance of peroxide characteristic of allyl polymer¬
isations, and ascribed to degradative chain transfer. Some induced decom¬
position of the peroxide occurs in this system, and to a greater degree
in the polymerisation of l-methylprop-2-enyl acetate.35 Gaylord has
shown that although degradative chain transfer is the major factor
limiting the molecular weight in allyl polymerisation, effective chain
transfer may also play an important part, and is not excluded by a
constant value of d[monomer]/d[peroxide].36 In the polymerisation of
l-methylprop-2-enyl propionate, effective chain transfer constitutes
92—94% of the total transfer.37 Degradative transfer limits the molecular
weight in diallyl polymerisation, but becomes less important beyond the gel
point.38 There is some evidence that the termination step in the polymer¬
isation of 2 : 6-dimethylstyrenes is a degradative transfer.39 The use of
Al/V-dimethylaniline (DMA) as a promoter for the decomposition of peroxide
initiators (see p. 50) has led to the investigation of its effect on chain
propagation and termination. The rate of decomposition of azofsobutyro-
nitrile is not affected by AW-dimethylaniline but the rate of polymerisation
of a number of monomers by azofsobutyronitrile is reduced in the presence
of AW-dimethylaniline, which acts as a chain-transfer agent.40 NN-

27 G. E. Ham, J. Polymer Sci., 1956, 21, 337.
28 P. F. Onyon, ibid., 1956, 22, 19.
28 F. S. Dainton, K. J. Ivin, and D. R. Sheard, Trans. Faraday Soc., 1956, 52, 414.
30 K. Hayashi, T. Yonezawa, G. Nagata, S. Okamura, and K. Fukui, J. Polymer

Sci., 1956, 20, 537.
31 H. W. Melville, Z. Elektrochem., 1956, 60, 276.
32 A. N. Pravednikov, Doklady Akad. Nauk S.S.S.R., 1956, 108, 495.
33 E. R. Robertson, Trans. Faraday Soc., 1956, 52, 426.
34 M. Litt, Diss. Abs., 1956, 16, 1218.
35 N. G. Gaylord and F. M. Kujawa, J. Polymer Sci., 1956, 21, 327.
38 N. G. Gaylord, ibid., 1956, 22, 71.
37 N. G. Gaylord and F. M. Kujawa, ibid., 1956, 21, 329.
38 H. W. Starkweather and F. R. Eirich, Ind. Eng. Chem., 1955, 47, 2452
32 M. J. Schlatter, J. Amer. Chem. Soc., 1956, 78, 3440.
40 M. Imoto, T. Otsu, T. Ota, H. Takatsugi, and M. Matsuda, J. Polymer Sci., 1956,

22, 137.
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Dimethylaniline may also influence the propagation step in the polymeris¬
ation of ^-substituted styrenes by assisting the hyperconjugation effect.41

The termination step in the polymerisation of styrene has been studied
with a model polystyrene radical obtained by decomposing 1 : l'-azobis-
(1 : 3-diphenylpentane).42 The results confirm termination by combination
rather than disproportionation over the range 25—144°. The high rates
and molecular weights obtained with persulphate initiators in emulsion
polymerisations have also been observed under homogeneous conditions.
The termination rate is decreased by the mutual repulsion of the ion-radical
active centres.43 The polymerisation of vinyl acetate by high-energy
radiation has been studied 44 and a number of monomers have been poly¬
merised in the crystalline state by y-radiation.45 Other studies include the
polymerisation of ethyl acrylate,46 methyl methacrylate,47 vinyl chloride,48
and the dye-sensitised photopolymerisation of styrene.49

Initiation. The initiation constants of nine acyl peroxides have been
determined for the polymerisation of methyl methacrylate.50 The decom¬
position of acetyl benzoyl peroxide,51 ethyl methyl ketone peroxide,52
a-cumyl peroxide,53 and organosilyl peroxides 54 has been studied. The
effect of oxygen on the decomposition of azofsobutyronitrile and benzoyl
peroxide in aromatic solvents has been investigated.55 Cyclic peroxides
have only weak initiating activity under normal conditions,56 but in redox
systems their activity is comparable with that of other peroxides, indicating
monoradical initiation.57 The incorporation of catalyst fragments in
polymer molecules has been studied by analytical and radioactive-tracer
methods. By using 14C-labelled benzoyl peroxide it has been established
that benzoate groups can be completely removed from polystyrene chains
by hydrolysis, and the proportion of phenyl to benzoate end-groups accur¬
ately determined.58 The presence of 1-3—1-6 benzoate units per chain has
been ascribed to initiation together with some termination by the benzoyl-
oxy-radical,59 but there is evidence that it may become incorporated in the

41 M. Imoto and K. Takemoto, J. Polymer Sci., 1956, 19, 205.
42 C. G. Overberger and A. B. Finestone, J. Amer. Chem. Soc., 1956, 78, 1638.
43 I. Jarkovsky, V. Stannett, and M. Szwarc, J. Polymer. Sci., 1955, 18, 515.
44 S. Okamura, T. Yamashita, and T. Higashimura, Bull. Chem. Soc. Japan, 1956,

29, 647.
45 A. J. Restaino, R. B. Mesrobian, H. Morawetz, D. S. Ballantine, G. J. Dienes, and

D. J. Metz, J. Amer. Chem. Soc., 1956, 78, 2939.
46 Y. Hachiliama and H. Sumimoto, Technol. Reports Osaka Univ., 1955, 5, 491.
47 T. E. Ferington and A. V. Tobolsky, J. Colloid Sci., 1955, 10, 536.
48 F. Danusso and F. Sabbioni, Chimica e Industria, 1955, 37, 1032; F. Danusso,

F. Sabbioni, and L. Siliprandi, ibid., 1956, 38, 99.
49 H. Miyama, J. Chem. Soc. Japan, 1955, 76, 1361; 1956, 77, 691.
60 N. G. Saha, U. S. Nandi, and S. R. Palit, 1956, 427.
51 J. Muller, Coll. Czech. Chem. Comm., 1956, 21, 216.
52 M. R. Gopalan and M. Santhappa, Current Sci., 1956, 25, 116.
63 IT. C. Bailey and G. W. Godin, Trans. Faraday Soc., 1956, 52, 68.
54 W. Hahn and L. Metzinger, Makromol. Chem., 1956, 21, 113.
55 G. A. Russell, J. Amer. Chem. Soc., 1956, 78, 1044.
56 R. Zand and R. B. Mesrobian, ibid., 1955, 77, 6523.
57 W. Hahn and A. Fischer, Makromol. Chem., 1956, 21, 106.
58 J. C. Bevington and C. S. Brooks, J. Polymer Sci., 1956, 22, 257.
59 M. M. Koton, T M. Kiselova, and M. J. Bessenov, Dokladv Akad. Nauk S.S.S.R.,

1954, 96, 85.
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polymer by a mechanism independent of the polymerisation process.60
The activity of tetra-alkylthiuram disulphides as thermal initiators has
been confirmed. Diphenyl and dibenzoyl disulphides are more effective as
photosensitised initiators for styrene than azofsobutyronitrile or benzoyl
peroxide, but do not act as thermal initiators up to 120°.61 The attack of
thionyl and bromine radicals on double bonds has been discussed in terms of
the reversible formation of a radical complex as the initial step.62

The redox initiations of the polymerisation of methacrylic acid and
acrylonitrile by peroxidic compounds has been investigated.63 The induced
decomposition of peroxides by dimethylaniline has been studied in a number
of systems,64'65'66 but no clear mechanism has yet emerged. Benzoyl
peroxide with AW-dimethylaniline can initiate the polymerisation of methyl
methacrylate in the range —40° to +20°, well below the temperatures at
which the peroxide alone will initiate it. In this range the initial rate de¬
pends only on the product [Peroxide]![DMA]! and a bimolecular reaction is
postulated.67 Imoto and Takemoto have found that the rate of decom¬
position of benzoyl peroxide by a number of di-A'-alkylanilines is closely
connected with the ionisation constant of the base,68 and favour a direct
attack on the peroxide bond, while Horner and Kirmse consider the first step
to be the formation of an undefined complex which breaks down by electron
transfer to give eventually a DMA radical, a benzoyloxy-radical, and benzoic
acid.69 Bond has criticised both mechanisms and has suggested a com¬
promise.70

Solutions of eerie salts, normally used as photosensitised initiators, will
also polymerise acrylonitrile and methyl methacrylate in the dark.71 Ferric-
oxalate complex has been used as a photosensitised initiator, the kinetics
indicating initiation by the oxalate radical-ion, and termination by recom¬
bination.72 The polymerisation of ethylene at 250—300° sensitised by the
thermal decomposition of ethyl iodide in the presence of mercury vapour has
been studied by using 14C-labelled ethyl iodide. An equilibrium between
ethyl iodide, mercury, mercuric iodide, and ethyl radicals is probably
involved.73

Retardation and inhibition. Kinetic experiments on the inhibition of
methyl methacrylate polymerisation by molecular oxygen show that exactly
1 : 1 copolymerisation occurs during the inhibition period. The chain length
is reduced by a factor of 65 and termination takes place by the combination
of two oxygenated chain ends. The rate constant for oxygen addition to

60 R. L. Dannley and E. L. Kay, J. Polymer Set., 1956, 19, 87.
61 T. Otsu, ibid., 1956, 21, 559.
62 C. Sivertz, W. Andrews, W. Elsdon, and K. Graham, ibid., 1956, 19, 587.
63 T. M. Gritzenko and S. S. Medvedev, Zhur. fiz. Khim., 1956, 30, 1238, 1513.
64 T. Azumi and Y. Okada, J. Chem. Soc. Japan, Ind. Chem. Sect., 1956, 59, 30.
65 H. Takatsugi, ibid., p. 260.
66 M. Imoto, T. Otsu, and T. Ota, ibid., p. 700.
67 K. F. O'Driscoll and A. V. Tobolsky, /. Colloid Sci., 1956, 11, 244.
68 M. Imoto and K. Takemoto, J. Polymer Sci., 1956, 19, 579.
69 L. Horner and W. Kirmse, Annalen, 1956, 597, 48, 66.
70 W. B. Bond, J. Polymer Sci., 1956, 22, 181.
71 J. Saldick,' ibid., 1956, 19, 73.
72 R. V. Subramian and M. Santhappa, Current Sci., 1956, 25, 218.
73 V. B. Sefton and D. J. LeRoy, Canad. J. Chem., 1956, 34, 41.
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the growing chain is at least five orders of magnitude higher than that for
monomer addition.74 Similar copolymers have been obtained by the action
of oxygen on methacrylonitrile,75 indene,76 and styrene 77 polymerisations.
Polymeric styrene peroxide is explosive above 50° c, breaking down to benz-
aldehyde and formaldehyde. Peroxidic copolymers are also believed to be
transient intermediates in the persulphate-initiated polymerisation of
acrylonitrile, methyl vinyl ketone, and methacrylonitrile in aqueous solu¬
tion.78 The addition of sulphur to the bulk thermal polymerisation of
styrene causes inhibition owing to the formation of polysulphides, which
react subsequently with growing chains to form disulphides. These can
break down to free radicals, giving further initiation, so that the rate of
polymerisation is initially slower than the thermal rate, and eventually
becomes faster.79 The inhibition of methyl acrylate polymerisations by a
number of substituted benzoquinones has been compared with that of
methyl methacrylate.80 The redox reaction of metallic salts with growing
radicals has been investigated.15'17 The polymerisations of acrylonitrile
and acrylamide are retarded, and that of styrene inhibited, by ferric salts,
while growing poly(methyl methacrylate) radicals react slowly, if at all, with
ferric ion.

In view of the inefficiency of diphenylpicrylhydrazyl as a radical trap,81
an attempt has been made to find a more trustworthy inhibitor. A stable
free radical obtained by the oxidaton of the condensation product of acetone
with phenylhydroxylamine gives a well-defined inhibition period in styrene
polymerisation, and the products do not affect the reaction, but the stoicheio-
metry during the inhibition period is uncertain.82

Transfer. Transfer constants with eleven solvents have been measured
for the polymerisation of methyl acrylate. These are found to be consis¬
tently higher than those obtained with methyl methacrylate, possibly owing
to a steric effect. The efficiency of alkylbenzene solvents as chain-transfer
agents varies with the reactivity of the paraffinic hydrogen atoms in the
order tertiary > secondary > primary, benzene having the lowest transfer
constant, and fsopropylbenzene the highest.83 Measurements of the transfer
of 2-vinylpyridine radicals with ^-chlorotoluene support the view that the
alkyl side-chain rather than the benzene nucleus of the solvent is involved.84
Transfer constants for the polymerisation of ethyl acrylate in various
solvents have been determined,85 and transfer to thiols in the polymerisation
of methyl methacrylate has been further investigated.86 A comparison

74 G. V. Schulz and G. Henrici, Makromol. Chem., 1956, 18/19, 437.
75 S. F. Strause and E. Dyer, J. Amer. Chem. Soc., 1956, 78, 136.
78 G. A. Russell, ibid., pp. 1035, 1041.
77 A. A. Miller and F. R. Mayo, ibid., pp. 1017, 1023.
78 E. Dyer, O. A. Pickett, jun., S. F. Strause, and H. E. Worrell, jun., ibid., p. 3384.
79 P. D. Bartlett and D. S. Trifan, J. Polvmer Sci., 1956, 20, 457.
80 J. L. Kice, ibid., 1956, 19, 123.
81 J. C. Bevington, /., 1956, 1127.
82 J. C. Bevington and N. A. Ghanem, ibid., p. 3506.
83 A. D. Gadkary and S. L. Kapur, Makromol. Chem., 1955, 17, 29.
84 R. L. Dannlev, J. A. Schufle, I. Cohen, and J. R. Chambers, /. Polvmer Sci., 1956,

19, 285.
86 Y. Hachihama and H. Sumimoto, Technol. Reports Osaka Univ., 1955, 5, 485.
66 S, Fujii, S, Tanaka, and S. Sutani, J. Polymer Sci., 1956, 20, 584.
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has been made of the transfer activity of a number of tertiary amines in the
bulk polymerisation of acrylonitrile, and of triethylamine with five vinyl
monomers.87 The chain transfer of styrene with an aliphatic nitrile, thiol,
primary and secondary alcohol,88 and a- and (3-bromostyrene 89 has been
measured. In vinyl benzoate polymerisations chain transfer to the aromatic
nucleus of the polymer and monomer has been confirmed.90

Copolymerisation. The copolymerisation of methyl methacrylate and
maleic anhydride behaves abnormally 91 in that an increased rate of reaction
is obtained with increasing proportion of maleic anhydride, possibly due to
sensitivity of the cross-termination coefficients to a change of environment.
In the formation of peroxidic copolymers with acrylonitrile, methyl vinyl
ketone, and methacrylonitrile, the order of reactivity of the monomers with
the peroxy-radical agrees with that of the Alfrey-Price (J-values for these
monomers.78 An equation has been derived correlating the degree of poly¬
merisation with the copolymerisation rate and various rate constants,
which should permit the experimental determination of cross-termination
and cross-transfer constants.92 Measurements of the heat of copolymeris¬
ation of methyl methacrylate and acrylonitrile show that the steric strain
present in 1 : 1-disubstituted polymers is partly relieved by the incorpor¬
ation of 1-monosubstituted monomer units into the chain.93 The size of the

alkyl group in trialkyl aconitates,94 and of the acyl chain in vinyl esters,95
has no effect on their reactivity ratios with a number of vinyl monomers.
Monomer reactivity ratios have also been determined in the systems vinyl
stearate-vinyl acetate,96 poly(ethylene fumarate)-methyl methacrylate,97
diethyl vinylphosphonate-styrene,98 and for the copolymerisation of vinyl-
idene cyanide with a wide range of common monomers.99 The results are
in good agreement with parameters calculated for vinylidene cyanide by
the Q-e method.

A number of simple vinylsiloxanes have been copolymerised with organic
vinyl monomers and are shown to have reactivities comparable with that of
vinyl acetate or vinyl chloride.100 Vinyltriethoxysilane and eleven other
vinylsilanes give copolymers with vinyl chloride and acrylonitrile.101 Allyl
monomers, which give only low-molecular weight homopolymers, have been

87 C. H. Bamford and E. F. T. White, Trans. Faraday Soc., 1956, 52, 716.
88 M. Morton, J. A. Cala, and I. Piirma, J. Amer. Chem. Soc., 1956, 78,

5394.
89 M. H. Jones, Canad. J. Chem., 1956, 34, 108.
90 G. Smets and A. Hertoghe, Makromol. Chem., 1956, 17, 189.
91 D. C. Blackley and H. Melville, ibid., 1956, 18/19, 16.
92 S. R. Palit, Trans. Faraday Soc., 1955, 51, 1720.
93 J. H. Baxendale and G. W. Madras, J. Polymer Sci., 1956, 19, 171.
94 C. S. Marvel, J. W. Johnson, jun., J. Economy, G. P. Scott, W. K. Taft, and B. G.

Labbe, ibid., 1956, 20, 437.
95 L. P. Witnauer, N. Watkins, and W. S. Port, ibid., p. 213.
96 A. Adicoii and A. Buselli, ibid., 1956, 21, 340.
97 M. Gordon, B. M. Grieveson, and I. D. McMillan, ibid., 1955, 18, 497.
98 C. L. Arcus and R. J. S. Matthews, /., 1956, 4607.
99 H. Gilbert, F. F. Miller, S. J. Averill, E. J. Carlson, V. L. Folt, H. J. Heller,

F. D. Stewart, R. F. Schmidt, and H. L. Trumbull, J. Amer. Chem. Soc., 1956, 78,
1669.

100 R. M. Pike and D. L. Bailey, J. Polymer Sci., 1956, 22, 55.
101 B. R. Thompson, ibid., 1956, 19, 373.
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successfully copolymerised with several monomers to give high-molecular
weight compounds.102'103

Branching : block and graft copolymers. The comparative activities in
hydrogen abstraction of some initiating radicals have been determined semi-
quantitatively.88 Oxy-radicals appear to be only five to ten times more
active in hydrogen abstraction than carbon radicals, so that primary radicals
derived from peroxide initiators are unlikely to affect the degree of branching
of a polymer chain, in view of the relatively large concentration of growing
radicals.

The formation of graft and block copolymers has been reviewed 104 and
some known methods have been improved and extended.105 Graft co¬
polymers of methyl methacrylate and styrene have been made by the ultra¬
sonic degradation of a solution of the polymers,106 by y-irradiation of poly-
(methyl methacrylate) in the presence of styrene monomer,107 and by using
brominated polystyrene as a photochemical initiator for methyl methacrylate
monomer.108 In the photodegradation of poly(methyl vinyl ketone) poly¬
meric free radicals are produced which can form graft polymers in the pre¬
sence of vinyl monomers.109 Amino-groups in poly-(^-aminostyrene) have
been converted into A-acetyl-A^-nitrosoarylamino-groups, which can initiate
the polymerisation of acrylonitrile to give a graft polymer.110 The method
of cold mastication of a polymer in the presence of a monomer has been
widely applied.111 Barnard has described a neat method of characterising
the synthetic chains in interpolymers of natural rubber with synthetic
polymers, involving degradative ozonolysis of the rubber trunk chains,
leaving the polymer chains intact.112

Szwarc, Levy, and Milkovich have reported a method for the preparation
of block copolymers which is likely to have wide applications. The initiation
of the polymerisation of styrene by a sodium-naphthalene complex gives,
eventually, a growing chain with an anionic active centre at both ends.
The carbanions do not terminate, and a " living " polystyrene is obtained
which can initiate polymerisation in other monomers, forming block co¬
polymers. A number of monomers can be added in succession, and the
process stopped at any stage, so that considerable controlled variation in
composition is possible.113

Ionic Polymerisation.—The polymerisation of styrene by stannic chloride
in benzene and carbon tetrachloride has been investigated. The induction
period peculiar to these solvents does not appear to be due to HC1 produced

102 G. Oster and Y. Mizutani, J. Polymer Sci, 1956, 22, 173.
103 A. Drucker and H. Morawetz, J. Amer. Chem. Soc., 1956, 78, 346.
104 E. H. Immergut and H. Mark, Makromol. Chem., 1956, 18/19, 322.
105 p |? m. Allen, J. M. Downer, G. W. Hastings, H. W. Melville, P. Molyneux, and

J. R. XJrwin, Nature, 1956, 177, 910.
106 A. Henglein, Makromol. Chem., 1956, 18—19, 37.
lu7 D. S. Ballantine, A. Glines, D. J. Metz, J. Belir, R. B. Mesrobian, and A. J.

Restaino, J. Polymer Sci., 1956, 19, 219.
108 M. H. Jones, Canad. J. Chem., 1956, 34, 948.
118 J. E. Guillet and R. G. W. Norrish, Proc. Roy. Soc., 1955, A, 233, 172.
110 W. Hahn and A. Fischer, Makromol. Chem., 1956, 21, 77.
111 D. J. Angier and W. F. Watson, J. Polymer Sci., 1956, 20, 235.
112 D. Barnard, ibid., 1956, 22, 213.
113 M. Szwarc, M. Levy, and R. Milkovich, /. Amer. Chem. Soc., 1956, 78, 2656.
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by hydrolysis of the catalyst, as previously suggested.114 The kinetic results
are ill-defined, probably owing to variations in the unknown water content,
but there is a distinct difference of order and rate of reaction in the two

solvents,115 although their dielectric constants are similar. Little is known
about the stoicheiometry of possible initiating complexes in Friedel-Crafts
polymerisation, but some related stable complexes have been reported.
With aluminium bromide 116 benzene forms a complex Al2Br6,2C6H5 while
aluminium chloride 117 gives 1 : 1 complexes with methanol, ether, and tetra-
hydrofuran in benzene solution, and reacts with water to give A1C120H.

Some progress has been made by the use of simplified systems which
avoid the inherent experimental difficulties of Friedel-Crafts catalysts.
Evans, Jones, and Thomas 118 have studied the dimerisation of 1 : 1-di-
phenylethylene catalysed by trichloroacetic acid, and have shown that the
reaction involves three molecules of the catalyst, two of which are believed
to contribute to the solvation of the reaction of the monomer ion with a

second monomer molecule, whereas in the dimerisation of di-/>-methoxy-
phenylethylene the rate-determining step is the formation of the monomer
ion.119 The polymerisation of styrene by trifluoroacetic acid has been
investigated in solvents of varying dielectric constants, and in the undiluted
acid.120 In the latter practically instantaneous polymerisation occurs,
giving high-molecular weight polymer. The abnormally high rate is
ascribed to solvation of the anionic half of the active complex by acid
molecules, retarding the recombination which normally terminates the
growing chain. The molecular termination constants of mono- and fi-di-
alkylbenzenes in the cationic polymerisation of styrene indicate that transfer
takes place to the aromatic nucleus rather than to the side-chain of the alkyl-
benzenes. Any branches arising from transfer to the polymer are therefore
likely to be attached to phenyl nuclei.121

The use of a sodium-naphthalene complex to initiate an essentially
anionic polymerisation of vinyl monomers has been described 113 (seep. 55).
With styrene, the naphthalene anion acts as an electron-transfer agent,
giving an ion-radical which grows at both ends, one free-radical and the
other anionic. As soon as the two ends are appreciably separated the
radicals terminate by mutual combination, giving chains with propagating
anions at both ends, which do not terminate. This method of initiation is
not restricted to conjugated monomers, and has been used with methyl
methacrylate.122 In this case, however, the polymer does not remain " alive,"
owing to a rapid self-terminating reaction. Complexes formed between
sodium and polynuclear aromatic hydrocarbons have been studied.123

111 S. Okamura and T. Higashimura, J. Polymer Set., 1956, 20, 581.
116 Idem, ibid., 1956, 21, 389.
116 F. Fairbrother and K. Field, J., 1956, 2614.
117 J. R. Bercaw and A. B. Garrett, J. Amer. Chem. Soc., 1956, 78, 1841.
118 A. G. Evans, N. Jones, and J. H. Thomas, J., 1955, 1824.
118 A. G. Evans, N. Jones, P. M. S. Jones, and J. H. Thomas, J., 1956, 2757.
120 J. J. Throssell, S. P. Sood, M. Szwarc, and V. Stannett, J. Amer. Chem. Soc.,

1956, 78, 1122.
121 C. G. Overberger, G. F. Endres, and A. Monaci, ibid., p. 1969.
122 M. Szwarc and A. Rembaum, J. Polymer Sci., 1956, 22, 189.
123 D. E. Paul, I), Lipkin, and S. I. Weissman, J. Amer. Chem. Soc., 1956, 78, 116.
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Stereospecific Polymerisation.—A thorough review of the available
information on the Ziegler process as applied to ethylene has been given in
Vol. XI of the Interscience " High Polymers " series.124 Further work on
the structure of crystalline poly-a-olefins has appeared 125 and has been
summarised by Natta.126 The long-standing problem of synthesising
" natural " rubber has been virtually solved by the polymerisation of
isoprene with stereospecific catalysts to give a cis-1 : 4-polyisoprene, which
has practically the same structure and molecular-weight distribution as
Hevea rubber.127,128 Details of stereospecific catalysts are scarce, but it is
becoming apparent that there may be a considerably greater range of such
catalysts than was at first supposed. In addition to variants of the Ziegler
process,129 finely-divided lithium metal127 has been used to make stereo¬
specific polyisoprene. Other alkali metals give only amorphous polymer
under the same conditions. Chromium oxide supported on a silica-alumina
base gives fairly crystalline polyethylene at moderate pressures,130 but with
M-but-l-ene gives only 1—3% of isotactic polymer, compared with 60—70%
obtained with Al(C2H5)3-TiCl3 complex as catalyst.131 Schildknecht and
Dunn 132 have obtained crystalline poly(fsobutyl vinyl ether) using boron
trifluoride-ether complex as catalyst in propane at —70° to —80°. The
polymer is precipitated as a swollen solid phase, but propagation is believed
to take place homogeneously, in contrast with other systems. It is thought
that a slow or diffusion-controlled propagation step may allow time for the
orientation of polarised monomer molecules approaching the carbonium ion.

A new development in both catalyst and monomer is the stereospecific
polymerisation of optically active propene oxide by powdered potassium
hydroxide, and by a ferric chloride-propene oxide complex.133 The stereo¬
specific reaction is heterogeneous, and does not destroy the asymmetric
centre of the monomer, so that optically active crystalline polymer is
obtained. There is also a concurrent homogeneous reaction which is not
stereospecific, and gives amorphous inactive polymer, the net product
being a mixture of amorphous (70%) and crystalline (30%) forms. With
racemic monomer a similar mixture is found, the crystalline portion being
an inactive mixture of chains which have individually either all (+) or
all (—) units.134 With potassium hydroxide as catalyst, (—)-propene oxide

121 R. A. V. Raff and J. B. Allison, " Polyethylene," Interscience, New York, 1956.
125 G. Natta and P. Corradini, J. Polymer Sci., 1956, 20, 251; Idem, Angew. Chem.,

1956, 68, 615; G. Natta, L. Porri, P. Corradini, and D. Morero, Atti Accad. naz. Lincei,
Rend. Classe Sci. fis. mat. nat., 1956, 20, 560; G. Natta, P. Corradini, and L. Porri,
ibid., p. 728.

126 G. Natta, Chimica e Industria, 1956, 38, 751; Angew. Chem., 1956, 68, 393.
127 p Staveley and co-workers, Ind. Eng. Chem., 1956, 48, 778.
128 S. E. Home, jun., J. P. Kiehl, J. J. Shipman, V. L. Folt, C. F. Gibbs, E. A.

Willson, E. B. Newton, and M. A. Reinhart, ibid., p. 784.
129 C. D. Nenitzescu, C. Huch, and A. Huch, Angew. Chem., 1956, 68, 438; K.

Ziegler, Bull. Sue. chini. France, 1956, 1.
130 A. Clark, J. P. Hogan, R. L. flanks, and W. C. Lanning, Ind. Eng. Chem., 1956,

48, 1152.
131 G. Natta, P. Pino, E. Mantica, F. Danusso, G. Mazzanti, and M. Peraldo, Chimica

e Industria, 1956, 38, 124.
132 C. E. Schildknecht and P. H. Dunn, J. Polymer Sci., 1956, 20, 597.
133 C. C. Price, M. Osgan, R. E. Hughes, and C. Shambelan, J. Amer. Chem. Soc.,

1956, 78, 690.
131 C. C. Price and M. Osgan, ibid., p. 4787.
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gives a solid, highly crystalline (81%), optically active polymer, but with
racemic monomer only liquid polymer is formed.

It is generally agreed that in stereospecific polymerisation the propagat¬
ing active centre is attached to the initiating complex by a polarised bond,
the addition of monomer involving the breaking and re-forming of this bond
with severe steric limitations, but whether this necessarily involves a two-
phase interface is still an open question.

Ring Polymerisation.—The heat, entropy, and free-energy changes in the
hypothetical polymerisation of liquid cyc/o-paraffins and derivatives have
been estimated.135 Except for cyc/ohexane, the calculated free energy of
polymerisation is negative at least up to cycfooctane. The polymerisation
of heterocyclic compounds has been discussed in the light of these results.136
Although cyc/opropane is not affected by free-radical catalysts, it can be
polymerised to a low-molecular weight polymer by mercury photosensitis-
ation. Ivin 137 has carried out a thorough analysis of the products of this
reaction, and concludes that diallyl radicals are formed as intermediates,
giving a polymer which resembles polypropene rather than polyethylene.
The polymerisation of oxacyc/obutanes by boron trifluoride gives sub¬
stantially unbranched chains, but is not stereospecific, and gives normal
kinetics for a water-cocatalysed oxonium-ion reaction.138 The existence
of polymeric sulphur radicals in equilibrium with S8 rings has been con¬
firmed 139 by paramagnetic-resonance measurements between 189° and 414°.
The results are in quantitative agreement with Gee's treatment of this system.

The polymerisation of DL-phenylalanine-iV-carboxylic anhydride by low-
molecular weight polysarcosine gives rates which are several hundred times
faster than expected from known rate constants for simple primary- or
secondary-base catalysis. Ballard and Bamford 140 consider this to be due
to adsorption of the anhydride on the polysarcosine chain, increasing the
collision frequency with the active centre, and they suggest a possible
analogy with enzyme action. The base-catalysed polymerisation of optically
active ethyl y-benzyl-V-carboxy-L-glutamate is autocatalytic, and proceeds
almost twenty times as fast as the polymerisation of the racemic form.141
It has been shown that the optical isomers form helical polymer chains with
opposite screw directions, to which they add preferentially, and which
exercise a steric effect on the rate of addition.142

Further studies have been made of the equilibrium between linear polymer
and water in the polymerisation of 6-hexanolactam. Vapour-pressure
measurements show that most of the water is present in the liquid rather
than the vapour phase,143 and Fukumoto has shown that the change of

135 F. S. Dainton, T. R. E. Devlin, and P. A. Small, Trans. Faraday Soc., 1955, 51,
1710.

138 P. A. Small, ibid., p. 1717.
K. J. Ivin, /., 1956, 2241.

138 J. B. Rose, ibid., p. 542.
138 D. M. Gardner and G. K. Fraenkel, J. Amer. Chem. Soc., 1956, 78, 3279.
140 D. G. H. Ballard and C. H. Bamford, Nature, 1956, 177, 477; Proc. Roy. Soc.,

1956, A, 236, 384.
141 E. R. Blout and M. Idelson, J. Amer. Chem. Soc., 1956, 78, 3857.
141 P. Doty and R. D. Lundberg, ibid., p. 4810.
us p wiloth and W. Dietrich, Makromol. Chem., 1956, 21, 50.
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activity of water with temperature has a much greater effect on the degree
of polymerisation than the change of equilibrium constant with temper¬
ature.144 Meggy has evaluated the activity coefficients of water and
polymers 145 and has constructed a composition-temperature diagram in the
range 200—300°. The relative proportions of individual cyclic oligomers
present have been determined 146 at 221° and 253°, and the alkali-catalysed
polymerisation has been studied.147

Degradation and Depolymerisation.—During the thermal degradation of
poly (methyl methacrylate) 148 and of polystyrene,149 slow random splitting
occurs in addition to a fast depolymerisation. The predominant gaseous
products of the thermal degradation of polyacrylonitrile are hydrogen
cyanide and ammonia,150 and the heat-stable residue probably consists of
fused pyridine rings formed by the intramolecular linking of adjacent nitrile
groups.151 The thermal degradation of poly (propylene glycol) is governed
by the instability of the radical formed on carbon atoms adjacent to an ether
link.152 Simha has discussed the degradation of branched-chain molecules153
and the effect of cross-links on the thermal degradation of rubber in vacuo
has been examined.154

On the basis of quantum-yield measurements for the photochemical
decomposition of hydrogen peroxide in the presence of poly(methacrylic
acid), Baxendale and Thomas 155 conclude that the observed degradation of
the polymer is due to carbon-carbon splitting by the hydroxyl radical.
Alexander and Fox 156 do not consider this explanation likely, and have
suggested that peroxide impurities in the polymer are responsible. The
characteristic coloration of polymethacrylonitrile when heated above 120° is
shown to be due to a reaction initiated at impurities in the polymer chain,
and can be eliminated by polymerisation in vacuo with rigorous purification
of the monomer.157 Other studies include the effect of pressure on the
ultrasonic degradation of polystyrene in benzene solution 158 and the solid-
state degradation of poly(methyl methacrylate) and cellulose acetate by
y-rays.159

E. W.

J. H. B.
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3. ADSORPTION AND HETEROGENEOUS CATALYSIS.

This Report has been separated from the section on the Kinetics of
Chemical Change this year because it seemed appropriate to include inform¬
ation on physical adsorption as well as chemisorption and catalysis. Most
of the work on adsorption reported relates to the gas-solid interface since
adsorption at other interfaces can be treated more conveniently under
Colloid Chemistry or Surface Chemistry.

Adsorption.—Several important reviews have appeared. One of these
by de Boer 1 is comprehensive; there are others on more specialised topics
such as chemisorption and catalysis on oxide semiconductors,2 surface-
barrier effects in adsorption,3 the latest techniques in field-emission micro¬
scopy,4 recent work on metal surfaces including the results obtained by
field-emission studies5 and the electronic interaction between metallic

catalysts and chemisorbed molecules.6 Reyerson 7 has also given a general
review of various aspects of adsorption.

Physical adsorption. Although the methods of measurement of surface
area have become fairly well standardized, work continues in this field.
Rosenberg 8 has shown that an accuracy of 1% can be obtained for surfaces
as small as 50 cm.2 by using a thermistor unit to measure adsorption of
krypton at low pressures. Haul9 has confirmed that krypton is more
suitable than nitrogen for measuring low surface areas. The " point-B "
method * has been examined for a series of oxides; 10 although different
pressures were observed at low coverages, the same pressure was required to
give 100% coverage of different samples of the same oxide. It was suggested
that the pressure corresponding to point-B was determined by the filling of
the least active regular sites and so was not influenced by differences in
the heterogeneity of samples. Maclver and Emmett11 showed that the B.E.T.
isotherm is obeyed by nitrogen adsorbed on sodium chloride at relative
pressures of 0-01—0-1 in contrast to the usual range of 0-05—0-35 and they
suggested that this was due to the comparative homogeneity of the surface.

Several papers have appeared on various aspects of the thermodynamics
of adsorption and in particular on the information which can be derived by
entropy measurements. The values of zero-point entropies of krypton
adsorbed on anatase 12 have been shown to be in accord with values expected
for a heterogeneous surface and the retention of the amount of randomness
corresponding to 50° K. Similar results have been reported for krypton

1 J. H. de Boer, Adv. Catalysis, 1956, 8, 18.
2 G. Parravano and M. Boudart, ibid., 1955, 7, 50.
3 S. R. Morrison, ibid., p. 259.
I R. Gomer, ibid., p. 93.
5 J. A. Becker, ibid,., p. 135.
6 R. Suhrmann, ibid., p. 303.
7 L. H. Reyerson, Ann. Rev. Phys. Chem., 1956, 7, 383.
8 A. J. Rosenberg, J. Amer. Chem. Soc., 1956, 78, 2929.
9 R. A. W. Haul, Angew. Chem., 1956, 68, 238.

10 P. Royen, A. Orth, and K. Ruths, Z. anorg. Chem., 1955, 281, 1.
II D. S. Maclver and P. H. Emmett, J. Phys. Chem., 1956, 60, 824.
12 E. L. Pace, W. T. Berg, and A. R. Siebert, J. Amer. Chem. Soc., 1956, 78, 1531.
* I.e., the method based on the assumption that one layer of adsorbed molecules has

formed at the point where the isotherm bends over sharply and becomes linear.
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adsorbed on rutile.13 Barrer and Stuart14 have shown that characteristic
sigmoid isotherms, such as are found for the sorption of water and methanol
by carbon, can be interpreted by a statistical-thermodynamical treatment
based on localized adsorption on a uniform surface with exothermic lateral
interaction. Various models for intracrystalline sorption, i.e., localized and
mobile with either one or two degrees of translational freedom, have been
examined.13 Application 16 of these models to the sorption of argon in
chabazites 17 has shown that from coverages of 0-1 to 0-7 mobile adsorption
with only one degree of translational freedom and two degrees of vibrational
freedom appears to operate but that at higher coverages the mutual caging
of the molecules leads to localized adsorption. Very similar conclusions
were obtained from measurements of the thermodynamic properties of
oxygen sorbed in chabazites 18 but some restriction of rotational freedom
was noted even at the lower coverages. Kington 19 has given an explanation
of the maximum in the experimental heat of sorption of argon in chabazite
as the coverage is increased, in terms of the packing of the atoms into cages
in the adsorbent. Each cage can hold two atoms at the normal equilibrium
spacing but an additional atom can be packed in although this requires some
compression with consequent decrease in heat of sorption at high coverages.
Siebert and Pace20 have measured heat capacities of multimolecular layers
of nitrogen trifluoride adsorbed on anatase. Evidence for a transition
corresponding to fusion of the solid was found to occur between 50° and
66° K but only when the coverage was as high as 5-9 monolayers. A new
definition of a two-dimensional standard state applicable to systems where
the surface pressure is either measured or calculated has been put forward.21

Various papers have been published on physical absorption involving a
variety of adsorbates and adsorbents. The adsorption of diborane on
boron nitride and on palladium-on-charcoal22 has been shown to fit the
Langmuir equation at low pressures and to be limited to van der Waal's
adsorption with no evidence of chemisorption. This work has also been
extended to cover the adsorption of diborane, deuterodiborane, and tri-
methylborane on palladium and on charcoal.23 In these cases too, no
chemisorption was observed although the heat of adsorption of diborane on
charcoal amounts to 5 to 10 kcal./mole. The heat of adsorption of M-butyl
alcohol from aqueous solutions on a Graphon (a commercial graphitised
carbon black) surface has been obtained by measurement of heats of im¬
mersion.24 Accommodation coefficients of various gases on glass have been
reported by Schafer and Gerstacker.25

13 E. L. Pace, K. S. Dennis, and W. X. Berg, J. Chem. Phys., 1955, 23, 2166.
11 R. M. Barrer and W. I. Stuart, /., 1956, 3307.
15 L. A. Garden and G. L. Kington, Proc. Roy. Soc., 1956, A, 234, 24.
16 L. A. Garden, G. L. Kington, and W. Laing, ibid., p. 35.
17 Idem, Trans. Faraday Soc., 1955, 51, 1558.
18 L. A. Garden and G. L. Kington, ibid., 1956, 52, 1397.
19 G. L. Kington, ibid., p. 475.
20 A. R. Siebert and E. L. Pace, J. Phys. Chem., 1956, 60, 828.
21 H. L. Harter, P. R. Rider, and P. M. Williamson, J. Chem. Phys., 1955, 23, 1966.
22 H. C. Beachell and H. S. Veloric, J. Phys. Chem., 1946, 60, 102.
23 H. C. Beachell and K. R. Lange, ibid., p. 307.
21 G. J. Young, J. J. Cheswick, and F. H. Healey, ibid., p. 394.
26 K. Schafer and H. Gerstacker, Z. Elektrochem., 1956, 59, 1023.
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Chemisorption. In addition to the reviews,1"7 Eley26 has reported
briefly on a symposium held on chemisorption at Keele (University College
of North Staffordshire) where various recent results and theories were
discussed. Investigations involving new and improved physical techniques
have continued to yield important results, particularly on the nature of
chemisorbed species and on the electronic interaction between the adsorbate
and the substrate.

Very interesting developments of the magnetic investigations by Selwood
and his school have appeared. The forms of thermomagnetic curves of
supported nickel catalysts 27 have been used to determine particle size
distributions for diameters below 50 A and the results obtained were in
accord with measurements from X-ray line-width broadening. However, a
more important development from the point of view of chemisorption was
the demonstration that adsorption of gases on highly dispersed nickel
particles caused changes in magnetization. Hydrogen and ethylene caused
a decrease in magnetization because they were acting as electron donors and
filling up holes in the tf-band of the metal. The reverse effect was observed
on the adsorption of nitrogen and oxygen. Selwood28 improved the
technique so that changes of magnetization could be measured simultane¬
ously with adsorption and showed that the adsorption of hydrogen caused
the addition of 0-068 electron per nickel atom. Moore and Selwood29
extended the investigation to the adsorption of other gases—water, like
hydrogen, caused a decrease in magnetization and nitrous oxide and carbon
monoxide behaved like oxygen and increased it. There was an excellent
correlation with the results obtained on resistance changes caused by chemi¬
sorption reported by Suhrmann and Schulz 30 in that those gases which
caused a decrease in magnetization by contributing electrons to the metal
substrate showed a decrease in the resistance of the substrate and vice versa.

Selwood 31 has reported a further improvement in the apparatus and more
detailed results with hydrogen on nickel including the effect of changes in
temperature. He has been able to demonstrate the conversion of physically
adsorbed into chemisorbed hydrogen and has also produced evidence of
chemisorbed hydrogen with a very low heat of adsorption. The technique
is clearly important, and when extended to other adsorbates will provide
valuable information about the nature of the link between adsorbate and
metal adsorbents. French and Howard 32 have shown by magnetic measure¬
ments that the adsorption of transition-metal ions takes place from solutions
on silica gel without change in the electronic configuration of the ions. The
ionic character of the adsorption was confirmed by the small amount of
adsorption occurring from weakly ionizing solvents.

Resistance changes of nickel films have been followed by Rienacker and

" D. D. Eley, Nature, 1956, 178, 840.
37 P. W. Seiwood, S. Adler, and T. R. Phillips, J. Amer. Chem. Soc., 1955, 77,

.1462.
33 p. W. Selwood, ibid., 1956, 78, 249.
33 L. E. Moore and P. W. Selwood, ibid., p. 697.
30 R. Suhrmann and K. Schulz, J. Colloid Sci., 1954, Suppl. 1, 50.
31 P. W. Selwood, J. Amer. Chem. Soc., 1956, 78, 3893.
33 C. M. French and J. P. Howard, Trans. Faraday Soc., 1956, 52, 712.
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Hansen.33,34 As mentioned earlier, hydrogen causes a decrease in resistance
but the addition of oxygen to the hydrogen-covered film restores the resist¬
ance to a value slightly in excess of the initial value for a clean nickel surface
owing to the oxidation of the surface, i.e., removal of electrons. Small
quantities of oxygen cause only a transitory increase in resistance and then
a decrease as the oxygen is converted into water. Addition of butadiene or
benzene to the Ni-H film also causes an increase in resistance as the hydrogen
is used up. Various other reactions such as the decomposition of formic acid
were also studied but, in general, the main effects appear to be due to
changes in the amount of adsorbed hydrogen. Suhrmann and Schulz 35
have shown that very thin transparent films of non-oriented nickel
behave anomalously and exhibit a rise in resistance when hydrogen is
admitted.

Eischens and his collaborators have continued their investigations on the
infrared spectra of adsorbed molecules. Detailed results have been obtained
for carbon monoxide on palladium, nickel, and platinum36 over a wide
range of pressure and temperature More evidence for a bridged structure
for adsorbed carbon monoxide 37 attached to two metal atoms was obtained.

Changes in the spectra with coverage were attributed to interaction between
the adsorbed molecules. Most interesting results were obtained when
olefins and acetylenes were chemisorbed on nickel; 38 the spectra indicated
the presence of a structure -CH2-CH2- on admission of ethylene and there
was no indication of the presence of a double bond with either ethylene or
propene. Admission of hydrogen to chemisorbed ethylene gave spectra
corresponding to ethyl radicals and on prolonged pumping evidence was
obtained for C2H2 structures, mainly saturated but also partly with olefinic
character. Infrared absorption spectra have also been reported for ordinary
and heavy water on glass.39

More results have been reported on the state of nitrogen adsorbed on
tungsten determined by simultaneous recording of the rise in pressure and
the temperature of the tungsten wire as it is flashed.40,41 According to the
last of these papers there are four states of nitrogen on tungsten : S, stable
between 100° and 140° k; y, 140—250° k; a, 300—650° k; and p, 1400—
1900° k. The adsorption of gases on a silicon surface has also been in¬
vestigated at pressures from 10~7 to 10 4 mm. of Hg by a desorption tech¬
nique.42 In this case a filament of the adsorbent was flashed in a glass
vessel attached to the inlet of a mass spectrometer and the gas desorbed

« measured in the spectrometer. Hydrogen and carbon monoxide were
strongly adsorbed on the silicon but no adsorption of nitrogen, argon, or
carbon dioxide was found, although the last gas decomposed to carbon

33 G. Rienacker and N. Hansen, Z. anorg. Chem., 1956, 284, 162.
31 Idem, Angew. Chem., 1956, 68, 41.
35 R. Suhrmann and K. Schulz, Naturwiss., 1955, 42, 340.
36 R. P. Eischens, S. A. Francis, and W. A. Pliskin, /. Phys. Chem., 1956, 60, 194.
37 Idem, J. Chem. Phys., 1954, 22, 1786.
38 W. A. Pliskin and R. P. Eischens, ibid., 1956, 24, 482.
39 V. A. Nikitin, A. N. Sidorov, and A. V. Karyakin, Zhur.fiz. Khim., 1956, 30, 117.
43 G. Ehrlich, J. Chem. Phys., 1956, 24, 482.
41 G. Ehrlich and T. W. Hickmott, Nature, 1956, 177, 1045.
43 J. T. Law and E. E. Francis, J. Phys. Chem., 1956, 60, 353.
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monoxide when the filament was heated to 800° c or above. Similarly, water
decomposed to hydrogen to a marked extent at high temperatures and also
to a small extent even at room temperature. Several layers of oxygen
were taken up by the surface and it was shown that there was a sharp fall
in the probability of a molecule's being adsorbed on hitting the surface after
the completion of one layer. In addition to observations obtained by these
"

rapid desorption " techniques others have followed " rapid adsorptions "
by means of a pressure gauge attached through a capillary tube to an adsorp¬
tion vessel. Provided sufficiently low pressures are used the rate of adsorp¬
tion can be obtained by the differences in the change of pressure with time
with and without an adsorbent present. Oda 43 has shown that the " stick¬
ing probability " for carbon monoxide on evaporated nickel films is initially
0-6 but falls steeply when the coverage of the surface exceeds 0-2, dropping
to about 10'6 for a coverage of 0-8. This large decrease was explained in
terms of increasing activation energy for chemisorption as the surface is
covered. Using a similar technique, Wagener44 has shown that there is
rapid adsorption of carbon monoxide and carbon dioxide on barium, stron¬
tium, and nickel but that the adsorption of the same gases on magnesium,
aluminium, and silver is very slow or negligible. Bloomer 45 has investigated
the effect of the operation of an ionization gauge on the up-take of gases by
barium getters.

Detailed results about the diffusion of hydrogen and oxygen on the (011)
face of tungsten have been obtained by field-emission studies.46 Nuclear
magnetic resonance has been used to study the relaxation times for
" libration " of water and methane adsorbed on anatase.47 Proton relax¬
ation times for a number of liquids adsorbed on y-alumina and related
catalysts have been reported by Hickmott and Selwood.48

Theoretical work has been continued on the effect of heterogeneity of
adsorbent surfaces on the adsorption isotherms. Hepler 49 has investigated
the proper limits which should be used for the integration of the isotherm
equation when there is a distribution of sites of different energy and has
obtained equations relating the distribution and heat of adsorption.
Danon 50 has shown that the distribution function can be obtained in an

approximate form if the isotherm is known for low pressures or concen¬
trations. An improved method of testing the Elovich equation, which has
been shown to be applicable to many systems involving chemisorption on
heterogeneous surfaces, has been suggested.51 Experimental evidence for
the heterogeneity of a platinum catalyst has been found by Bond 52 who
examined the proportion of chemisorbed deuterium which was readily
exchangeable with hydrogen and showed this proportion decreased with

43 Z. Oda, /. Chem. Phys., 1956, 25, 592.
41 S. Wagener, J. Phys. Chem., 1956, 60, 567.
45 R. N. Bloomer, Nature, 1956, 178, 1000.
45 R. Wortman, R. Gomer, and R. Lundy, /. Chem. Phys., 1956, 24, 161.
47 N. Fuschillo and J. G. Aston, ibid., p. 1277.
48 T. W. Hickmott and P. W. Selwood, J. Phys. Chem., 1956, 60, 452.
49 L. G. Hepler, J. Chem. Phys., 1955, 23, 2110.
60 J. Danon, J. Chim. phys., 1955, 52, 392.
61 T- N. Sarmousakis and M. J. D. Law, J. Chem. Phys., 1956, 25, 178.
** G. C. Bond, J. Phys. Chem., 1956, 60, 702.



KEMBALL : ADSORPTION AND HETEROGENEOUS CATALYSIS. 65

decreasing temperature. Kubokawa and Toyama 53 have confirmed the
two types of chemisorption of hydrogen found by earlier work on zinc oxide
and have shown that the conductivity is increased only by the high-
temperature chemisorption. Gray and Darby54 have given a detailed
account of the relationship between the kinetics of the adsorption of oxygen
on an oxide and the variation in the semiconducting properties of the sub¬
strate. The central feature of the discussion is the assumption of a surface
zone, the relative thickness of which is temperature-dependent and structure-
sensitive and which differs significantly from the bulk of the adsorbent.
Experimental results on the oxygen-nickel oxide system are reported and
analysed in a second paper.55 Earlier theories of the oxidation of metals
have been modified by Grimley and Trapnell 56 by taking into account the
existence of a strongly held layer of chemisorbed oxygen.

The adsorption of oxygen on porous silver has been investigated in detail
by Temkin and Kul'kova.57 In addition to rapid unimolecular adsorption
and slow adsorption they found evidence of a so-called " deep chemi¬
sorption " which they suggested was of general importance in heterogeneous
catalysis. Horiuti and Kita 58 have shown that the kinetics of the adsorption
of nitrogen on a doubly-promoted iron catalyst appear to indicate absorption
of nitrogen into the catalyst in addition to dissociative adsorption. Evidence
for lattice penetration by nitrogen has also been obtained on evaporated
metallic films.59 Extensive results for the adsorption of ammonia on simple
metal halides have been reported by Hiittig and Harth.60' 61 The results
on sodium chloride showed that physically adsorbed ammonia was converted
into chemisorbed ammonia with an activation energy of about 5 kcal./mole.
A useful technique for the investigation of the heat of adsorption of oxygen
on nickel, platinum, and silver at low surface coverages has been used by
Gonzalez and Parravano.62 They made use of the decomposition equilibrium
of water vapour in order to obtain oxygen at low activity. The heat of
adsorption on nickel was close to that for the formation of the bulk oxide
but much higher values for the surface heats were found for platinum and
silver. No adsorption was detected on gold. Information about the
adsorption of hydrogen on platinum-gold alloys has been derived from the
cathodic polarization of the alloys in sulphuric acid.63 The ionization of
alkali metals 64 and potassium halides 65 on hitting platinum and tungsten
surfaces at high temperatures has been studied by Datz and Taylor. The
adsorption of water on iron oxide has been investigated by heat-of-immersion

13 Y. Kubokawa and O. Toyama, J. Phys. Chem., 1956, 60, 833.
84 T. J. Gray and P. W. Darby, ibid., p. 201.
55 Idem, ibid,., p. 209.
60 T. B. Grimley and B. M. W. Trapnell, Proc. Roy. Soc., 1956, A, 234, 405.
67 M. I. Temkin and N. V. Kul'kova, Doklady Akad. Nauk S.S.S.R., 1955, 105, 1021.
58 J. Horiuti and H. Kita, J. Res. Inst. Catalysis, Hokkaido Univ., 1956, 4, 132.
'• E. Greenhalgh, N. Slack, and B. M. W. Trapnell, Trans. Faraday Soc., 1956, 52,

865.
60 G. F. Huttig and E. Harth, 2. Elektrochem., 1956, 59, 370.
81 Idem, Z. anorg. Chem., 1955, 282, 110.
48 O. D. Gonzalez and G. Parravano, J. Amer. Chem. Soc., 1956, 78, 4533.
68 K. A. Lapteva, T. I. Borisova, and M. G. Slin'ko, Zhur. fiz. Khim., 1956, 30, 61.
64 S. Datz and E. H. Taylor, /. Chem. Phys., 1956, 25, 389.
48 Idem, ibid., p. 395.
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measurements—approximately two-thirds of the water was physically
adsorbed, the remainder being chemisorbed.66 Entropy measurements
showed that the physically adsorbed water at 25° C was localized.

Catalysis.—A number of review articles have appeared. Baker and
Jenkins 67 have considered the electronic factor in heterogeneous catalysis
and Hauffe 68 has summarized developments of importance in the theory of
semiconductors. Cremer 09 has given a general account of the correlations
frequently found between frequency factors and activation energies some¬
times described as the " compensation effect " or the " theta rule." *
Various specialized topics have also been reviewed: synthesis of ketones,70
polymerization of olefins,71 hydrogenation of coal,72 and the catalytic crack¬
ing of cumene.73 Volume 4 of " Catalysis " 74 has been published and treats
in detail the Fischer-Tropsch and other allied syntheses but it also includes
articles on methanation (i.e., hydrogenation of oxides of carbon to methane),75
liquid-phase hydrogenation of coal,76 and dehydroaromatization of hydro¬
carbons.77

A number of papers have appeared involving studies of properties of
catalysts. Sabatka and Selwood 78 examined several nickel catalysts by
thermomagnetic analysis and showed that disperse nickel has the same
magnetic moment at 0° K as massive nickel. However, amorphous nickel
has been shown to be inactive as a catalyst in the hydrogenation of benzene.79
The resistance changes observed in evaporated nickel films on chemisorption
and subsequently during catalytic reactions have already been mentioned33
and the mechanism of the decomposition of formic acid has been examined
as well.80 In an extension of earlier work 81 it has been shown that there is a

good correlation between the electrical conductivity of silica-alumina
catalysts and the small amounts of sodium present in the catalyst.82 The
increased conductivity associated with increased alumina is now attributed
to the extra sodium introduced. No increase was observed on introducing
potassium. By examining the water-content of similar catalysts, Haldeman
and Emmett 83 have shown that most of the active sites on the catalyst after

66 F. H. Healey, J. J. Chessick, and A. V. Fraioli, ibid., p. 1001.
67 M. McD. Baker and G. I. Jenkins, Adv. Catalysis, 1955, 7, 1.
68 K. Hauffe, ibid., p. 213.
69 E. Cremer, ibid., p. 75.
70 V. I. Komarewsky and J. R. Coley, ibid., 1956, 8, 207.
71 E. K. Jones, ibid., p. 219.
72 E. E. Danath, ibid., p. 239.
73 C. D. Prater and R. M. Lago, ibid., p. 294.
71 P. H. Emmett (ed.), " Catalysis," Vol. 4. Hydrocarbon Synthesis, Hydrogen¬

ation, and Cyclization, Reinhold Publ. Corp., New York, 1956.
76 M. Greyson, ibid., p. 473.
79 S. W. Weller, ibid., p. 513.
77 H. Steiner, ibid., p. 529.
78 J. A. Sabatka and P. W. Selwcod, J. Amur. Chem. Soc., 1955, 77, 5799.
79 A. M. Rubinshtein, L. Kh. Freidlin, and N. V. Borunova, Izvest. Akad. Nauk

S.S.S.R., Otdel. khim. Nauk, 1955, 766.
80 G. Rienacker and N. Hansen, Z. anorg. Chem., 1956, 285, 283.
81 P. B. Weisz, C. D. Prater, and K. D. Rittenhouse, J. Chem. Phys., 1953, 21, 2236.
83 Idem, ibid., 1955, 23, 1965.
83 R. G. Haldeman and P. H. Emmett, J. Amer. Chem. Soc., 1956, 78, 2917.
* These names are used to describe a linear relation between the logarithm of the

frequency factor and the activation energy.



KEMBALL : ADSORPTION AND HETEROGENEOUS CATALYSIS. 67

evacuation at 500° C are in the form of Lewis acids rather than Bronsted
acids. They found 84 that the exchange between j'sobutane and heavy water
on these catalysts passed through a maximum as the water was added to
the catalyst. It appeared that water molecules had to be available in the
surface before the hydrocarbon could undergo activated adsorption. A very
interesting feature of the results was the high number of deuterium atoms
present in the products although the water-content of the catalyst was low,
indicating that deuterium was available to diffuse easily over the surface.
The catalytic activities of copper-nickel and copper-palladium alloys for
the para-hydrogen conversion85 have been shown to decrease slowly
as the amount of copper is increased to 60 atoms % and then more
rapidly.

Interest has been maintained in the theoretical interpretation of kinetic
data of catalytic reactions. Boudart 80 has defended the use of kinetic
equations based on Langmuir isotherms although admitting that the surfaces
rarely fulfil the basic requirements for Langmuir-type behaviour. Weller,87
on the other hand, advocates the simpler approach of working in terms of
power dependencies. Kwan 88 also favours this approach because so many
sets of adsorption data can be adequately described in terms of rate expres¬
sions involving a power of the coverage and hence in terms of the Freundlich
type of isotherm. Foss 89 has derived a relation between heat of adsorption
of a reactant and experimental activation energy for a unimolecular reaction,
and has emphasized the difficulty in the experimental determination of the
order of the reaction when the activation energy is varying with the pressure.
Molinari90 has discussed the " tlieta rule " 69 with particular reference to
the exchange between hydrogen and deuterium and has shown that a
mechanism of induced desorption, in which the heat of desorption is supplied
by the adsorbing molecules will account for the relationship between the
constants of the Arrhenius equation. Vol'kenshtein 91 has given a general
discussion of the electron theory of catalysis by semiconductors, pointing
out the analogy between a catalyst acting as a giant polyradical and the part
played by radicals in homogeneous reactions. Horiuti's school has reported
a determination 92 of the stoicheiometric number for ammonia synthesis at
29-5 atm. The method of evaluating the stoicheiometric number from the
rates of reaction near equilibrium was put forward originally by Horiuti 98
and it gives the number of times the rate-determining step has to take place
for the overall chemical reaction to occur. The new work 92 confirms that
the value is two for high pressures as well as low pressures 94 in the synthesis

81 R. G. Haldeman and P. H. Emmett, J. Amer. Chem. Soc., 1956, 78, 2922.
86 G. Rienacker and G. Vormum, Z. anorg. Chem., 1956, 283, 287.
86 M. Boudart, Amer. Inst. Chem. Eng. J., 1956, 2, 62.
87 S. Weller, ibid., p. 59.
88 T. Kwan, J. Phys. Chem., 1956, CO, 1033.
89 J. Foss, ibid., p. 1012.
00 E. Molinari, Z. phys. Chem. (Frankfurt), 1956, 6, 1.
91 F. F. Vol'kenshtein, Problemy. Kinetiki i Kataliza Akad. Nauk S.S.S.R., 1955,

8, 79.
92 S. Enomoto, J. Horiuti, and H. Kobayashi, J. Pes. Inst. Catalysis, Hokkaido

Univ., 1955, 3, 185.
93 J. Horiuti, ibid., 1948, 1, 8.
94 S. Enomoto and J. Horiuti, ibid., 1953, 2, 87.
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of ammonia and suggests that the slow step must be the addition of hydrogen
to adsorbed nitrogen rather than the dissociative adsorption of nitrogen.

Several papers have appeared involving the use of either stable or radio¬
active isotopes to determine the mechanism of catalytic reactions. Bond 95
has examined the deuteration of ethylene over a number of platinum
catalysts. He showed that all possible deuteroethanes were formed, and
examined changes in the distribution with temperature and composition of
the gas. Kemball 96 examined the same reaction at low temperatures on
evaporated metallic films and put forward a theory which accounts satis¬
factorily for the initial distributions of deuteroethylenes and deutero¬
ethanes and is based on the assumption that adsorbed ethylene and
adsorbed ethyl radicals are the important entities on the catalyst surface.
Flanagan and Rabinovitch 97> 98 have examined the exchange and isomeriz-
ation of foms-pHJethylene on nickel catalysts. Detailed kinetic results
were obtained and shown to be in agreement with one of two mechanisms
both involving adsorbed ethyl radicals. Integration of rate equations on
the assumption of stepwise exchange (one hydrogen atom at a time) gave
excellent agreement with the experimental observations of the proportions
of the various deuteroethylenes throughout the reactions. Miyahara99
has given an alternative explanation of the product distributions observed
by Anderson and Kemball100 in the exchange of ethane with deuterium
over evaporated metallic catalysts. The activity of various oxides for the
exchange of hydrogen with deuterium has been correlated with the electronic
configuration of the metal ions.101 By the use of radio-isotopes it has been
shown that very little exchange takes place at 500° on aluminosilicate
catalysts between ethane and propane and between ethylene and methane.102
Also, the exchange between methyl chloride and hydrogen chloride has been
examined on tungsten surfaces and shown to involve adsorbed chlorine
atoms probably reacting with physically adsorbed molecules.103-104

An important development in technique has been the combination of
vapour-phase chromatography with radioactive counting methods for the
examination of products from complex reactions such as hydrocarbon crack¬
ing and olefin polymerization.105 Franklin and Nicholson 106 have examined
the decomposition of a number of hydrocarbons on silica-alumina catalysts;
they found that there was a decrease in activation energy with molecular
weight which paralleled changes in the ionization potential of the molecules

96 G. C. Bond, Trans. Faraday Soc., 1956, 52, 1235.
98 C. Kemball, /., 1956, 735.
97 T. B. Flanagan and B. S. Rabinovitch, J. Phys. Chem., 1956, 60, 724.
98 Idem, ibid., p. 730.
99 K. Miyahara, J. Res. Inst. Catalysis Hokkaido Univ., 1956, 4, 143.

109 J. R. Anderson and C. Kemball, Proc. Roy. Soc., 1954, A, 223, 361.
101 D. A. Dowden, N. Mackenzie, and B. M. W. Trapnell, ibid., 1956, A, 237, 245.
102 B. V. Klimenok, E. A. Andreev, O. V. Krylov, and M. M. Sakharov, Doklady

Ahad. Nauk S.S.S.R., 1954, 95, 101.
103 R. Coekelbergs, A. Frennet, and P. A. Gosselain, Bull. Soc. chirr, beiges, 1956,

65, 229.
194 J. Adam, R. Coekelbergs, A. Frennet, and P. A. Gosselain, J. Chem. Phys., 1956,

24, 1267.
105 R. J. Kokes, H. Tobin, jun., and P. H. Emmett, /. Amer. Chem. Soc., 1955, 77,

5860.
108 J. L. Franklin and D. E. Nicholson, J. Phys. Chem., 1956, 60, 59.
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and they suggested that alkyl carbonium ions were formed via molecule-
ion intermediates. Shiba and Echigoya 107 examined the activity of an
aluminium oxide catalyst for the polymerization of ethylene and showed that
the activity follows closely parallel to the extent of adsorption of pyridine
on the catalyst when the catalyst is pre-heated at different temperatures.108
The decomposition of ozone has been studied on a number of oxides and
the activation energies correlated with properties of the oxides.109'110
Kummer 111 has found no marked differences in activity for the oxidation
of ethylene on different crystal faces of silver but the absolute rate of the
reaction confirmed Twigg's mechanism.112

Stoddart and Kemball113 have shown that the main reduction product
of acetone at low temperatures over evaporated metal catalysts is propan-
2-ol with small amounts of propane on platinum films. The kinetics of
the reaction have been investigated and the order of activity of the metals
follows closely the order already established for the hydrogenation of
ethylene. The hydrogenolysis of substituted cycfopropanes and cyclo-
butanes has been studied over platinum.114 The hydrogenolysis of methyl-
amine 115 over evaporated metal films is controlled by the rate of fission
of the carbon-nitrogen bond. The subsequent reactions are complex and
include the rapid formation of ammonia, formation of methane to a smaller
extent, formation of dimethylamine and subsequently trimethylamine, and
uptake of carbon by the catalysts. In similar studies of cyc/ohexylamine,
the unexpected formation of benzene was observed at 134° on platinum 116
but the hydrogenation of the benzene to cyc/ohexane followed after most of
the amine had been used up. The Fischer-Tropsch synthesis has been
studied on cementite as a catalyst117 and new results have been obtained
on the kinetics of the " oxo synthesis" (the addition of carbon monoxide
and hydrogen to olefins to form aldehydes and hence other products con¬
taining oxygen).118

Maxted and Josephs119 have examined the poisoning of platinum
catalysts. The complete revival of the catalyst for the hydrogenation of
ethylene can be obtained in three ways: (i) evacuation, (ii) circulating
inert gas, or (iii) circulating ethylene. The heats of adsorption of the two
poisons ethyl sulphide and thiophen were determined calorimetrically and
the difference in the initial heats of adsorption attributed to the loss of
resonance when thiophen is adsorbed.

C. K.
107 T. Shiba and E. Echigoya, J. Chem. Soc. Japan, 1955, 76, 1046.
108 Idem, ibid., p. 1049.
109 G. M. Schwab and G. Hartmann, Z. phys. Chem. (Frankfurt), 1956, 6, 56.
110 Idem, ibid., p. 72.
111 J. T. Kummer, J. Phys. Chem., 1956, 60, 666.
113 G. H. Twigg, Trans. Faraday Soc., 1946, 42, 284.
113 C. T. H. Stoddart and C. Kemball, J. Colloid Sci., 1956, 11, 532.
114 B. A. Kazanskii and M. Yu. Lukina, Kataliticheskoe i Okislemie Akad. Nauk

Kazakh S.S.R., 1955, 18.
115 C. Kemball and R. L. Moss, Proc. Roy. Soc., 1956, A, 238, 107.
113 R. L. Moss and C. Kemball, Nature, 1956, 178, 1069.
117 J. F. Shultz, W. K. Hall, T. A. Dubs, and R. B. Anderson, /. Amer. Chem. Soc.,

1956, 78, 282.
118 G. Natta, R. Ercoli, and S. Castellano, Chimica e Industria, 1955, 37, 6.
118 E. B. Maxted and M. Josephs, J., 1956, 264, 2635.
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4. ION EXCHANGE.

Successes in the separation of fission products achieved, for ion-exchange
resins, wide importance as analytical tools. Recently, however, develop¬
ments in the fundamental aspects of ion exchange have seen the emergence
of the technique as an important branch of physical chemistry. Thus, while
the analytical interest is still maintained and extended, ion-exchange resins
have found wide application as physical-chemical tools for the study of
electrolytic solutions. In this respect they have been used, for example, in
investigations on the nature of complex ions in solution, the electrochemistry
of ion-exchange membranes, and the determination of activity and selectivity
coefficients.

This Report emphasises the physical-chemical developments of ion
exchange, although its more outstanding achievements as an analytical
tool will also be included. Progress in biochemistry, water treatment, soil
analysis, electrochemistry of ion-exchangers, and investigations with in¬
organic ion-exchangers are only included insofar as they contribute generally
to information or applicability.

Extensive reviews have been given by Juda, Marinsky, and Rosenberg,1
Schubert,2 and Thomas and Frysinger.3 Winter4 and Buseret al.5 have
reviewed advances in the physical chemistry of ion-exchange resins, Arden 6
their uses on an industrial scale, and Griessbach 7 their technological future.
Information on the adsorption of organic compounds, and ion inclusion, is
covered by Samuelson.8 Some other reviews 8 merit consideration in that they
present a general picture of work and information relating to ion exchange.

In 1953, Samuelson's book 10 appeared; it still gives one of the best
surveys of almost all the physical-chemical approaches to the subject as well
as the analytical. During 1956 a new text-book on ion exchange by Nachod
and Schubert11 was published; twenty chapters are devoted to technological
and engineering aspects of ion-exchange practices but a discussion of funda¬
mental problems, techniques, and operations is also included. Osborn's
book 12 appeared in 1955. A report of a symposium on the application of
ion exchange in water and waste treatment has also appeared.13

1 W. Juda, J. A. Marinsky, and N. W. Rosenberg, Ann. Rev. Phys. Chem., 1953,
4, 373.

2 J. Schubert, ibid., 1954, 5, 413.
3 H. C. Thomas and G. R. Frysinger, ibid., 1956, 7, 137.
4 S. S. Winter, J. Chem. Educ., 1956, 33, 246.
6 W. Buser, P. Graf, and W. F. Griitter, Chimia (Switz.), 1955, 9, 73.
6 T. V. Arden, J. Roy. Inst. Chem., 1956, 80, 122.
7 R. Griessbach, Chem.-Ing.-Tech., 1955, 27, 569.
8 O. Samuelson, Iva, 1955, 26, 178.
9 H. Deuel and K. Hutschneker, Chimia (Switz.), 1955, 9, 49; R. Griessbach, Angew.

Chem., 1955, 67, 606; J. Biichi, J. Pharm. Pharmacol., 1956, 8, 369; R. Kunin and F.
McGarvey, Ind. Eng. Chem., 1955, 47, 565.

10 0. Samuelson, " Ion Exchangers in Analytical Chemistry," John Wiley and Sons,
Inc., New York, 1953.

11 F. C. Nachod and J. Schubert, " Ion Exchange Technology," Academic Books,
Ltd., London, 1956.

12 G. H. Osborn, " Synthetic Ion Exchangers. Recent Developments in Theory
and Application," Chapman and Hall, Ltd., London, 1955.

73 Ind. Eng. Chem., 1955, 47, 46—101.
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Ion-exchange Equilibria.—Ion-exchange equilibria being of great practical
importance have been frequently investigated. In view of the complicated
nature of the exchangers, theories and experimental results have often been
contradictory. One author at least12 regards it as impossible to review
fully the theories relating to their action.

Some have regarded ion exchange as a Donnan equilibrium. Gregor 14
found an extended Donnan theory with use of the Gibbs-Donnan formul¬
ations to be of great theoretical interest. Others have applied the law of
mass action to describe ion-exchange equilibria, while Walton,15 Jenny,16
and Rothmund and Kornfeld 17 found that simple mathematical equations
with one or more empirical parameters best expressed their behaviour.
Walton 18 claimed that almost all the data available on distribution in ion-

exchangers fit the Rothmund-Kornfeld equation. In the period reviewed
it is clear that different investigators find that one or other of these theories
is able to fit the data under their conditions, but in many cases approaches
different from those above apparently adequately represent the nature of
equilibria; it is possible to discover an almost inexhaustible list of equations
to satisfy equilibrium requirements.

The Donnan equilibrium. From the Donnan equilibrium Yamabe19
has derived the following equation which is valid for exchange between ions
of valency 1 and 2 :

NB/nB = (iVA/nA)2 (1)
where N and n are concentrations of the ion in the resin and solution, respec¬
tively. A further derived relation 20

(Qa + Ea)I(CQb + EB) = nNA/NB ... (2)
where Q and E are the initial amounts of ion in the resin and solution,
respectively, N is the solution concentration at equilibrium, n is a constant
and A and B denote the ions, is valid for ions of different valency. Agree¬
ment with Donnan equilibrium calculations was also found by Hutschneker
and Deuel.21 Stewart and Graydon 22 measured cation- and anion-transfer
rates across various poly(styrenesulphonic acid) membranes and considered
the anion-transfer rates in terms of a Donnan equilibrium : further evidence
for its applicability, at least in a qualitative sense, was shown 23 during
investigation of the effect of dilution on cation-exchange equilibria. In
NaCFHCl exchange on an Amberlite IR-120 resin, a Donnan equilibrium
exists 24 between resin and solution phases. Although it existed also for the
LiCl-HCl system, its validity only extended between concentrations 0-1n
and 0-3n; anomalies in solutions of higher concentration were explained
by assuming the lithium ion to be dehydrated.

11 H. P. Gregor, J. Amer. Chem. Soc., 1948, 70, 1293; 1951, 73, 642.
16 H. F. Walton, /. Phys. Chem., 1943, 47, 371.
14 J. Jenny, ibid., 1932, 36, 2219.
17 V. Rothmund and G. Kornfeld, Z. anorg. Chem., 1918, 103, 129.
18 H. F. Walton, J. Franklin Inst., 1941, 232, 305.
18 T. Yamabe, J. Chem. Soc. Japan, 1955, 58, 915.
28 Idem, ibid., p. 191.
21 K. Hutschneker and H. Deuel, Helv. Chim. Acta, 1956, 39, 1038.
22 R. J. Stewart and W. F. Graydon, J. Phys. Chem., 1956, 60, 750.
23 E. Reiner, K. F. Schulz, and B. Tezak, Arkiv Kemi, 1955, 27, 93.
21 H. Kakihana, N. Maruichi, and K. Yamasaki, J. Phys. Chem., 1956, 60, 36.
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Empirical equations. A very valuable and interesting contribution has
been made by Hogfeldt 25 who investigated empirical equations of Jenny,
Rothmund and Kornfeld, Freundlich, Krocker, Vageler, Weisz, van Dranen,
Yarnabe and Sato, and Boedeker for which validity has been claimed. Most
of the data were derived from Ag~H exchange on Dowex-50 and Wofatit K8
resins. The Freundlich equation alone represented all types of equilibrium-
quotient curves, but the most useful equation was that of Rothmund and
Kornfeld which could be extended in a very simple way to cover all types.

Determinations of the parameters of the Rothmund-Kornfeld equation
have been reported from investigations of exchange equilibria on sulphonated
Assam coal.26

Davydov and Levit'skii27 have found that the Vageler, Gapon, and
modified Nikal'skii equations are applicable to the exchange of Ca2+, Mg2+,
and Ba2+ for K+ and Na+ on Wofatit P.

The law of mass action. An empirical formula based on the law of mass
action is suggested by Yamabe 28 to represent the equilibrium in the exchange
OH~Cl on Amberlite IR-400 or -410. For Ag+-H+ equilibrium on Wofatit
KS at low silver concentrations 29 the equilibrium quotient is defined as
({H+}[AgR])/({Ag+}[HR]) where enclosing {} and [] represent concentrations
in resin and solution respectively. The coefficient KEAg has a constant value
of 0-26 within the limits 7 X 10~6 and 4 X 10"3 for the mole fraction of silver
in the resin. Validity of the law of mass action for H~Na exchange on
Amberlite IR-120 is also reported.30 Hysteretic effects in the exchange
Ba~H on a strongly acidic resin made Vanselow's law of mass action invalid
with respect to the real behaviour of the resin phase.31 For complete
characterization of the exchange, knowledge of the selectivity coefficient
for the resin and the ion pair is necessary.

Simple mass-action considerations were not sufficient to explain the
elution behaviour of alkaline-earth and alkali metals on cationic resins of
different cross-linking.32

Activity coefficients, selectivity coefficients, and degree of cross-linking. It is
known that the resin phase can be conveniently treated as a concentrated
aqueous solution. In such a system, a variation of the activity coefficients
will occur with cross-linking. The dependence of selectivity and swelling
on cross-linking is understandable33 by consideration of resins as poly-
electrolytic gels with certain properties. Selectivity and activity-coefficient
determinations 34-37 suggest that ion-exchangers must be treated as poly-

,e E. Hogfeldt, Acta Chem. Scand., 1955, 9, 151.
28 M. Roy, J. Appl. Chem., 1956, 7, 335.
27 A. T. Davydov and I. Ya. Levit'skii, Trudy Nauch.-Issledovatel. Inst. Khim.

Kharkov Univ., 1953, 10, 221.
28 T. Yamabe, J. Chem. Soc. Japan, 1955, 58, 186, 188.
89 E. Hogfeldt, Arkiv Kemi, 1954, 7, 561.
so -j- Yamabe, J. Chem. Soc. Japan, 1954, 57, 701.
81 P. M. Stroechi, Ann. Chim. (Italy), 1954, 44, 147.
82 R. M. Diamond, /. Amer. Chem. Soc., 1955, 77, 2978.
88 F. E. Harris and S. A. Rice, J. Chem. Phys., 1956, 24, 1258.
81 G. E. Mayers and G. E. Boyd, J. Phys. Chem., 1956, 60, 521.
86 O. D. Bonner, V. F. Holland, and L. L. Smith, ibid., p. 1102.
86 H. A. Stroebel and R. W. Gable, J. Amer. Chem. Soc., 1954, 76, 6911.
87 J. S. Mackie and P. Meares, Proc. Roy. Soc., 1955, A, 232, 485.
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meric n : 1 electrolytes. Determinations of selectivity coefficients, for anion-
exchangers 38 as a function of resin and degree of cross-linking, and for
cation-exchangers,39 are presented.

Reichenberg and McCauley 40 have studied equilibria on sulphonated
polystyrene resins of varying degrees of cross-linking. The order of affinities
was K > Na > H > Li. Gregor's theory of ion-exchange affinity did not
account for all the results, a modification being necessary to account for the
statistical variation of cross-linking and relative ease with which hydration
shells can lose some water molecules.

On methacrylic acid cation-exchangers of various divinylbenzene con¬
tents the order of affinity was Li > Na > K, becoming more marked as
cross-linking increased.41

Undoubtedly, many other factors can change the activity coefficients in
the resin phase. Ion-pair formation offers a probable explanation for
abnormal behaviour 42-44 and the uptake of electrolyte by the resin is of
significance in activity-coefficient determinations.45'32

The activity coefficients of sodium and potassium chloride have been
measured.46 In this respect, an interesting method is reported by Sobue
and Tabata43 who carried out measurements on an ion-exchange film of
carboxymethylcellulose using infrared spectra.

The importance of solvent uptake by the resin phase has now been
recognized and reports of investigations have recently appeared.47-50 In
the uptake of solvent, ion-hydration has always had a somewhat vague
meaning. Glueckauf and Kitt 51 have, however, now given information
which goes a long way towards clarification of the position. By an isopiestic
method they investigated the absorption of water by polystyrene sulphonates
and determined the adsorption isotherm and enthalpies and entropies of
hydration. From the shape of the isotherms they conclude that the first
water molecule absorbed by the resin salt is bound to the sulphonate group.
Successive water molecules are then bound with the cations. There seems to
be no basis for the suggestion of a definite shell of water molecules about an ion.

Determination of the heats of wetting of ion-exchangers with different
ionic species on the resin have led to the view that only a few water mole¬
cules (five for the hydrogen ion; three for the sodium ion) which can be
called " bound water " take part in the hydration of ions.52

34 B. A. Soldano and D. Chesnut, J. Amer. Chem. Soc., 1955, 77, 1334.
89 B. A. Soldano, Q. V. Larson, and G. E. Myers, ibid., p. 1339.
10 D. Reichenberg and D. J. McCauley, /., 1955, 2741.
41 H. P. Gregor, M. J. Hamilton, R. J. Oza, and F. Bernstein, J. Phys. Chem., 1956,

60, 263.
42 M. H. Gottlieb and H. P. Gregor, J. Amer. Chem. Soc., 1954, 76, 4639.
43 H. Sobue and Y. Tabata, J. Polymer Sci., 1956, 20, 567.
44 H. P. Gregor, J. Belle, and R. A. Marcus, J. Amer. Chem. Soc., 1955, 77, 2713.
46 E. W. Baumann and \V. J. Argersinger, ibid., 1956, 78, 1130.
46 J. A. Whitecombe, J. T. Banchero, and R. R. White, Chem. Eng. Progr. Symp.,

1954, No. 14, 73.
47 B. A. Soldano and Q. V. Larson, J. Amer. Chem. Soc., 1955, 77, 1331.
48 O. D. Bonner, J. Phys. Chem., 1955, 59, 719.
49 H. Kakihana and K. Sekiguchi, J. Pharm. Soc. Japan, 1955, 75, 111.
60 H. P. Gregor, D. Nobel, and M. H. Gottlieb, ./. Phys. Chem., 1955, 59, 10.
61 E. Glueckauf and G. P. Kitt, Proc. Roy. Soc., 1955, A, 228, 322.
62 T. Matsuura, Bull. Chem. Soc. Japan, 1954, 27, 281.
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Howe and Kitchener 53 measured the water sorption isotherms for the
H-form of polymethacrylic acid resins and claimed that about 0-1 g. of
water per g. of dry H-resin was very strongly sorbed, indicating hydrogen
bonding on the carboxylic acid groups.

The Kinetics of Ion Exchange.—Film diffusion. An interesting con¬
tribution to the theory of ion exchange is that based on the supposition that
the determining step in the process is diffusion through a film of water
surrounding the resin particles. Support for this concept is presented by
Dickel and Nieciecki 54 who conclude that at low concentrations the rate-

determining process in the exchange of alkali-metal ions against hydrogen
ions on a Levatit S100 exchanger is diffusion of exchanging ions through a
water film of thickness 3 X HE4 cm. Conditions facilitating film formation
are reported by Helfferich 55 who measured self-diffusion coefficients and
developed an equation which allowed for film formation.

Evidence that the exchange of ion pairs of equal valency followed this
type of kinetics is presented 56~58 but, if one of the exchanging ions is either
very large or held tightly by the resin, diffusion is best described by gel-
diffusion kinetics. On the other hand, in the measurement of the self-
diffusion coefficient of sodium,59 evidence is presented for the absence of
liquid-film effects. In the absence of a Donnan electrolyte, two mechanisms
for transport through the resin are suggested: an exchange between sites
with an activation energy about 10 kcal./mole and a diffusion involving a
free anion with activation energy about 2 kcal./mole.

Particle diffusion. Sugai and Furuichi 60' 61 have reported a study on the
self-diffusion of calcium in Dowex-50. In lm-solutions particle diffusion
was the controlling step : below 0-5m, film diffusion occurred. Tetenbaum
and Gregor 02 have carried out investigations with polystyrenesulphonic acid
resins which show agreement with the ideas of particle and film diffusion.
They measured the self-diffusion of potassium, non-exchangeable chloride
ions, and water. At high rates of flow in a shallow-bed system, the calculated
thickness of the unstirred film was 1-2 jr. The diffusion coefficients were

potassium 21%, chloride 37%, and water 85% of the value in free solution.
Particle-diffusion kinetics are also reported for chloride-molybdate

exchange 63 on Amberlite IR-410, where Boyd, Schubert, and Adamson's
equation64 was applicable at low concentrations; sodium-hydrogen ex¬
change 65 on a monofunctional resin with carboxylic acid groups, where
effective diffusion coefficients of sodium and hydrogen were 3-92 X 10~9

53 P. G. Howe and J. A. Kitchener, J., 1955, 2143.
51 G. Dickel and L. Nieciecki, Z. Elektrochem., 1956, 59, 913.
66 F. Helfferich, Z. phys. Chem., 1955, 4, 386.
68 C. Khrishnamoorthy and A. D. Desai, Soil Sci., 1955, 79, 159.
57 Idem, ibid., p. 215.
58 Idem, ibid., 1953, 76, 307.
60 D. Richman and H. C. Thomas, J. Phys. Chem., 1956, 60, 237.
60 S. Sugai and J. Furuichi, J. Phys. Soc. Japan, 1955, 10, 1032.
61 Idem, J. Chem. Phys., 1955, 23, 1181.
c: M. Tetenbaum and H. P. Gregor, J. Phys. Chem., 1954, 58, 1156.
63 T. Nomitsu and J. Hironaka, Yamaguchi J. Sci., 1955, 6, 62.
61 G. E. Boyd, J. Schubert, and A. W. Adamson, J. Amer. Chem. Soc., 1947, 69, 2818.
65 D. E. Conway, J. H. S. Green, and D. Reichenberg, Trans. Faraday Soc., 1954,

50, 511.
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cm.2/sec.; and the adsorption of nicotine 66 on carboxylic and sulphonic
acid-type resins.

Mackie and Meares 67 derived an equation for the flux of electrolyte
through a water-swollen cation-resin membrane and concluded that ions in
the resin are transported entirely in an internal aqueous phase. At high
concentrations, however, an electrophoretic effect, and at low concentrations,
counter-ion binding, introduces error in the flux theory.

Evidence that concentration influences the kinetics of exchange has
been obtained. Investigation 68 of the effect of concentration of solution,
flow rate, and grain size on the rate of adsorption of sodium and calcium
ions by Wofatit R showed that the exchange of trace amounts proceeded in
the external diffusion region but, as the number of adsorbed ions increased,
the process passed over to particle diffusion.

Investigation of the- ion-exchange isotherms of cobalt and ferrous iron 69
led to the proposal of a mechanism consisting of cation diffusion to the
adsorption sites (external and particle diffusion), ion exchange adsorption,
formation and decomposition of complex ions, and ion movement on the
column.

Column kinetics. S-Shaped curves were obtained 70 for the exchange of
different cations against hydrogen on a bifunctional exchanger. This type
of curve was due to the bifunctionality of the resin but no interaction between
the two kinds of group was detected.

Tunit'skii et al.71 have derived an equation for sorption with a convex
sorption isotherm and for the kinetics of linear isotherms an asymptotic
solution has been obtained.72 The central point of the sorption wave was
found to move with constant speed along the column and the adsorbed ion
spread out at sufficient distance from the column inlet proportionally to the
square-root of the velocity.

Investigations of the kinetics of exchange H~Ba and H~Ca on a Wofatit
resin showed a parallel advance of the adsorption front whose displacement
was linear with the volume of the solution passed through the column.73

From the rates of exchange of sodium and potassium on Dowex 50,
Sulfata et al.7i derived an equation with properly selected rate coefficients
to represent the break-through curves.

Adsorption curves of 2-2 x 10~5n-CsC1 and 3-5 x 10-2n-SrCl2 in
hydrogen-ion concentrations of 0-248 and 0-45n have been determined.75
At lower acidities the curves coincide but at higher acidity, strontium is
ahead of caesium.

66 H. Kawabe, S. Sugimoto, and M. Yamagita, Report Sci. Res. Inst. (Japan), 1954,
30, 155.

67 J. S. Mackie and P. Meares, Proc. Roy. Soc., 1955, A, 232, 498, 510.
08 M. V. Tobbin and F. G. Dyatlovitskaya, Zhur.ftz. Khim., 1954, 28, 1539.
69 S. Yu. Elovich and N. N. Motorina, ibid., 1956, 30, 69.
70 J. P. Cornaz and H. Deuel, Helv. Chim. Acta, 1956, 39, 1227.
71 N. N. Tunit'skii, E. P. Cherneva, and V. I. Andrew, Zhur. fiz. Khim., 1954, 28,

2006.
72 V. V. Rachin'skii and O. M. Todes, ibid., 1956, 30, 407.
73 A. T. Davydov, Yu. A. Morozova, and M. B. Kogan, Trudy Nauch.-Issledovatel.

Inst. Khim. Kharkov Univ., 1953, 10, 189.
74 A. D. Sulfata, J. T. Banchero, and R. R. White, Ind. Eng. Chem., 1955, 47, 2193.
75 S. Yu. Elovich, Doklady Akad. Nauk S.S.S.R., 1955, 101, 293.
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Freiling 76 has developed a mathematical treatment of the gradient-
elution method for column operation, based upon the plate theory and
Gaussian approximation to the shape of the elution peak. The equations
involve a number of limitations. An application of this method is reported 77
for the separation of carrier-free activities.

Column operating characteristics for three laboratory-prepared resins are
described.78

Exchange capacities, sorption of neutral molecules, and secondary processes.
Several determinations of the exchange capacity of ion-exchange resins
have appeared.79 Some interesting facts are reported 80 concerning the
residual capacity and leakage of ion-exchangers. For analytical purposes,
Amberlite IR-120 and IR-410 are recommended.

Amberlite IR-411 (Cl-form) is reported 81 to have the greatest capacity
of the strongly basic exchangers for phenol. A mechanism based on hydro¬
gen bonding between amine nitrogen groups and molecular phenols is
suggested to account for the specificity of sorption of phenol by weakly basic
ion-exchange resins. Molecular sorption alone cannot explain the sorption
of phenols, bases, or aliphatic and aromatic acids by monofunctional cation-
exchangers : 82 ionogenic groups present have a significant role. The mole¬
cular adsorption of some organic molecules on strongly basic Dowex 1 and 2,
and Amberlite IR-410 has been measured : 83 interference in the chromato¬

graphic separation can be overcome by the choice of solvent. The sorption
of acetic, propionic, w-butyric, and benzoic acids on sulphonated cross-linked
polystyrene resin has been shown 84 to be true and uniform and not confined
to the surface of the resin particles.

Riickert and Samuelson 85 have investigated the adsorption of sugars
on anion and cation resins from ethanol-water. The uptake by desulphon-
ated resins was ascribed to the electric field around the ions in the resin

phase; adsorption on the higher-polymeric network seemed to be of very
little importance. The adsorption of glucose on weakly basic anion-
exchangers 86 and large organic molecules such as morphine and codeine 87
on Russian resins has been reported.

Saldadze 88 found complete reversibility for Ba_Mg, KHBa, and Zn~Cd
exchange on a sulphophenolic resin. Absence of reversibility by others is
considered to be due to secondary processes on the resin, such as reduction

76 E. C. Freiling, J. Amer. Chem. Soc., 1955, 77, 2067.
77 W. E. Nervik, J. Phys. Chem., 1955, 59, 681.
78 H. A. Shah and K. P. Govindan, J. Sci. Ind. Res., India, 1955, 14, B, 222;

E. B. Byrne and L. Lapidus, J. Amer. Chem. Soc., 1955, 77, 6506.
79 S. Fisher and R. Kunin, Ind. Eng. Chem., 1955, 47, 1191; H. P. Gregor, M. J.

Hamilton, J. Becher, and F. Bernstein, J. Phys. Chem., 1955, 59, 874; E. Leclerc and
T. Samuel, Bull. Centre beige Etude et Document. Eaux (Liege), 1956, No. 31, 23.

80 H. G. Heitmann and K. R. Schmidt, Mitt. Ver. Grosskesselbesitzer, 1954, 32, 360.
81 M. G. Chasanov, R. Kunin, and F. McGarvey, Ind. Eng. Chem., 1956, 48, 305.
82 S. L. Bafna and K. P. Govindan, ibid., 1956, 48, 310.
83 C. W. Davies and B. D. R. Owen, J., 1956, 1681.
81 D. Reichenberg and W. J. Wall, ibid., p. 3364.
85 H. Ruckert and O. Samuelson, Svensk hem. Tidskr., 1954, 66, 337.
86 T. M. Reynolds, Nature, 1955, 175, 46.
87 N. A. Izmailov and S. Kh. Mushinskaya, Doklady Akad. Nauk S.S.S.R., 1955,

100, 101.
88 K. M. Saldadze, Kolloid. Zhur., 1954, 16, 284.
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and complex-formation. Other secondary processes have been recognized
and investigated 89,90 and side reactions in the solution and resin phase
have caused difficulties in the measurement of the exchange equilibria of
heavy-metal ions.91

Ion Exchange and the Nature of Ions.—Ion-exchange resins have been
used to a very great extent to investigate the nature of ions and properties
of substances in solution. Reviews have appeared.92

By use of anion- or cation-exchange resins, the nature and behaviour of
the following ion species have been investigated : germanium complexes of
oxalic acid; 93 nickel,94 cadmium,95 and niobium96 chloride complexes;
borates; 97 metal phosphates;98 citrates of Periodic Group IIa metals; 99
tungstates; 100 chromates; 101 and fluorides.102

An interesting investigation has been carried out by Herber et al.103 on
the elution of Mn2+, Co2+, Cu2+, and Zn2+ with hydrochloric acid from

, samples of the anion-exchanger Dowex 1 with reference to the cross-linkage,
capacity, water content, and elution behaviour of the resin.

Kraus and Nelson 104 have reported results of a series of extensive
investigations on the distribution of a large number of elements between
hydrochloric acid and anion-exchanger, Dowex 1. A very comprehensive
review of this work is given by Thomas and Frysinger 105 and consideration
of it will not, therefore, be repeated here.

Evidence exists which suggests that the resin itself can have a part in the
formation of some complexes. Investigations of this type are, however,
not numerous, but it is probable that they will grow in number because
knowledge of the role played by the resin could be of great importance in
the separation of ion species.

Arden and Wood 106 have found that uranium is sorbed on an anion-
exchanger as a complex, U02(S04)3~4, below pH 2-5. The sorption occurs
by the formation of this ion on the resin. This information has been applied
in the recovery of uranium from its ores.107 Stokes and Walton 108 have

89 Yu. Yu. Lure and E. S. Peremyslova, Zhur. priklad. Khim., 1954, 27, 1207.
90 N. Krishnaswamy, /. Phys. Chem., 1955, 59, 187.
91 J. P. Cornaz and H. Deuel, Helv. Chim. Acta, 1956, 39, 1220.
92 J. Schubert, ref. 2, p. 437; H. C. Thomas and G. R. Frysinger, ref. 3, 156; J. E.

Salmon, Rev. Pure Appl. Chem. (Australia), 1956, 6, 24; V. V. Fomin, Uspekhi Khim.,
1955, 24, 1010.

93 D. A. Everest, /., 1955, 4415.
91 R. Herber and J. W. Irvine, J. Amer. Chem. Soc., 1956, 78, 905.
96 V. V. Fomin, L. N. Fedotova, V. V. Sin'kovskii, and M. A. Andrieva, Zhur. fiz.

Khim., 1955, 29, 2042.
99 J. Ryan and H. Freund, J. Amer. Chem. Soc., 1956, 78, 3020.
97 D. A. Everest and W. J. Popiel, /., 1956, 3183.
98 A. Holroyd and J. E. Salmon, J., 1956, 269.
99 F. Nelson and K. A. Kraus, J. Amer. Chem. Soc., 1955, 77, 801; I. Feldman,

T. Y. Toribasa, J. R. Havill, and W. F. Neuman, ibid., p. 878.
100 A. Iguchi, Sci. Papers Coll. Gen. Educ., Tokyo Univ., 1955, 5, 29.
101 Z. I. Dizdar and Z. D. Draganic, Bull. Inst. Nuclear Sci. Boris Kidrich, 1955, 5. 79.
192 G. B. Kaufman, Diss. Abs., 1956, 16, 863.
103 K. H. Herber, K. Tongue, and J. W. Irvine, J. Amer. Chem. Soc., 1955, 77, 5840.
104 K. A. Kraus and F. Nelson, ibid., 1955, 77, 4508.
105 H. C. Thomas and G. R. Frysinger, ref. 3, p. 156.
198 T. V. Arden and G. A. Wood, J., 1956, 1596.
107 p y Arden, J. Roy. Inst. Chem., 1956, 80, 127.
198 R. H. Stokes and H. F. Walton, J. Amer. Chem. Soc., 1954, 76, 3327.
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investigated the stabilities of copper and silver complexes of ammonia on
Permutit O and Amberlite IR-50. On the latter resin they are just as stable
as in aqueous solution. Presumably, either the ions are not covalently
bound to the resin sulphonic acid groups or, if they are so bound, the binding
energy is far less than that between them and ammonia. On the former
exchanger the ammonia complexes are decidedly less stable owing to the
greater tendency to form metal-carboxylate complexes. Confirmation of
this work is reported 91 where, on Amberlite IR-50, Cu2+ was found to be
more selectively taken up against ammonia than against [Cu(NH3)4]2+.

The exchange behaviour of zirconium and hafnium in perchloric acid has
been studied.109 The results were interpreted on the basis of unhydrolysed
metal species M4+ in the aqueous phase at hydrogen-ion concentrations of
1m and 2m and very low metal-ion concentration.

The sorbability of Pb2+ and Bi3+ in chloride and nitrate solutions,110
the exchange of sulphate-bisulphate 111 on Dowex 1-X8, and the ageing of
ferric oxide hydrosol112 have also been reported.

Ion Exchange in Non-aqueous Systems.—Interest in ion-exchange
behaviour in non-aqueous systems continues to grow. It is known that the
rates of diffusion of ions decrease in organic solvents or in mixtures of
organic solvents and water, and reaction on ion-exchange resins would,
therefore, generally be slower. Variation in the nature of exchange, how¬
ever, in these systems makes the subject one of considerable interest.

Bergin and Heyn 113 employed cationic-exchange membrane electrodes
to measure function potentials in liquid ammonia and alcohols. The ratios
of the activity coefficients of ammonium nitrate in liquid ammonia were
determined and results agreed well with those obtained by different electro¬
chemical methods.

Swelling of resins in mixed solvents has been investigated. Davies and
Owen 114 have reported results for three resins with varying cross-linking.
Swelling was said to be directly proportional to the concentration of organic
component in the system,115 or largely determined by the dielectric constant
of the adsorbed solution.116

An excellent report on the kinetics of non-aqueous exchange systems has
appeared.117 Studies were made by adsorption of butylamine from aqueous
ethanol on a strongly acidic exchanger. Conclusions drawn were that the
reaction rate was independent of the bulk amine concentration and was
controlled by particle diffusion. Quantitative rules for cation-exchange in
mixed media have been suggested.118 Gable and Stroebel119 have obtained

109 E. M. Larsen and Pei Wang, J. Amer. Chem. Soc., 1934, 76, 6223.
110 F. Nelson and K. A. Kraus, ibid., p. 5916.
111 R. E. Anderson, W. C. Baumann, and D. F. Harrington, Ind. Eng. Chem., 1955,

47, 1620.
112 K. Meguro, T. Kondo, and Y. Hayashi, J. Chem. Soc. Japan, 1955, 76, 482.
113 M. J. Bergin and A. H. A. Heyn, J. Amer. Chem. Soc., 1954, 76, 4765.
111 C. W. Davies and B. D. R. Owen, /., 1956, 1676.
115 E. A. Materova, Zh. L. Vert, and G. P. Grinberg, Zhnr. obshchei Khim., 1954,

24 953
116 H. P. Gregor, D. Nobel, and M. H. Gottlieb, J. Phys. Chem., 1955, 59, 10.
117 S. Wilson and L. Lapidus, Ind. Eng. Chem., 1956, 48, 992.
118 A. T. Davydov and R. F. Skoblionok, Trudy Nauch.-Issledovatel. Inst. Khim.,

Kharkov Univ., 1953, 10, 195.
119 R. W. Gable and H. A. Stroebel, J. Phys. Chem., 1956, 60, 513.
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equilibrium quotients from Na~H, NH4~H, and Ag~Na exchange in an¬
hydrous methanol on Dowex 50. Enhanced selectivities are attributed to
alterations in the degree of ion-solvation and ion-pair formation. Selective
sorption is reported 120 for cation-exchangers in investigations with water,
ethanol, benzene, or mixed non-aqueous systems. By suitable choice of the
composition of the liquid medium, selectivity of diffusion of individual ions
into the resin phase can be obtained.

Ketones and alcohols with smaller proportions of water and hydrochloric
acid have been used 121 for the elution of sorbed copper and nickel on Zeo-
Karb 225. The two metals can be separated quantitatively by use of
acetone containing 4% of hydrochloric acid and 10% of water.

Barrer and Raitt122 have investigated the exchange of a large number of
metal ions on the inorganic ion-exchanger, ultramarine, in organic solvents
and Davydov and Skoblionok 123 have found that in the exchange of adsorbed
cations on volchonskoite the tendency for Na+ and K+ to displace Ba2+
increased as the organic component of the mixed solvent increased.

A review of ion-exchange in non-aqueous solutions has recently
appeared.124

New and Modified Ion-exchangers.—The preparation of new or the
modification of the more conventional resins allows much to be learned
about the physical processes of ion exchange. It is rather surprising, there¬
fore, that little attention has, in the past, been given to details of the
mechanics of preparation. A considerable amount of evidence exists to
suggest that a particle of the normal commercial resin contains a shell of
relatively high density and a core of comparatively low density and hard¬
ness. On swelling, internal tensions are produced which cause the resin
beads to crack and exchange properties are thus affected. These facts are
recognised by Abrams 125 who has reported a unique method of polymeris¬
ation and a new method of sulphonation which gives homogeneous sulphon-
ated copolymers of styrene and divinylbenzene possessing properties dis¬
similar from and superior to those of the standard copolymers. Preparation
of resins in which the aim is selectivity is reported. Parrish126 has prepared
selective ion-exchangers from styrene and divinylbenzene. One of these
resins selectively adsorbed mercury : a second showed selectivity towards
copper, nickel, and cobalt between pH 2 and 3.

An anion-exchange resin from formaldehyde and melamine for heavy-
metal adsorption 127 and another,128 selective for potassium, from raw rubber
dissolved in benzene, are reported. Anion-exchangers of selective perme¬
ability have also been obtained.129 Developments in the production and

120 W. Blaszkowska, W. Wisniewski, and A. Teichert, Roczniki Chem., 1955, 29,
921

121 N. F. Kember, P. J. Macdonald, and R. A. Wells, /., 1955, 2273.
122 R. M. Barrer and J. S. Raitt, /., 1954, 4641.
123 A. T. Davydov and R. F. Skoblionok, Zhur. obshchei Khim., 1956, 26, 350.
124 L. Sobczyk, Przemysl Chem., 1956, 12, 389.
125 I. Abrams, Ind. Eng. Chem., 1956, 48, 1469.
120 J. R. Parrish, Chem. and Ind., 1956, 137.
127 S. Yoshikawa and T. Kubotera, J. Chem. Soc. Japan, 1954, 57, 676.
128 H. Nakazawa, J.P. 8196/1954.
129 J. T. Clarke, U.S.P. 2,732,351/1956.
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study of electron exchangers, first introduced by Cassidy and his co¬
workers,130 are reviewed.131 The ability of seven cation-exchangers to
reduce ferric chloride solutions is reported.132 The reduction process is
independent of the ion-exchange process : exchangers produced by co-
polymerisation of methacrylic and acrylic acids with different " bridge
formers " are not reducing agents.

Zirconium phosphate is reported 133,134 to have cation-exchange pro¬
perties which are excellent for alkali and alkaline-earth metals, ferric iron,
and aluminium 133 and, by mixing a solution of zirconium oxychloride with
a large excess of sodium tungstate, a cation-exchange material is obtained.135
Anions in mercarbide salts {[(CHg30)„"+ + «X'], where X' is exchangeable}
have been found to exchange in the following order

N02- < CI- < Br- < OH" < CN- < I"
The exchange can be reversed by varying the concentrations.130

Ion-exchange materials have been obtained from peat.137 Lignins,
partly substituted for phenol and formaldehyde in cationic resins containing
phenolsulphonic acid, were found to give a more expanded molecular
structure with higher swelling and greater exchange capacity.138

Champetier et al.139 have shown that IV-diethylaminohydroxypropyl-
cellulose has interesting ion-exchange properties. Claims are also made for
resins obtained from coal,26 by the condensation of vegetable proteins and
formaldehyde,140 from quebracho extracts,141 by surface treatment of silica
gel,142 and from agar.143

Ion-exchangers as Catalysts.—Catalysts of chemical reactions by ion-
exchange resins has reached the stage of development where some account
of its application must be given in a report on progress in ion-exchange.
Reviews on the subject have been presented.144 An approach to funda¬
mentals has been made by Helfferich 145 who treats the pore liquid of the
resin in which the reaction occurs as a homogeneous system and compares
it with a homogeneous solution containing electrolyte as catalyst.

Cation-exchangers have been used as catalysts in formation of acetals.146
130 H. G. Cassidy, M. Ezrin, and I. H. Updegraff, J. Amer. Chem. Soc., 1953, 75, 1615.
131 J. Schubert, ref. 2, p. 416; H. C. Thomas and G. R. Frysinger, ref. 3, p. 151;

E. B. Trostyanskaya, I. P. Losev, and A. S. Tevlina, Uspekhi Khim., 1955, 24, 69.
132 I. P. Losev and A. S. Tevlina, Trudy Komissii Anal. Khim. Akad. Nauk S.S.S.R.,

1955, 6, 326.
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The action and subsequent reaction depend on the type of compound : for
molecules of less than four carbon atoms, reaction stops at the acetal. With
larger molecules, the olefinic ether is formed. Catalytic action seems to
depend on the acid polarity of the exchanger, the position of the polar
groups in the macromolecule, and thermostability of the exchanger. Strict
dependence on the method of preparation and size of the resin particle is
reported 147 in the use of cation- and anion-exchangers as supports for
palladium catalysts during the hydrogenation of maleic acid.

Catalysis may also be brought about by acid clays.148
Bafna 149 has studied the catalysis of the acetone-iodine reaction by ion-

exchangers as a function of particle size, degree of cross-linking, and concen¬
tration of acetone, and Mastagli150 has shown that both types of exchangers
catalyse chemical reactions, independently of one another.

Ion-exchange resins have been used catalytically in the de-esterification
of pectin,151 preparation of butyl benzoate,152 and hydrolysis of sucrose.153

Ion-exchangers in Analytical Chemistry.—The last Report on this topic
was in 1954. Recently, reviews on the subject have appeared.154 The
main function of ion-exchange resins in analytical chemistry is to make
separations; the success achieved in this direction is readily seen by the
following selection from the literature of the past two years.

Details of the use of anion-exchange for the separation of two short-
period activities, 207mPb (0-8 sec.) and 191mIr (4-9 sec.), from long-lived parents
207Bi (8 yr.) and 191Os (16 days) are reported.155

Interest in the separation of the rare-earth elements still continues.
Recent advances are characterized by refinements in techniques.156 The
lanthanides and actinides have been separated on Dowex 50-X4 by using
ammonium a-hydroxyfsobutyrate as eluant.157

Excellent work has been carried out by Spedding et al., applying theoreti¬
cal and practical knowledge of ion-exchange columns to the separation of
nitrogen isotopes on Dowex 50-X12 using sodium hydroxide as eluant.158
A separation of radium isotopes, Ra-D, Ra-E, and Ra-E, with a radioactive
purity of almost 99-9% has been obtained.159

Ethylenediaminetetra-acetic acid is an eluant of considerable application
and success. In this capacity, it has been used in the cation-exchange
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separation of barium and lead,160 the preparation of pure cerium earths,161
and the anion-exchange separation of the alkali metals.162

A separation of a different type, but still of great interest, is that
claimed 163 for geometrical isomers of flavo- and croceo-cdbdlt salts on the
NH4-form of Amberlite IR-120. Analysis of the condensed phosphates on
Dowex 1-X8 is reported 164 and several papers,165 giving details of the
separation of fluoride from substances which interfere in its colorimetric
determination, and a method for the determination 166 of atmospheric
fluorine, have appeared.

Ion-exchange resins have great versatility : no combination of metals
appears too difficult to separate if the theoretical and practical knowledge
of the exchangers is applied. Thus, the separation of molybdenum and
technetium,167 arsenic, antimony, and tin,1GS zirconium and hafnium,169
zirconium and protactinium,170 rhodium and iridium,171 and niobium and
tantalum,172 have all been achieved.

Flaschka and Sadek 173 have employed a cationic resin in the deter¬
mination of potassium by dissolving the precipitate of potassium tetra-
phenylboronate in acetone and passing it through the resin : the free tetra-
phenylboronic acid liberated is titrated.

Chromatography on paper impregnated with ion-exchange resins is
reported174 and preparations of standard solutions of hydrochloric, sulphuric,
and nitric acids have been carried out by means of ion-exchangers.175
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THE ANALYTICAL CHEMISTRY OL THE PYRIDINE
THIOCYANATES—I

THE SEPARATION OF COBALT AND NICKEL
BY SOLVENT EXTRACTION

J. H. W. Forsythe, R. J. Magee and C. L. Wilson
Chemistry Department, The Queen's University, Belfast, Northern Ireland

(Received 23 April 1958)

Summary—A procedure is described for the separation of cobalt and nickel as pyridine thiocyanates
using solvent extraction. After separation the metals are determined colorimetrically in the extracts.

Reference to the pyridine thiocyanates of cobalt and nickel in the literature is
not new, dating in some cases from the end of the last century.1'2'3 All of these
papers, however, deal with methods for the preparation of the pyridine thiocyanates
of the metals and have no analytical significance.

Duval,4 in his book on thermogravimetric analysis, however, describes the
thermogravimetric behaviour of nickel pyridine thiocyanate, showing that it provides
a suitable weighing form for the determination of the metal. In recent years, the
blue colour formed by cobalt thiocyanate in acetone and other solvents has been
used by several workers for the determination of cobalt.5

Sharp and Wilkinson,6 in developing a method for obtaining nickel-free cobalt
salts, used 57Ni and 60Co tracers to investigate the separation of the two metals as
thiocyanates by solvent extraction. Apart from these investigations, however, it
would appear that the analytical value of the pyridine thiocyanates of cobalt and
nickel has not been examined to any extent.

This paper describes a procedure for the separation and determination of cobalt
and nickel by the formation of the pyridine thiocyanates.

PRELIMINARY INVESTIGATIONS

Under suitable conditions, cobalt and nickel form pyridine thiocyanates readily.
The structure for the cobalt complex has been given1 as Co py4 (SCN)2 and, for that
of nickel2 as Ni py4 (SCN)2.

The conditions under which these compounds formed were examined. In the
case of cobalt it was found that, if excess thiocyanate is added to a cobalt solution,
and the pH is adjusted to 2-5, slow addition of pyridine causes precipitation of
cobalt pyridine thiocyanate when the pH has risen to a value of 5-6.

On the other hand, if excess thiocyanate is added to a nickel solution and the
same procedure is followed, the nickel pyridine thiocyanate begins to form at pH
4 and precipitation is complete at pH 4-6.

Both compounds are very soluble in organic solvents, and it was found possible
to effect a separation of the two metals on the basis of these preliminary observations.

As a means of determining the nickel present in the chloroform extract, the
absorption spectrum of nickel pyridine thiocyanate in chloroform was determined.

249
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This is shown in Fig. 1. The maxima at 560 myt and 580 rapt, were found to be too
small to be of value and measurements were, therefore, carried out at 320 m/r.

For known amounts of nickel a calibration curve was prepared. From this curve
the minimum amount of nickel which can be determined with certainty is 100 /tg.

On extraction of the cobalt pyridine thiocyanate complex with methyl /.robutyl
ketone (Hexone) the colour of the extract is blue. The absorption spectrum of the
solution is shown in Fig. 2. The maximum at 620 mpt is very suitable for measure¬
ment and was used throughout. Comparison of the absorption spectrum of this

Fig. 1—Absorption spectrum of nickel Fig. 2.—Absorption spectrum of cobalt thio-
pyridine thiocyanate in chloroform. cyanate complex in methyl fsobutyl ketone.

solution with that obtained by extracting cobalt thiocyanate from an aqueous solution
between pH 4 and 6 with Hexone showed complete identity. It would appear,
therefore, that it is cobalt thiocyanate which is extracted by Hexone.

For known amounts of cobalt a calibration curve was prepared. From this curve
the minimum amount of cobalt determinable was 50 qg.

PROCEDURE
Preparation of the nickel complex

1. To about 20 ml of the solution for analysis, which should contain not less than 50 pg cobalt
and 100 pg nickel, add 0-5 ml (excess) of a 40% solution of potassium thiocyanate. Make the pH
2-5-3-0 by means of hydrochloric acid.

2. Adjust the pH to 4-6 by the slow addition of pyridine. Nickel pyridine thiocyanate precipitates.
3. Extract the precipitate twice with 10 ml portions of chloroform and make up to 25 ml. This

solution contains all the nickel present in the original sample. Under these conditions of precipita¬
tion, cobalt, if present, does not form a pyridine thiocyanate and probably exists in solution as
cobalt thiocyanate which is not extracted into chloroform.
Determination ofnickel

1. Filter the chloroform-extract and pour into the absorption cell of the spectrophotometer. This
operation removes small globules of water which are sometimes present.
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2. Compare the optical density of this solution against chloroform and calculate the amount of
nickel in the solution from the calibration curve.

Preparation of the cobalt complex
1. To the aqueous layer remaining after extraction of nickel (which contains potassium thiocya-

nate, a trace of pyridine and cobalt, if present) add hydrochloric acid until the pH of the solution is
in the region 2-5-3-0.

2. Add pyridine slowly to this solution until the pH is 5-6. Cobalt pyridine thiocyanate precipi¬
tates.

3. Extract this precipitate with two 10-ml portions of Hexone and make the volume to 25 ml with
Hexone.

Determination of cobalt
1. Filter the Hexone-extract and pour into the absorption cell of the spectrophotometer.
2. Compare the optical density of this solution against Hexone, and from the calibration curve

determine the amount of cobalt present.

RESULTS

To test the validity of the proposed method a number of "unknown" mixtures
were analysed by one of us (J. H. W. F.). The results are recorded in Table I. Where

Table I

No. of sample oo Ni pg

1 i 100
2 50 trace (50)
3 50 975 (1000)
4 995 (1000) 105 (100)
5 250 '

the experimental results differ from the actual composition, the true are recorded in
parentheses.

The results, for cobalt in particular, are very satisfactory. The procedure is
rapid and requires no special technique on the part of the operator.

Acknowledgement—One of us (J. H. W. F.) acknowledges gratefully a grant from the Physical Chemis¬
try Group, Imperial Chemical Industries Limited, (Billingham Division) which enabled him to take
part in this work.

Zusammenfassung—Es wird ein Extraktionsverfahren ziir Trennung von Kobalt und Nickel als
Metall-Pyridin-Rhodanid-Komplexe beschrieben. Die Metalle sind in den Extrakten kolorime-
trisch bestimmbar.

Resume—Description d'un procede pour effectuer la separation par extraction au moyen d'un solvant
du cobalt d'avec le nickel sous forme de thiocyanates pyridiques. Apres separation on dose par
colorimetrie les metaux dans les extraits.
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C- ANALYTICAL INVESTIGATIONS ON INORGANIC SYSTEMS USING-

NEWER INSTRUMENTAL TECHNIQUES •

The publications represented, in this section report ideas and work

designed to exploit new and novel instrumental methods for the analysis

of inorganic substances,

(i) and (ii) Spectroscopic techniques

In 1923 Stewart and his co-workers (J, Chem, Soc,, 1923, 642)

published the results of a series of investigations in Queen's University,

Belfast, on spectra excited by a Tesla discharge in organic vapours.

To distinguish the spectra from fluorescence and absorption spectra, they

coined the name "Tesla - luminescence spectra". The Tesla disoharge was

obtained from apparatus of great complexity and massive dimensions. For

example, the first apparatus consisted of an oil-insulated Tesla trans¬

former having forty coils on the primary and 60 coils on the secondary,

and a Leyden jar with a capacity of about 1 litre, in conjunction with a

ohoke coil off a quarter kilowatt high tension transformer. Spectra were

recorded photographically on a spectrograph, with no method other than the

eye to determine sensitivities. By 1930 this type of work had come to

an end, but a recent study of the background by the author suggested that,

using modern methods and equipment, a useful analytical tool might be

developed. Of the Stewart work, however, there was a marked lack of

detailed information and, often, it was necessary to hazard a guess about

the characteristics of the high-frequency current used by him,

A high frequenoy generator was built and new methods of examining



the spectra developed (Publication Cl). In later papers (Publications

C2, C3) these wore applied to the analysis of Inorganic systems.

Difficulties, however, were always present, caused mainly by excit¬

ation of impurities by the discharge, so that in later work flam© excit¬

ation was adopted (Publications C7, C8).

As indicated in the review papers (Publications C5, C6) absorption

as distinct to emission has marc," advantages. One of these advantages

was the comparative lack of interference from other constituents, par¬

ticularly impurities. Because of this, studies using atomic absorption

spectroscopy were instituted (Publications C9, C10). Finally, within

recent years a new spectroscopic tool has become available - diffuse

reflectance spectroscopy. At present the use of this technique in

analytical chemistry is very limited, but publications C11, C12, give

some indications of its possibilities.

work is continuing at present on both the atomic absorption end

diffuse reflectance techniques.

(iii) Oscillographic i olarography

Due to developments in electronics after the war, instrumentation

reached a new level and, as an electrochemical instrument, the polarograph

grevv in importance making the subject of pclarography an attractive field

of study. Of the many variations of polarcgri-phy now available, oscillo¬

graphic or "fast-sweep" appeared to offer opportunities in the study of

inorganic systems. In general, it is a Very good research instrument

and for the study of the reversibility of irreversibility of electrons



reactions can scarcely be bettered.

The publications in this section illustrate studies carried out on

the platinum and noble metals. These group3 of metals were deliberately

chosen, as inherent difficulties are associated with their conventional

polarography, or electrochemistry. Most of the platinum metals, for

example, catalyse the reduction of the hydrogen ion or, oxidation potent¬

ials of the couples involving these metals are high, resulting in reduotion

to the metallio state on oontaot with mercury. As a consequence, the

number of analytical methods employing polarography is small. The aim of

the work, which is represented by the publications included in this section,

was to study in a systematic way the polarographic reduotion of complexes

of the platinum and noble metals containing different ligands, using the

ligand field theory as an approach. By selecting ligands from the

"spectrochemical series" complexes were obtained which give polarographic

half-wave potentials of sufficiently different values to permit the

determination of a number of the metals in the presence of one another.

In publications C13, C14 the results for platinum metals are reported and,

in publication C15 those for the noble metals. These studies led to more

fundamental investigations on the effect of ligand concentration of re¬

duction waves (Publication C17) and the fundamental behaviour of rhodium

complexes at the dropping electrode (Publication C18). They include also

a new parameter ^p/^d. by which the number of electrons involved in the

electrode process may be determined without the necessity of knowing the

diffusion coefficient (Publication C16).

This work opened up an exceptionally interesting field in the study



of reversibility and irreversibility of electrode processes and further

work is, at present, continuing in this direction.
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LUMINESCENCE SPECTRA FROM HIGH-FREQUENCY
EXCITATION—I

THE SPECTRA OF SOME INORGANIC GASES

Thomas Given, Robert J. Magee and Cecil L. Wilson
Department of Chemistry, The Queen's University,

Belfast, Northern Ireland

CReceived 28 July 1959)

Summary—A high-frequency generator is described which is capable of exciting "Tesla-type" lumin¬
escence in inorganic and organic gases and vapours at low pressures. New apparatus and a new
method of examining the spectra are described. The results of investigations on air, oxygen, carbon
dioxide, sulphur dioxide, nitrogen and argon are presented and discussed.

INTRODUCTION

A high-voltage discharge in an organic vapour normally decomposes the compound
and excites the spectra of carbon and carbon oxides only. Wiedemann and Schmidt1
were able to produce luminescence, which proved to have continuous emission, in ten
particularly stable organic compounds, by passing the electrical discharge from an
induction coil through the vapour of the compounds at low pressures. Subsequently
Kauffmann2 produced luminescence in the vapours of a number of carbon compounds,
even at ordinary pressures, by applying a high-frequency (Tesla) discharge. He made
some attempt, not very successful since it was more or less qualitative, to relate colour
of the discharge and constitution of the compound.

In 1923 Stewart and his co-workers3 published the first results of a series of
investigations of the spectra produced by a Tesla discharge in organic vapours,
examining the visible and near ultra-violet regions. They examined a fairly complete
rangeof types of organic compound,4and to distinguish these spectra from fluorescence
spectra and absorption spectra, they coined the name "Tesla-luminescence spectra."

The Tesla discharge used by Stewart and his co-workers was obtained from
apparatus of some complexity and massive dimensions. Their first apparatus, for
example, consisted of an oil-insulated Tesla transformer having forty coils on the
primary and 460 coils on the secondary, and a Leyden jar with a capacity of about
1 litre, in conjunction with a choke-coil off a quarter-kilowatt high-tension transformer.
A more powerful apparatus built subsequently contained 330 coils in the secondary
and 30 coils in the variable primary of the air insulated high-frequency generator, and
four Leyden jars each of about 10-litre capacity; an 18-inch spark coil was employed
as source. The lack of detailed information in the literature about their sources,

however, makes it impossible to hazard more than a guess about the characteristics of
the high-frequency current used by them.

Stewart and his co-workers recorded their spectra photographically using a Hilger
Medium Quartz Spectrograph, with no method other than the eye to determine
intensities. They found that certain types of compound gave well-defined band
spectra, and classified these spectra into the following categories:

1. Benzene region spectra, in the range 2500-3150 A, produced by a phenyl nucleus;
6 191
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2. Carbonyl region spectra in the range 340CM850 A, produced by aliphatic
aldehydes and ketones;

3. Blue Band region spectra in the range 3850-5000 A, produced by aromatic
aldehydes and ketones;

4. Green Glow region spectra in the range 4550 A upwards, produced by a benzene
ring substituted by two saturated hydrocarbon radicles or a second non-benzenoid
ring;

5. Condensed Nuclei region spectra in the range 2900-4900 A, produced by
aromatic condensed ring systems.

They concluded that only compounds containing a benzenoid ring or a carbonyl
group were capable of emitting Tesla-luminescence spectra; and Stewart was of the
opinion5 that the diatomic permanent gases, for example, under Tesla excitation,
showed only the ordinary spectra which would be produced by high-voltage discharge.
Indeed, the original apparatus was used6 to produce an intense hydrogen continuum
in the ultra-violet for the examination of absorption spectra of inorganic crystals, with
the advantage that the discharge tube required no internal electrodes and little or no
external cooling.

Stewart and his co-workers attempted to calculate relationships between the
frequencies of the band heads of the various spectra, and to relate these to structure;
but their measurements were too imprecise, with the apparatus then available, to
permit of much success. They also recognised the possibility of applying the spectra
for analytical purposes, but made no attempt to follow up this line of investigation. A
few years ago attention was again drawn7 to the possibility of applying the spectra
analytically, but no work along these lines can be traced in the literature before the
present investigations.

In the belief that with modern instrumentation, as applied both to the excitation of
the high-frequency discharge and to the recording and measurement of the spectra it
should be possible to obtain

1. more precise measurement on which to base an examination of the fundamental
nature of the spectra,

2. precise measurements for quantitive analytical purposes as well as for simple
identification, and

3. excitation of a greater range of compound types than was obtained by the
earlier workers,
we have initiated a series of investigations, both of inorganic and organic compounds,
designed to cover these points.

This paper presents the first results obtained in these investigations, and is confined
to simple inorganic gases since these have proved more amenable to excitation, and
present fewer problems in the recording and measurement of the spectra. Further
papers will extend the field to other inorganic compounds and to organic compounds.

EXPERIMENTAL

Apparatus
In developing new apparatus for the production and examination of luminescence spectra excited

by high frequency, three separate parts required consideration:
1. The high-frequency or Tesla generator.
2. The sample tube.
3. The instruments fot the detection and examination of the spectra.
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1. The high-frequency generator: (Fig. 1): The earlier publications provided little help in the
construction of a new high-frequency generator. In none of the papers of Stewart and his co-workers
was there to be found a statement of the voltage and frequency attainable, or used in obtaining the
various spectra; and none of the contemporaries of these workers could recollect if these values
were ever known. From a study of the information available it was deduced that a frequency of some
100 kc/s at, perhaps, 10 kV might possibly have been obtained. Using these figures as a guide the
apparatus shown in Fig. 1 was developed. This consists of a simple radio-frequency transformer
in a self-oscillating circuit at approximately 200 kc/s with an 807 valve. This generator produces a
sinusoidal alternating current in the range 5-15 kV.

Two other electrical arrangements gave inferior results to the above circuit: (/) variable direct
current, 0-15 kV. (ii) a pulsed radio-frequency oscillator. The latter was built using an 807 valve
and a television line output-transformer as a self-excited oscillator, producing pulses up to 10 kV,
approximately 1 gsec wide, in bursts spaced at about 01 msec.

2. The sample tube: The sample tube in which the vapour or gas was placed for excitation consisted
initially of a glass tube 5 cm long and 1 cm in diameter (both dimensions being found by experiment)
having at one end a quartz window of diameter 2 cm. Tubes with a body diameter greater than 1 cm
did not glow so brightly, presumably because the earth electrode was too remote from the central
electrode.

The other end of the sample tube was drawn out, provided with a vacuum tap, and with a ground-
glass joint which allowed the tube to be attached to a vacuum train at a convenient point.

The central or inner electrode of the sample tube consisted of a glass-coated tungsten wire, and the
external electrode was a piece of metallic foil wrapped round the outside of the tube. The sample tube
is shown diagrammatically in Fig. 2.

(1) The original sample tubes had straight central electrodes which caused a large portion of the
discharge to enter the drawn-out part of the tube, resulting in decreased glow-intensity. The discharge
remained opposite the quartz window in sample tubes fitted with the bent central electrode, as shown
in Fig. 2.

(2) Some tubes were sealed off before removing them from the vacuum system, but this did not have
any advantage. Those with taps fitted retained their low pressures for 3-4 hours, and were very
satisfactory.

(3) The quartz window, approximately 1 mm thick, was fixed in position with black wax, and
showed no tendency to come away because of heat from the discharge.

(4) The effect of the glass coating on the central electrode was to produce an even discharge
without any tendency to sparking, as occurred with uncoated wire.

(5) A sample tube in operation, filled with glowing vapour, is shown in Fig. 3.

3. Detection of Spectra: To detect the spectra a Hilger "Uvispek" Spectrophotometer was used.
The tube was placed in front of the flame photometer aperture of the spectrophotometer, and the
instrument was set as for measurements at this position. The light passing through the spectrophoto¬
meter was then examined at different wavelengths in the usual way (see Proceedure below) and the
intensities at the different wavelengths recorded on a Honeywell-Brown Pen Recorder.

Fig. 2.

Notes:
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Notes

(1) Since the intensity of the glow is usually low compared to a normal flame source, it was some¬
times necessary to use slit widths of approximately 0-3 mm. If the glow was more intense, the slit was
closed to 0-2 mm, thus improving the resolution.

(2) The instrument was set to a high sensitivity, which caused the recorder trace to become slightly
erratic at times.

(3) The aperture was screened carefully from external light sources. In addition, it was necessary
to wire the hydrogen lamp inside the spectrophotometer in such a way that it could be switched off
when not required.

(4) Because of the small size of the high-frequency generator, it was a simple matter, after reducing
the pressure in the sample-tube to the required value and admitting the gas or vapour, to arrange the
generator and sample-tube in position before the spectrophotometer.

Procedure

A sample-tube was attached to a vacuum train evacuated by a two-stage Hg diffusion pump,
backed by a rotary oil pump. The entire system was pumped out to a pressure of less than 10~3 mm
Hg, as measuied by a Pirani gauge, and remained at this pressure for at least half an hour

The filling gas (i.e. gas or vapour under examination) was allowed to sweep out the system which
was then pumped out again to 10~3 mm Hg. The sample-tube was now isolated at 1(L3 mm pressure
and the rest of the system filled with the gas or vapour under examination. On opening the sample-
tube to the system the gas or vapour flowed into it.

The pressure in the sample-tube was now reduced. The high-frequency generator was switched on
and a note was made of colour changes which occurred at the different pressures. By this means
the optimum pressure for the gas or vapour under examination was determined.

The sample-tube was now filled as before, the pressure was reduced to the desired level, and the
glow was examined by passing the light through the spectrophotometer. For examination of a
spectrum the spectrophotometer was set to "Flame Source" and the recorder was switched on. After
allowing approximately 1 hour to warm up, the controls were set to a high sensitivity, keeping the
recorder near zero. The slit was set to 0-3 or 0-2 mm, the wavelength drum at 10,000 A and the
generator and sample-tube set up in the recommended way. The generator was now switched on and
the optimum glow was obtained by altering the condenser. The slit in the spectrophotometer was
opened, the wave-length drum was slowly revolved and the intensity of the glow at each wavelength
was recorded on the chart.

A general view of the vacuum train, high-frequency generator, rotary pump and Pirani gauge is
shown in Fig. 4.

RESULTS

Air, carbon dioxide, oxygen, sulphur dioxide, nitrogen and argon, have been
examined and give reproducible results.
1. Air

The spectrum is shown in Fig. 5(a). The most intense peak is at 4380 A. No peaks
were observed below 2800 A or above 6000 A. Fifteen peaks in all occur in this
spectrum.
2. Oxygen

The spectrum is shown in Fig. 5(b). Nineteen major peaks were present. The
spectrum is similar to that of air but is characterised by peaks occurring at 2190 A and
2300 A, which were never obtained with air.

3. Carbon dioxide

The spectrum, containing seven major peaks, is shown in Fig. 5(c). It is completely
different from that of air and oxygen. Very slight traces of peaks occur at 5550 A,
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5170 A, 4820 A etc. These are taken to be due to traces of air or oxygen present in
the gas.

4. Sulphur dioxide
The spectrum, containing fifteen major peaks, is shown in Fig. 6(a). It is similar to

that of air or oxygen, but shows a marked difference in having a strong peak at 4270 A,
the strong oxygen peak at 4500 A being absent.
5. Nitrogen

The spectrum, containing ten major peaks, is shown in Fig. 6(b). It resembles that
of carbon dioxide but shows a difference in the region between 2580 A and 3900 A.
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Fig. 5.

6. Argon
The spectrum, containing six peaks, is shown in Fig. 6(c). It does not resemble any

of the others. One characteristic peak occurs at 3085 A. This did not occur in any
other gas examined in the present work.

Detailed results and observations on the above are recorded in the following table.
DISCUSSION

The outstanding characteristic of the results viewed generally is the division of the
gases examined into three groups. In one group, comprising air, oxygen and sulphur
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dioxide, the overall spectra are similar, although distinguishing peaks occur. Nitrogen
and carbon dioxide, while showing many common peaks are surprising; bands
obtained in spectrographic work associated with high-frequency excitation are
generally assumed to be nitrogen bands from air; but in the present work none of the
nitrogen bands appear in the air spectrum.

It is believed that the answer to these differences lies in the pressures employed for
excitation. The maximum glow of nitrogen was obtained with pressures in the range
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1-5-4-0 mm. When operated at pressures below 1-5 mm the luminescence changed to
bluish in colour and was then extinguished. For air the maximum glow range was
0-8-1-0 mm Hg, for oxygen, 0-2-2 mm and for sulphur dioxide about 0-1-0-2 mm Hg.
In these circumstances, therefore, it would appear that almost all the luminescence
spectrum of air is explained by assuming the light emission to result from the oxygen in
the air, the nitrogen not showing any luminescence at this pressure.

It has been pointed out already that sulphur dioxide shows a close similarity to
oxygen and air. One portion of the spectrum is common to oxygen and sulphur
dioxide but has not been detected in air. This is the portion containing peaks in the far
ultra-violet, viz. at 2190,2300,2325 A, etc. It may be suggested that the high-frequency
excitation of the sulphur dioxide molecule causes dissociation so that the spectrum
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Table I

Gas
Peaks recorded
in spectrum A

Pressure used, Colour of glow Remarks
mm Hg

Air 5550
5170
4830
4500

4380
4200
4120
3960
3880

3700
3480
3300

3120
2970
2830

OO

O

O

^

Blue-violet Glow bright and
very stable.

Oxygen 5550
5170

0-2 Blue-pink Stable glow,
maximum at

4820 2-0 approximately
4500 1 mm.

4370
4180

4110
4010
3910
3880

3685
3370
3290
3120
2970
2830
2325
2300
2190

Carbon dioxide 4260
3910

3780
3580
3540

3370

3160

0-7

1-5

Blue

Sulphur dioxide 5550 01 Blue-white —.

5170

4840
4680

0-2
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Table—I (contd.)

Gas
Peaks recorded Pressure used. Colour of glow Remarks
in spectrum A mm Hg

4270
3950

3290
3120

2970
2820

2480
2445

2325
2300
2190

Nitrogen 4280

4040
1-5 Deep purple Stable over a

wide range of
4000 40 pressure.
3915
3800
3760

3580

3530

3370

3160

Argon 3580

3370
0-3 Pink to green Pinkish at low

pressuies;
3150 30 greenish at
3085 higher pres¬
2820 sures.

2535

obtained is largely that of an oxygen fragment and an SO fragment. In this connection
it will be observed that of all the gases studied S02 shows luminescence at the lowest
pressure, starting about 0-05 mm, but this begins to be quenched above 0-5 mm.

In relation to carbon dioxide and nitrogen it is interesting to record that Keller and
Smith, in testing a Tesla-coil source7 for spectrographic analysis, found that nitrogen
bands were always present when they used a carbon dioxide atmosphere. They
assumed that this may have been due to air not entirely eliminated from the system, a
film of nitrogen adhering to the glass wall, or nitrogen impurity in the carbon dioxide.
The present authors are strongly of the opinion that the last reason supplies the answer.
That this method of excitation brings out distinctive nitrogen peaks in the carbon
dioxide suggests considerable sensitivity.
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There is independent support of the suggestion that, in the case of sulphur dioxide,
the emission of light is due to radicals produced in the dissociation of the SOa molecule.
Evidence of dissociation of a molecule during the production of luminescence excited
by a high-frequency discharge has already been obtained by the authors in connection
with work on organic vapours.8 It is thought that the emission of the light by the other
molecular gases examined may be due not so much to the dissociation of the molecule
concerned but to the production of excited states.

The apparatus outlined above is not costly to construct and is capable of wide
adaptability. It offers possibilities in the field of analysis and in investigations of
inorganic and organic material which, up to the moment, appear to have been over¬
looked.

Acknowledgement—We would like to express our thanks to Mr. K. Quigg of the Electronics Division
of this Department for his assistance and advice in connection with the construction of the Tesla-
generator.

Zusammenfassung—Ein Hochfrequenzgenerator wird beschrieben, der imstande ist Teslaluminiscenz
in anorganischen und organischen Gasen und Dampfen, bei niederem Druck zu erregen. Ein neuer
Apparat sowie eine neue Methode die Spectren zu untersuchen wird beschrieben. Die Ergebnisse der
Untersuchungen an Luft, SauerstofF, Kohlendioxyd, Schwefeldioxyd, Stickstoff und Argon sind
dargelegt und werden diskutiert.

Resume—Les auteurs decrivent un generateur a haute frequence qui est capable d'exciter la lumine¬
scence "Tesla" dans tes vapeurs et les gaz mineraux et organiques a faibles pressions. lis decrivent un
nouvel appareil et une nouvelle methode d'examen des spectres. lis presentent et discutent les resultats
de recherches sur l'air, l'oxygene, l'anhydride carbonique, l'anhydride sulfureux, l'azote et l'argon.
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EMISSION SPECTRA FROM HIGH-FREQUENCY
EXCITATION—II

THE SPECTRA OF NITROGEN, HYDROGEN AND AMMONIA

C. L. Chakribarti, R. J. Magee and C. L. Wilson
Department of Chemistry, The Queen's University, Belfast, N. Ireland
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Summary—The spectra of rarified samples of N2, H2 and NH„ excited by a Tesla discharge, have been
studied and found to be composed of known molecular band systems, strong atomic lines of hydrogen
and impurity band systems. The significance of the results with a view to the analytical possibilities of
the technique is discussed.

INTRODUCTION

In the first publication in this series1 the historical background to the use of a Tesla-
type discharge for the excitation of spectra was discussed, and the development of a
new apparatus and technique was outlined. This work has now been extended by an
intensive study of the behaviour of a number of gases. In particular, this paper
reports the results obtained using nitrogen, hydrogen and ammonia.

EXPERIMENTAL

Apparatus
High-frequency generator, vacuum train and sample ceil: In this study the high-frequency

generator, vacuum train and sample cell were similar to those previously described.1 The Tesla-
generator consisted of a radio-frequency transformer in a self-oscillating circuit at about 236 Kc/sec.
with a Mullard QV06-20 valve. This generator produces an alternating voltage in the range 5-15 KV
with low output power. The gases were energised by continuous excitation under low pressures.

The technique of sample introduction, pressure adjustment and control were also the same as
described earlier.1

Measuring and recording instruments: Hilger Medium Quartz Spectrograph E498. Hilger Uvispek
Photo-electric Spectrophotometer H700 with quartz prism. Hilger Non-recording Microphotometer
L451 with Galvoscale ER300. Sunvic pen-recorder.

For qualitative or identification purposes, the plate from the spectrograph was run through the
microphotometer attached directly to the recorder and a trace obtained which, when compared with a
copper standard, enabled wavelengths to be assigned to peaks.

The microphotometer attached directly to the Galvoscale was used in the normal way for the
quantitative estimation of the intensities of selected bands and lines.

The Uvispek spectrophotometer was used as a modified flame spectrophotometer with the flame
source replaced by the glowing sample-tube. The responses were recorded on the Sunvic recorder.

Purification ofgases: The gases were obtained from commercial cylinders, and had purity better
than 99-9%. The gases were purified as far as possible, either by passing them through two liquid
nitrogen traps or by condensing them in liquid nitrogen traps and re-distilling. This procedure was
repeated twice.

Detection of spectra: In the procedure for the detection of the spectra, the sample-tube was
attached to a vacuum train evacuated by a two-stage mercury diffusion pump backed by a rotary oil
pump. The whole system was pumped out to a pressure of 10 1 mm of Hg, as measured on a Pirani
gauge. The filling gas was allowed to sweep out the system, which was then pumped out again to
10-4 mm of Hg. The sample-tube was now isolated at 10-4 mm pressure, and the rest of the system was

43
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filled with the gas under examination. On opening the sample-tube to the system, the gas flowed into
it. The pressure in the sample-tube was now reduced, the high-frequency generator was switched on,
and the pressure was altered until maximum glow was obtained.

Spectrophotometry investigations
The spectra of the glowing gases were examined with the spectrophotometer used as a modified

flame spectrophotometer in which the normal flame source was replaced by the glowing gas. With the
recorder attached, the responses were traced on the chart. Slit widths varied from 0-20 mm to 0 05
mm. The range of wavelength over which the glow was studied was 6100 A to 2000 A. The results
obtained for the three gases are shown in Table I.

To interpret the above results obtained with the spectrophotometer, the spectra of the glowing
gases were examined with the spectrograph.

Spectrographic studies
The spectrum of each gas was photographed with a slit width of 0 03 mm at an exposure time of

15 min. Iiford Ordinary N.30 and Panchromatic H.P.3 plates were used to examine the ultraviolet and
blue regions, and the red regions of the spectra, respectively. The copper arc was employed as
standard. The spectra were examined with microphotometer and recorder attachment, and with the
Galvoscale. Wavelengths were assigned to the band heads obtained on the recorder chart by
measuring the dispersion of the standard copper spectrum and using the relationship for the unknown
band system. The trace of the standard copper spectrum is shown in Fig. 1 and that of nitrogen in
Fig. 2.

RESULTS

In the method of measuring wavelengths by the procedure indicated above, there
are experimental limitations so that an error of ±5 A can arise. This, however, did
not prevent the assignment of the bands to known molecular band systems, and the
atomic lines to elements. In this assignment Pearse and Gaydon's book2 was used as
the principal reference source.

The results from a series of experiments with the three gases were examined. The
band systems and atomic lines which occurred are shown in Table II.



TableI

Gases

Bandheads,A(±5A)
Pressure,

mmofHg

Colour
ofglow

Nature
ofglow

Pressurefor maximumintensity ofglow,
mmofHg

Remarks

5430,

5380,

5260,

4860,

4700

0-5

Purple

Bright

10-0-3

Glowsdowntoapressureofabout

4300,

4280,

4060,

3910,

3800,

and

0-10mmofHg.Theupperlimitof

3750,

3580,

3540,

3370,

3300,

stable

pressurenotdetermined.Themost

3160,

2980,

2820,

2420,

2300,

intensepeaksareitalicised.

2190 5610,

5200,

4860,

4710,

4510,

0-4

Blue-

Bright

1-5-0-3

Glowsdowntoapressureofabout

4390,

4280,

4200,

4120,

3910,

violet

and

0-15mmofHg.Theupperlimitof

3710,

3640,

3370,

3290,

3130,

stable

pressurenotdetermined.Themost

2980,

2880,

2820,

2300,

2190

intensepeaksareitalicised.

5610,

5200,

4860,

4710,

4280,

0-4

Deep

Bright

1-0-0-2

Glowsdowntoapressureofabout

4060,

4000,

3910,

3800,

3760,

purple

and

0-07mmofHg.Theupperlimitof

3710,

3580,

3540,

3370,

3160,

stable

pressurenotdetermined.Themost

2980,

2880,

2300,

2190

intensepeaksareitalicised.
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Table II

Gas
Glow Pressure,

mm of Hg
Observed molecular spectra and atomic lines

Ammonia 1-0-0-3 N2 (second positive system); N2+ (main system); NH2
(ammonia a bands); H2 atomic line

Hydrogen 1-5-0-3 N2 (second positive system); N2+ (main system); CN
(violet system); CO (Angstrom system); CO+
(first negative system); H2 atomic line

Nitrogen 10-0-2 N2 (second positive system); N2+ (main system);
CN (violet system); CO (angstrom system); CO+
(first negative system); H2 atomic line

Interpretation of results
From the observations recorded in Table II, the results of Table I may be

interpreted as follows:—
(1) Ammonia. The peaks at 5430 A (5429-19 A), 5380 A (5384-64 A) and 4700 A

(4702-18 A; 4704-00 A) are those of the NH2 ammonia a-bands. That at 3370 A
is one of the NH bands. The strong peak at 4860 A is that of the H/3 hydrogen line
(4861-33 A). All other peaks can be assigned to the other systems outlined in Table II.

The presence of the atomic line of hydrogen and the molecular bands of nitrogen
would suggest the dissociation ofammonia into its components, nitrogen and hydrogen.
They could possibly also arise from impurities. It is interesting to note that with time,
the intensities of the NH2 ammonia a-bands decreased, while those of nitrogen and
hydrogen increased.

(2) The peaks in the hydrogen spectrum are from the strong atomic line of
hydrogen 4860 A (H/3, 4861-33 A) and those of the other systems indicated in
Table II.

(3) The peaks of nitrogen are those of N2 (second positive system), N2+ (main
system), CN (violet system), CO (Angstrom system), CO" (first negative system).

DISCUSSION

From the results of this study, two significant points arise concerning the spectra
produced by the Tesla-type discharge. The first is that the bands and lines which are
excited can be ascribed to known systems. Thus, it can be shown that the results
obtained by Given et al.,1 arise in the main from well-known band spectra (e.g.,
nitrogen) arising from impurities.

This leads to the second significant fact, which is that excitation of gaseous im¬
purities is more readily achieved than excitation of the gas under study. In the
present work, the occurrence of nitrogen band systems in the nitrogen and ammonia
spectra are understandable, but their appearance in the hydrogen spectra can only be
attributed to impurities. Experience has shown that heating an outgassed cell is
sufficient to liberate impurities from the walls and give the characteristic nitrogen
bands. In the first instance, the presence of the carbon monoxide and cyanogen
bands was attributed to the black wax used to attach the quartz window to the sample
cell, but later experiments with epoxy resin adhesive confirmed that these bands were
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caused by desorbed impurities from the walls. Adsorption and desorption processes
play significant roles in this technique. Baking of the cell and the high vacuum train
at 400° under a pressure of 10-4 mm of Hg greatly reduces the impurities, but even
then they interfere with the analytical possibilities of the method.

A number of the bands and fines in the spectra of the three gases were examined
for linearity with pressure but, over the short range of pressure (from 1-5 mm to
0-2 mm) used, the intensity did not vary linearly with pressure. It increased to a
maximum over a very short pressure range, and then decreased again. The position
and magnitude of the maximum varied with the nature of the diluent gas. This
confirms the findings of Steinberg and Poulson3 that the sensitivity-pressure curves
are parabolic in shape.

The present study also confirms the recent work of Heath,4 who studied the relative
intensities of the spectra from mildly excited discharges in N2, air, NO, 02, and
mixtures of these gases at high resolution, as a function of pressure (0-01-760 mm
of Hg). The gases were excited by means of an oscillator with a 1 kW, 200 Mc/sec
output. Heath found that the parameter which largely determined the spectral
characteristics was the gas pressure. He further found that the intensity of the second
positive group of N2 bands was reduced by more than a factor of 20 in an air discharge
at atmospheric pressure, when compared to a corresponding discharge in pure N2,
and that the first positive group of N2 bands was weakened in an air discharge at
reasonably high pressure. The significance of these findings is that the intensity of
emission is sometimes dependent on pressure and diluent gas, and some bands and
lines are more sensitive to pressure than others. Again, some bands and lines are
independent of pressure. In the development of this technique as a quantitative
analytical method all these factors must be taken into consideration.

CONCLUSION

This study has shown that gases and vapours which are excited can be readily
detected and identified by this technique. It holds promise, therefore, as a qualitative
analytical tool with the advantage of sensitivity. However, while the characteristic
molecular bands and atomic lines on photographic plates are one of the best means
of identifying the species that produced them, their quantitative application, depending
as they do on many variables, e.g., nature of excitation, design of cell, photographic
plate, time of exposure, etc., is far from simple. To place the technique on a quantitative
basis, therefore, requires (1) elimination of the impurities or their effect; (2) elimination
of the effect of variation of pressure and temperature. This may mean working at
constant pressure and temperature, or the selection of such bands or lines as are
independent of pressure; (3) selection of bands free from interference by other
systems present, or elimination of the effects of other systems present by careful
control of experimental conditions; (4) use of instruments for measurement of
the spectra which are capable of measuring intensities directly, ensuring greater speed,
precision and accuracy than obtainable from the photographic methods of spectro¬
scopy; and (5) elimination of the effect of diluent gases by careful calibration with
standard mixtures of gases.

The requirements of (3) and (4) can be fulfilled by preliminary examination of
spectra with the spectrograph, followed by examination with the spectrophotometer.
Besides giving greater speed, the latter instrument gives better accuracy and precision,
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since the spectrographic technique bases its accuracy and reproducibility on many
variables, especially the behaviour of photographic emulsions.

At present, investigations are being carried out along these lines in this department.
The results of this work will be communicated shortly.
Acknowledgement—One of us (C. L. C.) gratefully acknowledges the award of a research studentship
from the Queen's University of Belfast which has made this work possible. Our thanks are also due
to Dr. W. D. McGrath of this Department and Dr. W. F. Pickering of Newcastle University College,
Technical University of New South Wales, at present working in this Department, for their advice on
a number of matters, and for much helpful discussion.

Zusammenfassung—Die Spektren, angeregt durch eine Tesla-Entladung, von N2, H2 und NH3 wurden
studiert. Sie enthalten bekannte Molekiilbanden, starke Atomlinien von Wasserstoff und Systeme von
Verunreinigsbanden. Die Bedeutung der Befunde im Hinblick auf analytische Verwertung wird
diskutiert.

Resume—Les auteurs ont etudie les spectres d'echantillons rarefies de N2, H2 et NH3 excites par une
decharge Tesla; ces spectres sont composes de systemes de bandes moleculaires connues, de raies
atomique intenses d'hydrogene et de systemes de bandes d'impurete. La signafication des resultats est
discutee; les auteurs donnent une idee des possibilites analytiques de la methode.
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Summary—A continuous discharge at 230 megacycles, produced by a
radio-frequency extra-hightension generator, in a sealed-off gas
system, has been used in conjunction with a quartz prism spectro¬
photometer to study binary mixtures of argon and carbon dioxide.
The concentrations of mixtures in the range 9 to 90% argon, and 91
to 10% carbon dioxide have been determined with a reproducibility of
±3.2% absolute, expressed as a standard deviation. Determinations
can be carried out in about 1 min, making the technique superior to
the usual spectrographic technique. The procedure developed suggests
that with improved instrumentation, ensuring constancy of source
intensity, and substitution of a continuously flowing gas for the sealed-
off system, it might be possible to extend the technique to mixtures of
other gases and obtain better reproducibility and accuracy.

INTRODUCTION

A preliminary survey1 of the emission spectra of some inorganic gases excited by
high-frequency discharge indicated the possibilities of optical spectroscopy with
photoelectric measurement in place of conventional photographic spectroscopy, for
quantitative analysis of gas mixtures. The need for rapidity in intensity measurement
makes the use of photoelectric measurement preferable to the photographic tech¬
niques, especially in the case of gases which are dissociated under the discharge
(e.g. COa —> CO) and can, therefore, be determined satisfactorily by this technique
only when measurement is almost instantaneous. The photoelectric technique
eliminates tedious plate calibrations and other time-consuming processes which are
integral parts of the photographic technique, thereby resulting in greater speed. It also
ensures greater reproducibility and accuracy, since the reproducibility and accuracy of
the photographic technique is based on many variables, especially the behaviour of
photographic emulsions.

This paper presents results obtained using a radio-frequency high-tension generator
in conjunction with a quartz prism spectrophotometer for the study of binary mixtures
of argon and carbon dioxide.

EXPERIMENTAL

Apparatus
The apparatus consists of three separate units:
(0 A high-vacuum train with a sealed-off gas system, all constructed from borosilicate glass.

Figs. 1 and 2 are schematic diagrams of the high-vacuum system and the discharge cell, respectively.
C and E are two 5-litre flasks. Argon is admitted through a mercury-bubbler, A, and the cold trap B.
Carbon dioxide is admitted from the test tubes Tt and T2, after condensation and distillation. D is
a 1-litre flask used as a reserve bulb for storage of gas mixtures. M is a vacuum-type mercury-
manometer; P is a Pirani gauge; F is a cold trap to Reep mercury and water vapours from the dis¬
charge cell; I is a two-stage mercury-diffusion pump backed by a rotary oil pump, J, combined
performance of which gives a vacuum of ~10~4 mm of mercury in about 0-5 hr. X is the discharge
cell of borosilicate glass with a sealed-on quartz window on the side facing the monochromator
assembly. This discharge cell has the following dimensions: overall length 8-2 cm, internal diameter

* Part II—See ref. 1.
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Fig. 1 Schematic diagram of high vacuum

A Mercury bubbler Tj, T2
B, F Cold traps J
C, E 5-litre flasks X
D 1-litre flask 1-14
H Mercury trap P
I Mercury diffusion pump M

Rotary oil pump
Discharge cell
Vacuum taps
Pirani gauge
Vacuum type mercury-manometer

Fig. 2..—Schematic diagram of discharge cell
A Quartz window sealed on.
B Tungsten electrode, glass-coated.
C Vacuum tap.

about 1 cm in the body and 2 cm at the quartz window. The quartz window is 1 mm thick, and
the electrode is a glass-coated tungsten wire, diameter 1 mm.

(h) A radio-frequency extra-high tension generator operating at about 230 megacycles for excita¬
tion. Details of this apparatus have been described elsewhere.2 This generator has an output tuned
by a variable capacitor. Discharge intensity is controlled by varying the capacitance.

(ill) A Hilger "Uvispek" photoelectric spectrophotometer with a quartz prism. Preliminary studies
were carried out with the Hilger medium quartz spectrograph, E.498.

Gases

Argon: This gas was obtained from cylinders of normal commercial supply, of rated purity not
less than 99-95 %. It was used without further purification.

Carbon dioxide: This gas was obtained from the normal commercial supply of "Drikold", of rated
purity 99-8 %. It was further purified by repeated condensation and distillation using liquid nitrogen.

Gas mixing technique
The high vacuum train is pumped down to a vacuum of 10~4 mm of mercury. The gases for

calibration mixtures are then admitted separately, one into the flask C and the other into the flask E,
at pre-determined pressures. The gases are mixed in one of these flasks, by admitting the second
component into it with a high backing pressure to prevent diffusion of the first component from the
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mixing flask. When there is high backing pressure, mixing is fast. The mixture is left for several
hr before use.

The compositions of the mixtures are determined by the partial pressures of the two components
as measured at the time they are admitted, in quick succession, into the mixing chamber, at room
temperature, thus eliminating the need for calibration of the volumes of the apparatus. Either the
flask C or E can be used as the mixing chamber and the other as reservoir for the diluent gas. To
prepare mixtures of known composition ranging from 1 to 99 % of each component, it is necessary to
create a pressure differential between the gas in the mixing chamber and the diluent gas in its reservoir
at the time of admission of the diluent gas into the mixing chamber. An adequate pressure differential
is created by maintaining the pressure of the gas in the mixing chamber at a low level relative to the
high backing pressure of the diluent gas in its reservoir. This is accomplished, for a 50:50 mixture,
by maintaining, before mixing, a pressure of say, 20 cm of mercury in the mixing chamber and 60 cm
of mercury in the diluent gas reservoir. To prepare other mixtures, it is necessary to have progressively
higher pressures in the diluent gas reservoir as the concentration ratio departs from the 50:50 ratio.
The positions of the two components in respect of the mixing chamber and the reservoir are reversed
as the concentration ratio crosses the midpoint, i.e. 50:50, of the scale of concentration ratios.

This mixing technique introduces several minor errors: e.g., (1) an error in the measurement of
gas pressures with the mercury manometer; (2) an error arising from change in temperature in the
mixing chamber during the mixing process; (3) the diffusion of minute quantities of the component
gases out of the mixing chamber during the mixing process; (4) selective adsorption of one com¬
ponent of the mixture on the glass surface of the mixing chamber.

The combined effect of all these errors is to introduce into the calibration mixture an uncertainty
in the exact value of the concentrations.

Preliminary studies
Preliminary studies of the mixtures were made with the quartz spectrograph, using a slit-width

of 0 03 mm, an exposure time of 15 min, Ilford panchromatic HP3 plates, and a copper arc for
calibrating wavelength. The object was to select those lines and band-heads which are present in the
spectra of mixtures of varying concentrations and are not affected by impurity bands. The range
covered by this study was from 99-0% Ar and 1-0% C02 to 0-9% Ar and 99-1 % C02. Fig. 3 is a
photograph of the spectra of a mixture containing Ar 15-0% and C02 85-0%. The examination of
the spectra reveals the following points: (7) The atomic lines of Ar are present; and (/';') C02 produces
very strong and persistent bands with band-heads at X 2883 A and X 2896 A, probably produced3 by
the ionised molecule C02+; and also carbon monoxide bands as a result of dissociation into carbon
monoxide caused by the discharge. The colour and intensity of the glow alter as the discharge
continues to pass.

For calibration purposes the Ar line at X 2942-9 A and the C02+ band, a very strong and persistent
one with the band-head at X 2896 A, were finally selected from the many lines and band-heads
examined. It may be seen from the spectra that these lines and band-heads are free from interference
by impurity bands. The C02+ band-head at X 2896 A has been used by several workers4 for the
quantitative determination of C02 in respiratory gases by spectrophotometric measurement of emission
intensity.

This final selection was based on results obtained by examining the ratios of peak line or band-
head intensities at different wavelengths for mixtures of varying concentrations. The intensity ratios
were measured spectrophotometrically and their values were plotted as a function of concentration
ratios, using a logarithmic scale in both cases.

Spectrographs detection limits
The spectrographic detection limits were established experimentally by photographing the spectra

of mixtures of different compositions on the same photographic plate, and examining the spectra with
a magnifying lens against an illuminated background, to assess the concentration sensitivity of the
lines and the band-heads for analytical purposes.

This study established that the lowest limits of detection of Ar and C02 in their mixtures, using
the Ar line at X 2942-9 A and the C02 band-head at X 2896 A, are of the order of 1 %. Therefore,
the study of the mixtures has been limited to concentrations of 1 % to 99 %.

Procedure

The high vacuum train with the discharge cell in position, is pumped down to a pressure of ICE4 mm
of mercury while subjected to prolonged baking with a naked flame in order to outgas the system.
The gases are then admitted and mixed in the mixing chamber. The train is again pumped down to
ICE4 mm. The sample of the mixture is admitted into the discharge cell and the discharge is switched
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on. The pressure of the sample is reduced and the sample is isolated at a line-pressure of 0-50 mm,
measured with a Pirani gauge. The discharge is started, and with the sample glowing, the spectro¬
photometer slits are opened to 0-50 mm (i.e., 5 A) The variable condenser of the generator is
adjusted until the glow gives the maximum signal at the preselected wavelength. Fine adjustment
of the setting of the wavelength drum is made by slowly turning the wavelength drum until maximum
signal is registered. The measurement of peak intensities is immediately made; any unavoidable
time-lag between the switch-on of the discharge and the measurement is kept at a minimum and is con¬
stant for all determinations.

In actual practice all these adjustments are made before the quantitative tests by using the gas
from reserve volumes for setting up purposes. In this way almost instantaneous intensity readings
may subsequently be made.

The intensity of emission from 100% Ar or C02 is made to correspond to the 100% reading of
the transmittance scale on the instrument. This scale is then used to measure the emission intensity
of calibration mixtures or test mixtures relative to the intensity of 100% Ar or C02 (as the case may
be) in terms of % transmittance.

The internal standard method5 of quantitative spectroscopy requires the presence of an element
at fixed concentration in the test sample. In view of the difficulty of fulfilling this condition, the
following method of analysis has been developed in the present case.

An internal standard of variable concentration was used. Thus, in the determination of Ar and
CO,, the ratios of peak intensities of the Ar line at A 2942-9 A and of the C02+ bandhead at A 2896 A
were found to be a linear function of their concentrations using 100% Ar or C02 (as the case may
be) as a check. The values of intensity ratios expressed as log Tco2/TAr, were plotted as a function
of the concentration ratios expressed as log [C02]/[Ar]. The term T denotes transmittance. As the
values of the ratios cover a wide range, a logarithmic plot of these values spreads them more widely
and also improves linearity of the calibration curve. It may be noted that equal absolute errors in
log Tco2/TAr in different parts of the graph correspond to equal relative errors in concentrations;
it is therefore an advantage to use this form of graph because it is desirable to maintain a uniform
relative accuracy.

It takes less than 1 min to carry out the final determination.
Table I gives the experimental results which have been used to draw the calibration curve in

Fig. 4.—Calibration curve

Ar A 2942-9 A CO, A 2896 A
Slits, 0-50 mm Pressure, 0-50 mm of Hg.

91 % C02. The curve deviates markedly from linearity outside this range. Such departure from
linearity at low and high concentrations is the result of two opposing, but unequal factors—a



Fig.3.—Spectra.
AMixtureofAr,15%andC02,85%

BCopperarc
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background effect which predominates at low concentrations and a self-absorption effect which pre¬
dominates at high concentrations. Background has the effect of raising and self-absorption of lowering
the apparent concentrations. The values of % T in Table I represent the arithmetical mean of two
readings taken consecutively.

Table I. Results

Percentage
composition Percentage
of samples transmittance

Serial
, [CO,] . TCO2

number Ar CO, 8 lArf TArH 2942.9 A TCo22 2896A 8 T+7

1 0-9 991 +2-04 2-2 26-9 + 109
2 9-4 90-6 +0-98 11 110 + 1-00
3 150 85-0 +0-75 160 80-9 +0-70
4 24-3 75-7 +0-49 17-7 71-6 +0-61
5 49-5 50-5 +001 25-5 21-9 -007
6 75-6 24-4 —0-49 54-8 38-5 -0-15
7 84-6 15-4 -0-74 53-0 20-2 -0-42
8 89-7 10-3 -0-94 61-3 25-9 -0-37
9 990 1.0 -200 27-6 16-6 -0-22

Reproducibility and accuracy

Reproducibility has been evaluated by using a synthetic standard and running a series of six
samples with the same composition under identical operating conditions, with determinations spread
over a period of 1 week. The results are shown in Table II. The values of TAr and TCo2 represent
single readings. The reproducibility, expressed as the standard deviation of six tests, is ±3-2%
absolute.

For the evaluation of accuracy, it is necessary to run a series of determinations on a number of
samples of accurately known composition using the calibration curve. The accuracy is limited by the
uncertainty in the exact values of the concentrations in the synthetic standards and the calibration

Table II.—Reproducibility

Synthetic standard containing Ar 24.3%, C02 75.7%

Serial
number

Percentage
transmittance Jog Tc02 Ar

found,
%

Mean
Ar

found,
%

co2
found,

%

Mean
co2

found,
%

Deviation,

Standard
deviation,

/ex2

Vr1TAr
.

A 2942-9 A
Tco2

A 2896 A
Tap

1 15-1 61-7 0-61 24-4 75-6 2-7
2 17 8 70-8 0-60 25-3 74-7 3-6
3 13-5 60-3 0-65 22-8 77-2 11
4 110 60-3 0-74 18-6 81-4 3-1
5 15 5 72-4 0-67 220 78-0 0-3
6 11-2 67-6 0-78 17-3 82-7 4-4

21-7 78-3 ± 3-2

mixtures. Therefore, for the evaluation of accuracy, the running of synthetic standards with com¬
position calculated from the added components and not determined independently, would accomplish
nothing more than the confirmation of the validity of the calibration curve by means of samples,
the composition of which are known no more accurately than those of the calibration mixtures.
Because of the difficulties of obtaining gas mixtures of accurately known contents, it has not been
possible to establish a general level of accuracy.

DISCUSSION

As a result of the dissociation of carbon dioxide into carbon monoxide by the
running of the discharge, the apparent values for carbon dioxide change with the time
of running of the discharge. Therefore, the time-lag between the beginning of the
discharge and the time of taking measurement is most critical. This effect is reduced by
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measuring the intensities immediately on switching on the discharge and keeping any
unavoidable time-lag constant for all measurements. Satisfactory results are obtained
only if this is strictly adhered to and if all other operating conditions are rigidly
standardised.

Because of the "clean-up" in the electrical discharge, the intensities of emissions
vary with the time of running the discharge.6 The effect of "clean-up" in electrical
discharge is to change the apparent proportions of the gases in a sample. This effect
could probably be eliminated by substituting a continuously flowing gas system for the
sealed-off gas system; this would ensure the feeding of fresh sample into the discharge
cell at constant speed. This, however, could not be attempted with the facilities
available in the present work.

The effect of all these factors has been to some extent nullified by using intensity
ratios, in which the ratios of the intensities of two variable components, and not their
absolute intensities, are related to concentrations. Reproducibility and accuracy may
be improved by better instrumentation to ensure constancy of source intensity, and
more rigid standardisation of the operating conditions (including gas pressures and the
time-lag between the start of discharge and the measurement.)

Prolonged baking of the system and degassing it under high vacuum improve
reproducibility and accuracy by removing from the glass surface adsorbed impurities
and moisture, the variable concentrations of which may make their effect indeterminate
and are, therefore, not amenable to correction.

This technique with the refinement of a flowing gas system and with improvement
in instrumentation to ensure constancy in source intensity, might be extended to
mixtures of other gases and volatile substances, and might give better reproducibility
and accuracy.
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Zusammenfassung—Eine kontinuierliche Entladung bei 230 Megacycl.
(erzeugt mittels eines Radiofrequenzhochspannungsgenerators) wurde
in einem abgeschlossenen System in Verbindung mit einem Quartz-
prismenspectrophotometer herangezogen um binare Mischungen von
Argon und Kohlendioxyd zu studieren. Die Konzentrationen in
Mischungen von 15-90% Ar und 85-10% C02 wurden mit einer
Reproduzierbarkeit von ±5-8 (mittlerer Fehler) bestimmt. Die
Bestimmung kann in etwa einer Minute durchgefiihrt werden, was die
Methode der spektrographischen Bestimmung iiberlegen macht. Es
ist anzunehmen, dass mit verbesserten Instrumenten, (hohere Konstanz
der Erregerquelle und Ersatz des abgeschlossenen System durch einen
kontinuierlichen Gasstrom) die Methode auch auf andere Gasmisch-
ungen angewendet werden kann; auch sollten dann hdhere Genauigkeit
und Reproduzierbarkeit erreichbar sein.

Resume—Les auteurs ont utilise une decharge continue a 230 mega¬
cycles, produite par un generateur tres haute tension a frequence radio,
dans un systeme gazeux en tube scelle, en liaison avec un spectrophotom-
etre a prisme de quartz pour etudier des melanges binaires d'argon
et d'anhydride carbonique. Les concentrations du melange dans le
domaine 15 a 90% d'argon, 85 a 10% d'anhydride carbonique ont ete
dosees avec une reproductibilite de ±5,8, exprimee en deviation
standard. Les dosages peuvent etre realises en une minute envirol, ce
qui rend cette technique superieure a la spectrographie. La methode
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mise au point laisse penser que, avec un appareillage ameliore assurant
la Constance de l'intensite de la source et la substitution d'un gaz
s'ecoulant continument au systeme en tube scelle, il serait possible
d'etendre cette technique a des melanges d'autres gaz et d'obtenir une
reproductibilite et une precision meilleure.
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Summary—Theoretical and experimental aspects of the analysis of gases and vapours by emission
spectroscopy are discussed and the current literature on molecular emission spectroscopy is reviewed.

At the present time a great deal of information is available on the electronic molecular
spectra of a large number of gases and vapours, but surprisingly few applications of
such spectra to analytical problems have been described in the literature.

The analysis of mixtures of inert and/or permanent gases is often not easy to
achieve using techniques in which the constituents are individually isolated and
identified. Of the methods available which do not require preliminary separation of
the components of a mixture, those employing a spectroscopic technique are intuitively
very attractive, since the manner in which any particular gas or vapour interacts with
electromagnetic radiation is characteristic of that substance. The frequency of
radiation used can vary from radio frequencies to the extreme ultraviolet. So far,
almost all of the published work relates either to the infrared or to the visible and
ultraviolet, and most effort has been applied to the study of absorption spectra of
substances in the liquid phase.

The aim of this series of papers is to review the available data that have accumulated
on the emission and absorption spectra of gases and vapours and to discuss the possible
analytical applications of these data. For convenience, the study has been divided into
three parts. The first part deals specifically with emission spectroscopy; the second
part reviews the absorption of ultraviolet and visible radiations by gases; in the
third part of the series some experiments on the analytical application of vapour
absorption spectra are described.

EMISSION AND ABSORPTION SPECTROSCOPY

Spectroscopic transitions giving rise to emission and absorption of radiation in the
visible or ultraviolet involve a change from one electronic energy level to another.
This is the fundamental difference between electronic spectra and infrared spectra,
which arise from changes in vibrational and rotational energy only. For a molecule,
the electronic transition is necessarily accompanied by simultaneous changes in
vibrational and rotational energy, giving rise to band spectra, as distinct from the
line spectra given by atoms.

Spectra can be classified into two broad categories, (a) emission spectra and (b)
absorption spectra. Molecular emission spectra arise because some of the molecules

892
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of the system have been excited by physical or chemical means to an electronic level
above the ground state. When these molecules revert to the ground electronic state,
the excitation energy is given out as electromagnetic radiation. The relationship
between initial and final energies (E1 and E2) and the frequency of radiation emitted
(v) is the well known one

E1 — E2 = hv (1)
where h is Planck's constant.

Molecular absorption spectra arise from the converse process. When a beam of
electromagnetic radiation is allowed to pass through a material, some of the fre¬
quencies in the beam are removed, i.e., they are absorbed by the material. Those
frequencies which are removed again must satisfy the quantal relationship (1),
which means that the frequencies absorbed correspond to the energies required to
raise the molecules from their ground electronic states to some excited states.

In order to obtain an emission spectrum from any substance it is first necessary
to supply energy to the molecules to promote a proportion of them to excited electronic
states. This can be done in a variety of physical ways, such as bombardment with high¬
speed electrons or ions, excitation of a gas in a discharge tube, or the use of an electric
arc. Excitation may also be accomplished by chemical means, whereby the excitation
energy is supplied as heat given off from an exothermic reaction. This is the case in
emission from flames and explosions. The advantages and disadvantages of the
various methods of excitation will be discussed later in this paper.

The technique of absorption spectroscopy is, on the whole, simpler than that of
emission spectroscopy. In essence one requires only a suitable cell to contain the gas
or vapour, having end-windows of quartz for work in the near ultraviolet, or of
lithium fluoride for the extreme ultraviolet, together with a source of continuous
radiation. The latter is usually a gas discharge lamp using hydrogen or xenon. The
spectrograph or spectrophotometer used to detect the absorption is the same as that
used in emission work.

Although the emission and absorption of radiation by a gas relates to transitions
between the same electronic energy levels, the superficial appearance of the two types,
and the regions in which they appear, may be quite different, for reasons given later in
this review. For this reason, the proper interpretation of spectra requires a certain
amount of experience, which militates against spectroscopic methods as routine
analytical procedures.

Both methods are in a way complementary, in the sense that in some cases it is
easier to obtain one type, in other cases the other. For instance, molecular oxygen
only begins to absorb radiation below 2000 A, which makes it very difficult to obtain
a spectrum with instruments readily available in the laboratory, whereas the emission
spectrum appears in the region 4000-6000 A, and can readily be obtained using an
ordinary quartz spectrograph.

From the analytical standpoint there are two ways in which the electronic spectra
can be used, i.e., qualitatively and quantitatively. The qualitative identification of a
gas or the components of a gas mixture merely requires that one can positively
ascribe a number of bands appearing at certain wavelengths to a particular substance.
Because of the complexity of many spectra this often limits the type of mixture that one
can analyse with certainty. On the whole, absorption spectra are less complex than
emission spectra, and this favours the absorption technique in many cases.
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Quantitative analysis requires one to be able to analyse qualitatively as an initial
step, and then to be able to relate the intensity of either emission or absorption to the
concentration of the gas. The theoretical and practical limitations here are more
severe in the case of emission work. For example, the concentration of excited species
giving rise to an emission spectrum depends on the means of excitation, the pressure
of the gas, and the nature of the other gases present. An absorption spectrum, on the
other hand, is usually independent of the nature of other gases present, and depends
only on the constancy of the source giving the continuum. As mentioned previously,
however, it is not always possible to obtain an absorption spectrum, and it then
becomes necessary to use the emission technique even though the difficulties are
greater.

THEORY OF EMISSION SPECTROSCOPY

The theoretical interpretation of the emission spectra of diatomic molecules is
now well established,1 and good progress has recently been made in providing a
theoretical basis for the interpretation of the spectra of more complex molecules,
particularly those which contain one or more aromatic rings.2

It is not proposed to attempt any comprehensive treatment of the theory in this
review, but to outline some of the more important principles which are essential to
the proper application of the technique of emission spectroscopy to gas and vapour
analysis.

Atomic line spectra
The emission spectrum of an atom consists of a series of lines, each of these lines

being associated with a transition from one electronic energy level to another. The
line spectra of nearly all the elements in the periodic table have been investigated very
thoroughly, and are tabulated in various reference books.3-4 The use of such spectra
for analytical purposes has become widespread in the field of metal and alloy analysis,
where the sample is volatilised in an arc and the emission spectrum is photographed.
This can be followed by plate photometry to give quantitative results of good accuracy.
Within the scope of this review, i.e., that of gas and vapour analysis, the only gases
giving rise to such line spectra are the inert gases He, Ne, Ar, Kr, Xe and Rn. Spectro¬
scopic analysis for these gases should therefore be amenable to the same type of treat¬
ment as that used for metal analysis, apart from the method of excitation used.

In order to utilise the emission spectrum of an inert gas for quantitative analysis
it is necessary to relate the intensity of one or more of the atomic lines to the amount
of gas present in the system. The methods used to measure spectral intensity, and the
difficulties inherent in these measurements, will be outlined in another section. For
the moment we shall assume that such intensities can be measured accurately. The
intensity of a given line, resulting from a transition between two electronic states,
depends on the nature of the initial and final states. If we consider a system of atoms
in which a certain proportion of the atoms has been excited from a low energy level,
Ex (say the ground electronic state), to a state of higher energy, E2, then transitions
in which the excited atoms drop to the ground state, emitting radiation, will give rise
to a line of frequency v given by

E2 Ex
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The rate of emission of this frequency v12 is obviously dependent on the number
of atoms involved in the transition per second. If we denote this number by Kt_2,
we can write for the intensity of the line of frequency v12

1 = A . K^2. h . v12, (3)

where A is a constant and h is Planck's constant.

Kv_.,2 is determined by the time an atom remains in the excited state, called the
mean life, which is inversely proportional to the transition probability. We can define
the transition probability as the average number of transitions per second of an
atom, giving this the symbol P12 for the transition between states 1 and 2. Then if we
have n atoms in the excited state, 2, it follows that

*1^2 = n . Pli2 (4)

Combining equations (3) and (4) we obtain

/ = A. n. P12. h . v12 (5)

In this equation, A is dependent on the actual experimental conditions, e.g.,
the type of excitation employed, which can be standardised. P12 and hv12 will be
constant for one particular line. The number of atoms in the excited state, n, will,
however, depend on a variety of factors, and in order to put emission spectroscopy
on a really quantitative basis these factors must be taken into consideration.

It is obvious that for a given type of excitation, n will depend on the pressure of
the gas, since the higher the pressure the more collisions each atom will suffer in unit
time. This means that more excited atoms will lose their excitation energy in collision
processes, without radiating, than at lower pressures, and hence the intensity of
radiation will be less. This phenomenon is easily illustrated practically with a leak
tester. At low pressures a gas can be easily made to luminesce, but as the pressure
is increased the luminescence progressively decreases until it is totally extinguished.
At this point all the excited atoms are being de-activated in radiationless collision
processes.

The number n will also depend on the nature of the other gases present. The
energy transfer process involved in a collision between an excited atom and a second
atom or molecule, resulting in the excited atom losing its energy without radiating,
will depend on the nature of this second species. Different molecules vary greatly in
the ease with which they can remove electronic excitation from other molecules. If a
gas is present which is more efficient at removing the excitation than the gas being
excited, then the intensity of emission will be much less than it would be if this gas
were absent, at the same total pressure. The converse applies if the foreign gas is
less efficient than the parent gas at removing electronic excitation. In this case the
emission intensity is greater than for the pure gas.

From the foregoing remarks it is evident that certain restrictions are operative in
the use of spectral intensities as a measure of gas concentration. Because of these,
any measurement of intensity must be of a comparative nature, since the absolute
intensity depends both on the total pressure and on the nature and amount of other
gases present.
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Molecular band spectra
We shall first consider the emission spectrum of a diatomic molecule. Under low

resolution the spectrum appears to consist of a series of bands, instead of the lines
which occur in an atomic spectrum. With greater dispersion and higher resolution
each of these bands is found to be a group of fairly closely packed lines. This differ¬
ence between the atomic and molecular spectra results from the fact that whereas an
atom has only one means of taking up energy in quantised units, i.e., by changing its
electronic configuration, a diatomic molecule has three, the extra two being its
vibrational and rotational degrees of freedom. Each electronic transition, which would
give rise to one atomic line, therefore gives in the case of a diatomic molecule a series
of bands, the gross structure of the band system being determined by the associated
changes in vibrational energy, and the fine line structure of each band arising because
of simultaneous changes in the rotational energy.

The emission spectrum of a diatomic molecule can be used in the same way as an
atomic spectrum for the qualitative identification of gases, by measurement and
comparison with the existing data on gases. For this purpose the measurements
usually made, and reported in the literature, refer to the so called band heads. Nearly
all the bands in the spectra of diatomic molecules have the appearance of being sharp
at one end and gradually fading away at the other end. The direction in which the
band fades away to longer or shorter wavelengths is termed the direction of degrada¬
tion. We therefore speak of bands being degraded to longer wavelengths (to the
red), or to shorter wavelengths (to the violet). For purposes of qualitative identification
it is therefore usually sufficient to measure the wavelengths of as many band heads as
possible of the unknown spectrum, and to find which emitter gives bands correspond¬
ing to these, with the same direction of degradation.

The use of the emission spectrum of a diatomic molecule for quantitative analytical
purposes involves considerably greater theoretical difficulties. Strictly speaking, one
would require spectroscopic equipment capable of giving sufficient dispersion and
resolution to isolate several of the rotational lines of a band, free from overlap with
other lines. Designating the intensity of a single rotational line of frequency v as 7,
the following relationship can be derived:

I = A . P . vi . exp (—£j.ot IkT) (6)
where A is a constant dependent on the total intensity which will depend on the method
of excitation and experimental set-up, P is the transition probability, -^rot. is the
rotational energy, k is the Boltzmann constant and T is the temperature in °K.

The considerations discussed previously in relation to the use of atomic line
spectra for quantitative analysis will apply here, notably the effects of total pressure
and foreign gases on the number of de-activating collisions, resulting in radiation loss.

In many cases large dispersion and resolving power are not available, and in these
circumstances it would seem obvious to use the band head intensity as a measure of
concentration. For this practice small dispersion is actually preferable, since it
crowds the rotational lines closer together at the head. The main theoretical objection
to the use of the band head for this purpose is that the rotational line structure which
forms the head is markedly dependent on the temperature of the system. From equa¬
tion (6) it can be seen that / is proportional to e~EroJkT. The temperature T will
in turn be dependent on the total pressure, on the nature of any other gas present,
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and on the nature of the excitation. For instance, the rotational temperature of a
gas in an electric arc will be much higher than for the same gas in a condensed dis¬
charge, resulting in a more complex rotational structure.

Band spectra from polyatomic molecules are necessarily more complex than
diatomic molecular spectra. Except in a few cases, there is little regularity in the
grouping of the bands, and in general the rotational structure cannot be resolved
except with instruments of great resolving power such as large grating spectrographs.
Although the theory of polyatomic spectra is now fairly well advanced, it is not nearly
as complete as could be desired. This does not, however, prevent one from using the
available literature on the recorded spectra of gases as a means of qualitative analysis.
Since many polyatomic molecules give rise to headless bands or patches of continuous
emission, the use of such spectra for quantitative analysis is much more restricted
than in the case of diatomic spectra. Another difficulty encountered here, which will
be discussed later, is the fact that in many cases polyatomic molecules tend to dissoci¬
ate under the excitation conditions necessary to obtain an emission spectrum.

EXPERIMENTAL METHODS OF OBTAINING SPECTRA

(a) Methods of excitation
The various methods of excitation can be divided into four broad groups, which will

be considered individually.
(/) High-frequency discharges. One of the first methods to be employed utilised

the Tesla coil.5 The Tesla coil produces a high-frequency alternating output of about
50 kV, by means of a mechanical vibrator. Under the influence of such an HF alter¬
nating field, free electrons in a gas can acquire sufficient energy to excite and ionise
gas molecules, and when the field is sufficiently strong the ionisation process becomes
cumulative, leading to a breakdown in the insulating properties of the gas and the
production of a luminous discharge. At low frequencies the breakdown process is
substantially the same as that found in d.c. discharges, except that since the field is
alternating the drift current does not transport electrons away from the space be¬
tween the electrodes. This results in a simplification of the spectra obtained from a
Tesla or any other HF discharge, compared with those obtained using d.c. discharges.

In practice the alternating field is usually applied between a central insulated
electrode in the gas to be excited, and the outer wall of the container. Since there are
no actual metallic conductors in contact with the gas, there are no lines arising from
the metal atoms of the electrodes in the spectra obtained. This is an additional
attractive feature of the method.

Two other methods of obtaining HF discharges in gases are extensively used in
emission spectroscopy. They are known as the ring discharge and the valve oscillator
discharge.6 In the first of these methods a conventional LC circuit, i.e., one con¬
taining an inductance and a capacitance, is used in conjunction with a condensed
spark to produce damped oscillations. The inductance is actually wound on the glass
or quartz vessel used to contain the gas sample. The strength of the discharge can be
controlled by varying the size of the spark gap; and by progressively increasing the
strength, the spectra emitted can be made to change from the molecular band type
to the line spectra of neutral atoms and ionised atoms.

In the valve oscillator discharge a triode valve is used to maintain continuous
radio-frequency oscillations in a tuned circuit. A vessel containing gas at low pressure
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may be made to emit radiation by application of this RF power to electrodes within
the gas or wound on the outside of the vessel.

All of the methods described give essentially the same type of spectrum and they
provide a useful method of obtaining emission spectra free from extraneous lines
caused by metallic conductors.

(ii) Discharge tubes,5,6 If a tube having metallic electrodes at each end is filled
with a gas, and connected to a source of d.c., then as the pressure of gas is gradually
decreased, there comes a stage when the insulation of the gas breaks down and the
tube acts as a conductor of electric current. At this stage the gas in the tube also
begins to glow, the brilliance of the glow depending on the voltage and current being
employed at any particular gas pressure. Different regions of the glow have been
distinguished by various workers in this field, and some are more luminous than others.
The brightest parts, and therefore the most useful for spectroscopic purposes, are
known as the positive column and the negative glow.

The excitation process in the positive column the collisions of electrons with gas
molecules, and the spectra obtained are predominantly caused by uncharged atoms
and molecules. The spectra are however more complicated in appearance than those
obtained from high-frequency sources for two reasons. One is that the number of
excited electronic states reached in the column is much greater than in the case of the
HF discharge, resulting in the appearance of more molecular band systems; and the
second is that a considerable amount of decomposition of the gas occurs, leading to
the appearance of spectra originating in the molecular fragments produced. Reduction
of gas pressure and increase of field intensity both result in higher degrees of excitation.

In the negativeglow region, excitation is caused by collisions with electrons from the
direction of the cathode; and as a result of this the spectra obtained largely originate
from positively charged ions. In order to take full advantage of this region a special
type of discharge tube must be used, known as a hollow cathode tube. In this, the
cathode is a cylinder and the radiation emitted is almost exclusively from the glow
inside this cylinder. Spark lines of the metal used for the cathode are found in the
spectra from such tubes, and in fact one of their principal uses is for the production
of fine atomic lines for the spectroscopic analysis of small amounts of material. For
the examination of molecular spectra, the dimensions of the hollow cathode are
usually greater than for this latter type of work.

(Hi) Electric arc and spark. These two methods have been extensively employed
for the production of line spectra of metals and of solid or liquid materials capable of
being contained in an electrode. They can be further classified as open or enclosed;
in the first case the arc or spark is used in air and in the second it is enclosed in an
atmosphere of some gas other than air. The application of these sources to the
emission spectroscopy of gases is not greatly developed. Obviously, for this applica¬
tion, the enclosed arc or spark is the only one to be considered. Apart from the fact
that the source operates in a tube filled with some gas, the technique is the same
as that used for the open source. Because of the negative potential-current character¬
istics of an arc after striking, it is necessary to incorporate a ballast resistor to achieve
stability of operation. The actual methods used to obtain steady arc or spark sources
are described in various text-books and will not be described further here.5'6

The enclosed arc or spark may be operated in various gases and at a variety of
pressures, from a few mm pressure of Hg up to many atmospheres. As with the other
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methods, reduction of the gas pressure favours a greater degree of ionisation. The
use of large pressures of gas is sometimes useful in obtaining spectra not otherwise
obtainable, such as those of the hydrides of tin and lead.

The great disadvantage of these two techniques, from the standpoint of gas
emission spectroscopy, is that the spectra obtained almost always arise from molecules
containing the material used in the poles. There are a few cases, however, where this is
not so; for instance, if water vapour is present, such arcs or sparks will give the OH
band spectrum, and some, particularly the copper arc, will give in air the NO y bands.

(iv) Flames. As with the methods described in section (Hi) the use of flames in
analytical spectroscopy has so far been mainly concerned with the production of line
spectra for metal analysis. In general, the degree of excitation attained in a flame is
not as high as in the other methods previously described. This results in the absence
of bands from ionised species. The spectra obtained from flames largely arises from
unstable radicals produced in the combustion process. Since most flames used in
practice employ oxygen as the supporter of combustion, the band spectrum of OH
is a very prominent feature. When hydrocarbons are present there is also strong
emission from CH, C2, CO, COa and CH20. This results in a rather complex
total spectrum, in which it is difficult to identify the bands of other entities.
This difficulty, combined with the fact that there is usually very little emission
attributable to stable polyatomic molecules, makes the method of very limited applica¬
tion in gas emission spectroscopy.

(b) Methods of recording spectra

Spectra may be recorded either photographically or photoelectrically. The photo¬
graphic method employs a spectrograph, which may be of the prism or grating type,
and records the whole of the desired spectral region in one operation, on a photo¬
graphic plate or film. The exposure time will depend on the brilliance of the source
employed, and the wavelength region which is of interest will determine the preferable
type of photographic emulsion. The method has intrinsic value in exploratory work,
since one can see at a glance the wavelength regions in which emission is occurring.
Quantitative work, however, requires the use of plate or film photometry, in which
one must relate the extent of blackening of the photographic emulsion with the
concentration of the emitting species. Although the technique of photographic
photometry has been extensively used in the past and can achieve good results when
rigorous precautions are taken,6 it is now accepted that it cannot compete in accuracy
and ease of execution with modern photoelectric methods. There are many variables
to be kept constant in plate or film photometry; for example, the type of emulsion
used, the development time, and the processing technique; and this results in the
technique being rather cumbersome and subject to errors.

The photoelectric method, entailing the use of a spectrophotometer, which may
be of the automatic recording type, is now used widely for quantitative spectrochemical
analysis. Such an instrument, instead of giving the whole spectrum in one operation,
scans through the wavelength range, the emitted frequencies being allowed to fall in
succession on some type of photoelectric detector. The amplified signal from this
may be read off from a meter, or may be used to drive a chart recorder, thus giving
a direct measure of the intensity of light at each particular wavelength, without any
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need for the rather roundabout series of operations required in work using a spectro¬
graph.

The combination of the two techniques offers the most complete and satisfactory
method of spectroscopic analysis for gases, the spectrograph being used for initial
exploratory work and the spectrophotometer for detailed quantitative analysis.

INVESTIGATIONS AND ANALYTICAL APPLICATIONS OF

MOLECULAR EMISSION SPECTRA

(a) Inert and other permanent gases
As early as 1922, methods were described for determining the quantity of krypton

and xenon in gas mixtures by adding argon as an internal standard.7 The actual
spectroscopic determination of argon in argon-nitrogen mixtures was described by
Leimpt and Visser,8 and Frish9 developed a method for analysing helium-argon
mixtures.

The spectroscope was applied by Gunther and Paneth10 to the micro-analysis of
traces of hydrogen and neon in helium. A year earlier, Klauer11 had given limits of
sensitivity for the detection of hydrogen in helium, helium in hydrogen, hydrogen in
argon, and argon in hydrogen-gas mixtures. Analytical working curves have been
determined for hydrogen, nitrogen, oxygen and carbon monoxide in the presence of
excess helium using a small amount of argon as the internal standard.12

The spectrographic determination of deuterium present in mixtures with hydrogen,
hydrogen sulphide and ammonia has been described by van Tiggelen.13

The determination of nitrogen by emission methods has received a great deal of
attention. Monfils and Rosen14 have examined the determination of traces of nitrogen
in argon; and Wijnen and van Tiggelen15 have described the determination of
nitrogen and carbon dioxide in mixtures of these gases and in the presence of oxygen.
The relative band intensities of the nitrogen molecular ion spectrum were used by
Fan16 to compare the excitation effect of different species of charged particles on a
rarefied air sample. A very detailed study of the emission spectrum of air has recently
been published.17 The relative intensities of the spectra from mildly excited discharges
in nitrogen, air, nitrous oxide, oxygen and mixtures of these gases have been studied
under high resolution as a function of pressure. A study of the emission band spectrum
of nitrogen under pressure had previously been reported by Leycuras.18

The spectroscopic determination of nitrogen in respiratory gases is an important
aspect of aviation medicine, and progress in this field has been reviewed by White,
Lovelace and Flirsch.19 Commercial instruments known as Nitrometers have been de¬

veloped which measure the intensity of the nitrogen system after excitation in a gas
discharge tube at reduced pressure. Many modifications of this technique are described
and the practical limitations are discussed. Methods are also described for the
determination of oxygen and carbon dioxide in respiratory gases.

A simple method for determining nitrogen in argon has been suggested. The
total intensity of the emission in a discharge tube containing the mixture is compared
with the intensity of the nitrogen bands, which are isolated by means of a filter.20 An
alternative approach to the measurement of the purity of inert gases is proposed by
Riley21 who uses the colour and appearance of discharges in gaseous mixtures as a
criterion of the purity.
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Preliminary studies on the excitation of the spectra of inorganic gases by high
frequency excitation have been reported22 from the authors' laboratory, and quan¬
titative applications are at present under investigation.

Data on the emission molecular spectra of many gases including bromine, carbon
monoxide, carbon dioxide, chlorine, fluorine, hydrogen, helium, nitrogen, ammonia,
nitrous oxide, oxygen, sulphur monoxide and sulphur dioxide are tabulated in the
reference work of Pearse and Gaydon.5

(b) Benzene and benzene derivatives
Publications devoted to analytical applications of polyatomic emission molecular

spectra are almost non-existent. To date, interest has been concentrated on obtaining
molecular spectra characteristic of an undissociated molecule, or, where fragmentation
has occurred in the process of excitation, on attempts to identify the fragments.
The first major investigation of the emission spectra of organic compounds was made
by Stewart and co-workers23 in the 1920's. Nearly one hundred and forty compounds
were excited with a form of Tesla discharge, and the compounds which emitted
radiations were grouped into five main categories depending on the general appearance
of the resultant spectra. In most cases, continuous bands of emission were obtained
because of the low dispersing power of the spectrographic equipment used. Attempts
by Austin and Black24 to use these spectra to identify the purity of a solvent were not
successful, but these authors succeeded in confirming the wavelengths of the benzene
bands and in identifying the nature of the side products formed in discharges passed
through a number of organic vapours. A spectroscopic study of the decomposition
and synthesis of organic compounds by electrical discharges was made a couple of
years later, and dissociation of the organic molecule into atomic and ionic fragments
was found to be an important factor in the maintenance of the discharge.23

A continuing series of papers by Schuler and co-workers has done much in recent
years towards building up an understanding of the source of the spectra. In 1941,
pure emission spectra of undecomposed benzene derivatives were obtained by electron
collision in the glow discharge.26 In the following year, a further series of benzene
derivatives were studied by means of a glow discharge in krypton and hydrogen. In
the ultraviolet region, the emission corresponded to the absorption spectrum, but
in the visible range additional bands were observed which were ascribed to the
dissociation of activated phenyl radicals.27 A later publication demonstrated the
similarity of the natural decomposition spectra of benzene derivatives and the spectra
resulting from their phospholuminescence in the solid state.28 Direct proof of the
existence of short-lived aromatic radicals, based on their emission spectra, was put
forward by Schuler and Reinebeck29 in 1949, and the spectrum of the CHO radical
was found in the emission spectrum of formaldehyde.30

In 1950 a new type of discharge tube was designed,31 and a method of varying
the excitation conditions for organic substances was proposed.32 By examining
benzene evaporated into a cell containing helium, four new spectra were found.33 By
increasing the naphthalene vapour pressure in a helium discharge a new spectrum
besides the helium line and bands of C2 and CH appeared.34 Five types of com¬
pounds, including acetylene, ethylene and aromatic molecules, were subsequently
studied to find the groups responsible for the newly found spectra.35 Further work
using the mono-derivatives of benzene36 indicated that the common fragments
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observed in the glow discharge could possibly be one of four species. Subsequent
work by Walker and Barrow37 showed that the simplest interpretation involves the
presence of an emitter such as C6H5C. These bands were found under excitation
conditions intermediate between those giving the spectrum of the complete molecule
and those which result in appreciable dissociation into small fragments, e.g., CH.
A vibrational analysis of the visible spectrum of the benzyl radical has recently been
proposed.38

In 1954, Schuler and Reinebeck39 surveyed the results of emission spectroscopy
of organic molecules in the low pressure discharge, and concluded that the spectra
obtained did not correspond to transformations between highly excited states of the
molecules introduced, but indicated instead the fragmentation of these molecules. In
subsequent studies, the excitation conditions were varied and it was shown that the
spectra obtained were reproducible if the conditions of discharge were standard¬
ised.40-41'42 It was suggested that collision between the excited and non-excited initial
molecule plays an important part in the phenomenon of luminescence of organic
molecules in a glow discharge. Schuler's results on benzene and chlorobenzene have
been confirmed by Danilova,43 and confirmation of decomposition and synthesis
reactions in the glow discharge has been provided by Nishi and Hamanura.44

The emission spectra of benzene, toluene and xylene vapours excited by a high
frequency (Tesla type) discharge have also been studied by Agirbiceanu and Hag-
iescu.45 Solid polymerisation products and continuous emission backgrounds were
observed, but none of the spectra suggested the presence of free radicals, fragments
or impurities. The benzene spectrum had previously been re-examined by Asundi
and Padhye46 and the same authors had reported a series of emission bands for
toluene.47 The emission bands of aniline produced by a variety of excitation methods
had also been recorded.48 A high frequency electrodeless discharge was used by
Robinson49 to excite the spectra of benzaldehyde and acetophenone. A later, more
complete analysis of the benzaldehyde spectrum has been reported by Garg and
Singh50 who excited the flowing vapour with an uncondensed transformer discharge.
The same type of discharge was used by Upadhya51 to study the emission bands of
benzotrifluoride.

Asundi and Joshi have used a high-frequency discharge to obtain emission spectra
from benzonitrile52 and /i-dichlorobenzene.53 An ozoniser type of discharge was used
to produce an emission spectra from the three isomeric fluorotoluenes.54 Spectra
for tetrahydronaphthalene55 and naphthalene56 vapours have recently been reported.

Paillous has made an intensive study of the emission spectra of toluene,57 fluoro-
benzene,58 benzonitrile59 and aniline.60 Over two hundred bands were identified in
each case and a vibrational assignment of the frequencies was attempted.

(c) Miscellaneous organic compounds
The emission spectrum of formaldehyde was found by Schuler and Reinebeck30

to be identical with the fluorescence spectrum. The same compound was studied by
Robinson61 using a high dispersion spectrograph and a technique originally developed
in a study of the spectrum of acetaldehyde.62 The rotational structure of the emission
bands of formaldehyde has been discussed by Fauris63 and new bands in the emission
spectra of acetaldehyde were reported by Regnier.64
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The glow discharge apparatus used previously by Schuler and Reinebeck to study
benzene derivatives was also utilised by these workers to study the emission of
biacetylene.65

The passage of a high-frequency discharge through methane and the vapours of
aliphatic alcohols was found to produce the spectra of decomposition fragments.66
Spectra attributable to decomposition products were also detected in the emission
spectra of CC14 and C2F2C12.67

The decomposition of compounds under high frequency excitation was utilised
by Keller and Smith68 in the development of a spectrographic method for the detection
of halogens. Excellent iodine, bromine and chlorine identifications were obtained
with organic and inorganic compounds, and the limits of detection were of the order
of a fraction of 1 %.

Another analytical application of gaseous discharges has been the development
of a Tesla discharge detector for gas chromatography.69 The discharge of a gas is
visibly altered by small amounts of added vapour, and the new detectors measure
either the emitted light intensity or the d.c. signal produced by inserting a pair of
probe electrodes asymmetrically in the discharge.

DISCUSSION

The general precautions that must be taken to ensure reliable results in the
spectrochemical analysis of gases have been listed by Twyman.70 Twyman, as would be
expected from the previous theoretical discussion, has emphasised that the gas
pressure in the tube and the conditions of excitation must be carefully controlled,
because the ratio of the line intensities of two components may vary with pressure,
even though the two gases are present in the same proportion. Twyman also advises
that measures be taken to avoid the effects of a variable concentration of a third

constituent, since the presence of a third gas can influence the ratio of the line in¬
tensities of two components. Because the rate of "clean up" in the electric discharge
varies with the nature of the gas, the apparent proportions of the gases in a sample
may change with the time of running of the discharge.

It is further suggested that care must be taken to remove occluded gases from the
inside walls of the discharge tube and from the electrodes (if inside the tube) before
filling with the sample. Achievement of this ideal often requires prolonged baking of
the cell at temperatures up to 450°. The importance of the condition of the cell has
been emphasised by Frish,9 who has also reviewed the problems associated with the
spectrochemical analysis of gases. One of the main difficulties encountered by Frish
was the fact that the composition of the gaseous mixture varied during analysis because
of adsorption and desorption on the tube walls. Another important problem was
that of establishing the optimum conditions for the excitation of the spectrum of the
impurities being analysed, since the composition of the mixture had a strong effect
on the conditions of discharge.

These difficulties have not prevented the successful analysis of gases by spectro¬
scopic means; and, in fact, the spectroscopic analysis of respiratory gases now appears
to have become the accepted technique.19 Great care must be paid to the standardisa¬
tion of conditions, but successful extension to the analysis of the rare gases seems
highly feasible and experimental work along these lines is now proceeding in our
laboratories.
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On the other hand, extension of the emission technique to the analysis of organic
compounds seems highly improbable. Tesla excitation is said to cause less decom¬
position of the excited species than alternate modes of excitation, but a constant flow
of vapour is considered advisable.5 However, decomposition does still occur and at
least two attempts22'24 have been made to analyse the products deposited on the walls
of the glass retaining vessels. In both cases the compounds were concluded to be
condensed or polymerised molecules. In a spectroscopic study of the chemical
reactions which occur in electrical discharges through organic vapours25 it was found
that the simple ionisation of the molecules and the resultant formation of clusters
was less important, and the breaking down into molecular and atomic fragments more
important than has heretofore been supposed. More recently, Schuler and Stock-
burger42 examined the spectra of a number of substituted benzene derivatives, and
found that the excitation caused a splitting off of a small molecule, the remainder
being stabilised by double-bond formation, ring-closure or dimerisation. In another
study71 a high-frequency discharge through flowing carbon tetrachloride vapour was
found to yield the spectrum of CC1, produce free chlorine, and deposit a small car¬
bonaceous residue.

Apart from complications caused by fragmentation and association of organic
compounds during excitation, the complexity of the molecular spectrum produced is
in most cases too great for use in analysis.

A final detrimental factor is the ready contamination of the spectra by trace
impurities such as air, since these impurities are often preferentially excited. For
example, the heating of some organic compounds has been found to release enough
air from the sample and the walls of the cell to produce an intense spectrum of nitrogen
on excitation.71 The same detrimental effect was obtained in evacuated cells con¬

taining low pressures of gases such as hydrogen, carbon dioxide, chlorine, methane,
etc., possibly because of slight leaks of air into the cell.

All forms of emission spectroscopy are renowned for their sensitivity and the
characteristic nature of the spectra produced, and these probably constitute the
greatest advantages of the technique. In the gaseous phase, if a species is readily
excited and gives either a line or simple band spectra, e.g., argon, nitrogen, oxides
of carbon, etc., then careful control of conditions permits the development of satis¬
factory analytical methods. On the other hand if a species is not readily excited, or
if the resultant spectrum is fairly complex, emission techniques are far less satisfactory
than most other alternate techniques that may be applied to the same problem.
Analysis based on the absorption spectrum of a molecule could be a desirable
alternative, since there is less tendency for fragmentation or association of excited
species; the spectrum is usually comparatively simple; and the interference of
impurities on cell walls, etc., is virtually unknown. However, the application of
electronic absorption spectra to problems involving the gaseous phase does not
appear to have received much attention. The possibilities of this approach will be
reviewed in Part II of this series.
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Zusammenfassung—Theoretische und experimentelle Belange der Analyse von Gasen und Dampfen
mittels Emissionsspektroskopie werden diskutiert. Eine Ubersicht iiber die derzeitige Literatur tiber
Molekularemissions-spektroskopie wird gegeben.
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Resume—Les auteurs ont examine les aspects theoriques et experimentaux de l'analyse des gaz et des
vapeurs par spectroscopie d'emission et ont passe en revue la litterature courante sur la spectroscopie
d'emission moleculaire.
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Summary—The electronic molecular absorption of gases and vapours has been reviewed, particular
emphasis being given to the spectra obtained from organic molecules.

There exists an exceedingly large volume of information on the electronic absorption
spectra of organic compounds. The relationship between the nature of the absorption
spectrum and the chemical constitution of organic compounds has been reviewed by
Ferguson,1 and the many aspects of electronic absorption spectroscopy are covered
in the book by Gillam and Stern.2

Most absorption results have been obtained using a liquid phase, and this practice
introduces a complex variable which may be called the "solvent effect". Comparison
of the absorption properties of a substance in the vapour phase and in solution shows
that dissolution damps down the molecular rotation and thus produces broad absorp¬
tion bands where fine structure peaks can be observed in the spectra of the vapour
phase. A similar transformation is noticeable when solutions of substances in non-
polar and polar solvents are compared. A change of solvent can also induce changes
in the intensity of an absorption band, and can cause a displacement of bands along
the wavelength scale.

Apart from these physical "solvent" effects, a change of solvent may bring about
a radical change in the nature of the absorption of a substance. This change can be
caused by chemical interaction with the solvent; or by complex formation; or by
dissociation; or by equilibration of two tautomers in solution.

The absorption spectra obtained using the vapour phase should theoretically be
free of the many disadvantages introduced by "solvent effects" but little use appears
to have been made of this approach. Admittedly the experimental technique for
handling gases or vapours is more cumbersome than that required for work using
solutions; but as a preliminary to surveying the analytical possibilities of this approach
a review has been made of existing publications on the absorption of visible and ultra¬
violet radiation by gases and vapours.

THEORY OF ELECTRONIC ABSORPTION SPECTROSCOPY

It is proposed to adopt here the same procedure as that used in Part I of this series,
i.e., to give an outline of the theoretical principles directly concerned with analytical
applications, and not to delve deeply into basic theory, which is covered by existing
text books.3-4

* Part I: Talanta, 1961, 8, 892.
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Atomic line spectra
The atomic line spectrum of an element can be obtained in absorption if a sufficient

concentration of free atoms can be maintained in the vapour phase in a given path
length. For metals this necessitates vaporisation in a flame or an electric arc, and
although it would seem in this case preferable and simpler to use the emission spectrum,
recent work on atomic line absorption, using flame photometric techniques, has
shown that the method possesses valuable analytical possibilities.5

Within the scope of this review, the only gases giving rise to such line spectra
are those of Group O in the Periodic Table, i.e., the inert gas group. As stated in Part
I, the emission spectra of these gases lies principally in the visible and near ultra¬
violet and can be used for qualitative and quantitative analysis. Their absorption
spectra however lie in the extreme vacuum ultraviolet, a region not readily accessible
to routine spectroscopic equipment.

Since the emission spectrum of an inert gas is in the visible region, it would appear
reasonable that the absorption spectrum should lie in the same region. This is not
necessarily so, however. If we take neon as a typical example, it has six 2p electrons
and the Lj and L2 shells are completely filled; this means that the ground electronic
state is 11>S'0. An excited state will result when an electron is moved from the L2 shell
to a higher orbital, but for neon, as for all inert gases, the energy required to do this
is very large, because it involves a change in the principal quantum number. When
only one electron is excited, we have the first excited state, which is also an S state,
since the quantum number for orbital angular momentum, /, is zero. We now have
two unpaired electrons, giving a total spin of 1 which means that this first excited state
is 2 3S. (The multiplicity, i.e., the suspercript to the term symbol is given by twice the
total spin + 1 •) The next excited state, when two electrons are excited and paired
together with opposed spins in orbit 2, will by similar reasoning be 2*S, since the total
spin is now zero. Neither of these states will combine with the ground state, because
2 35" -> 1 1 S0 would involve a change of multiplicity, which is forbidden, and for
2 1S—>■ 1 15'0 the selection rule AI = ±1 is broken. Such metastable states cannot,
therefore, be reached by absorption of radiation. The first excited state which does
combine with the ground state is 2 1P, and the transition 2 rP -> 1 1A0 gives rise to
absorption in the far ultraviolet between 584 and 504 A.

From the preceding discussion it is evident that the technique of absorption
spectroscopy has no real value for the analytical determination of the inert gases,
and it is fortunate that in this case emission spectroscopy provides a good means of
analysis.

Molecular band spectra
The absorption spectrum of a diatomic molecule in many cases is found to be

in the same spectral region as its emission spectrum. The two types of spectra need
not necessarily be in the same region, however. Absorption or emission of radiation
by a molecule must conform to the Franck-Condon principle, which states, in effect,
that an electronic transition takes place in a time which is very short in comparison
with that required for movement of the atomic nuclei. This means that transitions
from any particular vibrational level on one potential curve (describing the variation
of potential energy with changing internuclear distance), to some vibrational level
on the second curve, are represented by vertical lines drawn from the extremities
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of the vibrational level, to intersect the second curve. The vibrational levels closest
to the points of intersection on this curve are then the preferred final levels for the
transition. In the case of emission, the molecule is excited from the ground electronic
state to a higher state after acquiring the necessary excitation energy in some processes
such as collision with an energetic electron or molecule. Over a period of time, many
different vibrational levels of the upper state will be populated, and there will be
a corresponding large number of transitions from these levels to the various levels
in the ground state allowed by the Franck-Condon principle, giving rise to a large
number of bands. In the case of absorption by a gas, however, we have a very different
state of affairs. Most experiments in absorption are carried out at room temperature;
or at any rate at temperatures lower than about 50°. This means that the gas molecules
are in the zero vibrational level of the ground electronic state, with a small number
in the first vibrational level. Absorption of radiation will therefore lead to transitions
between the 0 level of the ground state and the allowed levels of the upper state,
with much weaker bands, if any at all, originating from the first vibrational level.
This means that there will be fewer bands, in general, in an absorption spectrum of a
gas than in the emission spectrum, the latter having more bands, extending to longer
and shorter wavelengths than the former. Another point arising from the Franck-
Condon principle, which will affect the positions of the two types of spectra, is the
change in internuclear distance on going from one potential curve to the other.
If there is very little difference in the internuclear distances in both electronic states,
the verticals drawn from a vibrational level in one will intersect the other curve around
the same place, and absorption and emission spectra will lie in approximately the
same wavelength region. If there is a large change in the internuclear distance,
however, this will not be so. The verticals from a vibrational level on one curve
will intersect the other at a different level, leading to a difference in the positions of
emission and absorption spectra.

The appearance of an absorption spectrum is further simplified in comparison
with the corresponding emission spectrum, by virtue of the much simpler rotational
structure in the former case. This again results from the fact that most absorption
work is done at or near room temperature, where only the lower rotational levels have
appreciable populations. This leads to a relatively small number of lines origin¬
ating from the ground state rotational levels, whereas in the case of emission, the
temperature is necessarily much higher, resulting in a large number of rotational
levels being populated in the upper state, and a correspondingly greater number of
lines. Consequently in practice it is easier to pick out band heads in absorption than
in emission.

The absorption spectrum of a gas may be used in an exactly similar fashion to
its emission spectrum, for purposes of qualitative identification. The use of absorption
spectroscopy for quantitative analysis depends on two physical laws. The first,
proposed by Lambert, states that when a beam of radiation passes through a homo¬
geneous absorbing medium the intensity of the radiation is reduced by the same
fractional amount in each succeeding unit length of the path. This can be stated in
the form

where I is the intensity at any point and k the fraction by which the absorbing material
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reduces the intensity for unit path length; k is known as the absorption coefficient.
Integration of this expression between the limits 0 and x, where x is the total path
length traversed by the radiation, gives us for the ratio l0/lx

log3 = Kx (2)

or I, = I0 . 10"** (3)
Here I0 is the intensity of the incident radiation and Ix the intensity after passing

through the thickness x.
The second law, first enunciated by Beer, states that the amount of absorption

depends directly on the amount of absorbing species present, or on its concentration
if it is in solution. For gases, the second law is incorporated in expression (3) by
reducing the gas pressure to S.T.P. and then calculating the hypothetical path length,
x, which would give the same absorption as that obtained under the actualexperimental
conditions.

The factor log10 l0flx in expression (2) is usually known as the optical density,
and is designated D.

Some workers prefer to use the absorption coefficient k, obtained from (1) using
natural logarithms. Integration of (1) in this way gives us,

loge ^ = k . x (4)
and lx = I0 exp (—kx) (5)

Obviously the two coefficients k and K are related by
k = 2-303 K (6)

In order to obtain accurate and meaningful values of the absorption coefficient for
gases which give a discrete band structure, a resolution is required which can separate
individual rotational lines. This is usually the case for simple molecules, e.g., diatomic,
triatomic and a few more complex molecules. When the absorption consists of diffuse
bands or continua, however, high resolution is not required, and as a rule Beer's law
holds rigorously at relatively low pressures. This is the case for most polyatomic
molecules. For very sharp bands, such as those obtained in the Schumann-Runge
system of oxygen, if the resolution is not good enough to resolve the rotational
structure completely, the values of k or K which are obtained will most probably
show an apparent variation with pressure. A good review of absorption laws is
given by Nielson, Thornton and Dale.6

EXPERIMENTAL METHODS OF OBTAINING SPECTRA

(a) Light sources
For work in the visible region of the spectrum, the tungsten filament lamp is

still the one most commonly employed. For absorption work the source must be
one of stable operating characteristics and high brightness. Various modifications
of the simple filament lamp have been developed and are described in the standard
texts.7'8'9
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For the ultraviolet region down to about 2000 A, various gas discharge tubes
are available, the most commonly used being the hydrogen tube and the xenon tube.
One of the most important characteristics that a good discharge tube must possess
for such work is the emission of a near uniform continuum with as few atomic lines
as possible. Both of the above mentioned tubes fulfil this condition fairly well.

Below 2000 A, i.e., in the vacuum ultraviolet region, a variety of sources have
been tried, with varying degrees of success. Lee and Weissler10 have employed a low
pressure spark for measurement of absorption intensities between 300 A and 1300 A,
using a photographic technique. They claim a constancy of this source of the order
of 2%, but it has the disadvantage of a strong line emission superimposed on the
continuum.

The most common source for this region is the hollow cathode discharge tube,
modified by the inclusion of a quartz or glass capillary section in the cathode assembly,
operating at about 600 V and 0-5 A d.c. The tube may be filled with hydrogen
or inert gas (usually xenon) and is fitted with a window of LiF or CaF2. More recent
developments in this field are concerned with the use of electrodeless lamps, the gas
being excited by a microwave discharge.11
(b) Absorption cells

The characteristics required of a vessel used to contain the gas to be investigated
are principally

(i) good transmission through the cell windows in the desired spectral region,
(ii) sufficient path length to give appreciable absorption (this will depend on how

intensely a given gas absorbs and the pressure of gas used),
(iii) ease of manipulation, e.g., for cleaning purposes and degassing of cell walls,
(iv) reasonable flatness and parallelism of end windows.
The standard texts on absorption spectroscopy give details of the most commonly

used types of cell for various purposes. Here it will suffice to say something on the
types of window used. For work in the visible region polished glass windows are
sufficient; they will transmit radiation in the region 10,000-3500 A. Below this region
polished quartz plates must be employed. The use of quartz extends the spectral
range down to about 2100 A. If it is desired to go to even shorter wavelengths,
materials such as LiF or CaF2 can be used. These materials can be used for wave¬

lengths down to 1200 A, but to investigate this region all air must be removed from the
light path since oxygen begins to absorb strongly below 2000 A. This necessitates the use
of vacuum spectrographs with LiF or CaF2 optics, or reflection grating instruments.

(c) Measurement of absorption intensity
The measurement of absorption intensity involves essentially the same procedure

as emission intensity measurements and this has been discussed in Part I. Again
photographic or photoelectric techniques can be used, present trends favouring the
use of photoelectric spectrophotometers.

THE ABSORPTION SPECTRA OF GASES AND VAPOURS

Inorganic vapours and gases
The reference work of Pearse and Gaydon12 lists the wavelengths of the major

band heads of the absorption spectra of many inorganic compounds in the vapour
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form. Among the absorption spectra listed are those obtained from the halide salts
of silver, aluminium, barium, bismuth, calcium, copper, gallium, indium, magnesium,
manganese, lead, selenium, tin, strontium, tellurium, thallium and a number of
interhalogen compounds. Also listed are the spectra obtained from the oxides of
lead, chlorine, selenium, tin and tellurium; the hydrides of aluminium, barium and
copper; the sulphides of germanium, lead and tin; and the selenides and tellurides
of silicon, tin and lead. The absorption spectra of the vapours of many elements
have been examined and those listed include arsenic, bismuth, bromine, cadmium,
chlorine, caesium, mercury, iodine, indium, potassium, lithium, phosphorus, lead,
antimony, selenium and tellurium.

The same set of wavelength tables record data for the absorption spectra of oxygen,
ozone, sulphur dioxide, nitrous oxide, nitrogen peroxide, ammonia, nitrous acid,
isocyanic acid, cyanogen and carbon disulphide.

Organic vapours

The absorption spectra of organic vapours have not been so conveniently tabulated
as those derived from inorganic species. Pearse and Gaydon12 only record spectral
data for acetylene, benzene, formic acid, formaldehyde, acetaldehyde, propionaldehyde,
acetone, benzaldehyde, glyoxal, methyl nitrite and ethyl nitrite. The complexity
of the molecular band spectra obtained from organic vapours renders the preparation
of a set of tables, similar to those in existence for atomic species and inorganic mole¬
cular species, extremely difficult, but as most individual publications include photo¬
graphs and tables of wavelengths, a source of references to relevant data could prove
equally useful. Thus in the following sub-sections, reference is given to recent publi¬
cations related to the various compounds. In order to restrict the extent of this paper,
compounds which absorb in the vacuum ultraviolet have not been included.

A number of models and methods of calculation have been proposed for theoretical
studies on the electronic structures of molecules and the prediction of the effect of
substituents on the spectrum of a parent compound. This aspect will not be discussed
in this paper but details can be found in the publication of Duncan and Matsen4 or
in recent papers such as that by Moffit13 on the electronic spectra of cata-condensed
hydrocarbons; those by Ham and Ruedenberg14 on the spectra of aromatic hydro¬
carbons; that by Goodman et a/.15 on the spectra of substituted aromatic hydro¬
carbons; or those by Anno16 on the electronic structure of the N-containing hetero¬
cyclic molecules. Much other relevant material will be found in the publication by
Gillam and Stern.2

Benzene: The absorption spectrum of benzene in the region between 2200 A and
2800 A was analysed by Sponer et alP in 1939; and a year later Radle and Beck18
determined the wave numbers and relative intensities of five hundred of the absorption
bands in the 2600 A region. In the same year the absorption spectrum of heavy
benzene found in the region of 2700 A-3000 A was analysed,19 and this was followed
by a study of the absorption spectrum of monodeuterobenzene, which absorbs in the
same region as benzene.20 The far ultraviolet absorption spectra and ionisation
potentials of C6H6 and C6D6 were examined by Price and Wood,21 and an attempt
to give a coherent interpretation of the absorption systems of benzene vapour in
this region was made by Nordheim, Sponer and Teller.22 The work of Price and Wood
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has been re-examined by Wilkinson23 using a 21-ft grating instrument and the in¬
creased dispersion facilitated the identification of many new weak bands. The vari¬
ation of the benzene spectrum with temperature was re-examined by Kistiakowsky
and Solomon,24 and from the Boltzmann distribution function two fundamental
frequencies of the normal state were deduced. A detailed study of the variation in
intensity of the main band of three progressions with temperature was included in
the study of Radle and Beck.18 The effect of high pressure was examined by Robertson,
Babb and Matsen25 and the benzene absorption bands were found to broaden asy-
metrically, and to shift to longer wavelengths on increasing the partial pressure of
a foreign gas. In another study26 the absorption spectra was examined in the presence
of diluent gases over a wide range of densities, and the red spectral shifts were found
to be linear functions of the density.

Halogen substituted benzenes: The absorption spectrum of monochlorobenzene
found in the region 2400 A-2700 A has been analysed by Sponer and Wollman.27
Detailed interpretations of the spectra of o- and p-dichlorobenzene vapours which
consist of 300 bands in the region 2400 A-2900 A, and 400 bands in the region 2400 A-
2950 A, respectively, are described by Anno and Matubara.28 The absorption
spectrum of 1,2.4,5-tetrachlorobenzene vapour was photographed by Matubara
and Anno29 and was found to consist of 150 bands in the region 2650 A-3040 A, with
continuous absorption below 2500 A.

A re-investigation of fluorobenzene by Wollman30 showed that the spectrum was
similar to that of chlorobenzene and was composed of over 280 bands in the region
2380 A-2750 A. Cooper31 examined the spectrum of />difluorobenzene over a wide
range of temperatures and identified over 600 bands between 2350 A and 2900 A.
The observed wavelength shifts of the 0,0 bands in the near ultraviolet spectra of
a number of fluorinated benzenes were described by Sponer32 who in conjunction
with Rao33 also reported data for the spectrum of 1,2,4-trifluorobenzene vapour.

Bands in the spectrum ofo-fluorochlorobenzene were identified by Krishnamachari34
who later reported results on the spectra of o-, m- and p-fluorobromobenzenes.35
Another report on the w-isomer of the last compound has been made by Tintea
et al.3e

Alkyl substituted benzenes: An absorption spectrum composed of over 200 bands
in the region 2390 A-2760 A was observed by Ginsberg et a/.37 in a study of toluene
vapour. The absorption behaviour of o- and m-chlorotoluenes was investigated by
Swamy.38

The absorption spectra of the dimethylbenzenes have been studied by Cooper
and co-authors39'40 and Singh.41 The spectra between 2350 A and 2850 A were
photographed and analysed. The /n-isomer has the least number of bands and the
most diffuse appearance, while the o-isomer consists of many very sharp bands.

In the re-examination of aniline, over 500 lines were found in the region 2500 A-
3000 A.42 The presence of a nitro group moves the absorption region to longer
wavelengths, so that the bands of o- and m-nitroaniline were found in the regions
2700 A-3600 A and 2550 A-3250 A, respectively.43 The absorption bands of the
toluidines have been photographed and discussed.44

The spectrum of benzonitrile vapour was examined by Hirt and Howe45 and
found to resemble closely the spectra of other mono-substituted benzenes. The
spectrum of toluonitrile vapour has been re-investigated and re-classified by Sen.46
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Oxy-substituted benzenes: The absorption spectrum of phenol has been shown47
to be composed of over 330 bands covering the region 2490 A-2830 A. The absorption
region for the nitrophenols was found at longer wavelengths, and the wavelength
of maximum absorption was found to decrease in the order of o- > m- > p-isomer.48

The p-cresol spectrum was found by Imanishi et aid9 to consist of over 170 bands
in the 2480 A-2945 A region. The thiocresols have been studied by Bapat50>51 and
bands are reported for the three isomers within the range 2590 A-2920 A. The
exited state frequencies of these compounds were compared with those of thirteen
other disubstituted benzenes.

Benzaldehyde vapour absorption has been investigated by Imanishi, who reports
bands in the region 2480 A-2970 A,52 and a large number of narrow bands in the
region 3163 A-3747 A.49 Weak vapour absorption in the regions 3060 A-3500 A and
3270 A-3510 A were also found49 using acetophenone and benzophenone, respectively.

Dual regions of absorption bands have also been reported for the o- and m-
hydroxybenzaldehydes by Achyuta and Rao.53 The p-isomer exhibited bands in only
one region, namely 2915A-2660A. Patel54 has demonstrated that the effect of
chloro-substitution in benzaldehyde is to shift the long wave benzenoid system to
longer wavelengths, the magnitude of the shift being in the order of o- > m- >
p-isomer.

The vapour absorption of benzoquinone has been examined by Singh, who records
about 130 bands between 2254 A and 3084 A55 and an even larger number of sharp
bands in the region 4100 A-5000 A.56 A vibrational analysis of the absorption
spectrum in the region 4080A-5100A has recently been published by Anno and
Sado.57

Heterocyclic Compounds: The absorption spectrum of pyridine in the region
2500 A-3000 A has been re-examined by Sponer and Stucklen, who made a vibra¬
tional analysis of the 160 bands observed.58 Another 60 bands in the region 3000 A-
3300 A were fitted into a vibrational scheme by Reid,59 but these bands were later
shown by Brealey60 to be caused by a trace of impurity (pyrazine) in the pyridine used
in the previous studies. A vibrational analysis of the absorption spectrum of pyrazine
vapour has been proposed by Ito et aid1 and another proposed assignment has been
published by Hirt,62 who included a study ofchloropyrazine. The spectrum ofpyridine-
7V-oxide was found to be similar in many respects to the spectrum of pyridine, except
that the 250 bands are located at longer wavelengths.63

Absorption studies of the three isomeric picolines have been made by Sponer
and Rush.64'65 All three compounds showed a few diffuse bands in the region 2450 A-
2700 A, and narrow, relatively sharp bands in the region between 2700 A and
3000 A.

The wave numbers of 112 absorption bands of pyrimidine vapour in the 2700 A-
3300 A region have been determined by Uber.66 The absorption spectra of the
diazines have also been studied by Halverson and Hirt,67 and similar studies were
extended by Mason68'69 to include sym-triazine, 3,5,6-trimethyl-l,2,4-triazine, m-
tetrazine and sym-tetrazine. The spectrum of pyrrolidine vapour between 2300 A and
2800 A was studied over a range of temperatures by Santhamma,70 and 61 broad and
diffuse bands were measured.

Condensed ring compounds: The vapour absorption spectra of light and heavy
naphthalenes found in the region 2500 A-2900 A have been recorded by Sponer
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and Cooper,71 and the spectroscopic behaviour of a large number of methyl derivatives
of naphthalene were measured by Wolf.72 The spectra of the derivatives were found
to be very similar to that of the parent compound. The spectra reported by Deb73
for 1-chloro- and 1-bromonaphthalene also fall within the same wavelength region.

Vibrational assignments were made by Bapat74 for the 60 bands in the region
2500 A-2800 A found in the absorption spectrum of tetrahydronaphthalene.

The absorption spectra of the vapours of anthraquinone and a number of deriva¬
tives are included in the recent work of Borisevich and Gruzinskii.75

Miscellaneous compounds: The ultraviolet absorption spectrum of formaldehyde76
has been re-investigated, and a complete analysis of the acetaldehyde spectrum
reported.77 Vibrational assignments have also been made for the bands observed
in the spectrum of cyclopentanone,78 and spectra have been recorded for croton-
aldehyde,79 the three isomeric methylphenetoles,80 m- and /?-methylanisoles,81
o- and p-chlorophenetoles,82 and tropolone.83

The absorption spectrum of acetone vapour has been well known for years,84 but
quite recently a study has been made of the spectra of twenty alkyl-, cyclo-alkyl-
and chloro-substituted ketones.85 This latter study was made in order to compare
the influence of the positive inductive effect of the methyl with the negative inductive
effect of the chloro group.

Vibrational analysis of the spectrum obtained from acetylene86 and diacetylene87*88
have been made, and a spectrum for dicyanoacetylene89 has been reported for the
first time. The intense absorption of 1,3-cyclohexadiene vapour in the ultraviolet
region has been examined by Henri and Pickett,90 and the behaviour of the vapours
of the three isomers of phenylenediamine has been studied by Sado and Anno.91
The ester, ?z-butyl benzoate was included in the studies of Deb92 who examined the
influence of the physical state on the ultraviolet absorption spectra of different
compounds.

DISCUSSION

From the preceding review it can be seen that there is a good background of
spectral data available which could be used in chemical analysis through adoption
of a vapour phase absorption technique. While the spectrographs used for analysis
would probably not have the same degree of dispersion as those used in the purely
"spectroscopic" studies, identification of a species from its spectrum should be
readily achieved. There is the disadvantage that many species absorb in the same
wavelength region, and since band spectra are more complex than atomic line
spectra, identification of the components of a mixture could become difficult. There
is the further disadvantage that relatively high temperatures may be needed to convert
some compounds into the vapour phase. On the credit side one may list the high
sensitivity of the technique; the characteristic nature of molecular spectra; and the
absence of "solvent" effects. In addition, unlike the emission technique previously
discussed (Part I), a leak of air into the evacuated cell does not influence the spectrum
and does not produce an interfering spectrum.

However, as analysis based on a gaseous phase is usually not so convenient as
a method involving liquids, the practicability of vapour phase absorption technique
has been examined experimentally. The results of this study will be reported in
Part III of this series.
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Zusammenfassung—Die Molekularabsorption von Gasen und Dampfen wird zusammenfassend
behandelt in besonderem Hinblick auf Spektren organischer Molekiil.

Resume—Les auteurs passent en revue les methodes d'absorption electronique moleculaire des gaz
et des vapeurs en insistant particulierement sur les spectres obtenus avec des molecules organiques.
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Summary—Absorption of ultraviolet radiations by the vapours of organic solvents is proposed as an
alternative method of identifying the composition of small volumes of volatile liquids. The limitations
of the method are discussed.

In chemical analysis, absorption spectroscopy has become a major tool but the
established techniques almost invariably involve the use of the liquid phase. Absorp¬
tion by vapours does not appear to have been used in analysis. Accordingly, the
possibilities of this technique were examined and were discussed in Part II of this
series. Experiments on some organic vapours have now been carried out to test the
usefulness of this technique and the results are reported in this paper.

EXPERIMENTAL

Apparatus and reagents
Continuous radiation from a hydrogen lamp was passed through low pressures of organic vapour

contained in an absorption cell 15 cm long, 2 cm in diameter and fitted with quartz windows. A small
sample container was attached to the cell by means of a ground-glass joint, and the cell was evacuated
through a side-arm tap.

Small volumes of liquid (0-01 to 0-20 ml) ofAnalytical Grade purity were measured into the detach¬
able sample container by means of an Agla Microsyringe and were frozen by immersion of the side-arm
in a liquid nitrogen trap. The cell was then evacuated by means of an oil diffusion pump. The cell and
side-arm were finally immersed in a water bath fitted with windows, and the vapour pressure in the
sealed cell was adjusted by varying the temperature of the water bath.
Measurement of absorption spectra

The absorption spectrum of the vapour was photographed using a Hilger Medium Quartz Spectro¬
graph. The source of continuous radiation used was the hydrogen discharge lamp from a Hilger
Uvispek Spectrophotometer and photographs were taken on Ilford N30 plates using a slit width of
0 03 mm. An exposure time of 5 min was found to be satisfactory. The organic vapours examined
included benzene, toluene, o-, m- and /"-xylenes, benzaldehyde, aniline, ethylbenzene, pyridine and
nitrobenzene.

Measurement of absorbance of benzene at 253 m/«
The absorbance of benzene vapour evaporated from benzene-hexane mixtures was measured by

removing the lamp housing cover from the Uvispek Spectrophotometer, placing the absorption cell
between the entrance slit and focussing the reflecting mirror on the hydrogen lamp. The check (or
100% transmission) adjustment was made using an empty cell in the light path. Known volumes of
benzene-hexane mixtures were frozen in the side tube and later allowed to evaporate into the evacuated
cell. The absorbance of radiation of wavelength 253 m/r by the vapour was then measured as in normal
absorption studies.

* Part II, Talanta 1962, 9, 227.
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RESULTS

Absorption spectra
From the varied volumes of sample taken, the temperature of the bath and the

behaviour of binary mixtures, a list of detectable limits of concentration was compiled
and these are recorded in Table I.

Table 1.—Limits of detection of organic solvents

Min. vol. of
Min. vapour

Lowest detectable
solvent

% in binary mixtures
Solvent pressure to giving min. at different temperatures

give spectrum, vap. press, on
mm of Hg* evaporation,

(50-ml cell) /.</. 203 40° 60"

Benzene 0-5 015 1 0-3 0-2

Benzaldehyde 0-5 015 100 25 6

jO-Xylene 0-5 015 10 3 2

Aniline 0-5 015 50 25 10

Pyridine 1 0-3 10 3 1

Toluene 1 0-3 5 2 i

Nitrobenzene! 2 0-6 — — 80

o-Xylene 3 0-9 75 20 10

m-Xylene 3 0-9 60 20 10

Ethylbenzene 6 1-8 90 20 10

* Above a pressure of 20 mm of Hg many bands tend to broaden into a continuum, hence it is desirable
to adjust the temperature to give a vapour pressure of 2-20 mm for the desired species,

f Yields a continuum only.

The photographed spectra were also used to predict the possibility of identifying
one component in the presence of a second vapour and the results are recorded in
Table II.

Table II.—Identifiable components of binary mixtures of

aromatic solvents

(Visual comparison of spectra)

Identifiable component Diluent solvent*

Benzene o-, m- or /)-Xylene, ethylbenzene,
benzaldehyde, aniline, nitrobenzene

Toluene Benzaldehyde, aniline, nitrobenzene
Pyridine Benzene, toluene, xylenes, aniline

ethylbenzene, nitrobenzene
o-, m- or /i-Xylene Benzene, aniline, nitrobenzene
Benzaldehyde Benzene, toluene, xylenes, ethylbenzene
Aniline Benzene, toluene, xylenes, ethylbenzene

pyridine, nitrobenzene
Ethylbenzene Benzene, benzaldehyde, aniline, nitrobenzene

* A third solvent may also be present if it does not absorb in this region of the ultraviolet (e.g. aliphatics
like hexane) or if insufficient vapour is present to give a spectrum (nitrobenzene below 50°.)

Absorbance of benzene
Using the 15-cm cell (volume ~ 50 ml) and 0-20-ml samples, the optical density
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readings were found to increase by approximately 0-1 unit for every I % increase
in benzene content in the mixture. The response varied greatly with the size of sample
taken. This is to be expected, since the saturation of the cell with vapour causes
a variation in the composition of the liquid phase in equilibrium with the vapour.
The smaller the sample, the more marked is the variation in composition as the
benzene evaporates; and accordingly the benzene vapour pressure at equilibrium
cannot be calculated simply in terms of the composition of the mixture initially
admitted to the cell. Correlation of the results using different sample volumes was
achieved by calculating the probable value of the equilibrium pressure in each case
and plotting optical density versus partial vapour pressure. As would be expected
from theory, the relationship between absorbance and pressure was linear in the
low pressure range examined (< 5 mm of Hg). The precision of the measurements,
however, was poor. This can be attributed, inter alia, to variations in vapour pressure
with temperature, errors in measuring small volumes and losses during introduction
of the sample to the cell.

DISCUSSION

It can be observed from Table I that a detectable spectrum can be obtained using
vapour absorption by evaporating less than 1 microlitre of solvent. Thus the technique
is suitable for identifying very small volumes of pure organic solvent, but in order
to achieve a suitable vapour pressure in the absorption cell, the sample and cell may
have to be heated.

Since the absorption bands tend to broaden on increasing the vapour pressure and
on heating the vapour, the optimum pressures observed in this study were found
within the range of from 2 to 20 mm of Hg, and temperatures above 80° were
not used.

In binary mixtures, it is still desirable to maintain the partial pressure of the
desired component within this pressure range. The vapour pressure of a component
in the mixture will be the vapour pressure of the pure component at the ambient
temperature, multiplied by the molar fractional volume of the component in the
liquid phase at equilibrium. In Table I, an indication is given of the influence of
this molar fraction term, for in the final column values are quoted for the limit of
detection (in %) of a solvent at different temperatures. It can be seen that at a given
temperature (e.g., 20°) the vapour pressure of some pure solvents is so low that
any dilution reduces its partial pressure to a value below that detectable by the
technique used. In other cases, the vapour pressure of pure solvent is sufficiently
high to permit marked dilution of the liquid phase before the lower vapour pressure
limit for an absorption spectrum is reached.

A second factor has to be considered if small volumes of sample or very dilute
solvent mixtures are used. In these cases it is possible for all of a particular component
to evaporate into the cell and still not reach the partial pressure calculated in terms
of the molar fraction present in the original liquid. Under these conditions the size
of sample should be increased.

The identification of a species in a mixture is complicated by the following facts:
(a) the spectra of many benzenoid compounds overlap; (b) the bands of many
species broaden readily into continua; and (c) chemical interaction between com¬
ponents is possible. In Table II identifications that have been achieved are recorded.
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In making these identifications, the components of a mixed spectrum were identified
simply by comparison with the spectra obtained with the pure substances. These
standard spectra were sufficiently characteristic to permit such an approach. The
identification of a species in a multicomponent system is feasible, but all other com¬
ponents must preferably absorb in a different region of the wavelength scale. Table
II is not intended to be exhaustive, and could be extended by including many of the
compounds recorded in the review which forms Part II of this series.

The quantitative studies indicate that analysis based on the vapour phase is
possible but precision would need to be improved by stricter temperature control,
and greater efforts would have to be made to avoid losses of vapour during sample
introduction, if results of reasonable reliability are to be achieved. However, quan¬
titative analysis based on vapour absorption does not offer any practical advantage
unless the volume of liquid sample present is too small for use in a liquid micro cell
or unless the liquid is extremely volatile.

The advantages that could be claimed for this vapour absorption technique
are (1) that it is possible to identify the nature of a very small volume of an organic
solvent (providing that it absorbs in the ultraviolet or visible range), and (2) that
the time required to obtain a photographic spectrum can be much less than the time
required to plot an absorption spectrum using a non-recording spectrophotometer.
The technique could also prove useful for the identification of small amounts of
volatile aromatic compounds present in aliphatic solvents.

However, even these advantages cannot compete in most cases with the facility
of analysis now offered by the use of gas chromatography or recording spectro¬
photometers.

CONCLUSIONS

Vapour phase absorption spectroscopy can be proposed as an alternative method
of identification and analysis of small volumes of organic solvents and within a limited
range of applications may prove quite useful.

As indicated in Part II of this series, there is a good background of spectral data
available, which could be utilised in development of this technique.

Acknowledgment—One of us (W.F.P.) wishes to thank the Queen's University of Belfast for the award
of a Research Fellowship and the University of New South Wales for a grant of study leave.

Zusammenfassung—Die UV-Absorption von Dampfen organischer Solventien wird als eine Methode
zur Identifizierung kleiner Volume fliichtiger Substanzen empfohlen. Anwendungsmoglichkeiten der
Methode werden diskutiert.

Resume—Les auteurs proposent l'absorption des radiations ultraviolettes par les vapeurs de solvents
organiques comme methode d'identification de la composition de faibles volumes de liquides volatiles.
Les limites de cette methode sont discutees.
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Summary—Methods are described for the determination of lead in lead alloys by flame photom¬
etry. The samples analysed contained from 4 to 85% of lead and the results obtained were re¬
producible to ±5 % of the amount of lead present. The analyses were accurate to within ±5 % of the
lead content.

Lead exhibits weak emission lines in the mantle of an oxygen-fuel flame and the
emission at 405-8 vap has been successfully applied to the determination of tetra-ethyl
lead in gasoline.1-3 This lead line is subject to spectral interference from manganese
and potassium, but if necessary this interference can be avoided by using the lead
line at 368-3 m/r.4

The lead line at 283-3 mp has been used together with the atomic absorption
spectrophotometry technique by Elwell and Gidley5 for the determination of lead
in copper-base alloys and steel and by Robinson6 for the determination of lead in
gasoline.

The determination of lead in alloys by simple flame photometry has not received
much attention because of the very low emission sensitivity of the lead lines. The
studies described in this paper indicate the precision and accuracy that may be
obtained in alloy analysis using this technique.

EXPERIMENTAL AND RESULTS

Equipment
The apparatus used consisted of a Hilger H700 Uvispek Spectrophotometer fitted with a Hilger

H868 Flame Photometer attachment.
In accordance with the manufacturer's instructions, the oxygen-hydrogen flame was fed with

oxygen at a pressure of 30 lb/sq. in. and hydrogen at a pressure of 20 lb/sq. in.
The emission of the most sensitive lead line, i.e., 405-8 m//, was measured using the normal UV

photocell with the x5 amplification switch in operation. The width of the slits was adjusted to 015
mm (corresponding to 0-5 m/(), and the flame photometer mirror was adjusted to give maximum
signal.

Correction for flame background was made by adjusting the instrument zero with the shutter
open while distilled water was sprayed into the flame. The "check" (or 100% transmittance) adjust¬
ment was then made by spraying a standard lead solution of concentration greater than that of the
samples to be tested into the flame. The intensity of emission from the standard lead solution was
thuo made to correspond to the 100% reading of the transmittance scale on the instrument. This
scale was then used to measure the emission intensity of test solutions relative to the intensity of
the standard solution in terms of "% transmittance". The constancy of the "zero" and "check"
settings was used as a guide to the reproducibility of the flame conditions and rate of atomisation.
In most cases, variations in these settings were traced to partial clogging of the capillary sampling
tube.

Multiple readings of the percentage transmittance of test samples were then made, with constant
checking of the "zero" and "check" adjustments.

145
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Selection of concentration limits
Because of the low emission sensitivities of the lead lines, high concentrations of lead are required

in the test solutions. For the 405-8 m/t line, Dean4 reports a sensitivity of 14 ppm of Pb per % trans-
mittance, which indicates that the check or 100% transmittance standard should contain at least
1400 ppm of Pb.

A standard solution of lead nitrate containing 2000 ppm of Pb was prepared by dissolving 1 -598 g
of AnalaR Pb(N03)2 in 500 ml of distilled water. Standards containing lower concentrations of lead
were prepared by dilution of this stock solution.

The % transmittance of a series of the diluted standards were then measured using the 2000 ppm
of Pb solution as the "check" standard. A plot of % transmittance versus concentration of lead
yielded a straight line. Erratic results were obtained when the measurements were repeated using
the 1000 ppm of Pb solution as "check" standard. It therefore appears that the emission sensitivity
of lead using the Hilger apparatus, is of the same order as that observed by Dean. Thus in all subse¬
quent studies the concentration of lead in the check solution was kept greater than 1400 ppm.

For direct measurement, i.e., where the content of lead in the unknown is calculated from the
relationship

ppm of Pb(llnknown) = %T x 10~2 x ppm of Pb(check), (1)
the concentration of lead in the unknown should preferably be just slightly less than the concentration
of lead in the "check" standard solution. Apart from reducing any effects from self-absorption of
radiation, this condition also reduces the % error in the final result introduced by any error in measure¬
ment of emission. For example, curve A in Fig. 1 represents the possible % error that may be
obtained in the final result with samples giving different transmittance readings, assuming that there
is a 1 % error in the actual transmittance reading. It is obvious from this curve that the concentration
of lead in the unknown solution should be large enough to yield a reading ofat least 40 % transmittance.
This, with a minimum concentration of 1400 ppm of Pb in the "check" standard, corresponds to
550 ppm of Pb. If the test solution is prepared by dissolving 1 g of alloy and diluting to 100 ml,
this 550 ppm of Pb corresponds to 5-5% of Pb in the alloy. The method therefore appears to be
mainly suitable for alloys containing an appreciable content of lead.

In the analysis of metal alloys, difficulty arises in preparing standard' 'check" solutions ofcomposi¬
tion comparable to that of the assay solution. In these circumstances, a method based on the standard

% Transmittance

Fig. 1.—Percentage error introduced into calculated lead content of sample by 1 % error
in transmittance reading.

Curve A: Assay measured directly against a standard lead solution.
Curve B: Assay measured against a reference standard prepared by the standard

addition method
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addition technique was considered preferable. The same principle was adopted by Smith and Palmby3
for the determination of lead in gasoline.

In the standard addition technique, the emission of the test solution is compared with the emission
of an aliquot of the test solution to which a known amount of standard lead solution has been added.
Because the concentration-transmittance curve was found to be linear, the unknown concentration
of lead could be calculated from the relationship

where

x-(Vl +
= %t . 10 2 (2)

vxx + v2y

x = concentration of Pb in unknown solution,
y = concentration of Pb in added standard solution,
vx = volume of test solution aliquot,
t>2 — volume of standard added,

and %T = observed transmittance reading.
Using this technique, an error in the observed transmittance reading is magnified by the calcula¬

tions, and Curve B, Fig. 1 represents the error in the final result that may be introduced by a 1 % error
in the transmittance reading. From this curve, it can be seen that transmittance readings should
preferably lie between 40% and 60% if the calculation errors are to be kept to a minimum. This
corresponds to a minimum of 550 ppm and a maximum of 850 ppm of Pb in the test sample, using
a check solution containing the suggested minimum content of 1400 ppm of Pb. These limits may
be increased to higher values by using check solutions containing higher concentrations of lead but
experience has indicated that the maximum concentration in the check solution should be limited to
2000 ppm of Pb. Above this limit the calibration curve began to deviate from a linear relationship,
and precision was impaired because scale divisions corresponded to larger units of lead concen¬
tration.

The optimum conditions for the flame photometric determination of lead using the Hilger Flame
Photometer appears to be the adjustment of the test solution so that it contains 700-1000 ppm of Pb
and the adjustment of the check solution (by addition of standard lead solution) so that it contains
approximately twice the concentration of lead in the test solution. The precision studies (e/. Table 1)
have confirmed the suitability of these limits.

Preparation of test solutions
One of the problems associated with solution of lead alloys is the ready hydrolysis of the salts of

tin and antimony which are commonly found in association with the lead.
Elwell and Gidley6 satisfactorily overcame this problem with copper-base alloys by dissolving

the alloys in a mixture of nitric and hydrochloric acids.
In the present study, metals were retained in solution as citrate complexes following solution

of the sample in concentrated sulphuric acid.
Several g of ammonium citrate were added to the sulphuric acid solution of the alloy and the acid

was carefully neutralised with concentrated ammonia solution. During neutralisation, some cloudi¬
ness caused by lead sulphate appeared, but this largely disappeared on complete neutralisation of
the acid. To ensure complete lead recovery and a perfectly clear solution for testing, the citrate
solution was filtered through a fine sintered-glass crucible (P4), and the residue in the crucible was
treated with hot ammonium acetate extraction solution. The filtrate was then diluted to a standard

volume, so as to give a lead concentration of 700-1000 ppm.
With white metals containing a low concentration of lead, it was found advisable to isolate the

lead initially as lead sulphate, and subsequently to dissolve it in hot ammonium acetate solution.
Check solutions were then prepared by carefully adding, with constant agitation, 0-15 to 0-20 ml

of a standard lead solution (0-1000 g of Pb per ml) from an Agla Micro Syringe to a 20-ml aliquot
of the test solution. Under these conditions, each addition of 010 ml gives an increase of approxi¬
mately 500 ppm in the concentration of lead in the aliquot.

No detrimental effects from the presence of the citrates and acetates in the test solutions were
observed in the subsequent flame photometric determinations. Flowever, because of the poisonous
nature of lead fumes, the flame attachment was housed in a fume chamber.
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Table I.—Precision of flame photometer readings

Precision* (Std.

No. of
Cone, of Cone, of deviation, ppm of Pb)

Sample test soln.,
ppm of Pb

"Check" soln.

ppm of Pbreadings Individual Mean of
results 3 readings

15 1040 2080 ±71 ±26
Lead nitrate 15 520 2080 ±57 ±33

solutions 15 260 2080 ±56 ±22
15 520 1040 ±95 ±78

Solder A,
43% Pb

15 860 1360 ±51 ±42
18
15

860
860

1860
2360

±43
±62

±23
±51

25 1200 1700 ±111 ±72
Solder B, 25 1200 2200 ±120 ±103
60% Pb 20 1200 2700 ±130 ±72

42 900 1900 ±79 ±28

White metal A,
3-9% Pb

54 780 1780 ±69 ±35

White metal B,
84-5% Pb

27 850 1700 ±43 ±10

* The standard deviation was calculated from the formula m = V Ex2/h — 1 where a is the deviation
from the mean and n the number of readings taken.

Precision of instrument readings
The errors associated with the analysis of lead in alloys can be broadly divided into two groups,

namely, those associated with the dissolution of the sample, preparation of test solution, addition
of standard solution, etc., and those associated with instrumental variables such as flame fluctuations,
atomising rates, etc.

The magnitude of the former group can be assessed from a study of the accuracy and reproduc¬
ibility obtained in the analysis of a series of alloys. These results are discussed in the next section.

The magnitude of the error associated with instrumental variables can be assessed from a study
of the precision of a series of readings on the same sample.

Multiple transmittance readings were therefore made using standard solutions of lead nitrate
in water and using test solutions prepared from lead alloys. The precision of the readings was then
calculated in terms of the standard or root mean square deviation using the formula

Standard Deviation, m = V'Zx'/n — 1 (3)

where a is the deviation from the mean reading and n the number of readings.
For comparison purposes the mean of every three readings was calculated, and the precision

of these means was then determined.
The results of the precision calculations are summarised in Table I.
A number of deductions may be made from this Table. First, the worst precision was obtained

with samples whose concentrations varied from the optimum limits previously suggested. For
example, the test solution of Solder B, which contained 1200 ppm of Pb, gave poorer precision than
the same sample prepared so as to have a lead concentration of 900 ppm. Similarly, poorer precision
was obtained with lead nitrate solutions when a "check" solution containing only 1040 ppm of Pb
was used.
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Secondly, precision is greatly improved by considering only the mean of each three readings,
which emphasises that multiple readings should be taken with every test solution.

Thirdly, the magnitude of the standard deviations emphasises the large errors that may be intro¬
duced in the final evaluation stage of analysis. Taking a single reading, the average standard deviation
indicates the possibility of errors of the order of ±10% in the calculated lead content of the sample.
On the other hand, using the mean of three readings and considering only those samples which satisfy
the concentration limits previously suggested, a precision of ±3-5% of total content may be pre¬
dicted.

Using similar Hilger equipment together with a photo-multiplier attachment and the atomic
absorption technique, Elwell and Gidley5 obtained a precision {i.e., standard deviation) of ±0-06%
for copper-base alloys containing 2-5 to 4% of lead. Thus the precision of the atomic absorption
technique for the analysis of lead would appear to be at least twice as good as that obtainable by
direct flame emission measurements.

Accuracy and reproducibility
Multiple samples of a number of alloys containing a certified lead content were analysed using

the flame photometric method. The lead content of each sample analysed was obtained by substit¬
uting the mean of at least six transmittance readings in equation (2). The results obtained with these
individual samples have been used to calculate the reproducibility of the sample preparation and final
evaluation. This reproducibility (expressed in terms of a standard deviation) is summarised in Table
II. It can be seen from this Table that the lead determinations were reproducible to within 4-6%
of the total lead content.

The lead content of each alloy was finally calculated by averaging the results obtained with three
samples of the alloy. The results thus obtained for the alloys are summarised in Table III and it
can be seen from this Table that an accuracy of about ±5% of the total lead content was achieved.
The composition of the alloys used is given in Table IV.

In order to improve the poor precision obtained with individual instrument readings (cf. Table I),
a number of readings had to be taken for each sample.

Table II.—Reproducibility of lead analyses

Sample
No. of

assays

Mean Pb

content,
"//o

Max. dev.
from
mean

Standard

deviation,
%

Std. dev.
as % of Pb

content

Solder A 9 40-9 4-1 ±2-5 6-2

Solder B 12 601 5-3 ±3-8 6-3
White metal A 4 3-63 0-21 ±0-15 4-2

White metal B 3 84-5 40 ±3-7 4-3

This need for multiple readings has been noted by workers using the flame photometric method
for the determination of lead in gasoline. Smith and Palmby3 used the standard addition method
for calibration, and the lead determinations were found to be accurate to about 2% of the amount of
lead present in the gasoline. This higher degree of accuracy in comparison with the values quoted
in Table III may be attributed in part to the tenfold increase in emission sensitivity obtained by burning
gasoline samples, in part to the use of a photo-multiplier in the detection unit, and in part to the use
of an atomiser-burner.

Using the atomic absorption technique for the estimation of lead, a reproducibility of the order of
2% and an accuracy (expressed as standard deviation) of 0 025% on samples containing 2-5 to 4%
lead was obtained.5 This again demonstrates the superiority of the atomic absorption technique
over direct emission studies. However, the results obtainable using the normal flame photometric
technique are sufficiently accurate for routine testing and even with multiple readings the method is
faster than conventional gravimetric or titrimetric procedures.
Methodfor the analysis of solder

Transfer weighed samples of solder containing 0 0700-0 1000 g of lead to 250-ml Erlenmeyer
flasks and add 5-10 ml of concentrated sulphuric acid. Cover with a watch glass, and heat to dissolve
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Table III.—Accuracy of lead analyses

Determined True Pb
Error

% Pb

Error as %
Sample Pb content, content, of lead

"//o "//o content

Solder A 39-9 43-0 -3-1 7-2
41-4 -1-6 3-7
41-3 -1-7 4-0

Solder B 62-7 60-1 +2-6 4-3
57-0 -3-1 5-2
60-0 -0-1 0-1
60-7 +0-6 1-0

White metal A 3-63 3-90 -0-27 7-4
White metal B 84-5 84-5 0-0 0-0

Standard Deviation ±4-7 %

Table IV.—Composition of alloys used

Solder A 43 0% Pb, 56-9% Sn.
Solder B 60-1 % Pb, 39-6% Sn.

White Metal A 3-90% Pb, 84-0% Sn, 7-50% Sb, 410% Cu.
White Metal B 84-5% Pb, 5-09% Sn, 10-4% Sb.

the alloy. Cool slightly, dilute with 10 ml of water, and add 5 ml of 50 % ammonium citrate solution.
From a pipette carefully add 15N ammonia solution down the sides of the flask (with constant swirling)
to neutralise the acid (Note 1). Fleat the solution on a hot plate for a few min. Decant the solution
through a fine sintered-glass crucible (P4), using slight suction. Collect the filtrate.

Add 10 ml of boiling ammonium acetate extraction solution (Note 2) to the flask, heat to dissolve
any residue of PbS04, and filter the contents of the flask through the same glass crucible. If any
residue remains in the flask or crucible, repeat the extraction with a further 5 ml of the ammonium
acetate solution. Wash the crucible with water. Combine all filtrates and transfer to a 100-ml
standard flask, diluting to the mark with water. This is the "test" solution.

Take a 20-ml aliquot of this test solution, and from an Agla Micro Syringe carefully add 0-15-0-20
ml of standard lead solution (Note 3). This is the "standard" solution.

Set the wavelength drum of the flame photometer to 405-8 m/u, and adjust the zero control while
spraying distilled water into the flame. Adjust the instrument to give 100% transmittance on the
introduction of the "standard" solution. Measure the transmittance of the "test" solution.

Take the mean of a series (Note 4) of transmittance readings. Calculate the percentage of lead
in the original alloy by substitution in the equation

% Lead = « - ^ 10 '4 ■ c
[(1 — a) . u2 + u3] . if

where
a

fs
c

vp

Notes

1. Most of the precipitate present in the early stages disappears when neutralisation is complete.
2. The ammonium acetate extraction solution is prepared by diluting a saturated solution of

ammonium acetate with twice its volume of distilled water and adding 30 ml of 80% acetic acid to
each litre of solution.'

= % transmittance of sample x 10"-.
= Volume of test solution after dilution (e.g. 100 ml)
= Volume of aliquot used for "check" solution.
= Volume of standard lead solution added.
= Concentration of standard lead solution (ppm).
= Weight of alloy taken (g).
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3. A suitable standard lead solution may be prepared by dissolving 15-9850 g of AnalaR Pb(N03)2
in 100 ml distilled water. This is equivalent to 103 ppm of Pb or 0 1000 g of Pb per ml.

4. A minimum of six readings is recommended.
Although this method has been developed for the analysis of solder, only minor modification is

required to permit its application to other forms of alloys containing lead.
If the lead content of any type of alloy be first isolated as lead sulphate, then solution of this

precipitate in ammonium acetate provides the required "test" solution and the analysis can be com¬
pleted as already described. The presence of some ammonium citrate in the acetate extraction mixture
ensures solution of any co-precipitated metal ions. This approach was tested with two white
metal samples, containing 3-9 and 84-5 % of Pb respectively, and it can be observed from Tables II and
111 that the reproducibility and accuracy achieved was slightly better than that obtained in the solder
analysis. This improvement coincides with improved precision in the individual measurements.
Because of the lower concentration of salts in the solution, the rate of atomisation was similar to
that of lead nitrate solutions and the precision obtained was of the same order (c/. Table I).
Methodfor the analysis of white metal

Transfer weighed samples of white metal containing 0-0700-0-1000 g of lead to 250-ml Erlenmeyer
flasks, add 10 ml of conc. sulphuric acid and cover with a watch glass. Heat till the sample is dissolved
and the residue is white. Cool (but not below 60°), dilute carefully with 50 ml of water, and heat to
boiling until the precipitate settles quickly on the removal of heat. Maintain above 60° until the
precipitate settles completely. Decant solution through a fine sintered-glass crucible (P4). Retain
most of the precipitate in the flask and discard the filtrate.

Add 5 ml of 50 % ammonium citrate and 5 ml of boiling ammonium acetate extraction mixture
to the flask. Heat to dissolve the precipitate. Filter the contents of the flask through the same glass
crucible and collect the filtrate.

Extract the contents of the flask once more with 5 ml of boiling ammonium acetate extraction
mixture. Collect the filtrate and wash the flask and crucible with water. Combine all the filtrates
and make up to volume with water to provide the "test" solution. Complete the determination as
in the solder method.

DISCUSSION

One of the main attributes of flame photometry is the relative speed with which
analyses can be performed when compared with other standard techniques. Often
the penalty paid for the increased speed is a loss in accuracy.

The flame photometric determination of lead possibly provides the extreme case,
since the excitation of lead salts by an oxygen-fuel flame results in lines of very low
intensity. However, it has been shown in this study that satisfactory analysis can still
be performed if suitable limits of lead concentration are chosen and multiple readings
are made. The lead determinations were reproducible to ±5% of the total lead
content, and the accuracy of the determinations was of the same order.

It is emphasised that the results obtained in this study represent the accuracy
and precision that may be obtained using the standard instrument. Improved results
can be obtained by using a photo-multiplier attachment,3-5 and the advantages of
the atomic absorption technique have been clearly demonstrated.5-6

An alternative approach to improved accuracy and precision is that recommended
by Dean,8 who suggests the extraction of lead into organic solvents and direct aspira¬
tion of the organic phase into the flame. The enhancement of emission sensitivity
caused by the organic phase has been clearly demonstrated with gasoline, but for
safety reasons organic solvents should only be used with flame photometers fitted
with an integral type of burner-atomiser. The Hilger attachment is fitted with a
separate glass atomising chamber. As a consequence the beneficial effect of organic
solvents could not be investigated in this study because of the danger of explosion
within the chamber.
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Zusammenfassung—Methoden zu flammphotometrischen Analyse von Bleilegierungen werden
beschrieben. Die untersuchten Proben enthielten 4-85% Blei. Reproduzierbarkeit und Genauigkeit
der resultate war ±5% des Bleigehaltes.

Resume—Les auteurs decrivent des methodes d'analyse d'alliages de plomb par photometrie de
flamme. Les echantillons analyses contenaient de 4 a 85 % de plomb et les resultats obtenus etaient
reproductibles a ±5% de la quantite de plomb present. La precision des analyses etait de ±5% de
la teneur en plomb.
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Summary—The flame emission spectra of lead and titanium, weak
emitters in an oxy-hydrogen flame, have been studied with a view to their
analytical applications. Interference effects, especially on the titanium
emission band at 2518 m^, and methods for eliminating or reducing
them, have been investigated. Methods for determining lead and tita¬
nium in their respective alloys, by the use of a standard addition technique,
have been developed. These methods have been tested on suitable
alloys; the results have a reproducibility of ±4-5% (coefficient of
variation). The advantages and the limitations observed in this study
have a general bearing on the application of flame photometry to other
elements.

INTRODUCTION

The elements of the Fourth Group of the Periodic Table are either weak emitters or
are non-emitters in an oxygen-fuel flame. Of these elements only lead1,2 exhibits any
emission lines, while titanium gives only a series of completely overlapping oxide
bands in the mantle of an oxygen-fuel flame.

The lead emission line at 2405-8 mp, has been successfully applied to the deter¬
mination of tetra-ethyl lead in gasoline by flame photometry. This lead line is subject
to spectral interference from manganese and potassium, but the interference can be
eliminated by using a monochromator with adequate resolution and a very narrow
slit-width. Also, this interference can be avoided by using the lead line at 2368-3 rpw.

The determination of lead by flame photometry has not received much attention
because of the very low emission sensitivities of lead lines. Flowever, as mentioned
in an earlier study,5 the lead line at 2405-8 has been found to be suitable for the
flame photometric determination of lead. The first part of this paper indicates the
accuracy and the precision that may be obtained in the determination of lead in alloys
by flame photometry. The second part deals with titanium.

EXPERIMENTAL

Apparatus
A Hilger H700 Uvispek Photo-electric Spectrophotometer, fitted with a Hilger H868 Flame

Photometer Attachment, was used in the studies both of lead and of titanium.

Reagents
All reagents were of analytical grade.

I—LEAD

Flame spectrum
Fig. 1 shows the flame spectrum of lead in which the following experimental

conditions were maintained: lead, 1000 ppm; a variable slit-width giving a band¬
width of about 1 rna throughout the wavelength region covered; pressures of hydrogen
and oxygen at, respectively, 20 lb and 30 lb per in2. The emission intensities were

* Presented at the Joint Meeting of the Scottish and North of England Sections of the Society for
Analytical Chemistry, Queen's University of Belfast, N. Ireland, 28-29 June, 1962.

t Present address: Coates Chemical Laboratories, College of Chemistry and Physics, Louisiana,
State University, Baton Rouge, 3, La., U.S.A.
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measured on the galvanometer scale which was suitably modified for this purpose.
The spectrum so obtained (by plotting the galvanometer scale readings) was found to
be better than that taken with a recorder with a 0-5-mv full-scale deflection.

Wavelength, m/u.

Fig. 1—Flame spectrum of lead.

Pb, ppm

Fig. 2—Calibration curve of lead emission.

The characteristic feature of this spectrum is the lead line at 2405-8 mu. The other
lead lines at 2283-3, 287-3, 364-0 and 368-4 m/i are overshadowed by stronger bands
from the superimposed flame background. All other bands are from flame background,
the most prominent of which are the OH2306-4 m/i system, the Schumann-Runge
Oa emission system in the 2310-437 m/i region and the C2 Swan bands in the 2437-
653 m/t region (only up to 2610 m/i has been shown in the spectrum).

Calibration curve

By plotting the emission intensity of a series of standard lead solutions (expressed
as the percentage of a check standard containing the highest concentration of lead
selected for this study) as a function of the lead concentration, a linear curve was
obtained for the range investigated, viz., 260-2080 ppm of lead. This curve is shown in
Fig. 2. Because the object of this study was to investigate the suitability of the flame
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photometric technique for the determination of lead in lead alloys, concentrations of
lead outside the above range were not investigated.

Selection of concentration limits
Because of the low emission sensitivities of the lead lines, a high concentration of

lead is required in the test solution. For the A405-8 m/.i line, Dean1 reports an emission
sensitivity of 14 ppm of lead per unit percentage transmittance, which indicates that
the check (100% transmittance standard) should contain at least 1400 ppm of lead.

In the absolute method of flame photometry, solutions containing known concen¬
trations of the test element are compared with the unknown, and the concentration of
the latter is determined in terms of the standard. In this method 100% transmittance
is set for the highest concentration of lead to be studied and the lead content in the
unknown is calculated from the relationship:

ppm of lead (unknown) = %T X 10~2 ppm of lead (check) (1)
When this method is applied, the concentration of lead in the unknown should prefer¬
ably be very slightly less than that in the check standard solution. Apart from mini¬
mising any effects from self-absorption, this condition also minimises the percentage
error in the final result introduced by an error in the measurement of transmittance.
For example, curve A in Fig. 3 represents the possible percentage error that may be

Fig. 3—Percentage error introduced into calculated lead content of sample by a 1 %
error in transmittance reading:
(A)—Assay measured directly against a standard lead solution.
(B)—Assay measured against a reference solution prepared by the method of internal

standard addition.

introduced in the final results with direct reading of transmittance, assuming that there
is a 1 % error in the reading of transmittance. It is found from this curve that the
concentration of lead in the unknown solution should be large enough to yield a
reading of at least 40% transmittance, which with a minimum concentration of 1400
ppm of lead in the check standard, corresponds to 550 ppm of lead in the test solution.
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If the test solution is prepared by dissolving 1 g of alloy and diluting to 100 ml, this
550 ppm of lead corresponds to 5-5% of lead in the alloy. This method, therefore,
appears to be suitable mainly for alloys containing an appreciable amount of lead,
i.e., >1%.

In the analysis of metal alloys, difficulty arises in preparing standard check solutions
of similar composition to the test solution. In these circumstances, in order to elimi¬
nate the effect of unknown interferences in the test solutions, the standard addition
method was applied. The application of the standard addition method requires the
calibration curve to be essentially linear. In this method the emission of the test
solution is compared with that of an aliquot of the test solution to which a known
amount of a standard lead solution is added. Because the concentration-transmittance

graph is linear, the unknown concentration of lead within the range of the linear
relationship can be calculated from the equation below:

x(vi + v2)
= a^T ^ 1Q_2

Vix + v2y

where x = concentration of lead in the unknown solution,
y = concentration of lead in the added standard solution,

vx = volume of aliquot of the test solution,
v2 = volume of lead-standard added,

and %T = transmittance reading.
When this method is used, an error in the transmittance reading is magnified by

the calculations involved. In Fig. 3, curve B represents the error in the result that may
be introduced by a 1 % error in the transmittance reading with the standard addition
method. It can be seen from this curve that the transmittance reading should lie
preferably between 40% and 60% if the errors are to be kept to a minimum. This
corresponds to a minimum of 550 ppm and a maximum of 850 ppm of lead. These
limits may be increased to higher values by using check solutions containing higher
concentrations of lead but experience has indicated that the maximum concentration
in the check solution should be limited to about 2000 ppm of lead. Above this limit
the precision is impaired because the scale divisions correspond to larger units of lead
concentration.

The optimum conditions for the flame photometric determination of lead with the
Hilger Flame Photometer Attachment appears to be the adjustment of the test solu¬
tion so that it contains 700-1000 ppm of lead, and the adjustment of the check
solution (by addition of standard lead solution) so that it contains approximately
twice the concentration of lead in the test solution. Studies of the precision have
confirmed the suitability of these limits.

Precision

To determine the precision, multiple readings were taken using a standard solution
of lead nitrate in distilled water and also test solutions prepared from lead alloys. The
precision of the readings was calculated in terms of the standard deviation using the
formula:

standard deviation 2*2
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where x is the deviation from the mean reading and n the number of readings. The
following observations were made:
(1) The best precision was obtained only within the optimum limits set earlier in this
paper.
(2) The precision is greatly improved by considering the mean of three readings,
which emphasises that multiple readings, preferably nine for the optimum precision,
should be taken with every test solution. Because a single reading takes less than
0-5 min and consumes only a very small volume of liquid, taking multiple readings is
not considered to be a disadvantage of this technique.
(3) If a single reading is taken, the average standard deviation indicates the possibility
of errors of the order of ± 10 % (coefficient of variation) in the calculated lead contents
of the sample. On the other hand, if the mean of three readings is taken, and only
those samples which satisfy the concentration limits suggested earlier are considered,
a precision of ±3-5% (coefficient of variation) is obtained. This precision gives a
measure of the instrumental variables, e.g., flame fluctuation, atomising rate, variation
in drop size, etc.

A ccuracy and reproducibility
Multiple samples of a number of alloys containing certified lead contents were

analysed by flame photometry. The lead content of each sample was obtained by
taking the mean of at least six transmittance readings in equation (2). The results
obtained with these individual samples were used to calculate the reproducibility of
the whole technique comprising both the sample preparation and the flame photometry
proper. The reproducibility with lead was found to be ±4-6% (coefficient of vari¬
ation). This can be compared with the reproducibility of ±4-5 % (coefficient of vari¬
ation) obtained with titanium, another weak emitter.

The lead content of each alloy was finally calculated by averaging the results
obtained with three samples of the alloy. The results are set out in Table I.

Table I.—Reproducibility and accuracy of lead analysis

Description
of samples

Number
of tests

Mean lead
content

found, %

Standard
deviation,

%/o

Coefficient
of variation,

V/o

True lead
content,

V/O

Error as

% of lead
content

Solder A:
43% Pb,
56-9% Sn. 9 40-9 ±2-5 6-1 43-0 4-9

Solder B:
60-1 % Pb,
39-6% Sn.

12 60-1 ±3-8 6-2 60-1 00

White metal
A: 3-90% Pb,
84-0% Sn,
7-50% Sb,
4-10% Cu.

4 3-63 ±015 4-1 3-90 7-4

White metal
B: 84-5 %Pb,
5-09% Sn,
10-4% Sb.

3 84-5 ±3-7 4-4 84-5 0-0
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DISCUSSION

The main advantages of flame photometry include the relative speed of determi¬
nation and a minimum of chemical preparation or element separation required before
an analysis. Increased speed generally results in some loss in accuracy.

The flame photometric determination of lead possibly provides an extreme case,
because the excitation of lead with an oxy-hydrogen flame results in lines of very low
intensity. However, it has been established, by this study, that a satisfactory analysis
can still be achieved if suitable limits of lead concentration are chosen and multiple
readings are taken. The lead determinations are reproducible to ±5% (coefficient of
variation). This low reproducibility arises from the instrumental variables inherent in
the present flame photometer which give a reproducibility of ±3-5% (coefficient of
variation) with standard lead solutions. It is, therefore, emphasised that the results
obtained, in this study, represent the accuracy and precision that may be obtained by
using the present flame photometer. Increased sensitivity can be obtained by using
a photomultiplier attachment, and the precision could be improved by better instru¬
mentation.

An alternative approach to increased accuracy and precision is that recommended
by Dean,1 who suggests the extraction of lead into organic solvents with direct aspi¬
ration of the organic phase into the flame. The enhancement of emission sensitivity
caused by the organic phase has been clearly demonstrated with gasoline, but for
safety reasons organic solvents should only be used with flame photometers fitted with
an integral aspirator-burner. The Hilger attachment is fitted with a separate glass
spray chamber. Because of the hazard of explosion within the glass spray chamber,
the beneficial effect of organic solvents was not investigated in this study.

II—TITANIUM

Various methods have been used for the determination of titanium in metal alloys
and other materials2'7 but there is no record of the use of flame photometry for its
determination. Titanium does not exhibit any emission lines but emits a series of
overlapping oxide bands. As mentioned in an earlier study,8 low emission intensity
bandheads are given at 2497, 518 and 715 m/i; the bandhead at 2518 m/i has been
found to be the most sensitive. However, many other oxide band systems emit radi¬
ations in the same spectral region.

Flame spectrum

Fig. 4 shows the flame spectrum of titanium in which the experimental conditions,
etc., were as for lead.

The following are the characteristic features of the spectra of titanium:
(1) A series of completely overlapping bands originating from TiO.
(2) The TiO bandhead at 2518 m/i.
(3) The TiO bandhead at 2497 mp, which is less sensitive than that at 2518 m/i.

All other bands are from flame background, the most prominent of which are
the OH3064 A system, the Schumann-Runge 02 emission system in the 2310-437
m/r region, and the C2 Swan bands in the 2437-653 m/i region (only up to 2620 m/i
has been shown in the spectrum).

The spectra obtained by plotting the galvanometer-scale readings were better than
those taken with a recorder with a 0-5 mv full-scale deflection.
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Wavelength, m/v

Fig. 4—Flame spectrum of titanium.

Calibration curve

The intensity of emission of a series of standard titanium solutions at A518 m[x was
measured against that of solutions containing from 10 to 2000 ppm of titanium as
check standards. The results are shown in Figs. 5 and 6. It can be seen from these

1001
90 -

Titanium (conc. x I to 2-5), ppm

Fig. 5—Calibration curve of titanium emission at A 518 m/u:
(I) 0-10 ppm; check titanium, 10 ppm; slit-width, 10 mm.
(II) 0-25 ppm; check titanium, 50 ppm; slit-width, 0-5 mm.

curves that the relationship between the intensity of emission and the concentration
of titanium is linear when a check standard of 200 ppm or less of titanium is used.
With higher concentrations of titanium in the test solutions and check standards, the
calibration curves become convex in shape because of self-absorption, the convexity
increasing with increasing concentration. At 1000 ppm or above, the calibration
curve becomes parabolic, and the emission increases as the square root of the concen¬
tration.

Accordingly, for flame photometric studies, it is desirable, but not essential, to use
a standard check solution containing from 10 to 200 ppm of titanium, and unknown
test solutions of lower concentration. In these conditions, a precision in emission
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readings (expressed as standard deviation) of ±3-5%, corresponding to ±7 ppm of
titanium was obtained. By comparison, the precision obtained in emission readings
when a 1000 ppm of titanium solution was used as check standard was ±4-1 % corre¬
sponding to ±41 ppm of titanium.

Interferences
Most of the metals which accompany titanium in a hydrous oxide analytical group

separation were found to interfere with the flame photometric determination of
titanium.

The presence of zirconium and phosphorus had little significant effect on the
intensity of emission of a standard titanium solution, but the following elements
enhanced titanium emission at >1518 m/i, the magnitude of the interference effect

Titanium (conc. x I to 10), ppm

Fig 6.—Calibration curve of titanium emission for 0-2000 ppm of titanium.

This list was not extended further, because the marked intensity of these interfering
emissions demonstrated quite clearly that the flame photometric determination of
titanium could be applied only to solutions which were virtually free from other
cations. The determination of titanium in steel, alloys, etc., by flame photometry thus
requires an efficient preliminary separation of titanium from most other elements.

Because speed and simplicity are important attributes of flame photometric methods
of analysis, the separation procedure used to isolate the titanium should also possess
these attributes. A variety of methods of separation of titanium have been proposed6
but few satisfy the essential requirement of speed. Two suitable methods of separation
are presented below.

(1) Separation of titanium as hydrated titanium oxide. A method9'10 of separation
of titanium with ammonia as hydrated titanium oxide from a solution masked with
EDTA, with magnesium sulphate acting as an accelerator, has been used in this study.
This method has the disadvantage that the reproducibility of the separation is of the
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order of ±3-5 %. For flame photometric determination, it is also necessary to reduce,
by reprecipitation, the concentration of impurities in the product initially isolated;
the remaining traces of impurities can be compensated by using the standard addition
method. For the determination of titanium in titanium alloys, the results had a repro¬
ducibility of ±4% (coefficient of variation).

(2) Separation of titanium by solvent extraction. Titanium can be separated from
many associated elements by forming a chelate with oxine, the titanium oxinate being
extracted with chloroform. Because of the pronounced non-selectivity of oxine, most
other elements interfere. However, the pH at which oxine complexes with various
elements differs sufficiently to permit separation by a very close control of the pH.
Further selectivity can be attained by the use of suitable masking agents or a combi¬
nation of masking agents to inactivate the interfering species; a study of this extraction
procedure has been carried out.11 This method of separation has a reproducibility
of about ±5% (coefficient of variation).

Flame photometry of titanium
Although titanium in an organic solvent can be aspirated straight into the flame

with an integral aspirator-burner, thereby increasing the emission sensitivity of tita¬
nium many fold, such a procedure would be hazardous with the present atomiser-

Concentration of titanium found, ppm

Fig. 7.—Correction curve for flame photometric determination of titanium.

therefore, not attempted. In the present procedure the organic extract containing
titanium as the oxinate was washed with distilled water, then titanium was back-
stripped from the organic extract with 20 ml of 10 % sulphuric acid solution containing
3 ml of hydrogen peroxide (100-volume). Titanium reverted quantitatively into the
aqueous phase, hydrogen peroxide facilitating this reversion by forming a very stable
complex with titanium in the presence of sulphuric acid. This aqueous solution
contained impurities which interfered with the titanium emission, and the standard
addition method was therefore used. Even using this method, it was found that the
titanium emission was systematically enhanced, but this enhancement could be com¬
pensated by a correction curve. Fig. 7 shows the correction curve which is nearly
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linear from about 78-117 ppm of titanium (apparent value), corresponding to true
titanium contents of about 50-104 ppm, respectively. The range above 117 ppm of
titanium (apparent value) was not investigated. However, it appears from the slope
of the curve that at higher concentrations of titanium, enhancement of emission from
interferences progressively approaches a constant value. In order that the correction
factor can be applied with the best results, it is, therefore, necessary to adjust the true
titanium contents in the test solution to 50-104 ppm or possibly a higher concen¬
tration. The results have a reproducibility of ±5 % (coefficient of variation) based on
the average of single determinations. The results of titanium analyses are presented
in Table II.

Table II—Reproducibility and accuracy of titanium analysis

(A) Titanium Separated as Hydrated Titanium Oxide
Single

precipitation Double precipitation

Standard Standard Calibration
True Ti addition method addition method curve method

Description content, Number mean Ti content mean Ti content mean Ti content
of samples % of tests found, % found, % found, %

Ferro-titanium
(8 % Al, 5 % Si) 35-3 6 34-3 38-0 37-8

Error as % of Ti
contents -2-8 ±7-6 ±6-6

Aluminium-titanium

alloy 70-1 6 67-5 70-6 66-1

Error as % of Ti
contents -3-7 +0-7 -5-7

Standard deviation of
Ti, ppm (considering
both alloys together)

±14-1 ±5-4 ±7-6

Coefficient of variation,
% (considering both
alloys together)

±10 ±4 ±6

(B) Titanium Separated by Solvent Extraction

Description Certified Ti Number
of samples content % of tests

Mean Ti
content

found %

Standard Coefficient
deviation of variation

"/ V/o /o

Error as

% of Ti
content

B.C.S. No. 235/1,
stainless steel,
18-36% Cr,
8-21 %Ni

0-36 5 0-34 0017 ±5 5-6

DISCUSSION

The separation of titanium by precipitation as hydrous oxide gives better accuracy
and reproducibility than the solvent extraction separation of titanium. This is because
of the extreme dependence of the system involved in the solvent extraction on the pH
of the solution and partly on the concentration of masking agents and interferences.
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This investigation has shown that it is possible to determine titanium by flame
photometry, although limitations inherent in the technique militate against many
practical applications. Probably, the most restrictive limitation is the need to isolate
titanium in a pure form before atomisation into the flame. Most methods do require
a preliminary separation from interferences, but rarely is it necessary to ensure such
complete removal of interferences as in the flame method.

A second major consideration is the existence of absorptiometric methods for
titanium which are comparable in speed to the flame photometric determination and
are far more accurate and reproducible.

The main drawback of the flame photometric technique which is inherent in the
present flame photometers (including spectrophotometers) is its poor reproducibility
and its unsuitability for use with organic solvents. This has a bearing on its application
to any elements. Poor reproducibility arises from instrumental variables, e.g., atomi¬
sation rate, drop size, flame stability, etc. Reproducibility may be improved by better
instrumentation and design, e.g., improvement in atomiser-burner, use of double
beam instruments, etc. Substitution of an integral type aspirator-burner for the present
atomiser-burner with its glass spray chamber, would enable safe use of organic solvents.
Such use of organic solvents, by increasing emission sensitivity many fold, would
extend the application of this technique to much lower limits of concentration, and
also to other elements with very weak emission lines and bands which are not yet
determinable by the flame photometric technique.

Acknowledgement—One of the authors (C. L. C.) wishes to thank the Queen's University of Belfast for
the research scholarship which enabled him to undertake this research.

Zusammenfassung—Die Emmisionspektren von in Flammen ange-
regtem Blei und Titan (beide bekannt als schwach emittierend in
Wasserstoff-Sauerstoff-Flammen) wurden im Hinblick auf eine
analytische Verwendung untersucht. Storungen, besonders fur die
Titanbande bei 518 und Moglichkeiten zur Ausschaltung oder
Minderung wurden gepriift. Methoden zur Bestimmung von Pb und
Ti in ihren Legierungenwurden ausgearbeitet. DerVariationskoeffizient
der Resultate ist ±4—5%. Die Studie zeigt die Vorteile und Be-
schrankungen der Flammphotometrie im aligemeinen Flinblick auf
die Bestimmung auch anderer Metalle.

Resume—Les spectres de flamme du plomb et du titane, qui sont des
emetteurs faibles en flamme oxygene-hydrogene ont ete etudies en vue
d'applications analytiques. Les interferences, en particulier la raie
d'emission du titane a 518 m/r et les methodes permettant de les
reduire ou de les eliminer ont ete etudiees. Des methodes de dosage du
plomb et du titane dans leurs aliiages respectifs ont ete mises au point.
Ces methodes ont ete appliquees au dosage de differents aliiages et leur
precision et leur reproductibilite ont ete determinees. La reproducti-
bilite est de 1'ordre de 4 a 5 %. Cette etude met en lumiere les avantages
et les limitations de la photometrie de flamme.
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Atomic absorption spectroscopy first suggested by Walsh1'2 has become in recent
years a well-established analytical technique. For the determination of small amounts
of elements it has been very successful and a considerable volume of literature has
appeared on the subject. Elwell and Gidley3, who discuss the theory and technique,
indicate that although atomic absorption spectroscopy is suitable for the determina¬
tion of many elements, little if any information has been published for some elements.
For palladium this is particularly true. The literature on atomic absorption spectro¬
photometry has 3 references relating to the determination of palladium4"6. Two
of these references, however, merely restate the work of Lockyer and Hames4,
who determined a number of noble metals, including palladium, by this technique.
The smallest amount of palladium determinable was 2 p.p.m.

The present investigation arose out of a desire to determine palladium in some
platinum metal alloys for which it was hoped the atomic absorption technique
would be satisfactory. However, as the conditions of determination and many
essential details were not available, it was decided to establish these. The results
of the investigation are set out below.

experimental

A standard Uvispek H700 spectrophotometer, fitted with a Hilger H1100 atomic
absorption attachment, was used. A standard Hilger and Watts palladium hollow-
cathode lamp was employed for the line source. Although some trends in the results
indicated that modification of the spraying chamber might be an advantage, no
alterations were made to the standard commercial equipment.

The arrangement of the equipment and the method of operation have been de¬
scribed many times, elsewhere, and will not be repeated here. No modifications to
the usual procedure were made.

results

The effect of lamp current
In the earlier work on palladium4 the slit-width used was not stated. Therefore,

* Present address: The Laboratories of M.T.A., Ankara (Turkey).
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with a wide slit-width of 1.00 mm, the lamp current conditions were first investigated.
The results obtained on spraying a 50 p.p.m. Pd solution (as PdCl2) are shown in
Table I. From a series of results the best lamp current was concluded to be 44.5 mA.

TABLE I

EFFECT OF LAMP CURRENT

(Slit-width: i.oo mm; air pressure: 20 lbs/sq. in.)

O.D. Lamp current (mA)

0.017 39o
0.016 30.0
0.009 20.0
0.019-0.020 44.5
0.020-0.021 60.0

TABLE II

CHOICE OF WAVELENGTH

(Solution sprayed: Pd, 50 p.p.m. in water; slit-width: 1.00 mm; air pressure: 20 lbs/sq. in.;
lamp current: 44.5 mA)

Wavelength (A) (opiUalTensity)
2430 —

2435 O.OIO

2440 0.021

2445 0.034
2448 0.039

2450 0.037
2455 0.022

2460 0.012

2465 O.OIO

2470 0.015

2476 0.024
2480 0.021

2485 O.OI2

2490 0.005
2495 —

Wavelength
Lockyer and Hames4 in their determination of palladium used the wavelength

of 2476 A. In the present work it was decided to investigate the response at different
wavelengths in the region 2430-2490 A. The results are shown in Table II. All the
results obtained indicated, as shown, that the best response occurred at 2448 A. In
subsequent determinations this wavelength was always used. Outside the range
mentioned in Table II, the sensitivity fell off rapidly.

Slit-width

It became clear in the preliminary investigations that slit-width had a considerable
effect on the response and, as the earlier publication on palladium did not indicate
the slit-width used, the other conditions mentioned in Table II were maintained
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and the slit-width was varied over the range 0.05 to 2 mm. Of the values investigated
slit-widths of 0.225, 0.100 and 0.075 mm showed the best response. However, values
for a slit-width of 0.075 mm were not easily reproducible. The reproducibility of
values at the other 2 slit-widths was examined (Table III). It will be seen that while
the reproducibility with a slit-width of 0.100 mm is quite good, it shows, particularly
for higher concentrations, a bigger spread than a slit-width of 0.225 mm- Because of
these considerations the latter slit-width was used in subsequent work.

TABLE III

REPRODUCIBILITY AT DIFFERENT SLIT-WIDTHS

Pd solution

sprayed
(p.p.m.)

Response (optical density)

Slit-width 0.225 mm Slit-width 0.100 mm

2.0 0.002 0.002 0.002 — — — —

50 0.009 0.008 0.009 0.010 0.008 O.OI I O.OI2 O.OI 1

10.0 0.017 0.019 0.020 0.019 0.018 0.031 O.O24 0.028

25.0 0.042 0.041 0.045 0.043 0.042 0.062 O.066 0.076
50.0 0.062 0.070 0.071 0.072 0.069 0.112 O.I26 0.119

75.O O.082 O.089
IOO.O 0093 O.IOO
125.0 O.IOI
250.0 0.114

Air pressure
In the above determinations the air pressure was held at 20 lbs/sq. in. The effect

of air pressure was investigated with a slit-width of 0.3 mm, a wavelength of 2448 A
and a lamp current of 44.5 mA, a 50 p.p.m. solution of palladium being sprayed.
Pressures of 22, 24 and 26 lbs/sq. in. were tested and the best response and repro¬
ducibility were obtained at 24 lbs/sq. in. (optical density 0.053). This pressure was
used in subsequent investigations.

Propane gas pressure
With the burner an air-propane flame was used throughout the work. The pressure

of the propane was about 2.5 lbs/sq. in. According to Elwell and Gidley3 the time
for a droplet to pass through 1 cm of flame is about 10 msec. Since a part of the time
is required for the droplet to evaporate to dryness and the metal atoms to vaporise,
it would appear that lowering the propane pressure would decrease the velocity of
gases and consequently the velocity at which the droplets pass through the flame,
so that an enhancement of sensitivity might result. Evidence that this does occur
has been given7. In the present work with palladium, evidence was also found that
reduction of the propane gas pressure produced an enhancement of sensitivity, but
pressures could not be accurately altered and determined with the apparatus available
since, below 2.5 lbs/sq. in., 'blow-back' conditions arose too easily for continued use.

The effect of organic solvents
In flame photometry the use of organic solvents miscible with water has frequently

been used to increase sensitivity8.

0.088

O.O96
O.089 O.085 O.I44

O.lGO
O.I42
0.185

0-157
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In atomic absorption spectroscopy an interesting investigation of solvents, miscible
and immiscible with water, has been reported by Allan9. This author found that
in the determination of Cu, Fe, Mn, Zn and Mg, certain organic solvents when added
to aqueous solutions, produced small increases in sensitivity. Further, when the
element is extracted into an organic solvent immiscible with water, gains in sensitivity
up to 7 times were obtained.

In an attempt to improve the sensitivity in the determination of palladium, the
influence of several organic solvents was investigated. The results obtained are shown
in Table IV.

TABLE IV

EFFECT OF ORGANIC SOLVENTS

(Solution sprayed: Pd, 50 p.p.m.; lamp current: 44.5 mA; wavelength used: 2448 A; slit-width:
0.225 mm; air pressure: 24 lbs/sq. in.; propane pressure: 2.5 lbs/sq. in.)

Solvent Response
(optical density)

Remarks

Water 0.072
30% (v/v Methanol 0.097
50% (v/v Methanol 0.104
30% (v/v Ethanol 0.096
50% (v/v Ethanol 0.109

30% (v/v w-Propyl alcohol 0.078
50% (v/v w-Propyl alcohol 0.079 Upper part of flame is

yellowish in colour
30% (v/v Isopropyl alcohol 0.100

50% (v/v Isopropyl alcohol 0.103 Upper part of flame is
yellowish in colour

30% (v/v tert.-Butyl alcohol 0.106 \ Upper part of flame is
50% (v/v tert.-Butyl alcohol 0.109 J yellowish in colour

30% (v/v Acetone 0.090 ) Upper part of flame is
50% (v/v Acetone 0.097 I yellowish in colour

It can be seen from these results that, generally, mixing organic solvents with
water does increase the sensitivity of the determination of palladium. The best result
was obtained with 50% (v/v) tert.-butyl alcohol. Higher concentrations of solvent
were examined, up to 80%, but no improvement over the 50% concentration was
obtained.

In some of the flames as indicated, the upper part was yellowish in colour but the
flame was steady and reproducibility was not affected 'Background' values, i.e.
in the absence of palladium, were low, the highest being 0.013 for 50% isopropyl
and tert.-butyl alcohols.

When an element is sprayed into a flame the factors that the use of an organic
solvent are likely to influence are the concentration of the atoms, or the flame
temperature. The flame temperature for a number of organic solvents has been
measured9; it was found that, while the temperature is lowered, the effect is vei y small.

As far as the concentration of atoms is concerned, it is not supposed that the use
of organic solvents will result in an increase in the rate of vaporisation of the palla¬
dium compound9, or in the degree of dissociation into atoms9-10. The principal cause
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of the increase in sensitivity is thought, therefore, to be an increase in the amount
of palladium reaching the flame. This arises because, with an organic solvent present
droplets are smaller, so that more are sprayed into the flame in a given time than
with water alone.

Mineral acids

Hydrochloric and nitric acids are normally used in palladium solutions to prevent
hydrolysis. The influence of ditferent concentrations of these acids, and sulphuiic
acid, on the response of 50 p.p.m. palladium was investigated as shown in Table V.
The conditions established above for lamp current, etc., were maintained. The optical
densities reported are an average of a series of readings.

TABLE V

EFFECT OF MINERAL ACIDS

A cidity
(M)

Optical density

HCl HNO3 H2SOi

o.i 0.073 0.067 0.061

°-5 0.071 0.067 0.059
1.0 0.068 0.066 °-°55
2.0 0.063 0.065 0.045
5-° 0.056 0.062 0.032

From these results it can be seen that up to 5 M concentration, except in the case
of sulphuric acid, there is only a small decrease in response. Thus, to prevent hydrol¬
ysis in palladium solutions which are to be sprayed into a burner, hydrochloric or
nitric acid up to a concentration of 5 M is satisfactory. Above 5 M in all 3 acids there
is a rapid decrease in response. This effect is not considered to be an anion effect,
but rather to be caused by a change in density of the solution, so that less solution,
and hence less palladium, reaches the burner. Another factor may be the rate of
evaporation of the acid. This is confirmed by the results with sulphuric acid, where
a fall-off in response is observed at much lower concentrations than for the other
more easily evaporated acids. In connection with the investigations on the effect of
acids, acetic acid was also considered. Apart from other factors, the reaction of this
acid in the flame, as shown by the equation

CH3COOH = CH3OH + CO - 34 kcal
is endothermic.

It appeared interesting, therefore, to discover if, by a lowering of flame temperature,
rate of evaporation, or other factors, the use of acetic acid would lead to an enhance¬
ment of the sensitivity for palladium. To test this a solution containing 50 p.p.m.
of Pd under the usual operating conditions was sprayed with the results shown in
Table VI. It can be seen that a marked increase in sensitivity occurs up to 90%
acetic acid.

The behaviour of palladium complexes
The applications of metal complexes in atomic absorption spectrophotometry are

few in number. Allan11 used ammonium pyrrolidine dithiocarbamate to complex
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copper before extraction into an organic solvent which was then sprayed into the
flame with interesting results.

In the present investigation the first complex chosen was palladium pyridine
chloride (Pd (py2) Cl2), which was prepared by the method of Drew et al.12. An appro¬
priate amount of the dried compound was dissolved in ethanol and diluted with water
to the required concentration, i.e., 50% (v/v) ethanol. Results obtained are shown
in Table VII with those for an aqueous solution of PdCl2 and PdCl2 in 50% (v/v)
ethanol for comparison. All the usual conditions of operation were maintained.

TABLE VI

EFFECT OF ACETIC ACID

Solvent Response Background
(without Pd)

Water 0.074 0.00

30% Acetic acid 0.087 0.00

50% Acetic acid 0.091 0.002

90% Acetic acid 0.104 0.005

TABLE VII

EFFECT OF ORGANO-PALLADIUM COMPLEX

Concn.

(p.p.m.)

Response

PdCh
in water

PdCh
in 50% ethanol

Pd (py)z Ch
in 50% ethanol

5
10

25
50
75

100

0.008

0.019
0.041
0.070
0.089
0.100

0.023
0.036
0.063
0.100

0.118

0.125

0.021

0.034
0.067
0.100

0.118
0.118

TABLE VIII

ANALYTICAL RESULTS

Pd present (p.p.m.)
Found from Curve I, Fig. 1

(p.p.m.)
Found from Curve II, Fig. I

(p.p.m.)

Unknowns 40
60

6

39
58

7

41
61

7

Alloy 1 Pd —79.7%
Pt —20.0%

Pd -80.1% (Average of 3 determinations)

Alloy 2 Pd -73.9%
Ag -26.1%

Pd -71.8% (Average of 3 determinations)

It can be seen that, while the results for PdCl2 in 50% ethanol and for the palladium
complex in 50% ethanol are superior to those for PdCl2 in water alone, especially at
lower concentrations, there is little to choose between the two sets of results in 50%
ethanol.

Anal. Chim. Acta, 31 (1964) 197-205



determination of Pd by atomic absorption spectroscopy 203

A nalytical results
With palladium chloride in water, a calibration curve was prepared for amounts of

palladium up to 100 p.p.m. at 3 different slit-widths: 0.3 mm, 0.225 mrrl and 0.1 mm.
The curves for the first 2 slit-widths are reproduced in Fig. 1.

Fig. 1. Calibration curves for amounts of palladium up to 100 p.p.m., at 2 slit-widths: I, 0.22
mm; II, 0.3 mm.

To test the value of the procedure analytically, 3 "unknown" solutions and alloys
were examined by one of us (G.E.). One of the alloys contained palladium and
platinum and the other palladium and silver. No special treatment of the alloys
was required. They were dissolved in aqua regia, the acid was evaporated and the
residue taken up in hydrochloric acid. The results for the "unknowns" and the alloys
are shown in Table VIII.

The extraction of palladium
In the use of the palladium complex above, the complex was dissolved in a mixed

solvent. The possibility of extracting a palladium complex was then investigated.
The complex Pd(py)2Cl2, however, is not readily soluble in many organic solvents.
Investigations were, therefore, undertaken with the complex Pd(py)2(SCN)2 and the
solvent hexone in which the complex readily dissolves. This complex was prepared
by the method of Forsythe et al.13. To a solution containing palladium chloride,
pyridine solution was added until the pH reached a value between 6 and 6.5. The
solution was then transferred to a separation funnel and 1 ml of 40% potassium thio-
cyanate solution added. After 2-3 min, 8 ml of hexone were added and the mixture
was shaken. The hexone phase was removed, transferred to a volumetric flask and
made up to the mark. The solution obtained in this manner was sprayed into the
flame.

A calibration curve for amounts of Pd from 1-100 p.p.m., using the usual operating
conditions, was prepared as shown in Table IX. It can be seen that the response in
hexone is higher than that in aqueous solutions, e.g., 10 p.p.m. Pd in hexone—0.039;
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io p.p.m. Pd in water—0.020. However, against this must be set the high background
value of 0.020 for hexone alone.

One feature of the hexone extraction method is however advantageous. In aqueous
solutions the lower limit for the determination of palladium is 2 p.p.m. With palla-

TABLE IX

CALIBRATION CURVE FOR EXTRACTED PALLADIUM COMPLEX

Pd present (p.p.m.) Optical density a

1 0.022

3 0.026

5 0.031
8 0.036

10 0.039

25 0.058
50 0.083
75 0.103

100 O.IO6

0 Background: hexone alone 0.020.

TABLE X

RESULTS OBTAINED BY EXTRACTION METHOD

Pd present
(p.p.m.)

Pd found
(p.p.m.) Optical density a

O.IO 0.08 0.022

0.20 0.22 0.025
0.50 0.50 0.030

a Not corrected for background.

dium extracted by hexone, on the other hand, it was found that amounts below 2
p.p.m. Pd could be determined quite readily. The results for 3 solutions of complex
in hexone, containing amounts of palladium below 1 p.p.m. are shown in Table X.
The method used was exactly the same as that outlined above for amounts exceeding
1 p.p.m. Pd. The determination of palladium by atomic absorption spectrophoto¬
metry is both convenient and rapid, and suitable for the determination of the ele¬
ment. The method recommended is either, with the use of a simple salt or complex
in a mixed solvent, e.g. 50% ethanol, or by means of a complex soluble in an organic
solvent. For very small amounts of palladium the latter is particularly suitable.

SUMMARY

A commercial atomic absorption spectrophotometer was used without modification to establish
the most suitable operating conditions for the determination of palladium. A study of the effect
of organic solvents miscible with water, and of acids was then carried out. In general, organic
solvents led to increased sensitivity. With a complex of palladium, Pd(py)aCl2, in 50% ethanol,
the sensitivity was also enhanced and, with a hexone solution of the complex, Pd(py)a(SCN)2,
amounts of palladium below 2 p.p.m. could be determined.
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RESUME

Les auteurs ont etabli les conditions operatoires pour le dosage du palladium, en utilisant un
spectrophotometre par absorption atomique. lis ont examine l'influence des solvents organiques
et des acides. Avec un complexe de palladium Pd(py)2(SCN)2, en solution dans l'hexone, des
teneurs en palladium inferieures a 2 p.p.m. ont pu etre determinees.

ZUSAMMENFASSUNG

Fiir ein handelsiibliches, nicht verandertes, atomares Absorptions-spektralphotometer wurden
die giinstigsten Arbeitsbedingungen zur Bestimmung von Palladium festgelegt. Der Einfluss von
Sauren und mit Wasser gemischter, organischer Losungsmittel wurde untersucht. Im allgemeinen
fiihren organische Losungsmittel zur Steigerung der Empfindlichkeit. Der Komplex Pd(py)2Cl2
in 50%igen Athanol verbessert die Empfindlichkeit ebenfalls. Mit einer Hexonlosung des Kom-
plexes Pd(py)2(SCN)2 konnten weniger als 2 p.p.m. Palladium bestimmt werden.
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The Determination of Copper in Sea Water by Atomic

Absorption Spectroscopy

Robert J. Magee and A K. Matior Rahman*
Department of Chemistry, The Queen's University, Belfast.

INTRODUCTION

The determination of trace metals has in recent times gained

considerable analytical significance. Many methods and techniques

have been applied to this end with varying degrees of success.

1. 2.
The development of atomic absorption spectroscopy by Walsh

however, provided a technique which has been particularly useful in

the determination of trace metals, due to its reduced susceptibility

to interference. In this respect it is superior to emission spectro¬

scopy, and flame photometry, two techniques of great value in trace

metal determination.

In the short time since its innovation, a large volume of

literature has appeared on the application of this technique to the

3
determination of small amounts of metals in various materials .

4
Allan used the technique successfully for the determination of

5
trace metals in agricultural materials, while Menzies reported on

6
its use for the analysis of industrial alloys, and Erinc and Magee

used it for the determination of palladium in Platinum Metal alloys.

* Present Address The Central Testing Laboratories, Government of
Pakistan, Karachi.



Sea water contains very small concentrations of metals such as

7
copper, zinc and nickel. Fabricand ©t al., employed atomic

absorption spectroscopy for the determination of metal concentrations

in water from the Pacific and Atlantic oceans. However,

investigation of this type are not numerous, and the lack of reliable

measurements on trace constitutents has been pointed out by several
8

authors. The present work was undertaken to investigate the

minimum amount of copper which could be determined by atomic

absorption spectroscopy, with the purpose of using the method for the

determination of copper in sea water. In the following pages the

results of these investigations are reported.

EXPERIMENTAL

A standard Uvispek H 700 spectrophotometer, fitted with a

Hilger H 1100 atomic absorption attachment, was used.

For the line source a standard Kilger and Watts copper hollow-

cathode lamp was employed. Although trends in the results indicated

that modification of the spraying chamber might be an advantage, no

alterations were made to the standard commercial equipment.

The regular arrangement of equipment and method of operation

were used throughout. These have been described often, elsewhere,

9
and will not be repeated here. Gatehouse and Willis established

conditions for the determination of copper by the atomic absorption

method. However, the instrument used was different to that in the



present work and experience has shown that conditions are very much

dependent on the apparatus used. The optimum conditions for the

particular instrument used in the present work were, therefore,

investigated. The results are shown below:

The effect of lamp current

9
In their work Gatehouse and Willis found that the spectral

line at 3248 % was the strongest for the measurement of the absorption

of copper. In investigations on the lamp current, therefore, this

wavelength was used. An aqueous solution of copper sulphate

(CuSo^ .5H20), containing 100g atom/litre of Cu was sprayed into
the flame. The results are shown in Table I.

TABLE I

EFFECT OF LAMP CURRENT

(Slit width: 0.25 mm.; air pressure: 20 Ibs/sq. in.; Propane Gas

pressure: 2 lbs/sq. in.)

Lamp current (mA) Response (O.D)

4.5 0.112

10.0 0.105

14.5 0.102

19.5 0.095

24.0 0.094

23.5 0.092

34.0 0.085



Maximum response was obtained at a lamp current of 4.5 raA which was,

therefore used in subsequent investigations.

Slit-width

In the instrument used by the earlier workers 9, a slit-width

of 3 mm. was considered best for maximum absorption by copper at

3248 X. The spectrophotometer used in the present work, however,

provided for slit-widths up to a maximum of 2 mm. It was necessary,

therefore, to determine the optimum slit-width. The results are

shown in Table II.

TABLE II

EFFECT OF SLIT-WIDTH

(Wavelength: 3248 X; lamp current: 4.5 mA; air pressure; 20 lbs/sq.in

propane gas pressure: 2 lbs/sq.in; solution sprayed: Cu, 100^ig.atom/l

in water)

Slit Width (mm) Response (0.D)

0.50 0.108

0.45 0.108

0.40 0.110

0.35 0.110

0.30 0.1105

0.25 0.1112

0.20 0.1113

0.15 0.1114

0.10 0.120



Although the response Increases at lower slit-widths, it was not

considered desirable to use these, as results below a slit width of

0.25 ram. were not easily reproducible. For a lamp current of 4.5 rnA

best results were always obtained using a slit-width of 0.25 - 0.3 ram.

Effect of Air/Propane Gas Pressures

An air/propane gas flame was used throughout the work.

Investigation of the gas pressure was considered necessary since,

3
according to Elwell and Gidley , the time for a droplet to pass through

1 cm. of flame is about 10 m sec, so that lowering the gas pressure

should decrease the velocity of the gases and, consequently, the

velocity at which the droplets pass through the flame thereby

enhancing the sensitivity. The results for air and propane gas

pressures are shown in Tables III and IV, respectively.

TABLE III

EFFECT OF AIR PRESSURE

(Slit-width: 0.25 mm, lamp current: 4.5 mA; propane gas pressure:

2 lbs./sq.in; wavelength: 3248 X ; solution sprayed: lOOy^g.atom/litre Cu)
Air pressure (lbs/sq.in) Response (O.D)

20 0.124

22 0.125

24 0.132

25 0.134

27 0.137

29 0.138

30 0.137

32 0.134

34 0.132
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Table iv

EFFECT OF PROPANE GAS pressure

(Slit-width: 0.25, air pressure: 29 Ibs/sq.in; lamp current: 4.5 ma;

o

wavelength: 324S A; solution sprayed: IGO^ug.atom/l Cu)
Propane gas pressure (Ibs/sq.in) Response (O.D)

1 0.126

1.5 0.129

2 0.134

2,5 0,134

3 0.133

Increase in the propane gas pressure above 3 lbs/sq.in produced

a tendency to Luminosity in the flame. From the point of view of

response and reproducibility an air pressure of 29 lbs/sq.in. and

a propane gas pressure of 2 lbs/sq.in. were found to be most suitable

for aqueous solutions of copper.

Burner position

In spraying aqueous solutions of copper, the position of the

burner was found to have a marked influence on the response. This

can be seen in the results shown in Table V.



TABLE V

EFFECT OF BURNER POSITION

(SIit-width: 0.25 cm; air pressure: 29 lbs/sq.in; lamp current:

4.5 mA; wavelength: 3248 A; solution sprayed: 4Cyu.g.ato&V'litre)
Burner Position Response (0.0)

LOWEST MARK 8 0.040

5.5 0.046

2.0 0.052

HIGHEST MARK 0 0.053

It will be seen that an aqueous solution of copper sprayed into the

flame gives maximum response at the highest burner position.

Analytical Results

Using the above optimum conditions for maximum response, a

series of copper solutions, prepared from copper sulphate, ranging

from 250yu.g/litre to lO/cg/litre wero sprayed into the flame and the

response recorded. The values obtained are shown in Table VI.

TABLE VI

RESPONSE FOR VARYING AMOUNTS OF COPPER

Copper present Response (0 ,P)

250 0.0055

200 0.0047

150 0.0037

100 0.0025

50 0.0015

25 0.001°

10
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The values shown for the response are an average of a series of

readings at each concentration. Below 25yU-g/litre of copper a

sensible response was not obtained.

For different amounts of copper a calibration curve was

obtained and is shown in Fig. I.

Copper in Sea Water

The method was applied to the determination of copper in sea

water drawn from the Belfast Lough. Satisfactory results could not
i

be obtained, however, because of interference from other elements

present in the sea water, principally sodium. In order to overcome

this difficulty with the direct method, a new approach was made by way

of copper complexes and their selective extraction into organic solvents.

The behaviour of copper complexes

The use of metal complexes sprayed into the flame from organic

solvents is not extensive in atomic absorption spectroscopy. Erinc

and Magee determined palladium by extracting the palladium pyridine

thiocyanate complex in hexone and spraying it into the flame. More
10

particularly, Allan formed the ammonium pyrrolidine dithiocarbamate

complex of copper and extracted it into ethyl acetate. This extract,

sprayed into the flame gave an enhancement in sensitivity for the

copper absorption.

In the present work, the reagent ammonium pyrrolidine

dithiocarbamate could not be readily obtained, so that preliminary



investigations were begun with the widely used complexing agent for

copper, sodium diethyl dithioearbamate. This reagent forms complexes

with copper which are readily soluble in carbon tetrachloride, chloro¬

form and xylene. However, all of the extracts of the copper complex

were found to be unsuitable. Spraying into the flame resulted in an

unstable, sooty flame giving inconsistent responses. Further, in the

case of carbon tetrachloride, a large volume of chlorine was evolved

in the flame. The reagent used by Allan, ammonium pyrrolidine

dithiocarbamat* was prepared after the method of Maiissa and

Schoffmar.1". Results using this reagent showed that the copper

complex in ethyl acetate, when sprayed into the flame, yielded an

increase 4-6 times that for the same concentration sprayed from

aqueous solution. A procedure which was found to operate satisfactorily

is as follows:

Procedure

1. To 25 ml. of an aqueous solution of copper in a 50 ml. separating

funnel, add 1 ml. of a 1% ammonium pyrrolidine dithiocarbamate

solution in water.

2. Shake the mixture v/ell for 15-20 sec, and add 10 ml. of ethyl

acetate. Shake for a further minute.

3. After separation of the phases, remove the lower aqueous phase.

Filter the acetate phase into a volumetric flask and make up to the

mark.

4. Employing the conditions derived above for operation of the atomic

absorption spectrophotometer (Rote 1), spray the acetate extract into
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the flame and record the response.

Note 1

Investigations showed that all the conditions determined for

aqueous solutions of copper gave optimum response with the acetate

extract, except one - Burner position. Results for a 4Cy^g.atom/litre
solution of copper extracted into ethyl acetate as the complex are

shown below:

Burner position Response (O.D)

Lowest mark *8' 0.215

'5.5* 0.200

*2' 0.130

Highest mark *0' 0.110

It will be seen that unlike the aqueous solution maximum

response occurs at the lowest Burner position.

Analytical Results

Using this procedure the response for copper concentrations in

the range 2.5yxg/litre to BSO^g/litre was measured. Results are
shown in Table VII.
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TABLE VII

Response for varying amounts of copper
using extraction procedure.

Cu concentration jag/litre) Response <0.D)

2.5 0.0115

5 0.0140

10 0.0170

25 0.0210

50 0.0280

100 0.0330

250 0.0510

BLANK (Background reading) 0.008

Results shown at each concentration represents an average value for

a series of results. A calibration curve was prepared for the range

of concentrations and is shown in Pig. 2.

Determination of Copper in Sea Water

It was indicated above that difficulties arise in the direct

determination of copper in sea water due to interference from other

elements, particularly sodium.

Before applying the extraction method to the determination of

copper in sea water, the influence of large excesses of sodium and

magnesium on the method was investigated. To copper solutions of

known concentration (2.5 - 250^.8/11^6), sufficient sodium chloride

and magnesium chloride was added to make the solutions 16% in the

former and 1% in the latter. Results are shown in Table VIII.
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Figures in parenthesis are those obtained for solutions of the same

concentration of copper, but without the addition of sodium and

magnesium ohiorides.

TABLE VIH

Effect of sodium and Magnesium Chloride on results for copper

Copper concentration (/eg/litre) Response (0,D)

2.5 0.0120 (0.0115)

5 0.0145 (0.0140)

10 0.0175 (0 .0170)

25 0.0215 (0.0210)

50 0.0265 (0.0260)

100 0.0335 (0.0330)

250 0.0515 (0.0510)

The result shown at each concentration represents the average of a

series of results.

It will be seen that in the presence of Sodium and Magnesium

only a very small increase in the response was observed.

It was supposed that the small increase in the response was

due to the presence of traces of heavy metal Impurities eomplexed and

extracted in the same way as copper. Ethylene diamine tetra acetic

acid (E.D.T.A) was added as a masking agent to the solution, under

test, prior to formation of the copper complex and the determinations

shown in Table VIIIrepeated. In this way the small increase in the

response at each concentration measured was eliminated. For the
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determination of copper in seawater the procedure just discussed

was used, with the addition of E.D.T.A. to the samples before complexing

and spraying into the flame.

The seawater was drawn from the Belfast Lough at a depth of

2 feet below the surface and, after sampling, was analysed with the

following results:

(a) 2.001itre

(b) 1.75yug/litre
(c) 1.75yug/litre
(d) 2 .OOyU-g/litre
(e) 1.75yiLg/litre

The average value for these 5 groups is 1,85yU_g/litre of copper.

The values obtained are very similar to those obtained by

8
Fabricand et al., for seawater drawn from the Atlantic and Pacific

12
oceans, and to those of Chow and Thompson . The latter workers used

a spectrophotometry method for the determination, while the former

employed atomic absorption spectroscopy. It would appear, therefore,

that the copper content of seawater does not vary markedly from the

Irish sea to the Pacific ocean.

SUMMARY

A commercial atomic absorption spectrophotometer was used without

modification to establish the most suitable operating conditions for

the determination of copper. Using the direct method of spraying

aqueous solutions of copper into the flame, the minimum of copper
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which could be determined was 25yLcg/litre. This method was not,
suitable, however, lor the determination oi copper in seawater.

A method based on the extraction of the copper - ammonium

pyrrolidine dithiocarbamate complex into ethyl acetate und spraying

into the flame was found to be satisfactory and gave a marked increase

in sensitivity, The method on application to the determination of

copper in the Irish sea CBeiiast Lough) gave an average value of

1.85yu.g/litre.
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INTRODUCTION

Diffuse reflectance spectroscopy is a technique in which the light scat¬
tered from a finely divided material (in contrast to normal reflectance as
from a plane mirror) may be used to derive a spectrum as characteristic
as the absorption spectrum of the substance in solution. Despite the fact
that the obvious inherent characteristics of diffuse reflectance spectroscopy
indicate that it has possibilities as an analytical tool (1), the technique
has been used but little in analytical chemistry (2).

Sakuraba (3) used the technique for the determination of cobalt, cop¬
per, and ferric iron by employing ammonium mercuric thiocyanate as a
precipitating agent. The reflectance of the precipitate was measured at
500 and 605 mp. Quantitative determination of Cu++ and Co++ could
be made with a maximum error of 10%. Apart from this work no appli¬
cation appears to have been made of the technique in the analytical
chemistry of inorganic substances.

The reagent tetraphenylarsonium chloride reacts with a cobaltous salt
in the presence of thiocyanate to form a blue precipitate of tetraphenyl¬
arsonium cobaltous thiocyanate [{(C6H5)4 As}2 Co(CNS)4]. In the course
of investigations of complexes of cobalt in this laboratory, it appeared
that the amount of cobalt in the precipitate of tetraphenylarsonium co¬
baltous thiocyanate might be determined by diffuse reflectance spectro¬
photometry.

This technique has never been used for the determination of cobalt.
Affsprung (4), however, found that the precipitate dissolved readily in
chloroform to give a blue solution which could be used for the spectro-

51
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photometric determination of cobalt. Shinagawa et al. (5) used the com¬
pound tetraphenylphosphonium chloride for the determination of cobalt
spectrophotometrically. This reagent forms tetraphenylphosphonium co-
baltothiocyanate, which dissolves in chloroform. The solution shows maxi¬
mum absorption at 620 mp.

As no use appeared to have been made of the precipitate tetraphenyl-
arsonium cobaltothiocyanate for the determination of cobalt by diffuse
reflectance spectrophotometry, investigations were carried out to this end.
The results of these investigations are reported below.

EXPERIMENTAL

Apparatus and Reagents
Reflectance measurements were made with a Hilger "Uvispek" spectro¬

photometer provided with a reflectance attachment.
Tetraphenylarsonium chloride: a 2% (w/v) solution was used.
Potassium thiocyanate: a 50% aqueous solution of AnalaR grade re¬

agent was used.
Cobalt standard solutions. These were prepared from a stock solution

of AR-Co(No3)2-6H2 O containing 4.9591 g per liter. The cobalt present
in the solution was determined by using Nitroso-R-salt.

Reflectance Spectrum of Tetraphenylarsonium Cobaltothiocyanate
(TPACT)

Aliquots of the standard cobalt solution were taken and the optimal
conditions for precipitation of tetraphenylarsonium cobaltothiocyanate
were investigated. It was found that at pH 3.51 precipitation was quan¬
titative. Therefore, the following procedure was used to prepare the re¬
flectance spectrum: an aliquot of standard cobalt solution containing 500
|.ig of cobalt was taken and 5 ml of 50% potassium thiocyanate solution
added. The pH was adjusted to 3.5 and 2 ml of the tetraphenylarsonium
chloride reagent was added. A blue precipitate consisting of a mixture
of tetraphenylarsonium cobaltothiocyanate and tetraphenylarsonium thio¬
cyanate was formed. The solution and precipitate were placed on a boiling
water bath for % hour during which time the precipitate of tetraphenyl¬
arsonium thiocyanate dissolved and the pure, granular precipitate of tetra¬
phenylarsonium cobaltothiocyanate settled to the bottom of the beaker. The

1 The pH range is not critical. Good precipitates are obtained between pH 3.5
and 5.0; outside this range, however, the precipitate has a tendency to dissolve.
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precipitate was set aside for 4 hours at room temperature before filtering.
After filtering the precipitate was dried to constant weight. This method
of precipitating tetraphenylarsonium cobaltothiocyanate was found to be
quantitative, since cobalt was not found in the filtrate.2

The dried precipitate was ground to a fine powder in an agate mortar
and placed in the cavity of the sample holder of the reflectance attach¬
ment. For small quantities of sample it is convenient to fill the cavity
partly with paraffin wax. As nonabsorbing standard, MgO, was chosen.
It was first ground to a fine mesh in an agate mortar and dried to con¬
stant weight before being placed in the cavity of the reflectance attach¬
ment. The standard prepared in this way was found to be superior to
that obtained by burning magnesium ribbon and "smoking" a disc, as
the latter tended to flake off easily on movement of the holder.

The diffuse reflectance spectrum of tetraphenylarsonium cobaltothio¬
cyanate was now determined relative to MgO in the range 450-750 mp.
The spectrum which inhibits a strong peak in the region 620—630 mp is
shown in Fig. 1. The absorption spectrum of TPACT dissolved in chloro¬
form is shown for comparison in Fig. 2. The reflectance and absorption

2 Although no cobalt is found in the filtrate, this does not mean the method can
be used for the gravimetric determination of cobalt. Because of the co-precipitation
of tetraphenylarsonium thiocyanate, the method cannot be used gravimetrically.

Figl Diffuse Reflectance Spectra

2 6 r of (TP^C0(CNS)(

500 600 700 800

Wavelength

Fig. 1. Diffuse reflectance spectra of (TPA)2 CO(CNS)4.
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Wa vcIc ng t h

Fig. 2. Absorption spectra of (TPA)2 CO(CNS)4 in chloroform.

spectra agree essentially in all details, but the peak at 620-630 mp in the
former is much broader than in the latter. This is due to the super-

imposition of normal reflections from small crystallites on the scattered
light. The broadening of the peak was eliminated by measuring the re¬
flectance of the compound adsorbed on the surface of an adsorbent which
can be used as a reference standard (2). As it was the intention in the
present investigation to use the procedure for the determination of cobalt,
it was felt that the broadening of the peak around 620-630 mp should
be minimized. This was done by mixing the compound with the reference
standard in an intimate mixture by grinding. With this procedure a much
sharper peak at 625 mp was obtained which was used for the determina¬
tion of cobalt by reflectance measurements.

The Determination of Cobalt

The most extensive theory of diffuse reflectance is that by Kubelka and
Munk (6, 7), who derived the expression:

(1 — Rm)2
F(R„) : — = k/gV '

2RX

where Rx = I sample// standard (/ = reflectance from sample; oo =
diffuse reflectance), k is the absorption coefficient, and 5 the
scattering coefficient.
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When the sample is diluted with the reference standard, however, the
Kubelka-Munk relationship may be written as:

F(Roo) = (1~R:°)" = 2.303 e' + C<7S)
ZK-or,

where e' is the molar extinction coefficient and C is the molarity. This
latter relationship is obviously analogous to the Beer Law for solutions
and may be checked by determining F(RX) at a given wavelength for a
given mean particle size of adsorbent at different concentrations of ad¬
sorbed material.

To test the Kubelka-Munk function, solutions of known cobalt content
were precipitated by the procedure outlined above. The precipitate was
dried at 120°C and different weights of the precipitate corresponding to
a range of amounts of cobalt were ground in an agate mortar with 200 mg
of MgO. The value of Rx was measured for each sample against a refer¬
ence standard of MgO. The results are shown in Table 1 and are plotted
graphically in Fig. 3. It is seen that the values of Rx at 625 mp when

TABLE 1

Amounts of Cobalt Used for Calibration Curve

Sample No. Amount of Co + ■+" (|4g) Amount of MgO (mg)

1 55 200

2 110 200

3 165 200

4 220 200

5 275 200

6 330 200

7 385 200

8 440 200

plotted against concentration lie on a straight line, showing that the
Kubelka-Munk function holds well.

The Effect of Tetraphenylarsonium Thiocyanate (TPAT)
Before using the procedure for the determination of cobalt in "un¬

known" samples, the effect of tetraphenylarsonium thiocyanate was in¬
vestigated. As in the procedure outlined, it is a simple matter to keep
TPAT in solution. However, when reagents are added in excess, such as
in the treatment of unknown samples, it is not possible to prevent co-

precipitation of TPAT with TPACT.
Both compounds were prepared in a pure state. TPACT is a bright blue,
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Fig. 3. Standard graph of the precipitate of TPA2 CO(CNS)4 at 630 m|i.

granular substance which rapidly settles on precipitation. However, it is
not easily admixed with MgO. TPAT is a white, flocculent compound
which does not settle easily on precipitation. It mixes easily with MgO.
The diffuse reflectance spectrum of TPAT does not interfere with that
of TPACT, but, if present, it was found to increase the sensitivity of the
reflectance measurement for cobalt. The co-precipitation of TPAT with
TPACT also assists in the mixing of the complex with MgO.

Determination of Cobalt in the Presence of Nickel

To investigate the influence of nickel on the precipitation of TPACT
and the determination of cobalt, known amounts of the element were
added to the solution of cobalt. The procedure described above for the
determination of cobalt was used, and the results are shown in Table 2.
The spread of results and error varies little from that with cobalt alone,
so that it appears certain that nickel does not interfere in the determina¬
tion of cobalt.

Analysis of "Unknowns"

To test the validity of the method a number of "unknown" mixtures
was analyzed. The results obtained are shown in Table 3. The results are
regarded as satisfactory, the maximum error being about 4%.
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TABLE 2

Determination of Cobalt in the Presence of Different Amounts of Nickel

Sample Ni++ Co + + Co + +
No. added (mg) taken (mg) found (mg) Difference

1 1 1.0 1.062 +0.062
2 SO 1.0 1.0464 +0.0464
3 50 1.0 1.0947 +0.0947
4 100 1.0 0.990 —0.010

5 100 1.0 1.044 +0.044
6 100 2.0 1.9404 —0.0696

7 100 2.0 1.9530 —0.047

TABLE 3

Analysis of "Unknown" Mixtures of Cobalt

Sample No. Co++ present (mg) Co++ found (mg) Difference

1 (a) 2.0 (a) 1.9164 —0.0836

(b) 2.0 (b) 1.9164 —0.0836

2 (a) 1 (a) 1.021 +0.021
(b) 1 (a) 1.011 +0.011

3 (a) 4 (a) 4.05 +0.05

The Influence oj Elements Other Than Nickel

Copper. Copper has been determined colorimetrically in microgram
amounts by Ellis and Gibson (S), who extracted the triphenylmethyl-
arsonium tetrathiocyanatocuprate into dichlorobenzene.

In the present work a red precipitate was obtained on reacting copper
solutions with tetraphenylarsonium chloride in the presence of thiocyanate.
However, the compound was found to be unstable and, on attempting
to dry it, broke down. Its reflectance spectrum therefore could not be
determined.

On adding copper to solutions of cobalt in the determination of the
latter, the copper complex was co-precipitated with that of cobalt. This
imparted a slightly different color to the cobalt precipitate, leading to
negative errors in the determination.

However, the interference of copper was eliminated by treating the test
solution prior to precipitation with KI and Na2S203, thereby reducing the
copper to the monovalent species.

Iron, Chromium, Molybdenum, and Vanadium. All these elements inter¬
fere considerably in the determination of cobalt. The same interference
was observed by Affsprung et al. in the absorptiometry determination of
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cobalt (4). To test how serious the interference was a steel sample was
analyzed for cobalt. The percentage composition of the steel was Co,
4.35%; Cr, 0.86%; Cu, 0%; Mo, 0.55%; V, 0.82%; Fe, 78.2%; and Ni,
0.43.. The individual determinations were made for cobalt. The results
were (1) 4.0%, (2) 3.8%, (3) 3.8% confirming the interference, despite
the presence of ammonium fluoride as a complexing or masking agent for
these metals.

SUMMARY

Cobalt reacts with tetraphenylarsonium chloride in the presence of potassium thio-
cyanate to give a bright blue precipitate of tetraphenylarsonium cobaltothiocyanate
(TPACT). Although precipitation of cobalt is complete under conditions of the
experiment, the method cannot be used for the gravimetric determination of cobalt
because of co-precipitation of tetraphenylarsonium thiocyanate (TPAT). However,
by means of diffuse reflectance spectrophotometry, a method has been devised which
permits the determination of cobalt even in the presence of at least a 100-fold excess
of nickel. The precipitate was found to obey the Kubelka-Munk relationship, and
quantitative determinations could be carried out with a maximum error of less than
4%.

Iron, molybdenum, vanadium, and copper interfere with the determination, but
the interference due to copper may be eliminated by reduction of the cupric salt to
the lower valence.
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THE REFLECTANCE SPECTRA OF TWO SOLVATED URANIUM 8-HYDROXYQUINOLATES

R. J. Magee" and Louis Gordon
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SUMMARY

Cn precipitation of uranyl-8-hydroxyquinolate from homogen¬

eous solution, two different chelates are obtained0 U02(C9H6N0)2

C9H6NOH is dark red whereas [U02(C9H6NO)2]2*C9H6NOH is orange*

On grinding, the dark-red chelate becomes orange. Reflectance

spectra are used to explain the initial color difference as well

as the change in color cf the dark-red compound to orange on

grinding.

''Present address: Department of Chemistry, The Queen's Univer¬
sity, Belfast, Northern Ireland
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In 1961 Bordner et al.1 precipitated two uranium 8-hydroxy-

quinolates from homogeneous solution with 8-hydroxyquinoline gen¬

erated by hydrolysis of 8-acetoxyquinoline. Table I summarizes

the properties of the two precipitates. When the dark-red com¬

pound, U02Q2*HQ, is ground, it assumes an orange color very simi¬

lar to that of (U02Q2)2*HQ. To explain the color differences and

color change on grinding the compound U02Q2*HQ, a study of the

reflectance spectra of the different compounds was undertaken.

The results of this study and the conclusions drawn from it are

reported below.

EXPERIMENTAL

Reflectance and Eye Response Spectra

The reflectance spectra of the following compounds were ob¬

tained with a Cary lit Spectrophotometer:

No Compound Color

2u

1

2g

(u02q2)2-hq

uo2q2.hq

u02q2'hq

dark red

orange

orange
(when ground)

Present address: Department of Chemistry, The Queen's Univer¬
sity, Belfast, Northern Ireland.



TABLE I. PROPERTIES OF THE URANIUM 8-HYDROXYQUINOLATES PRECIPI¬

TATED FROM HOMOGENEOUS SOLUTION

Formula U02Q2*HQ (U02Q2)2°HQ

Color of precipitate dark red orange

pH of precipitation 5.0 6.8

Excess of reagent used
in the precipitation >-v 20-fold1 2-fold1
procedure
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The reflectance spectra of these three compounds are shoxm

in Fig. lb. In general appearance the spectra are very similar.

All exhibit high reflectance in the red region around 750 mp.

Sample 1 (orange) has a smaller reflectance in this region

whereas the reflectances of sample 2u (dark red) and sample 2g

(orange), which are chemically identical, are larger and close

to each other, Between 500-600 mp, or the yellow-orange region

of the spectrum, a decrease in reflectance is observed in the

order 2g > 1 > 2u. At the ultraviolet end of the spectrxm all

three show very small but identical reflectance.

To explain these color phenomena, it is first necessary to

consider eye sensitivity. As a measuring instrument for lumi¬

nosity, the eye is very selective in that it does not respond

equally to radiations of different wavelengths. In the region

500-600 mp, where colors range from green to yellow-orange, the

eye is very sensitive, but in the region around 750 mp (red) it

is remarkably insensitive, A measure of eye sensitivity at nor¬

mal brilliance levels for radiation of different wavelengths is

given by the "Relative Luminosity Factor" (Eye Response), A

part of the values for this factor, given by the I.E.S, Nomen¬

clature and Photometric Standards, American Standards Associa¬

tion, ASA C-U2, 19bl, is reproduced in Table II. The eye exhi¬

bits its maximum response at a wavelength of 555 mp and the values

for other wavelengths are given relative to this.



TABLE II. RELATIVE LUMINOSITY FACTOR (Eye Response)

Wavelength of
Radiation (X) mp Factor

£00 0*323

£10 0.£03
£20 0.710

£30 0.862
£Uo Oe9£U

££o Oo99£
£££ l.ooo

£60 0,99£

£70 0.9£2
£80 0.870

£90 0.7£7
600 0.631

700 0.00U1

710 0.C021

720 o.ooio£
730 0oC00£2
7iiO 0o0002£

750 0.00012

760 Oc00006



Because of the insensitivity of the eye in the red region

around 750 mp, it requires a large difference in reflectance for

the eye to observe the difference. Further, in the region 500-

600 mp, where peak eye sensitivity occurs, small differences in

reflectance will have a considerable effect on the eye0 Thus,

samples 1 and 2g, despite high reflectance around 750 mp as shown

in Figure lb, appear predominantly orange to the eye because of

moderate reflectance in the eye sensitive region whereas sample

2u, which has a reflectance as great as 2g in the red,appears red

because its contribution to the reflectance in the eye sensitive

region is much less in comparison to samples 1 and 2g.

The significance of the color phenomena becomes more appa¬

rent by converting the reflectance spectra values obtained with

the spectrcphotometer to "eye response" spectra, which corres¬

ponds to what the eye actually sees. This is done by plotting

the product of the relative lurrrinosity factor and the reflectance

at a particular wavelength versus the wavelength. The results are

shown in Figure la.

From the graphs it will be seen that sample 2g shows its

highest reflectance at 575 mp (orange) with a smaller contribu¬

tion at 625 mp (red-orange). To the eye, therefore, this substance

will appear predominantly orange but with a reddish tinge to it.

Sample 1 will apoear orange in color0 Sample 2u, on the other hand,

with its major peak at 600-625 mp appears quite red because its
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reflectance in the yellow-orange region is much lower than for

the other two samples.

The reddish tinge in sample 2g can be seen in Plate 1 of

Figure 1, where 1 is the orange precipitate obtained at pH 6.8

[U02Q2)2*HQ] and 2u the dark red precipitate obtained at pH £.0

(U02Q2*KQ). The small difference in color between samples 1 and

2g could be related to a slight difference in structure.

The importance of the eye response spectra becomes quite

evident in that differences in the red region (75>0 mu) which

looked significant in Figure lb now become insignificant to the

eye and that small differences in the yellow-orange region (500-

600 mji) in Figure lb become significant.

The Effect of Particle Size on Reflectance

While the aforegoing discussion gives an explanation for the

colors of the precipitate as seen by the eye, it does not offer

an explanation for the change in color of dark-red sample 2u to

orange on grinding0 The particle size is the principal factor

involved in this phenomenon.

Johnson2 has shown that a strong increase in reflectance

takes place when the particle size of a sample decreases. An

electron microscopic examination of sample 2u (dark red) showed

it to be comprised of particles very much larger than those in

sample 1 (orange). Thus, when 2u is ground, there is an increase



in reflectance in the eye sensitive yellow-orange region around

525 m\i (cf. reflectance values for 2u and 2g in Figure lb). Hence,

2g looks more orange to the eye. However, there is no similar in¬

crease in reflectance around 750 mp. on grinding 2u but this is in

agreement with Johnson's2views that deductions about reflectance

increases on grinding are not accurate where reflectance values are

greater than 0.8, as in the present case.

When samples 1 and 2g are ground to exactly the same particle

size, their reflectance spectra curves are coincident in the

yellow-orange region and differ only in the red region.

The Effect of Precipitation Conditions on the Formation of the

Uranium Chelates

In the simpler uranyl compounds, e.g. uranyl nitrate, the ura¬

nium atom is octa-coordinate. The central atom forms 6 bonds,

partly covalent, which are in a plane orthogonal to the O-U-O

plane. Thus, the uranyl group will show sexa-covalent character

and involve the use of f-orbitals3. Evidence in favor of this

assumption is based on the strong tendency of the uranyl group to

coordinate molecules of water in the solid state and solution4.

Sacconi et al.5 have also shown that the uranyl group, even when

bonded to two diketone radicals, tends to coordinate donor mole¬

cules. It would appear, therefore, that the uranyl group, even

after reacting with two molecules of 8-hydroxyquinoline, is

"coordinatively unsaturated" and capable of adding further molecules
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of solvation. In such circumstances, the rate of precipitation

and the number of molecules of reagent available might determine

the particular chelate formed.

As seen in Table I, the dark-red compound U02Q2°HQ is pre¬

cipitated at pH 5o0 with a calculated excess of reagent of about

20 fold present whereas at pH 6.8 for the orange precipitate

(U02Q2)2*HQ there is a 2-fold excess of reagent present. For

comparison, two precipitations were carried out with the amounts

of reagent used reversed, i.e. where formerly a 2-fold excess of

reagent was employed, a 20-fold excess was now used and vice-

versa j all other conditions were maintained as before. The re¬

sults were that, whereas previously at pH 6.8 an orange precipi¬

tate had been obtained, a dark red precipitate now formed. The

precipitate obtained at pH 5.0 was still red, although the amount

of precipitate formed was quite small owing to the higher acidity

and the lack of precipitant. The results thus confirm that the

number of available molecules of reagent have a determining in¬

fluence on the particular uranium chelate formed.
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Investigations on the Determination of Micro
Amounts of Platinum Metals Using

Oscillographic Polarography

R. J. MAGEE and W. H. DOUGLAS, Department of Chemistry,
The Queen's University, Belfast, Northern Ireland

Abstract

By the use of oscillographic polarography, the half-wave potentials of the
platinum metals were investigated in the presence of different ligands such as
water, thiocyanate, and cyanide. The change in the half-wave potential due to
the influence of the ligand is compared with the shift of the peak in the absorption
spectrum and a relationship between the two drawn up based on the position of
the ligand in the spectrochemical series. Procedures for the polarographic deter¬
mination of the platinum metals are not numerous because of inherent difficulties,
including a slow electrode reaction, instability of the metal ion in the presence of
mercury, and the close proximity of half-wave potential values. From informa¬
tion derived from the present study, procedures, involving complex formation,
are devised which permit the polarographie determination of some of the platinum
metals.

Many methods have been suggested for the separation and deter¬
mination of platinum metals.1'2 The number, however, which involve
polarography for the determination is very small. This is due to
inherent difficulties associated with the polarography of these metals.
Most of the platinum metals catalyze the reduction of hydrogen ion
at the dropping electrode and, further, the oxidation potentials of
the various couples involving these metals are high, resulting in reduc¬
tion to the metallic state by contact with mercury. It is only within
the past few years that these particular difficulties have been solved,3
mainly by complexing with a reagent which is not spontaneously
reduced, or by using the catalytic current for hydrogen where it is
proportional to the concentration of the metal. Thus, Willis,4 after
a study of the reduction of a number of complex compounds of

853
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rhodium (III) at the dropping electrode, recommended [RhPy6]Cl3 as
the best for quantitative determination. For palladium the same
author5 suggested that several complexes of the metal could be used
analytically within a limited range of concentration. Wilson and
Daniels6 studied the determination of palladium in an ammoniacal
medium (where the complex is [Pd(NH3)4]2+ but found interference
from rhodium and iridium if present. On the other hand, Kolthoff
and Parry7 used the catalytic wave for the decomposition of hydrogen
peroxide in the presence of osmium, as a method for the polarographic
determination of this metal.

Despite this small measure of success the polarographic determina¬
tion of some of the platinum metals is still not very satisfactory. It
was, therefore, the belief of the present authors that satisfactory
polarographic methods for the determination of platinum metals and,
in particular, the more difficult rhodium, iridium, and palladium re¬

quired a fundamental study of the complexes formed with different
ligands. An approach was thus made using the ligand field theory.

Ligand Field Approach
The ligand field theory8'9 deals with the relation of the behavior of

nonbonding electrons in the valency shell of an atom to the symmetry
and strength of the electric field arising from the attached ligands.
This theory has interested chemists in connection with absorption
spectra of complexes (especially those of the transition metals), stereo¬
chemistry, and magnetic behavior. The basic physical idea of the
ligand field theory is that the electrons of the central metal ion tend to
avoid those regions where the field due to the attached negative ions is
largest. This tendency results in the removal of the degeneracy of
the ground state of transition metal ions. Thus, in the case where 6
CN' ligands are brought up to the Fe3+ ion the following occurs:

3 d

Fe3 (free ion)

[Fe(CN)6]3

1 I i I i

;

IT IT 1 IT IT

4s

□

[Tfl

4p

IT It
-dt •

i.e., a set of de orbitals of lower energy, and a set of d7 orbitals of
higher energy are produced.
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The energy of separation (A) between these 2 levels, where the
central metal ion is the same, depends on the strength of the applied
field, i.e., on the incoming ligand. so that changing the field by chang¬
ing the ligand has a significant effect.

From observations of the absorpt ion spectra of metal ions the size
of (A) for almost any metal and set of ligands can be deduced. With
metal ions in their normal valencies the following series for increasing
(A) is found.9

I', Br', CI', F', H20, oxalate, pyridine, NH3, ethylenediamine, NO/, CN'

As already indicated, the method of observation of this effect was
through the absorption spectra of the different complexes. It is
however, a basic observation in polarography that the half-wave
potential of a simple ion is shifted to more negative values by com¬

plex formation. For such a series of ligands as given above, therefore,
the E„ values should become increasingly more negative on going up
the series and, where the central metal ions are different, the amount
of increase for a particular ligand should vary. By this means it
appears feasible that, in the first instance, this might lead to the
simpler polarographic determination of platinum metals by the forma¬
tion of suitable complexes for the different metals. This paper pre¬
sents the results obtained in these investigations, with particular
reference to the metals, ruthenium, rhodium, palladium, and iridium.

Experimental
In all of the following work a K 1000 Cathode Ray Polarograph

supplied by Southern Instruments was used. The ligands with which
investigations were carried out were CF, SCN', pyridine, NH3, CN'.
In general, investigations were begun with the chloro-complex and
the ligand changed through the series. No special conditions were

TABLE I

Polarographic Behavior of Five Platinum Metals in Complexes with Ligands

Metal/Ligand ci' scn Py nh3 cn-

Ru x x x x x
Rh x x x x x
Pd — — x x x
Os
Ir



856 MICROCHEMICAL TECHNIQUES

necessary to effect the ligand change. In Table I the polarographic
behavior of five of the platinum metals in complexes with these ligands
is shown. The cross (X) indicates the presence of a reduction wave
while a dash (—) indicates that no polarographic reduction wave was
formed.

Rhodium

A number of complexes of rhodium were investigated by Willis4 at
the dropping mercury electrode. He found that [Rh(CN)e]3~,
[Rh(NH3)5Cl]2+ [Rh(CNS)6]3-, and [RhPy6l3+ gave clearly defined
polarographic waves and recommended the pyridine conplex for the
determination of rhodium. Repin10 also used the pyridine complex
of rhodium III for the determination of the element.

It will be seen from Table I that, in agreement with Willis, rhodium
gives clearly defined polarographic waves for all the complexes shown.
Of these the best was [Rh(CNS)6]3~ which gave a very clear reduc¬
tion wave at Ev = —0.60 v. (see Fig. 1). The height of this peak
was examined for use in quantitative determinations. The complex

Fig. 1. Polarogram of rhodium thiocyanate (Ep = -0.60 v.).
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was prepared by dissolving the chloro-compound of rhodium in a 1M
thiocyanate solution. To obtain a good wave and ensure quantitative
complex formation it is necessary to boil the mixture for a few minutes
and then cool before polarographing. Amounts of rhodium from
10~3M down were polarographed and a calibration curve was pre¬

pared. This shows very good linearity for peak height with rhodium
concentration. It is possible with ease to determine down to
5 X 10~6M amounts of rhodium. Smaller amounts may be deter¬
mined but minor features of the polarogram are enlarged and accuracy
is forfeited.

Iridium

The determination of iridium polarographically is very difficult.
Most methods have not met with success.5-10'11 Recently Pshenitsyn
et al.12 obtained curves for the reduction of the chloroiridate on a ro¬

tating platinum electrode.
It can be seen from Table I that no polarographic waves were ob¬

tained with any of the complexes due probably to the reduction of
quadrivalent iridium to trivalent iridium, on coming into contact with
mercury. Compounds of the latter are then not reduced before the
reduction potential of the supporting electrolyte. In the present
work, however, it was observed that while the iridium thiocyanate
complex gave no normal reduction wave it did give a well-defined
catalytic wave in the region of —1.63 v. This wave was examined to
see if it was proportional to the concentration of the iridium present.
The calibration curve was satisfactory down to amounts of 5 X 10 _6Af
iridium or less.

Palladium

Willis5 obtained polarographic waves for the cyanide, ammonia, and
pyridine complexes of palladium, but claimed that they could not be
used analytically above 5 X 10 ~SM. Rius and Molera13 on the
other hand contradict Willis and claim that palladium is not reduced
from a cyanide solution. Wilson and Daniels6 studied the conditions
for the determination of palladium in ammoniacal solution and found
that rhodium and iridium interfere in the determination.

In the present work it can be seen from Table I that good polaro¬
graphic reduction waves were obtained for the pyridine, ammonia,
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Fig. 2. Polarogram of palladium pyridine complex.

and cyanide complexes. It was found that the polarographic reduc¬
tion waves for these three complexes are reversible and increase
linearly with the concentration of palladium. The wave of the pyri¬
dine complex is particularly good for the determination of the metal,
and is shown in Figure 2.

Determination of Rhodium, Iridium, and Palladium in the Presence
of Each Other. In the foregoing, it has been shown that methods
have been developed for the polarographic determination of rhodium,
iridium, and palladium. Because of the nature of the determinations
it appeared that they might be used for the determination of the
three elements in the presence of each other—a considerable ad¬
vantage.

Investigations showed that rhodium as the thiocyanate complex,
in the presence of iridium, gives a steady wave independent of the
iridium concentration, so that the calibration curve prepared in the
absence of iridium is unaltered in the presence of this metal.

On the other hand the catalytic wave due to the iridium thiocyanate
complex is dependent on the rhodium concentration as shown in
Table II.
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TABLE II

Rh(III) concentrations
(ml. of 10~3M solution) 5 1 0.5 0

Ep of Ir(IV) catalytic
wave, in volts —0.9 —1.25 —1.35 —1.63

This difficulty is, however, readily removed by carrying out the
determination of rhodium first and then preparing a calibration curve
for iridium with the fixed amount of rhodium always present. The
method was found particularly satisfactory and useful for the deter¬
mination of small amounts of rhodium in large amounts of iridium.
The determinations of equal amounts of the metals in the presence of
one another and large amounts of iridium in the presence of small
amounts of rhodium are equally satisfactory.

The method can be readily extended to include palladium in the
scheme for rhodium and iridium, using the fact that the thiocyanate
complex of palladium is spontaneously reduced at the mercury drop
giving no reduction wave. Palladium thiocyanate-complex gives no

catalytic wave and does not, therefore, interfere with the determina¬
tion of rhodium or iridium. After determination of rhodium and

iridium, another portion of the original sample solution is made 2AI
with respect to pyridine. The pyridine ligand replaces the thio¬
cyanate ligand and a reduction wave is obtained for palladium with

made up to IO m! s

Figure 3.
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Fig. 5. Polarogram of ruthenium pyridine complex at 60°C.
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Ep = —0.4 v. (vs. S.C.E.). This peak is reversible, corresponds to
a 2-electron reduction and is excellent for the determination of pal¬
ladium.

Determination of Rhodium in the Presence of Ruthenium, Os¬
mium, Iridium, and Palladium. When rhodium is complexed with
thiocyanate and polarographed in the presence of osmium, iridium,
and palladium, three peaks are obtained at —0.5, —0.64, and —0.74
v. The peak at —0.5 v. was found to be due to osmium and is an

Concentration in mis

i n I O mis

Figure 6.

adsorption peak and not a normal peak. (Adsorption peaks are
valueless for quantitative interpretation since they show no simple
function with concentration.) The peak at —0.64 v. is, of course, due
to rhodium, while that at —0.74 v. is produced by ruthenium. Cali¬
bration curves produced for different amounts of rhodium showed that
the metal can be determined quantitatively in the presence of these
other metals. It was found that if the drop time is doubled, better
agreement is obtained. Both sets of results are shown in Figure 3.
This figure shows the limit of detection of rhodium. The reduction
wave for rhodium at the limit of detection is shown in Figure 4.
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Ruthenium

Willis5 claims that it is impossible to reduce at the dropping elec¬
trode solutions of the complex cyanides, thiocyanate, ammonia,
pyridine of tri- and quadri-valent ruthenium, because of the stability
of these compounds. De Ford and Davidson14 on the other hand
studied the oxidation of the complex cyanides of di- and trivalent
ruthenium and, using a platinum electrode, obtained well-formed
current-voltage curves.

In the present work it will be seen from Table I that reduction
waves were obtained with all the ligands. In the case of pyridine the
ruthenium complex gave an irreversible reduction at room tempera¬
ture. At 00°C., however, the reaction became reversible and the
polarogram consisted of two peaks. These are shown in Figure 5.
The double reduction peak was found to have potential quantitative
properties.

A calibration curve including both peaks is shown in Figure 6. The
lower limit of determination was about 5 X 10 ~5M with good ac¬
curacy.
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Discussion

J. Jordan (Pennsylvania State University, University Park): As far as the
analytical determination of the platinum metals is concerned, would not this
be feasible by an indirect d.c. polarographic methodology? I have in mind the
measurement of diffusion currents yielded by mercurous and mercuric ions ob¬
tained by galvanic deposition of the more noble metals and the concomitant dis¬
solution of an equivalent amount of mercury. I believe that this procedure has
been successfully used for the polarographic determination of gold.

R. J. Magee: I think what you have in mind is the work of Simpson, Evans,
and Saroff [./. Am. Chem. Soc., 77, 1438 (1955)]. In theory this method should
work for the platinum metals, but unfortunately it is beset by a number of diffi¬
culties. (1) Pd, Ir, Ru, and Rh form difficultly reducible hydroxides and thus
the diffusion current measured is small. (2) The residual current must be meas¬
ured in each case and the true diffusion current obtained by subtraction. (3)
It cannot be used for more than one noble metal since the diffusion current
measured is the summation of both, and there is no way of determining the con¬
tribution of each noble metal. Finally, the testimony of the literature subsequent
to 1955 has shown that the most satisfactory methods are likely to be those which
use a complexing agent to confer stability on the unstable noble metal ion.

J. Jordan: Did the significant variables of the oscilloscopic polarograms cor¬
relate as predicted by the pertinent equations developed by Sevcik, Randies, and
1 lelahay for reversible processes?

R. J. Magee: The significant variables of the height of the peak and the shape
of the peak [Loveland and Elving, Chem. Rev., 51, 96 (1952)] indicated that the
polarograms were reversible, or almost reversible. It seems that small deviations
from reversibility do not prevent the reduction peak from being used analytically.
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Most of the platinum metals catalyse the reduction of the hydrogen ion at the dropp¬
ing electrode and the oxidation potentials of the various couples involving these
metals are high. This results in reduction to the metallic state on contact with mercury.
As a result, the number of polarographic methods available for the determination of
the platinum metals is small. It is only within the past few years that these difficulties
associated with the platinum metals have been solved1, mainly by complexing with
a reagent which is not spontaneously reduced. WiLLrs2 studied the reduction of a
number of complex compounds of rhodium(III) at the dropping electrode and
recommended RhPyeCL as the best for determination of the element. For palladium
the same author3 suggested that several complexes of the metal could be used analyti¬
cally within a limited range of concentration. WrLSON and Daniels4 studied
the determination of palladium in an ammoniacal medium (where the complex is
Pd(NH3)42+), but found interference from rhodium and iridium.

However, it seems that the choice of complexing agent has always been empirical
in nature. In the present work an approach is made to the problem of formulating
principles of choice of complexing agent using the Ligand Field theory.

The Ligand Field theory5'6 deals with the relation of the behaviour of non-bonding
electrons in the valency shell of an atom to the symmetry and strength of the electric
field arising from the attached ligands. This theory has interested chemists in connec¬
tion with absorption spectra of complexes, stereochemistry, and magnetic behaviour.
The basic physical idea of the Ligand Field theory is that the electrons of the central
metal ion tend to avoid those regions where the field due to the attached negative
ions is largest. This tendency results in the removal of the degeneracy of the ground
state of transition metal ions. Thus, in the case where 6CN^ ligands are brought up
to the Fe3+ ion the following occurs:

the ligand field theory

dv orbitals

J d orbitals

I t
Field of the free Fc3+ ion 1 t

Fe(CN)63-
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i.e., a set of d orbitals of lower energy and a set of dv orbitals of higher energy are
produced.

The energy of separation, A, between these two levels, where the central metal
ion is the same, depends on the strength of the applied field, i.e. on the incoming
ligand, so that changing the field by changing the ligand has a significant effect.

In 1938, Tuschida discovered that certain spectral peaks of given complexes
changed their position as the ligands were replaced by new ones. Much later this
shift of peak was rationalised in terms of Ligand Field theory given above.

The relevant peak (d-d transition peak) was engendered by the promotion of an
electron from dEtodv levels, with a concomitant absorption of energy. As the separa¬
tion, A, of the two levels increased, the spectral peaks moved to shorter wavelengths
because more energy was required.

From observations of the absorption spectra of metal ions the size of A for almost
any metal and set of ligand can be deduced. With metal ions in their normal valencies
the following series for increasing A is found: I-, Br-, CI-, F-, SCN-, H2O, oxalate,
pyridine, NH3, ethylenediamine, NO2-, CN-.

However it will also be realised that any physical phenomenon which involves the
addition of one or more electrons is going to become more difficult (require more energy)
as the separation A increases. Polarography presents such a case. Therefore, it can be
seen that there is a relation between optical and polarographic properties.

This is borne out in practice by the well-known observation that the half-wave
potential moves to more negative values on complex formation. For a series of
ligands given above the Ebecomes more negative as we move to the right, i.e. the
complex becomes more stable towards mercury. It has already been noted that the
platinum metals are spontaneously reduced by mercury. However, one now has a
principle to follow in choosing a complexing agent for analytical purposes (according
to its position in the spectrochemical series). For instance, if the thiocyanate complex
of a platinum metal is spontaneously reduced, there is no point in trying a chloro-
complex as this will also be spontaneously reduced; a suitable complexing agent
might be found between SCN- and CN- in the spectrochemical series.

However, it is also necessary that the electrode reaction should be fast in order
that the process should be diffusion-controlled. The authors have found that this
phenomenon acts conversely to the stability of the complex towards mercury. In
other words, in the normal spectrochemical series, chloro-complexes tend to be
reversibly reduced, and the reduction of cyano-complexes tends to be kinetically
controlled. Therefore, a suitable complexing agent represents a balance between
stability on the one hand and reactivity on the other. Its choice is indicated by the
spectrochemical series, interpreted in the light of the Ligand Field theory.

EXPERIMENTAL

In the following work a K 1000 Cathode Ray Polarograph supplied by Southern
Instruments was used. The ligands with which investigations were carried out were
CI-, SCN-, pyridine, NH3, and CN-. In general, investigations were begun with
the chloro-complex and the ligand changed through the series. No special conditions
were necessary to effect the ligand change. In Table I the polarographic behaviour
of five of the platinum metals in complexes with these ligands is shown. The cross (X)
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indicates the presence of a reduction wave, while a stroke (—) indicates that no
polarographic wave was formed.

table i

Metal/Ligand CI- SCN—Pyridine NH3 CN-
ru x x x x x

rh x x x x x
pd — — xxx

Os _____

lr _____

Rhodium

A number of complexes of rhodium were investigated by Willis2 at the dropping
mercury electrode. He found that [Rh(CN)6]3~, [Rh(NH3)sCl]2+ [Rh(CNS)6]3~ and
[Rh(Py)6]3+ gave clearly defined polarographic waves and recommended the pyridine
complex for the determination of rhodium. Repin7 also used the pyridine complex of
rhodium(III) for the determination of the element. (Py represents pyridine.)

It will be seen from Table I that, in agreement with Willis, rhodium gives clearly
defined polarographic waves for all the complexes shown. Of these the best was

[Rh(CNS)e]3~, which gave a very clear reduction wave at E = —0.60 V. The height
of this peak was examined for use in quantitative determinations. The complex was
prepared by dissolving the chloro-compound of rhodium in a 1 M thiocyanate solution.
To obtain a good wave and ensure quantitative complex formation it is necessary
to boil the mixture for a few minutes and then cool before registering the polarogram.
Amounts of rhodium of io~3 g and less were polarographed. It is possible to determine
amounts of rhodium as low as 5-io~5 M with ease. Smaller amounts may be deter¬
mined, but minor features of the polarogram are enlarged and accuracy is forfeited.

Palladium

Willis3 obtained polarographic waves for the cyanide, ammonia and pyridine
complexes of palladium, but claimed that they could not be used analytically at
concentrations of approximately 5to~5 M. Ruis and Molera8, on the other hand
contradict Willis and claim that palladium is not reduced from a cyanide solution.
Wilson and Daniels4 studied the conditions for the determination of palladium in
ammoniacal solution and found that rhodium and iridium interfere in the determination.

In the present work it can be seen from Table I that good polarographic reduction
waves were obtained for the pyridine, ammonia and cyanide complexes. It was found
that the polarographic reduction waves for these three complexes are reversible and
increase linearly with the concentration of palladium. The wave of the pyridine
complex is particularly good for the determination of the metal.

The analysis of rhodium-palladium alloys
Since the palladium thiocyanate complex is spontaneously reduced by the mercury

drop (cf. Table I), it does not interfere with the rhodium thiocyanate reduction peak
used for the determination of rhodium. This point was confirmed by preparing a
calibration curve for rhodium, in which varying arbitrary amounts of palladium were
included (Fig. 1). It was clear, therefore, that the most suitable method for polaro¬
graphic determination of rhodium was likely to be based on the thiocyanate complex,
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for those cases where palladium was likely to be present and its prior separation
undesirable.

Experiments carried out on the dissolution of alloys showed that, where the
rhodium content was moderate, solution was easily effected by aqua regia. When,

Fig. i. Calibration curve for Rh-Rd alloys.

Fig. 2 Fig. 3

however, the rhodium content was large, all the rhodium did not go readily into
solution but was left behind as a fine suspension which, after separation by filtration,
could be brought into solution with sodium bisulphite fusion.

When the alloy was dissolved in aqua regia, experiments were carried out in an
attempt to form the thiocyanate complex of rhodium in strong acid. This was not
successful, since a polymer of thiocyanic acid was precipitated on heating to boiling.
The acidity was therefore reduced before forming the complex. This was achieved
by adding 5 N NaOH dropwise to the solution of the metals until a pH of 5 was
obtained. Above pH 5 palladium hydroxide was precipitated. Potassium thiocyanate
could now be added to the solution at pH 5 without the risk of precipitation on sub¬
sequent boiling. From Table I it can be seen that the first ligand to form a suitable
complex with palladium is pyridine. Experiments were, therefore, carried out to see
if palladium, as a constituent of an alloy, could be determined by means of the
pyridine complex. An alloy was dissolved, and it was found that a palladium-
pyridine complex was readily formed on addition of pyridine to the solution. The
solution gave an excellent reduction wave suitable for the determination of palladium
(Fig. 2).
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A procedure was then developed for the determination of both elements in alloys,
as follows: — Dissolve the alloy in aqua regia. Dilute the solution carefully and add
5 N NaOH, drop by drop, until a pH of 5 is obtained (Universal Indicator paper is
satisfactory). Make the solution 1 M in potassium thiocyanate and bring to boiling
point for twenty seconds. Cool to room temperature. Bring the total volume to 25 ml
in a volumetric flask. Set the starting potential at —0.3 V and polarograph the
solution, or an aliquot. Refer the peak height at —0.6 V to a prepared calibration
graph and calculate the amount of rhodium in the alloy.

For the determination of palladium in the alloy, take the solution of aqua regia
and dilute carefully. Add 5 ml. of pyridine. Polarograph the solution, setting the
starting potential at —0.2 V and refer the peak height at —0.4 V to a prepared
calibration graph. Calculate the amount of palladium in the alloy.

Results

The above procedure was tested on two alloys. These were supplied by the Mond
Nickel Company and contained rhodium and palladium only. Each alloy was in the
form of 32 gauge wire. Results are shown in Table II. It can be seen from these

TABLE II

Alloy
Value supplied by
Mond Nickel Co.

for Rh content

Values obtained by the
polarographic method

Rh Pd

1

2

~ 2%
~ 5%

1.88%
4-8 %

98-1%
95-2%

results that there is close agreement with the figures given by the Mond Nickel Com¬
pany. The rhodium reduction wave corresponding to alloy no. 2 is shown in Fig. 3.
The first peak is that due to the reduction of rhodium thiocyanate, while the second
is an adsorption peak probably due to the species Pd(SCN)sOH.

SUMMARY

Using oscillographic polarography, the half-wave potentials of rhodium and palladium
were investigated in the presence of different ligands such as thiocyanate, pyridine,
cyanide, etc. As a result of this investigation it was possible to form complexes of
these metals which reduced readily at the dropping electrode, giving reduction waves
which could be used quantitatively. For rhodium the thiocyanate complex was the
most suitable, while for palladium the pyridine complex was best. By means of these
complexes a method was developed which permits the determination of both elements
in alloys, without prior separations.
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Of the noble metals copper, silver and gold, copper has been the subject of numerous
investigations, polarographic and otherwise1. However, for both silver and gold, the
literature indicates that polarographic studies or polarographic methods of determi¬
nation are very few. Because of this situation, it was the intention in the present
work to carry out a complete survey of these noble metals by oscillographic polaro-
graphy with the aim of developing simple methods for their determination. In this
investigation an approach was made through a study of the polarographic behaviour
of different complexes of the metals formed by different ligands and, to put the in¬
vestigation on a sounder basis, recourse was made to the ligand field theory2. This
theory3'4 deals with the relation of the behaviour of non-bonding electrons in the
valency shell of an atom to the symmetry and strength of the electric field arising
from the attached ligands. The basic physical idea is that the electrons of the central
metal ion tend to avoid those regions where the field due to the attached negative
ions is largest. This tendency results in the removal of the degeneracy of the ground
state of transition metal ions. Thus, in the case where six cyanide ligands are brought
up to the iron(III) ion to form the complex [Fe(CN)e]8~, a set of d£ orbitals of lower
energy, and a set of dv orbitals of higher energy are produced. The energy of separation
{AE) between these two levels, where the central metal atom is the same, will depend
on the strength of the applied field, i.e. on the ligand.

From observations of absorption spectra of metal ions, the size of AE for almost
any metal and set of ligands can be determined. With metal ions in their normal
valency states the following series for increasing AE arises5: I-, Br-, Cl_, F~, H2O,
oxalate, pyridine, NH3, NOa-, CN~.

Up to the present most of the work carried out in the study of this effect has been
done by means of absorption spectra. It is, however, a basic fact of polarography
that half-wave potentials of simple ions shift to more negative values on complexing,
i.e. on introducing a ligand5. It would appear reasonable, therefore, to assume that,
if the shift in E1/2 follows the same pattern as AE in absorption spectra, then by
choice of ligands for the different metals, the polarography might be markedly
simplified. This paper represents results obtained in investigations with the noble
metals.

EXPERIMENTAL

A K 1000 Cathode Ray Polarograph supplied by Southern Instruments, England,
was used. The ligands used in the investigation were chloride, thiocyanate, water,
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TABLE I

STUDY OF COPPER(II) IN VARIOUS SUPPORTING ELECTROLYTES

Exp.
no. Supporting electrolyte E1/2 Maximum Colour Reaction

1 o.i M HC1

2 o.2 M EDTA

3 0.2 M Triethanolamine
-\- o,2 M Na2SC>4

4 o.2 M Urea + 0.2 M NaOH

5 0.2 M Ethylenediamine tartrate + 0.2 M
NaOH

6 0.2 M Ethylenediamine + 0.2 M NaaSO-i

7 0.2 M Ethanolamine + 0.2 M Na2SC>4

8 0.2 M NH3 + 0.2 M NH4CI

9 0.2 M Pyridine + 0.2 M Na2S04

10 0.2 M Ethylamine + 0.2 M Na2S04

-0.24

-o.363

-0.41

-0.495

-0.515

-0.585

-0.42

-0.16

-o-445

885 mfi
13,000 cm-1

725 m/x
39,000 cm-1

650 m(jl
54,000 cm-1

560 m/x
79,000 cm-1

550 m/x
82,000 cm-1

557 m/*

595 m/x
68,000 cm-1

605 m/a

— 0.29 610 m/x

— 0.255 580 mfx
-0.445

Green

Blue

Blue

Violet

Violet

Violet

Violet

Blue

Blue

Violet

Cu2+ -* Cu°

ditto

ditto

ditto

ditto

ditto

ditto

Cu2+ > Cu+
Cu+ -> Cu°

ditto

ditto

Eyz vs S.C.E.
Fig. 1. Plot of absorption maxima vs. E1/2 values for different complexes.
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ammonia, pyridine, ethylamine, ethanolamine (ETN), triethanolamine (TETN),
EDTA, biuret, piperidine and ethylenediamine tartrate (EN TART).

For each cation the above ligand series was investigated, and, on the same solution,
the polarographic reduction wave and the absorption spectrum were determined,
where possible. In general no special conditions were necessary to form a complex
with the different ligands. The position of the absorption maximum was plotted
against £1/2 for each complex obtained; a reasonable straight line was obtained, as
expected (Fig. 1). The results obtained for copper are shown in Table I; in all cases
the concentration of the copper(II) was io-3 M.

In all cases gelatine was added to the solutions to prevent the occurrence of ab¬
sorption maxima which are inclined to blot out reduction peaks, and nitrogen was
bubbled through the solution for at least 5 min to remove oxygen. With ammonia,
pyridine, and ethylamine distinct double waves were obtained. Piperidine did not
give complexes with copper(II) ion. With these reagents the hydroxide of copper was
precipitated. With ethanolamine, triethanolamine, ethylamine and diethylamine
complexes were formed and good reducible polarographic waves obtained. While
ethylamine gave a double wave, ethanolamine showed only a single wave. It would
appear, therefore, that copper(II) is stabilised by the latter probably by chelation.

Silver and gold
Following the procedure outlined above for copper, silver and gold were examined

using ligands from the weak chloride through to the strongest. In all cases the
concentration of metal ion was io~3 M, the salts used being silver nitrate and chloro-
auric acid. If the ligand was not itself a conductor of current, 0.2 M sodium sulphate
was added.

Investigations with silver were beset with a number of difficulties. In the first
instance, the complexes formed were colourless which made detection of complex
formation difficult by the simple visual methods which were used for copper and
later gold. Secondly, complexes were formed which showed no reduction waves at
all; this is confirmed by the literature6. However, in analytical applications it was
possible to make use of this property of silver.

TABLE II

STUDY OF GOLD(III) IN VARIOUS SUPPORTING ELECTROLYTES

Exp.
no. Supporting electrolyte -E1/2

Peak

height

1 0.2 M NaOH —0.685 4.8 x 4
2 0.2 M piperidine + 0.2 M Na2SC>4 -o-375 3-3 X 6
3 0.2 M ethylamine + 0.2 M Na2S04 -0.215 4.15 X 6
4 0.2 M ethylenediamine -f- 0.2 M Na2S04 -o-35 3.65 X 6
5 0.2 M ethanolamine + 0.2 M Na2SC>4 — 0.19 4-3 X 6

With gold the best complexes polarographically were those formed between gold(III)
ions and the ligands: ethanolamine, ethylamine, piperidine and ethylenediamine.
Results with these are shown in Table II.

Although the literature claims that complexes are formed with thiourea, examina-
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tion of the reaction between these ligands and gold(III) both polarographically and
spectrophotometrically confirmed the suspicion that complexes were not formed.
Fig. 2 shows the wave for gold with ethanolamine as complexing agent.

Analytical applications
In looking for a possible analytical procedure for copper and gold, those ligands

which formed reducible complexes with gold(III) were the limiting factor. The ligands
are shown in Table II and the corresponding results for copper(II) in Table I.

The hydroxy complex was not considered satisfactory for, although in the litera¬
ture7 it has been recommended for the polarographic determination of gold(III), in
the present work it was not suitable. The ethylamine ligand gave two reduction waves
with copper, but the first coincided with that for gold. With piperidine, copper(II)
gave a hydroxide precipitate, but a satisfactory reduction wave was obtained for
gold. This reaction has possibilities.

Ethylenediamine gave with copper a good wave at —0.585 V; with gold a wave
was obtained at —0.35 V. These waves were well separated but the gold(III) wave
was a little too close to the larger oxidation wave for mercury which appeared to
shift to more negative values with time.

Ethanolamine gave a very satisfactory wave with copper(II) at —0.42 V, the
corresponding wave for gold(III) occurring at —0.19 V (Fig. 3). With this ligand
the waves for both ions were well separated and the waves were well suited for
analytical development.

12 3 4

Fig. 2. Polarographic wave for gold with
ethanolamine as ligand.

Fig. 3. Polarographic waves for copper
and gold with ethanolamine as ligand.

Different concentrations were prepared for each cation and the peak height was
determined at each concentration. Calibration curves of concentration vs. peak height
were prepared. For both metals good straight lines were obtained. The concentration
range used in each case was io~4 M to 2 • io-3 M.

Silver was now fitted into the scheme. It was indicated above that no reduction
waves were found with any of the ligands. It was further found that silver, when
added to mixtures containing gold and copper, did not interfere in any way with the
determination of these two elements, regardless of the amount of silver added.
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When silver was present with gold in the form of HAuCU, a precipitate of silver
chloride was obtained. However, this caused no trouble because the silver chloride
was rapidly converted into a water-soluble complex on the addition of ethanolamine.

To test the effectiveness of the procedure, synthetic "unknowns" were analysed
by one of us (I.A.B.). The results are shown in Table III. As can be seen, these results
are highly satisfactory. Some of the error involved is attributed not to the method,
but to the measuring of the very small volumes in making up the "unknowns".

TABLE III

RESULTS FOR COPPER AND GOLD

Metal+
Actual concn.

(M)
Peak height

found
Concn. found

(M)

Cu IO-3 3.8x6 1.06 • io~3
Au 1.27 • IO-3 4.3x6 1.27 • IO-3

Cu 0.5 • IO~3 4.7x2.5 0.54 • 10-3
Au 1.27 • IO~3 4.3x6 1.27 ■ IO-3
Ag 0 01 0

Cu 2 ■ 10-3 42.5 1.98 • IO~3
Au 0.508 • IO-3 10 0.48 • 10-3
Cu 0.5 • IO_J 2 IO—1
Au 2.54 • IO-3 54-8 2.54 • IO-3
Cu 0 O.II 0

Au 000 3-15 1.56 • IO—1

Cu 2 • IO~4 4-9 2.29 • IO—1
Au 0 0.6 0

Cu 0.4 • IO~3 9-35 0.43 • IO"3
Au 0.508 • IO-3 10.8 0.51 • IO"3
Ag 0.4 • IO-3

Cu 2 • IO-3 43 2 • IO-3
Au 3 ' m-" 5-6 2.8 • IO—1

Ag IO~3

Analysis of alloys
The combination of noble metals occurs in dental alloys. The method was, therefore,

applied to the analysis of these alloys.
The alloy, usually about 20 mg, was dissolved in either hot concentrated nitric

acid or hot aqua regia, evaporated to dryness, taken up in complexing agent and
diluted to 25 or 50 ml after addition of sodium sulphate and gelatine. The results
for two dental alloys are shown in Table IV.

TABLE IV

ANALYSIS OF DENTAL ALLOYS

Cu Ag Au
A lloy

Present Found Present Present Found

7-5% 7-63% 92.5%
3.0% 3.0% — 75°% 74%
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Inclusion of palladium in the analytical scheme
The dental alloys examined contained palladium in addition to the elements

determined. It was considered that the scheme would be even more useful, if this
element could be included. Accordingly, a stock solution of palladium nitrate was
prepared and samples io-3 M in the ion were mixed with the same electrolyte as
used for the other metals, i.e., 0.2 M sodium sulphate and ethanolamine. It was found
that palladium gave a well-formed wave at —0.78 V. The calibration graph proved
to be linear for the concentration range examined, io~4 M to 2 • io-3 M.

Synthetic "unknowns" containing gold, silver, copper and palladium were analysed
by one of us (I.A.B.). The results are shown in Table V.

TABLE V

analysis of synthetic mixtures

Au Cu Pd Ag

£1/2 (V) — 0.2 — 0.42 — 0.78 No wave

Peak height 25.2 H-5 3-7 ■—•

Concn. found (M) 1.25 • 10-3 0.53 • 10-3 2.2 ■ io-4 io"3

Actual concn. (M) 1.27 • io-3 0.5 • io~3 2.0 • 10-4 —

In this mixture the ratio of Pd : Cu : Au was 1 : 2.5 : 6.4. It can be seen that,
once again, silver did not interfere with the determination of the other three consti¬
tuents. Nickel does not give a polarographic wave under the conditions described
above, so it may also be present in the mixture.

SUMMARY

The polarographic behaviour of complexes of the noble metals was studied by oscillographic
polarography. A method was developed for the polarographic determination of copper, gold and
palladium; silver and nickel do not interfere. Applications to the analysis of dental alloys proved
successful.

RESUME

Les auteurs ont examine le comportement polarographique des complexes des metaux nobles
au moyen d'un polarographe oscillographique. Une m<5thode est proposee pour le dosage du
cuivre, de l'or et du palladium; l'argent et le nickel ne genent pas. Application a l'analyse d'alliages
dentaires.

ZUSAMMENFASSUNG

Es wird das polarographische Verhalten einer Anzahl von Edelmetall-Komplexverbindungen mit
Hilfe eines Oscillationspolarographen untersucht und eine Methode zur Bestimmung von Kupfer,
Gold und Palladium beschrieben, bei welcher Silber und Nickel nicht storen. Die Methode eignet
sich zur Analyse von Dentallegierungen.
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A new parameter ip/id in oscillographic polarography

INTRODUCTION

The determination of the number of electrons involved in a reduction is important in
any fundamental study of polarography. It is, however, probably true to say that
there is considerable uncertainty about the number of electrons involved in many
electrode processes. Examples of this are available from many different sources1.
The most probable reason for this uncertainty is connected with the diffusion coeffi¬
cient, which of all the quantities involved in the Ilkovic equation, is the most diffi¬
cult to determine accurately2. It is to be expected, therefore, that any method which
permits the determination of n (the number of electrons involved in the electrode
process) and eliminates the necessity of knowing D (the diffusion coefficient) will be
a welcome advance in polarography.

In the present work, a study of reduction waves suggested the basis of a method
for the determination of n without the necessity of knowing D. The value of n is
determined simply. The reasoning which led to the development of the new parameter
is outlined below.

\

THEORY

Comparison of two oscillographic reduction waves
If a solution is polarographed at a potential more negative than the reduction

potential of the electroactive constituent, then continuous reduction will take place
all the time and a wave similar to that shown in Fig. i is obtained. Part A corresponds

Volts

Fig. i. Fig. 2.

to the five-second delay period, when the voltage is steady. The current rises because
the drop is growing during reduction. At the point B, the changing potential is applied
during the last few seconds of the life of the mercury drop. There is almost no increase
in current during this time because the increase in surface area of the drop is very small.
The equation representing the flat portion of the curve is given by

it = yo6nD^Crrfi $.

This is so because the cathode ray tube is a fast response instrument. The continuous
reduction wave may be compared with the normal oscillographic reduction wave
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(Fig. 2). The points on the peak are not "equilibrium points", i.e., if one could take
the situation represented by point E and "freeze" it, the current reading would fall
until it reached the point F on the continuous reduction wave. The equation for the
peak height is

ip = 1.25 • io6DimiS»JC

where i is measured in /uA. The symbols have their usual significance except mi,
which is the drop mass in mg. The relation between the two is mi = mti, where ti is
the drop time during the measurement of ip etc.

From a comparison of the equations for these two waves, it will be observed that the
outstanding difference is connected with n, i.e., it(xn and Since n is involved to
a different degree in the two equations, it might be expected that a comparison would
yield a third equation, enabling n to be calculated. If iv is divided by it the following
equation results:

iv knitiS
it It

where k is a constant. The time t at which it is measured is five sec. Under these
conditions, it is replaced by the symbol id- The drop time h for the measurement of iv
is 6.8 sec. The choice of these values is dictated by experimental convenience. The
above equation reduces to the following form:

l-A= Kni
id

If ipjia is plotted against n* for various reductions, then according to this equation,
a straight line should be obtained. If this is the case, then by measuring ip/ia for a
reduction, n can be calculated. The only condition which must be fulfilled is that the
separate equations for iv and id must hold, i.e., the reductions must be reversible.
This relationship was tested experimentally.

EXPERIMENTAL

In the literature2-3 the following reversible reductions have been well established.
(a) trioxalato ferric iron, Fe(C204)33+, (1 electron reduction) ;
(b) stannous tin, Sn2+, and lead, Pb2+, in chloride electrolytes, (2 electron reductions);
(c) bismuth, Bi3+ in chloride electrolyte, (3 electron reduction).
A solution of each of these substances, approximately io~3 M with respect to the
metal ion and 1 M in the basic electrolyte, oxalate or chloride, was prepared. Each
solution was then polarographed in the Southern Instrument Cathode Ray Polaro-
graph K 1,000 and the peak height iv recorded.

Fig- 3-
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The procedure for the evaluation of id was more complicated. The starting potential
(see Fig. 3) was moved from G to H, a position more negative than the peak value,
thus ensuring continuous reduction. The current was measured at H, which was the
most convenient position, i.e., after the drop was five seconds old. As the starting
potential was moved to a more negative value, the drop time became shorter. During
measurement of ip the longest possible drop time was chosen (i.e. 6.8 sec) so that the
subsequent reduction in time would not destroy synchronisation. Once synchronisa¬
tion had been achieved, the time required to take both measurements was about
0.5 min.

RESULTS

The following results were obtained:

TABLE I

Number of electrons
transferred

Metal ion Basic electrolyte ip/ia

I Fe3+ oxalate 3-44

2 Sn2+ chloride 384
2 Pb2+ chloride 387
3 Bi3+ chloride 4.18

The plot of ipjid against is a straight line, as can be seen from Fig. 4.
A number of 'unknown' solutions were polarographed and ivjia recorded. Using the

ol 1 1 1 1 1 1 1 1 1 1 I
2.8 3.2 3.6 4.0 4.4 4.8

ip
~td

Fig. 4.
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plot, the number of electrons involved in the reductions was calculated. Results were
correct in every case, except where the reduction was very irreversible.

In this connection, the case of nickel(II) was investigated. The polarography was
first carried out in 19254 yet, to-day, there is still disagreement between the results of
investigators. Caglioti5 and co-workers claim that the reduction involves one elec¬
tron reduction to Ni(I), while Hume and Kolthoff1 support the view that the reduc¬
tion is to the metal. In the present work it was found that the reduction of Ni(II) in
chloride electrolyte was too irreversible to use the method outlined above. However,
when potassium cyanide was used to complex the nickel, a well-formed wave was
obtained for Ni(II), which gave a value of 3.3 for the ratio ipjia, indicating a one-
electron reduction in agreement with Caglioti.

discussion

The value of ipjia for an irreversible reduction is less than for an ideal reduction.
However, this approach can still be used for those reductions where divergence from
reversibility is small. In such cases, increasing the temperature6 will bring the value of
ipjia up to the theoretical value.

Although the value of ipjia can be less than ideal, it cannot be greater. Therefore, if
ipjia falls, for example, between the theoretical values for a 2- and 3-electron reduction,
it cannot be related to a 2-electron reduction. It can only be a somewhat irreversible
3-electron reduction. With time, small fluctuations in the values of ipjia for a given
reduction occur. To eliminate this error, the values of ipjia for standard solutions were

always taken at the same time as those for the unknown solution.

summary

A method for the determination of n, the number of electrons involved in a reduction
(or oxidation), has been developed. It is simple in operation and does not require a
knowledge of concentration or the diffusion coefficient D of the electro-active species.

Department of Chemistry, William H. Douglas
Queen's University, Robert J. Magee
Belfast (Northern Ireland)

1 J. M. Kolthoff and J. J. Lingane, Polarography, Vol. 2, 2nd edn., Interscience Publishers,
Hew York, 1952.

2 "Ibid., Vol. 1.
3 J. W. Loveland and P. J. Elving, Chem. Rev., 51 (1952) 67.
4 N. V. Emelianova, Rec. trav. chem., 44 (1925) 529.
5 V. Caglioti, Atti. accad. naz. Lincei. Rend. Classe. sci.fis. mat. e nat., 3 (1947) 448.
6 E. Bodor, Acta Chim. Acad. Sci. Hung., 15 (1958) 191.
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introduction

One of the problems in the polarographic determination of the platinum metals is
that the reduction peaks are often very close together1 but this difficulty can be over¬
come if the analyst can find a means of controlling the position of a reduction peak.
It is well known that the E^ of the reduction peak of a platinum metal becomes more
positive as the concentration of ligand is increased and quantitative investigation of
the effect of the ligand concentration was therefore considered to be worthwhile.

The platinum metal and ligand chosen, were palladium and pyridine, respectively.
There were a number of reasons for this choice. The palladium-pyridine complex gives
a good reduction wave2; pyridine is probably the best complexing agent for the polaro¬
graphic reduction of palladium. Further, reductions of organic compounds (steroids)
are often carried out in a pyridine medium using a palladium catalyst; it is of value to
the organic chemist to know the nature of the attacking species. Finally, it was found
that no data are available for the palladium-pyridine complex in tables of equilibrium
constants3.

theory

De Ford and Hume4 devised a method of correlating the shift in E^ with the for¬
mation constants of complexes in solution; Ei is measured in varying concentrations
of ligand, and the results substituted in the relevant equation. This equation, refined
by Irving5 may be stated as follows:

0.4343 nF
t Is »(B,Xt)antilogio — AEt + logio — = L (1)

RT Ic 0 yMX)

where I s and Ic are the values of 7eXp for the simple ion and a mixture of complexes
respectively. The expression on the right hand side is a function of X and is given the
symbol F°(Ar). It may be expanded in the following way:.

F°(X) = 1 + p^X) + p2(X)f + ... (2)
If the ionic strength is not affected by complexing, the activities remain constant.
Such a situation would obtain where the ligand has no charge and for this reason
pyridine was chosen5.

The simplest way to solve eqn. (2) is graphically as shown by De Ford and Hume4.

]. Electroanal. Chem., 6 (1963) 261-266
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If C m denotes the total amount of metal present in solution, and [M] the concen¬
tration of simple metal ions, then

Cm = [M] + [MX] + [MX2] . . . [MXn]

[.M]/Cm = 1 /F°(X) = fraction present as simple metal ion5.
Similarly, [MXj]/Cm = fij(X)/F°(X) = fraction present as the complex MX,5.
Using this approach it is possible to determine cumulative formation constants of the
reducible species in solution, and hence the effect of the concentration of the ligand.
Before following this approach experimentally, however, it is important to consider
the case where the ligand has basic or acidic properties, e.g.,

X + H+ -> XH+, where X is a ligand.

which means that the amount of complexing agent initially dissolved (apparent con¬
centration L), and the amount remaining in solution are different (the difference
being equal to AH+).

If the acid dissociation constant of AH+ equals K, then
L

X (true ligand concentration) =
IO-ph x IO-P* + 1

Thus, knowing the pH of the solution, and the acid dissociation constant, the activity
of the complexing agent in the solution can be determined.

EXPERIMENTAL

All the work in this paper was carried out on an oscillographic polarograph in which
the independent variable is varied periodically, and the cathode ray oscilloscope is
used as the measuring instrument because of its low response time. In this method the
potential applied to the cell is allowed to rise linearly, but more rapidly than in con¬
ventional d.c. polarography. This voltage sweep commences at a pre-determined time
in the life of a mercury drop. With a drop time of 7 sec, for example, the voltage sweep
takes place during the last 2 sec of the life of the drop, i.e., when the change in surface
area is negligible. Variations in cell current during the voltage sweep are shown on the
screen of the cathode ray tube. For a depolariser the method produces a polarographic
wave with a maximum, Ep (peakpotential), whichis different fromthatin conventional
polarography. Resolution is such that it allows measurements of peaks differing by
0.1 V; a derivative circuit incorporated in the instrument reduces this limit to 0.04 V.

Ten 25-ml volumetric flasks were prepared, and varying amounts of pyridine
ranging from 0.01-1.84 ml were placed in each. A fixed amount of Pd(NC>3)2 was dissol¬
ved in water and made up to 20 ml with water. One ml of this solution was pipetted
into each of the 25-ml flasks which were then made 1 M with NaaSC>4 as base electro¬
lyte (Table 1).

The pH of each solution was measured taking the pK of PyH+ as 5.213; (A) was
calculated for each solution. Finally, each solution was polarographed at 250 and the
values of Ep, E^ and Ip determined.

The value of E^ at zero pyridine concentration cannot be obtained experimentally,
since it is masked by the current due to dissolution of mercury. The extrapolated value
was, therefore, used. This method has been successfully used by other workers6.
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TABLE 1

No. of soln.
Ml of

pyridine
added

A pparent
molarity of
pyridine (L)

pH of
each

solution

True

molarity
(X)

Ft
(S.C.E.)

E jc — Eis

I 1.84 0.9139 8.88 o-9i37 —0.361 + 0.164
2 1-25 0.6208 8.77 0.6206 -o-34 + 0.143
3 0.9 0.4470 8.70 0.4468 -0.318 + 0.121

4 0.7 °-3477 8.65 O-3476 — 0.301 + 0.104
5 °-55 0.2732 8-45 0.2730 — 0.289 + 0.092
6 °-3 0.1490 8.22 0.1488 —0.261 0.064
7 0.2 0.0993 8.09 0.0992 -0.253 + 0.056
8 O.IOI 0.05016 7-75 0.050 -0.239 + 0.042
9 0.05 0.0248 7-23 0.0246 —0.222 + 0.025

10 — 0.197*

* extrapolation value

results

The recorded results were substituted into eqn. (1) (see Table 2) and the graphical
solution obtained; the pertinent graphs of (F'(X), j = 1 ... 4) as ordinate, and [X]
as abscissa are shown in Figs. 1, 2, 3 and 4. From the curves, the following values for
Pi are obtained:

/?i = 221; p2 = 5,200 p3 = 4,000; Pi = 260,000

TABLE 2

Soln.
No.

0.4343NF
AE,

RT
Isllc F0X Fi(X) Fz(X) F3(X) Fi(X)

1 5.206 1.18 188,800 206,631 225,905 24U550 260,000
2 4-834 1.16 78,380 121,295 203,148 335.075 533.475
3 4.09 113 13,820 30,928 68,726 142,179 309,263
4 3-5i 1.16 3.765 10,828 30,514 22,825
5 3" I.II I>413 5.i72 18,135 47.380
6 2.16 1.07 156 1.043 5.524
7 1.89 1.03 80 796.3 5.799
8 1.42 1.02 26.9 518 5.94°
9 0.845 1.00 7 243-9

Experimental errors in the determination of are magnified in successive calcula¬
tions of the F'(X) functions, especially for low concentrations. Fortunately, however, as
has been pointed out by De Ford and Hume4, the accumulated errors are in one
direction and it is not too difficult to see the points which have deviated from the smooth
curve. Further, at this juncture a knowledge of the initial slope of one graph indicates
the intercept of the following graph. This is very useful in deciding which points must
be ignored.

An anomaly was noticed in connection with the plot of Fs(X). The appropriate
equation

FWX — p3
F3(X) = —Lr—1- = P* + Pt(X)

J. Electroanal. Chem., 6 (1963) 261-266
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1000 -

3000 - 20-103 -

2000-

F,(X)

Fig. 1. Graphical solution for formation constants Fig. 2. Graphical solution for formation constants

Fig. 3. Graphical solution for formation constants.
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indicates a straight line relationship, whereas in practice a shallow curve was obtained.
However, the deviation from the true cannot be great, since the limiting slope is ap¬
proximately of the same order of magnitude as the constant, i.e., io5.

Using eqns. (4) and (5) the percentage of the total metal present as the different

8-105 -

F. (X) =4 26-10

4.10s- /'

I I I I I I I I L
0.2 0.4 0.6 0.8

PO

Fig. 4. Graphical solution for formation constants

Fig. 5. Percentages of various complexes present at different pyridine concns.

complexes was calculated. These results are given in graphical form in Fig. 5. Most of
the results for the highest complex were unreliable, due to the accummulation of errors,
as already pointed out. In such cases, indirect results can be calculated by subtract¬
ing the sum of the percentages of the lower complexes from 100.

DISCUSSION

The relation between the cumulative formation constant and the stepwise constant K
is given by /S4 = -Ki X Ki X K3 X iv4 and fa = Ki x K2 X K3. The following values for
the stepwise constants were obtained:

K1 = 221; Kz — 23.2; K3 = 0.77; K4 = 65 .

/. Electroanal. Chem., 6 (1963) 261-266
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The first three constants display the usual feature, in that they progressively decrease
in magnitude. They may be explained on statistical considerations, viz., the complex
Pd(Py)2+ has three vacant ligand positions and is, therefore more likely to catch a
further ligand than Pd(Py)22+ which has only two vacant positions. The constant K4
indicates however, that the complex Pd(Py)42+is much more stable than its predeces¬
sor Pd(Py)32+ which is never in excess of 10% of total metal present (Fig. 5). The im¬
plication is that statistical considerations are of minor importance and the stability is
determined by the symmetry of the ion and by the greater splitting in the d-level
electrons due to the increased complexation of the ion Pd(Py)42+. Therefore, once the
complex Pd(Py)32+ has formed, there is a strong tendency to catch another pyridine
molecule and make a completed co-ordination number of 4. Cozzi and Pantani7
determined some cumulative constants for rhodium chloro-complexes. If the stepwise
constants are calculated from these, it will be observed that there is an increase at
RhCU in agreement with the results above, although the constants of the complexes
RI1CI5 and RhCls begin to the decrease again.

conclusion

From the analytical point of view there are two implications in the investigation
above. The first is that where a metal is spontaneously reduced, it may be possible,
by the addition of a complexing agent, to endue the ion with sufficient stability to the
extent of obtaining a reduction wave. The above work has clearly outlined the signi¬
ficance of this in a quantitative way. The second point is that it is possible to exercise
in a limited way, control over the position of the reduction wave by varying the con¬
centration of ligand. This is important in the situation where there is interference from
other waves which are not affected by the concentration of ligand.

summary

The effect of the ligand concentration on the polarographic reduction waves of the
platinum metals has been studied using pyridine as the ligand and palladium as a
representative of the platinum metals. The shift in the reduction peak with increase
in ligand concentration is used to calculate formation constants of the complexes
formed in solution. The results obtained are discussed on the basis of statistical,
symmetry- and d-level splitting-considerations.
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Abstract—The absorption spectra, and Ev (peak potentials) determined by oscillographic polaro-
graphy, of five different rhodium(III) complexes have been examined.

From a comparison of E„ values, d-d transitions, and charge transfer peaks proposals have been
made to describe the mechanism of reduction of metal complexes.

A series of ligands has been drawn up in which the value of Ev becomes more negative as one
moves from left to right across the series. Further, as Ev becomes more negative in crossing the
series, the reduction becomes less reversible.

It is a well known fact that the reduction of a metal ion at the mercury dropping
electrode requires more negative potentials as the metal is complexed. In some cases
a metal ion which is spontaneously reduced may, by complexing, become so stable
that its polarographic properties appear to approximate to those of the more electro¬
positive elements. This fact is widely exploited by analytical chemists.(1> The present
work was undertaken in an attempt to rationalise this behaviour, and, if possible, to
arrive at some broad principle which would guide the analyst in his choice of com¬
plexing agent.

The polarography of the platinum metals is beset with difficulty, because of the
noble nature of these elements. Thus any simple platinum metal ion will be reduced
by the mercury drop itself, without any imposed potential. The platinum metals
therefore, provide a good opportunity of demonstrating the behaviour mentioned
above. Of the platinum metals, rhodium is the most suitable for a study of this kind.
It forms more complexes giving good reduction waves than any other platinum metal
and it is possible to state with some confidence the number of electrons involved in
each reduction.

Spectrophotometry has received intense study in recent years, and great progress
has been made in understanding the absorption spectra of the complex metal ions.(2)
Since the common ligands used in spectrophotometry are also of interest in polaro¬
graphy, there is an obvious link between the present problem and previous work on
the absorption spectra of transition metal complexes. It was, therefore, decided to
approach this problem by a comparison between polarographic and spectrophoto¬
metry properties.

An approach of this type has been made by Vlcek,<3) who used the optical prop¬
erties to indicate the structure of the unreduced complex, and as a photochemical

111 J. Willis, J. Amer. Chem. Soc., 66, 1067 (1944); 67, 547 (1945). R. Wilson and R. Daniels,
Analyt. Chem., 27, 904 (1955).

121 R. J. Gillespie and R. S. Nyholm, Quart. Rev. Chem. Soc., 11 (4), 339 (1951).
J. S. Griffith and L. E. Orgel, Ibid. p. 381.
L. E. Orgel, An Introduction to Transition-Metal Chemistry: Ligand Field Theory. Methuen,
London (1960).

131 A. A. Vlcek, Disc. Faraday Soc. 26, 164 (1958).
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indication of the energetics of a process which also occurred electrochemically. The
precise interpretation put on the comparison, however, depends on the nature of the
polarographic reduction. This is evident since in an irreversible reduction the change
in half-wave potential is a measure of the change in rate constant, and in a reversible
one it is influenced by thermodynamic considerations.

EXPERIMENTAL
The composition of the solutions

Each solution was made 10~3 M in the rhodium(lll) ion. Each ligand or complexing agent,
chloride, thiocyanate, ammonia, pyridine and cyanide, was added in 1000-fold excess. In the case of
the thiocyanate complex it was necessary to boil for a brief period to assist its formation.

Cozzi and Pantani'4' have shown that where the chloride ion concentration is in 500-fold
excess of the rhodium ion (Rhin, 2 x 10~3 M; CI', 1 M), 98 per cent of the rhodium in the solution
is in the form RhCl53_ and RhCl03~. In the present work, the complexing agent was added in 1000-
fold excess. We may expect, therefore, that with complexes containing chloride ligands, as with those
higher in the spectrochemical series, RhX4 and lower complexes are present only in very small
quantities in the solution (X refers to a given ligand).
The reversibility of the reduction process

The polarograph used was the d.c. oscillographic single sweep type. This instrument gives a
reduction wave in the form of a peak, and it is the peak potential (E„) which is measured. Resultant
£„ values were used for all comparisons. These were obtained by measuring from the potential of a
control reaction, which took place in all solutions.

The term kinetic control can be used in polarography in two ways. It can refer to a chemical step
preceding the electrochemical step, or it can refer to the electrode process itself. Wherever the term

Table 1

Ligand
Resultant

E„

Absorption peak
due to d-d transition

(m/< and cm-1)

Absorption peak due to
charge transfer transitions

(m/i and cm-1)

No. of electrons
involved in

reduction

ci- -0-235 497; 20,320 396; 25,200 3

SCN- -0-41 466; 21,670 355; 28,200 3

h3o -0-63 435; 22,900 —; — —

Pyridine -0-65 428; 23,300 286; 34,900 1

nh3 -1-25 352; 28,400 292; 34,200 3

CN- -0-89 320; 31,200 240; 41,600 1

is introduced in the present paper, it refers to the electrode process itself. Where the electrode process
is reversible, it means that equilibrium is quickly established and the limiting current (/„) is, therefore,
controlled by the diffusion of the electroactive species from the bulk solution to the mercury surface.
However, as the process deviates from complete reversibility, diffusion control becomes less important
and the current i„ falls below its theoretical value. There are a number of factors that indicate
divergence from complete reversibility, such as shape of peak, height of peak, symmetry of redox
pattern, and others. These factors have been reviewed in the literature.'51 To the above list Magee
and Douglas16' have recently added the parameter iv\id.

The resultant Ev values for the reduction of each complex investigated are listed in Table 1.
(4) D. Cozzi and F. Pantani, J. Inorg. Nucl. Chem., 8, 391 (1958).
I5' P. Loveland and P. Elving, Chem. Revs., 51, 67 (1952).
"" W. H. Douglas and R. J. Magee, J. Electroanal. Chem. 4, 185 (1962).
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The reduction of the chlorocomplex was completely reversible, and the remainder showed reductions
with a high degree of reversibility. Kinetic control, however, does increase as one moves from the
thiocyanate complex to the cyanide complex in the series.

The number of electrons involved in each reduction
The most difficult problem in determining the number of electrons in a polarographic reduction

is to ascertain the correct value of the diffusion coefficient, D. There is probably more uncertainty

Absorption Spectrum of R h (C x

Fig. 1.—The absorption spectrum of the cyanide complex of rhodium(lll).

Absorption Spectrum of "b^Py]x + +

Fig. 2.—The absorption spectrum of the pyridine complex of rhodium(HI).

about this than any other factor in polarography. Often diffusion data have to be used for related
complexes, on the assumption, that it is not too different for the complex under investigation. In
the present work the authors were able to use the parameter iPlid,{" which does not require a know¬
ledge of diffusion data. Using this parameter and literature sources'4'7.8' conclusions about the
number of electrons involved in each reduction could be reached. These are listed in Table 1.

Spectrophotometric measurements
Complete results for all complexes are shown in Table 1. In this table absorption peaks have

been designated as due to d-d transitions and charge transfer on the basis of intensity and frequency.
171 J. Willis, J. Amer. Chem. Soc. 66, 1067 (1944).
181 F. Pantani, Private communication (1962).
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This has been done, not so much because the work is concerned with the subtleties of spectra, but
because it was necessary to obtain as good a measure as possible of the energy of certain processes
within the complex ion:

(a) d-d transitions, being due to the movement of electrons across the separation in the cf-levels,
give a measure of the energy (A) of this separation. These absorption peaks are low in inten¬
sity and are found in the low frequency regions.

(b) Charge transfer peaks, being due to the movement of the electron from orbitals associated
with the ligand to those localized on the central metal ion give a measure of the energy of this
process. These peaks show a relatively high intensity, and are found in the higher frequency
regions.

DISCUSSION

Comparison of spectral peaks and polarographic peak potentials
If the frequencies of the d-d transition peaks (Fig. 6) and of the charge transfer

peaks (Fig. 7) are plotted against E„ values, it will be seen that, in both, the graphs

1-8 p
1-6

1-4

1-2

l-O

•6

■6

•4

Ep vs Absorption peaks due to
d-d Transitions

3 electron charge
o— I electron charge

20 25 3 o 3 5 4 o 45

Frequency of Spectral Transitions

Fig. 6.—Comparison of the fre¬
quencies of d-d transitions and Ev
(polarographic peak potential) values

for rhodium(III) complexes.

(d—d) 11

Ep vs Absorption Peaks due to
1-8

^ 1-4
t/>
«-»

o l-O
^ t

o.
w -b

■2

20 25 30 35 40 45
charge transfer peaks (cm')

can be resolved into two lines, one characterized by a three electron reduction and the
other by a one electron reduction. It would seem, then, that a given reduction becomes
more difficult, i.e. requires greater Ev negativities, as both kinds of spectral peaks move
to higher frequencies; and, further, that when these spectral peaks are in low frequency
regions the reduction tends to involve three electrons, and when in higher, one electron.

cnarge iransrer transitions
A — 3 electron change

Fig. 7.—Comparison of the fre¬
quencies of charge transfer peaks and
£■„ (polarographic peak potential)
values for rhodium(III) complexes.



thiocyanate

ammonia

Figs. 3-5.—Polarographic waves for the pyridine, thiocyanate and ammonia complexes,
respectively, of rhodium! 111) obtained on the oscillographic polarograph.
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(a) d-d transitions. Since the inner (/-orbitals of the transition metal ions are not
fully occupied by electrons localised on the metal ion, these orbitals can accept elec¬
trons during reduction. The rhodium(III) ion forms a low spin complex with all the
ligands that have been mentioned.(9'10) Therefore, electrons received in the reduction
must be received into the 4d (eg) level, and the extra energy of the rf-level split A must
be met. As A increases it is expected, therefore, that the reduction will become more
difficult.

When, under these circumstances, the energy requirement to receive one electron
is not too great, it is possible for the metal ion to receive immediately further electrons
at the same Ep negativity. In the case of rhodium, the maximum number of three
electrons are accepted at one Ev value, forming a zero valent complex which immedi¬
ately decomposes into the elemental metal and ligands. As A increases, however, a
critical value is reached when further electrons cannot be immediately accepted,
because the extra energy is too great. Under these circumstances the rhodium(II)
state is stabilised and a one electron reduction is obtained. For complete reduction
of the metal ion in this case, greater Ev negativities would have to be supplied.

A weakness in this approach becomes apparent when the ligands are drawn up in
a series based, from left to right, on their ability to move d-d transition peaks to higher
frequencies.

Ligand CI1 SCN1 Py nh3 CN1

No. of electrons 3 3 1 3 1

It can be seen that there is an overlap between the pyridine and ammonia ligands,
in respect of the number of electrons involved. This challenges not the general truth,
but rather the sensitivity of the effect of increased A values.

(b) Charge transfer peaks. A more complete picture of the reduction is obtained
if the charge transfer plot (Fig 7) is taken into consideration. It is common knowledge
that, after acceptance of an electron in a reduction into the lowest energy orbital, a
rearrangement takes place leading to the most stable configuration, provided, of
course, the complex is not already in that state. The rate and mechanism of this
process is the rate and mechanism of the electrode process. In a reduction which is
completely irreversible, and where no subsequent rearrangement takes place, Vlcek(3)
has found it necessary to postulate that the slow step is introduced in the provision of
a low-lying orbital to receive the electron initially. However that situation does not
obtain here.

Since the metal ion is spherically covered by ligands (see diagram overleaf), it will
be seen, from geometric considerations at least, that the orbital into which the electron
is initially accepted will be largely associated with the ligands. The subsequent
rearrangement will then be a transfer, whereby the electron becomes localised on the
central metal atom, i.e. in a manner of speaking, "an electrochemical charge transfer"
process.

If it is allowed that the charge transfer spectral peak gives a measure of the energy
required for this rearrangement to occour electrochemically, the reasoning now
becomes analogous to the d-d transition case. Thus increasing Ev negativities are

<9> L. E. Orgel, Quart. Rev. Chem. Soc., 8, 422 (1954).
(10) L. E. Orgel, J. Chem. Phys. 23, 1004 (1952).
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required, when the charge transfer peaks move to higher frequencies, and there is a
critical value where the rhodium(II) state is stabilized. This proposal removes the
difficulty caused by the overlap of pyridine and ammonia ligands, as is shown explic¬
itly in the following series, where the ligands from left to right possess the ability to
move the charge transfer peak to higher frequencies.

Ligand CI1 SCN1 NH3 Py CN1

No. of electrons 3 3 3 1 1

The contribution due to these considerations is weightier therefore than the effect
of the increased split in fil-levels. Finally, as one moves from chloride to cyanide in
this series the transfer step becomes rather slower, and thus the reversibility of reduc-

CONCLUSION

A comparison with spectrophotometry has proved useful in throwing some light
on processes that are important in the reduction of rhodium complexes.

From the work two trends arise. As the ligand in the complex approaches cyanide
in the spectrochemical series based on the charge transfer peak, the complex becomes
more stable towards the mercury drop, but less reversible in its reduction. Thus
chloro-complexes tend to be easily and reversibly reduced and cyanide complexes to
be less easily and irreversibly reduced. The importance of the reversibility of the
reduction is that it means that diffusion control is operative and therefore the peak
height is a measure of the concentration of the solution. These observations should
also be of interest to analytical chemists.
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Ligand Fields Applied to Folarography
Concept helps predict which metal complexes are
most suitable for use in polarographic analysis
Using the ligand field theory in con¬
junction with oscillographic polar-
ography, it's possible to predict sys¬
tematically which complexes of plati¬
num and noble metals are suited to

polarographic analysis.
By selecting only five ligands from

a "spectrochemical" series of ligands
of increasing field strength, complexes
can be obtained which give polaro¬
graphic half-wave potentials that have
different enough values to allow de¬
termining rhodium, palladium, iridium,

and ruthenium in the presence of one
another without separation. And by
extending this spectrochemical series,
silver, gold, and copper can be de¬
termined in the presence of each other,
Dr. R. J. Magee of Queen's University,
Belfast, Northern Ireland, told the
10th Detroit Anachem Conference.

Platinum metals aren't usually de¬
termined by polarography, as this
technique has several distinct disad¬
vantages. For example, the platinum
metals catalyze the reduction of hy-

Ligand Theory Is Basis for Spectrochcmical Series
The basic physical idea of the ligand theory is that the electrons of the central
metal ion tend to avoid those regions where tiie field caused by the attached
negative ions is largest. This tendency results in removal of the degeneracy
of the ground state of transition metal ions. Thus, in the case where six CN~
ligands are brought up to Fe3 + , the following occurs:

Fe3+ (free ion)
3<t

EMUS]
Fs

□
If

Fe (CN0)3- JTimtimfi [0] MTT
This produces dr orbitals of lower energy and d7 orbitals of higher energy.

The d orbitals can be divided into five *y

classes. d,„ c1,-, d_■ -, d^2,
first three are directed
ordinate axes:

and d^i i.
between the

The
co-

The d,2 and dI2_„2 orbitals, though,
are directed along the axes:

-x-

Six CN- ligands approaching a
central Fe3+ to form the complex:

Fe- I
AE

As the CN- ligands come in along the co
ordinate axes, the d.» and d^/ are
more affected than the d,„ dv„ and cb .

Degeneracy is removed from the d electron
of Fe:! + and a split occurs:

The dy orbitals are of higher energy and At is the energy separating the two
levels. This is observed in the absorption spectra, and is the basis for the
spectrochemical series.

dY (dj'-.dx-y*)
E

<t£ (dxy

of
for

drogen ion at the dropping electrode.
Also, the potentials of the various
couples of these metals are high, and
reduce the salt to metal in contact
with the mercury. Other inherent
difficulties of the method are that the
electrode reaction is slow, and the
half-wave potentials are too close to
each other.

Previously, at least a partial solu¬
tion to polarography of the platinum
metals has been achieved in two ways:

complexing the metal with a reagent
that isn't spontaneously reduced, or
using the catalytic wave whose re¬
duced size is proportional to the con¬
centration of the metal present, says
Dr. Magee, who is now visiting pro¬
fessor at Case Institute of Technology,
Cleveland, Ohio.

In the complexing method, for in¬
stance, the pyridine complex
rhodium, [RhPyfi]Cl3, is suitable
the quantitative determination
rhodium. Several complexes can be
used to determine palladium within a
limited range. One of the better
methods is use of the ammonia com¬

plex [Pd(NH3)4]2 + . But other plat¬
inum metals interfere. In all cases,
Dr. Magee says, the choice of the lig¬
and is empirical. And in most cases,
interference from other platinum met¬
als restricts analytical use.

The catalytic wave caused by the
decomposition of hydrogen peroxide in
the presence of osmium can be used
to determine osmium. But in most

other cases, catalytic waves aren't pre¬
dictable; the method is limited.

New Approach. The principles of
the ligand field theory predict the
splitting of the d orbitals of the central
metal Ion because of the electrical
field of the incoming ligand; d levels
of higher and lower energies are thus
produced. This type of energy split
can be used to explain such phenomena
as absorption spectra, stereochemistry,
and magnetic behavior of complex
compounds.

In polarography, the formation of
a complex by a free ion results in a
shift of the half-wave potential to a
more negative value. A comparison
of the energy split observed spectro-
photometrically with the shift in half-
wave potential shows that a close cor-

• relation exists between the two for
any particular ligand, Dr. Magee says.
As a result, he adds, it's possible to
predict the ligand or ligands that will
permit the polarographic determina¬
tion of one platinum metal in the
presence of others.
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LIGNIN» DISTRlEUTIOr
Electron micrographs take
by Dr. Irving B. Sachs, Ir
T. Clark, and John C. Pe\
of USDA's Forest Product
Laboratory, Madison, V/is.
show iignin distribution i
wood cell. At the top i
white spruce after stainin
with p-(acetoxymercuri)an
line. Black areas indicat
high lignin density. Th
lower micrograph is that c
white spruce after hydrc
fluoric acid treatmen

Gray areas designate lignir
The cell's compound middl
lamella shows high ligni
density

Techniques Locate Lignin in Wood Cells
HF, p-(acetoxymercuri)aniline aid lignin
distribution study with electron microscope

For instance, in the case where six
CN~ ligands are brought up to Fe3i"
to form the complex [Fe(CN)c]3 + , a
set of ch orbitals of lower energy and
a set of dy orbitals of higher energy
are produced. The energy of separa¬
tion (AE) between these two levels
where the central atom is the same

depends on the strength of the ap¬
plied field. This means it's dependent
on the ligand used.

Ligands can be arranged in a series
of increasing field strength, going from
the weakest to the strongest. Accord¬
ing to Dr. Magee, the series based on
values of AE increases in the order ],
Br, CI, F, HaO, SON, pyridine, NHS,
and CN.

Predicts. Dr. Magee has used this
principle to predict the appropriate
complexes for analysis of the platinum
and noble metals. He does this simply
by determining the half-wave po¬
tentials with a series of ligands for
each metal in turn. Under these con¬

ditions, he finds half-wave potentials
for these metals that differ by more
than 0.1 volt, indicating that there is
a separation of polarographic waves
Then, in cases where these waves van

quantitatively with the amount o'
metal present, the basis for an anulyti
cal method is established.

Dr. Mageo cites this example of the
technique: An alloy containing
rhodium, palladium, and iridium can
be analyzed without first separatin g
the metals by forming the thiocyanate
complex. Palladium and iridium don t
form a complex. By dissolving tl e

alloy and adding 1M thiocyanate, the
rhodium complex is formed after bod¬
ing for one minute. This gives a good
polarographic wave with half-wave p >
tential at —0.64 volt. Simultaneously,
iridium (although it doesn't form a

complex with thiocyanate) gives a

catalytic wave at —1.63 volt, which
is sensitive to metal concentration a id
can be used for determining iridium.
Palladium doesn't form a complex with
thiocyanate. But when pyridine is
added, the resulting complex of pal¬
ladium is formed, which gives an ex¬
cellent polarographic wave at —0.4
volt, Dr. Magee says.

The spectrochemical series may be
extended to include ligands such as
ethanolamine, triethanolamine, EDTA,
biuret, ethylenediamine, and piper-
idine. Then, by using the determined
half-wave potentials for these com¬

plexes, it's possible to choose the best
ligand for determining copper, silver,
and gold.

With the aid of a special hydrofluoric
acid treatment and a p-( acetoxy-
mercuri) aniline staining technique,
scientists at the U.S. Department of
Agriculture's Forest Products Labora¬
tory in Madison, Wis., have used the
electron microscope to learn more
about the distribution of lignin in the
cell walls of some woods.

In the types of wood studied, much
of the lignin is present in the com¬
pound middle lamella (intercellular
substance), USDA's Ira T. Clark told
the Fourth Cellulose Conference, held
at New York State University College
of Forestry, Syracuse. Also, much
lignin is uniformly distributed in the
cell's secondary wall with a definite

increase in the secondary wall next t
the cell lumen, Mr. Clark says.

Best chemical use of wood not on!
depends on knowing the amounts c
certain substances (lignin, cellulosi
pentosans, and the like) in wood, bi
also on knowing where they're locate
in the cell wall. Lignin can be define
as the plant's incrusting materis
which is built up mainly of pheny
propane building blocks. Lign:
carries most of the plant's methox
content; it isn't hydrolyzed by acit
but can be easily ■ oxidized, and il
soluble in hot alkali and bisulfit
Also, lignin condenses easily wi
phenols and thio compounds.

Distribution of lignin in the woe
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BY KblANS OF INFRAllND SPECTROSCOPY

In the study of the structure and the analysis of organic compounds,

infrared spectroscopy has long been established as an effective technique.

However, in the study of inorganic compounds in general, and in the analysis

of inorganic substances in particular, the same situation has not prevailed.

The difficulty in applying infrared methods to inorganic material is inher¬

ent to that material in that absorption peaks are often broad and the

spectra complicated. Further, serious difficulties arise in using solut-

ionsi water, the usual solvent for most inorganic compounds absorbs very

strongly in the infrared, while most non-polar liquids are poor solvents.

In reoent years much of the development in the use of infrared methods

for inorganic substances has been based on improvements in the method of

preparation of the solid substance, and techniques such as the powder,

mull and alkali halide disc methods have appeared and grown in importance.

Of these three methods the first two possess a disadvantage, as far as

analytical chemistry is concerned: they are not readily applicable to

quantitative work.

In this laboratory, after investigations on the infrared spectra of

polyatomic inorganic substances when, in general, it was found that bands

were broad or ill-defined and, of little value analytically, atbempts

were made to improve the situation. It was found that, by incorporating

the ionically bonded inorganic material into a covalently bonded complex,

stronger and sharper absorption bands were obtained which, used in

conjunction with the alkali halide (KBr) disc technique, were capable



of qualitative and quantitative analytical application.

The publications in this section illustrate the applications of

thi3 method to the identification (Publications D1, 3>11) and determination

(Publications D3, D13) of polyatomic inorganic anions, to the determin¬

ation of rhenium and technetium (Publication D2)j niobium, tantalum

and associated elements (Publication I>4)» vanadium, molybdenum, tungsten

(Publication D5)» and the study of chelate compounds of analytical inter¬

est (Publications D6, D7, D8# D12). Work in this section, particularly

on the study of systems of analytical interest, is at present contin¬

uing.
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ANALYTICAL APPLICATIONS OF INFRARED
SPECTROSCOPY

IDENTIFICATION OF POLYATOMIC INORGANIC ANIONS

M. Al-Kayssi and R. J. Magee
Department of Chemistry, The Queen's University of Belfast, n. Ireland

(Received 2 March 1962. Accepted 30 March 1962)

Summary—Using infrared absorption spectroscopy a method has been
developed which permits the identification of the following 14 anions:
pertechnetate, perrhenate, thiocyanate, persulphate, perchlorate,
chlorate, permanganate, periodate, ferricyanide, ferrocyanide, thio-
sulphate, chromate (or dichromate), molybdate and tungstate. The
method is fast, sensitive and reliable compared to the corresponding
laborious and time-consuming classical methods.

Although a large number of investigations of inorganic compounds by infrared
absorption spectroscopy has been carried out, few applications of this technique to
systematic qualitative analysis have been attempted. Hunt et al.,1 studied the infrared
absorption spectra of 64 natural minerals and compounds, while Miller and Wilkins2
carried out their investigations on a number of inorganic salts, building up an excellent
catalogue for 159 compounds.

In the present work infrared spectroscopy was used in the systematic identification
of the following anions: pertechnetate, perrhenate, thiocyanate, persulphate, per¬
chlorate, chlorate, permanganate, periodate, ferricyanide, ferrocyanide, thiosulphate,
chromate (or dichromate), molybdate and tungstate.

All of the foregoing anions form compounds of the type ( Phcnyl)4AsX, where X
is the anion, and the method used is based on the precipitation of the anions with
tetraphenylarsonium chloride (TPAC), followed by the mixing of the precipitate with
potassium bromide. From the mixture a disc was prepared. This disc, when placed
in the infrared spectrophotometer, produced spectra which permitted the identification
of the anions present.

EXPERIMENTAL

Apparatus and reagents
The infrared spectra were recorded on a Perkin-Elmer ('Infracord') Spectrophotometer, Model

137.
The potassium bromide discs were prepared with a Perkin-Elmer die using an 'Apex' hydraulic

press with a 10-ton capacity on a ram of 2-|-inch diameter. Before use, the potassium bromide, which
was Analytical Reagent grade, was dried at 150° for 24 hr. The tetraphenylarsonium chloride was
supplied by L. Light and Co., Ltd. A 10% aqueous solution was used.

All other chemicals used in the work were AnalaR.

Procedure

1. Dissolve an appropriate amount (about 5-50 mg) of the anion mixture in approximately 3 ml
of water or suitable solvent in a 20-ml centrifuge tube. Add sufficient solid sodium chloride to make
the solution about 1M. Neutralise with ammonia solution and add 0-5 ml in excess. Heat the
solution, centrifuge and discard any precipitate formed.

2. Add to the clear solution an excess of 10% tetraphenylarsonium chloride reagent. Mix the
contents for a few min and centrifuge. To the supernatant liquid add 1 more drop of TPAC reagent
to ensure that precipitation is complete. Decant into a second centrifuge tube, wash the precipitate

667
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with 1 ml of 1M sodium chloride solution and centrifuge once more. Decant the washings into a
second centrifuge tube. Dry the precipitate by placing the tube in awater bath maintained at a tempera¬
ture of 50-60°. Connect the tube to a vacuum pump. This prevents decomposition of some com¬
plexes. The precipitate will contain thiocyanate, persulphate, perchlorate, chlorate, perrhenate,
pertechnetate, permanganate and periodate, if these anions were present in the original mixture.

3. Scrape out the precipitate with a small spatula and break up any lumps which may have formed.
Weigh out 1-3 mg of the precipitate and approximately 300 mg of potassium bromide. Transfer to
an agate mortar. Grind the mixture to a fine state of division and place in the die.

2000 1500 CMH 1000 900

WAVELENGTH (MICRONS)

Fig. 1. 1—Tetraphenylarsonium chloride (TPAC). 2—Tetraphenylarsonium chloro-
mercuriate. 3—Tetraphenylarsonium complexes of thiocyanate, perchlorate, chlorate,

perrhenate and periodate.
Evacuate the assembled die for 2 min and apply a total pressure of 10 tons for a period of 5 min.

Dismantle the die and fix the disc with a special holder in the beam of the 'Infracord' spectropho¬
tometer using a disc of potassium bromide in the reference beam. Record the spectrum over the range
3-15 jx. The characteristic bands of each anion are shown in Figs. 1, 2 and 3.

4. Divide the supernatant liquid from the TPAC precipitation into 2 parts. To one part add a
small strip of litmus paper and neutralise the solution with 1:1 hydrochloric acid, adding a drop in
excess. The formation of a precipitate in this operation indicates the presence of ferrocyanide, ferri-
cyanide, thiosulphate, chromate (or dichromate), molybdate and tungstate.

Centrifuge and add 1 drop of TPAC reagent to ensure complete precipitation. Treat the precipi¬
tate as outlined above, and record the spectrum over the range 3—15 /.i. The spectra are shown in
Figs. 1, 2 and 3.

5. If chromate, molybdate and tungstate are present, their interference may be eliminated by adding
to the second portion of the solution approximately 0-1 g of sodium citrate or citric acid and treating
the solution as under (4) above.

RESULTS AND DISCUSSION

Tetraphenylarsonium chloride was introduced as an analytical reagent by Willard
and Smith.3 It forms precipitates under different conditions with a large number of
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ions, e.g. iodide, bromide, fluoride, bismuth111, platinumIV, gold111, palladiumIV, tinIV,
zinc11, cadmium11, thallium111, mercury11, the metallic complexes of thiocyanate and
other groups, as well as with the polyatomic anions examined in this study. The
solubilities of these precipitates range from fairly soluble, e.g. chlorate, thiosulphate,
ferrocyanide, ferricyanide, and tungstate, to sparingly soluble, e.g. perrhenate,
pertechnetate, perchlorate, etc. If the former groups of anions are present in micro¬
gram quantities, then complete precipitation will be assisted by the presence of the
latter group which behaves as a carrier. The method is reasonably sensitive, 10 pg or
even less ofperrhenate, pertechnetate, thiocyanate and periodate in a 300-/<g potassium
bromide disc can be detected, and it is possible to detect amounts of less than 100 pg
of the fairly soluble precipitate such as chlorate and thiosulphate.

The characteristic infrared spectra of polyatomic inorganic compounds under
normal conditions are caused by rotation in addition to the lattice vibrations and their
absorption bands are, in general, broad and in some cases ill-defined. This makes
their identification difficult, particularly in mixtures. Exceptions are the simple or
complex cyanides which exhibit sharp bands from C-N stretching frequencies.

The characteristic bands of the polyatomic anions examined in this study are
attributable to either metal-oxygen frequencies, as in perrhenate, or to non-metal-
oxygen frequencies, as in persulphate, etc. It was found that most of the metal-oxygen
frequencies fall within the range of 9-11 pd The advantages of using TPAC as a
precipitant for the isolation of the anions prior to infrared absorption studies can be
summarised as follows:

(1) The reagent forms ion-association complexes with a large number of ions.
These complexes are mostly insoluble and can be separated from other interfering ions.

(2) Although the reagent has a comparatively high molecular weight and is com¬
posed of several groups, it exhibits a relatively simple infrared spectrum and has few
strong absorption bands. These cause no interference with any of the anions investi¬
gated in the present study.

(3) The bonds between the anions and the TPA ion are covalent in character, which
leads to sharper bands with less overlapping than obtained with the pure inorganic
compounds. Perrhenate, pertechnetate, and permanganate (when complexed with
TPAC) exhibit strong bands at 10-94, 11-09, and 11-02 p.

Perrhenate, pertechnetate and permanganate
It is quite easy to identify perrhenate, pertechnetate and permanganate (Fig. 2) if

present singly, but identification can be difficult if these anions are present together
in a mixture.

From the infrared spectra of these anions it is evident that they are isomorphous
and the presence of one strong band may mean that they are monomers. The strong
bands are assignable to metal-oxygen stretching frequencies (M = 0). These com¬
plexes are soluble in chloroform.

Molybdate and tungstate
These two anions show several absorption bands at longer wavelengths (Fig. 3).

The intensities of the bands are variable. This may be explained on the basis that these
ions exist as polymers, the presence of several bands arising from M—O—M—O
continuous structures.4 The variability of the bands can also be attributed to the



Fig.2.1—Tetraphenylarsoniumperiodate.2—Tetraphenylarsonium chlorate.3—Tetraphenylarsoniumperchlorate.4—Tetraphenyl¬ arsoniumpertechnetate.5—Tetraphenylarsoniumperrhenate. 6—Tetraphenylarsoniumpermanganate.

wavelength(microns)
Fig.3.1—Tetraphenylarsoniumpersulphate.2—Tetraphenylarsonium thiosulphate(fromneutralsolution).3—Tetraphenylarsoniumthio- sulphate(fromslightlyacidicsolution).4—Tetraphenylarsonium molybdate.5—Tetraphenylarsoniumtungstate.6—Tetraphenyl¬ arsoniumchromate(ordichromate).
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variability of composition of the complexes under different conditions. Identification
can be difficult, especially when present with chromate ions. These complexes are
insoluble in chloroform. Addition of citrate ion prevents the precipitation of molyb-
date and tungstate complexes.
Chromate (or dichromate)

The procedure outlined permits the identification of chromate (or dichromate) ion
which is characterised by a strong band at 10-48 p and other variable bands (Fig. 3).
The disappearance of the absorption bands on the addition of citrate ions can be
used as a confirmation of the presence of molybdate and tungstate ions. On the other
hand the treatment of chromate ion with iron11 sulphate and the consequent elimina¬
tion of the strong band at 10-48 //, can be regarded as a confirmation of the presence
of this ion.

Ferrocyanide andferricyanide
Ferrocyanide and ferricyanide ions form precipitates from a slightly acidic medium,

and the infrared spectra of their precipitates show strong and sharp bands at 4-65 and
4-74 p, respectively. Although these two bands are close to each other there is no
overlapping, which permits their individual identification when present in approxi¬
mately equal amounts.

Perchlorate and chlorate

The perchlorate ion forms a stable complex and exhibits a strong and sharp band
at 9-12 p. Although this band and that exhibited by the reagent at 9-24 p partially
overlap, the identification of microgram quantities of perchlorate ion is still easy
(Fig. 1). The chlorate ion which forms a fairly soluble complex with TPAC exhibits
a strong and broader band at 10-35 p. The broadness may be explained by the
assumption that the bonding between the chlorate ion and TPA ion is less covalent in
character than in the other cases discussed. To identify a microgram amount of
chlorate ion by the infrared technique, a carrier such as the perchlorate ion must also
be present.

Persulphate and thiosulphate
The persulphate ion forms an apparently stable complex with TPAC which is

insoluble in water. This ion shows several strong bands (Fig. 3).
Thiosulphate ion forms a fairly soluble complex with TPAC under neutral and

slightly acidic conditions. The complex formed in neutral solution exhibits three
absorption bands at 8-08, 8-78, and 9-8 /.i. The band at 8-78 fx is variable and broad.
When the complex is formed in a slightly acidic medium the broad band at 8-78 /x
splits into two weaker bands.

Thiocyanate
Thiocyanate ion forms an insoluble precipitate with TPAC in alkaline and acidic

media. It shows a strong and sharp band at 4-85 fx which permits the identification
of a few pg in a 300-mg potassium bromide disc (Fig. 1).
Periodate

With TPAC in acidic or alkaline media this ion forms a precipitate which shows a
strong absorption band at 11-68 p (Fig. 2).
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It is worthy of note that the TPA complexes of most of the anions examined in this
work show two very weak absorption bands at approximatley 10-8 u and 11-7 /i. In
no case, however, did these bands ever interfere with the detection of perrhenate,
pertechnetate, permanganate or periodate. Comparison of the spectra of the anions
concerned and that of the reagent removes any misinterpretation which might arise.

Other anions

TPAC forms precipitates with fluoride, bromide and iodide, which interfere in the
precipitation of the anions studied in the present work. Fortunately, however, the
halide complexes of (TPAC) show spectra which are similar to (TPAC) in the region
from 3-15 /jl.

The halo-complexes of some metallic ions, such as (Hg Cl4)2-, with the TPA ion
form precipitates which do not exhibit a significant band in the working region
(Fig. 1). If, therefore, these ions are present, no interference in the identification of
the other anions arises.

Zusammenfassung—Eine infrarotspektrophotometrische Methode
wurde entwickelt um die folgenden 14 Anionen rasch, empfindlich und
zuverlassig zu bestimmen und das besser und schneller als nach
klassischen Methoden: Pertechnat, Perrhenat, Thiocyanat, Persulfat,
Perchlorat, Chlorat, Permanganat, Perjodat, Ferri- und Ferrocyanid,
Thiosulfat, Chromat (und Dichromat), Molybdate und Wolframat.
Resume—Les auteurs ont mis au point une methode de spectroscopie
d'absorption infra-rouge permettant l'identification des 14 anions
suivants: pertechnetate, perrhenate, thiocyanate, persulfate, perchlor-
ate, chlorate, permanganate, periodate, ferricyanure, ferrocyanure,
thiosulfate, chromate (ou bichromate), molybdate et tungstate. La
methode est rapide, sensible et fidele par comparaison avec les methodes
classiques correspondantes longues et laborieuses.
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In the course of investigations of new analytical methods for technetium and rhenium,
new techniques have been applied to meet the requirements of an accurate and simple
method for determining the two elements1.

Although an appreciable number of spectropliotometric methods are available for
the determination of rhenium, few are known for technetium. The thiocyanate ion
has been used in a colorimetric method for technetium2 and rhenium3 but, unfortun¬
ately, this reagent forms coloured species with a large number of metallic ions.
Recently4 potassium ferrocyanide has been used for the spectrophotometry deter¬
mination of rhenium and technetium after reduction. Up to the present, however,
infrared spectroscopy has not been one of the techniques used for the determination
of these elements. The application of this technique in the systematic qualitative and
quantitative analysis of inorganic compounds in general has been neglected until
recently when potassium bromide disc techniques were suggested5-7. By means of
this technique, it has been possible to detect a number of anions by precipitating
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them with tetraphenylarsonium chloride and pressing into a disc with potassium
bromide before determining the infrared spectra8.

The success achieved in this work suggested the possibility of using it for the deter¬
mination of technetium and rhenium, since these two elements, as pertechnetate and
perrhenate, form precipitates with tetraphenylarsonium chloride (T.P.A.C.).

In the present work the method developed is based on the precipitation of perrhen¬
ate and pertechnetate with T.P.A.C. in the presence of potassium perchlorate as
carrier. The filtered precipitate is dried, mixed and pressed with potassium bromide
into a disc, and examined in the infrared spectrophotometer. The results of this work
are presented below.

experimental

Reagents
Potassium perchlorate. A solution containing i mg of 'AnalaR' Grade salt per ml.
Potassium perrhenate. A standard solution containing 0.372 mg Re/ml of 'Specpure'

potassium perrhenate.
Caesium pertechnetate. A standard solution containing 0.100 mg Tc/ml.

All other reagents used were of 'AnalaR' Grade.

Apparatus
The infrared spectra were recorded on a Perkin Elmer ('Infracord') Spectrophoto¬

meter, Model 137.
Potassium bromide discs were prepared with a Perkin Elmer die using an 'Apex'

hydraulic press with a io-ton capacity on a ram of 2^ inch diameter. Before use the
potassium bromide was dried at 150° for 24 h and ground to pass BSS 100-mesh.

Procedure

To the sample which contains 20-300 fig of perrhenate or pertechnetate ions in
5-20 ml of solution, add 2 ml of perchlorate solution and enough sodium chloride to
make the solution approximately 1 M. Heat the solution and neutralise with ammo¬
nium hydroxide solution, using a strip of litmus paper as indicator. Add 1 ml in
excess, followed by a measured excess of the aqueous 5% tetraphenylarsonium
chloride reagent. Stir the solution and allow to stand for several hours in a cool place.
Filter the precipitate on a 10-ml sintered crucible (porosity 4) and wash twice with
i-ml portions of cold sodium chloride solution, then with 1 ml of ice water. Dry at
iio° to constant weight. Break up any lumps with a small spatula, and mix a known
weight, around 2 mg, intimately with about 300 mg of potassium bromide, to form a
mixture of 300 mg. Place this mixture in an agate mortar and mix to a homogeneous
form. Transfer the finely-divided mixture to the die and form it into an even layer
with the plunger. It is not necessary to transfer the mixture quantitatively, since the
optical density of the finished disc is corrected to the 300-mg disc. Replace the plun¬
ger of the die, evacuate the whole die for 2 rnin, and apply a total pressure of 10 tons
for 5 min. The disc should be a little opaque but clear. Fix the finished disc into a
suitable holder and place it in the sample beam of the 'Infracord' using a pure potassium
bromide disc of similar weight in the reference beam. The spectrum is recorded over
the range 10-12 fi.
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To calculate the optical density, a base-line technique was used (Fig. i). A line is
drawn at the base of the band and the optical density calculated from the incident

10.94 n 11.09 n

Fig. 1. Calculation of the optical density
Tc and Re by the base-line technique.

of

micrograms Re/Tc in 300mg
disc

Fig. 2. Calibration curve: Optical densi¬
ty vs. concentration of Tc and Re in //g.

base line

perrhenate
pertechnetate

(Jo) and transmitted (/) intensities. This was corrected to a 300-mg basis by multi¬
plying by the factor 300/W, where W is the weight of the disc in mg. The concentration
of rhenium or technetium is determined by preparing a calibration curve of optical
density against concentration of rhenium or technetium (cf. Fig. 2). From this curve
the concentration of rhenium or technetium in the original sample may be obtained.

DISCUSSION AND RESULTS

Tetraphenylarsonium chloride is a well-known precipitating reagent for perchlorate,
perrhenate9, pertechnetate10, and other polyatomic ions. Unfortunately, the gravi¬
metric determination of both perrhenate and pertechnetate is subject to interference
from a large number of anions which necessitates laborious methods of separation.
Further, /ug quantities of these ions cannot be precipitated unless a carrier is present.

During the study of tetraphenylarsonium (T.P.A.) complexes of a number of anions8
by infrared spectroscopy it was found possible to use this method for the deter¬
mination of perrhenate and pertechnetate, as well as the other ions. The precipitation
of both perrhenate and pertechnetate when present in //g amounts, is assisted by the
presence of XY4~ groups which form a precipitate with T.P.A.C. In the infra-red
spectrophotometer, perrhenate and pertechnetate ions, in T.P.A. complexes, show
strong and sharp bands at 10.94 and 11.0911 respectively. These bands are assignable
to metal-oxygen stretching frequencies.

The advantages of using T.P.A.C. in this work have been discussed in the previous
work8.

Permanganate, perrhenate and pertechnetate ions all exhibit strong bands in the
same region. This necessitates their separation, if present in. admixture, by suitable
methods11'13. The elimination of the interference of permanganate ion is simply
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achieved by treating the acidified solution with hydrogen peroxide solution which
reduces the permanganate to manganese(II).

Infrared spectroscopy with a potassium bromide disc has been applied in quantita¬
tive analysis by a number of workers5-7. Kirkland13 has studied grinding methods
and pressing techniques in detail. He used 3 modes of particle size reduction: (1) ball-
milling the sample with potassium bromide, (2) grinding the material in a mortar with
powdered potassium bromide and, (3) grinding the substance with potassium bromide
in a mechanical vibrator-grinder with the help of steel balls. He concluded that the
vibrator-grinding method produced the highest and most reproducible band absorp-
tivities. The grinding time was also studied.

In the present work 2 grinding methods were used: (a) grinding the sample with
powdered potassium bromide in a mortar for 10 min, and (b) mixing the sample and
the powdered potassium bromide in a stainless steel capsule of approximately 1.2 x
3 cm dimension with the aid of two small steel balls and a laboratory-type vibrator-
shaker, again for 10 min. The results of these two grinding methods showed that
there is a slight improvement in the absorptivities in the case of mechanical grinding.
Equally good results can however be obtained using mortar and pestle.

interferences

Tetraphenylarsonium chloride forms precipitates with a considerable number of
ions8'9 which interfere in the gravimetric determination of both rhenium and tech¬
netium. Fortunately, these precipitates do not exhibit strong absorption bands at 11 fi
with the exception of permanganate. The effects of molybdate, tungstate, meta-
vanadate, bromide, nitrate and thiocyanate on the rhenium determination are shown
in Table I.

TABLE I

EFFECT OF VARIOUS IONS

(Rhenium added 223.2 fig)

Interfering ion concentration, /xg added as Re found, /xg % error

Mo6+ 5,000 Na2MoC>4 219.3 —i-7
W«+ 3,600 Na2W04 214.6 -3-8
V5 + 5,000 NaVOs 231.0 + 3-5
Br- 4,000 KBr 221.2 —0.9
no3- 6,000 KNO3 219.O —1.8
SCN" 1,000 KSCN 216.6 —2.9

Sulphate, phosphate, acetate, tartrate, citrate, oxalate, iodate, bromate and uranyl
ions do not interfere with the determinations of rhenium and technetium.

Metallic complexes of halides such as [HgH]2- do not form precipitates under
ammoniacal conditions. Thiocyanate, persulphate, chlorate, perchlorate, and perio-
date, all form precipitates with T.P.A.C. under the proposed conditions, but do not
show strong absorption bands at 11 [j, and therefore, do not interfere.*

SUMMARY

The determination of fxg amounts of rhenium, as perrhenate, and technetium, as pertechnetate,
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by infrared spectroscopy is described. The species are precipitated with tetraphenylarsonium
chloride in presence of potassium perchlorate as carrier; the precipitate is filtered, dried, and
pressed with potassium bromide into a disc for examination. The tetraphenylarsonium complexes
of perrhenate and pertechnetate show strong sharp bands at 10.94 and 11.09 /'• respectively.

RESUME

Une methode est decrite pour le dosage du rhenium (comme perrhenate) et du technetium (comme
pertechnetate) par spectroscopic infrarouge. Ces elements sont precipites au moyen de chlorure de
tetraphenylarsonium, en presence de perchlorate de potassium.

ZUSAMMENFASSUNG

Beschreibung einer Methode zur Bestimmung von Rhenium und Technetium durch IR-Spek-
troskopie nach Fallung mit Tetraphenylarsoniumchlorid in Gegenwart von Kaliumperchlorat.
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* It is worthy of mention that certain anions which form a precipitate with T.P.A.C., e.g. thio-
cyanate, periodate and perchlorate, exhibit a very weak band at approximately 10.8 /1. With //g
amounts of these anions no problem arises but, in the determination of rhenium, 2 mg of perchlor¬
ate is mixed with potassium bromide to form the 300-mg disc. At this concentration of perchlorate
a measurable optical density (ca. 0.08) is recorded; because of this the calibration curve does not
pass through the origin (Fig. 2). However, this need cause no trouble if a constant weight of
TPA-perchlorate is always used in the KBr disc. Any interference from the other anions may be
eliminated in the same way, since these ions also behave as carriers.
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The infrared technique has been used for the systematic identification of polyatomic
anions1 and for the determination of pertechnetate and perrhenate ions2. In the
literature, few methods are known for the determination or identification of peiiodate
ion on a microgram scale. The classical methods for determining periodate are slow
and tedious and the presence of iodate, bromate, chlorate and perchlorate with
periodate adds complexity to the methods. Tetraphenylarsonium chloride is a known
reagent for precipitating periodate, perrhenate, and a large number of similar
anions3. Unfortunately, no gravimetric method with this reagent is possible unless
methods of separation for other ions are used.

This paper describes the determination of periodate by infrared spectroscopy
with separation from other anions. The advantages in using tetraphenylarsonium
chloride have been discussed in earlier work1'2.

EXPERIMENTAL

Reagents and apparatus
The spectra were recorded on a Perkin-Elmer infrared spectrophotometer, "Infra-

cord" Model 137. Potassium bromide discs were prepared with a Perkin-Elmer die
using an "Apex" hydraulic press with a io-ton capacity on a ram of 2.1/8 inch
diameter. The complete potassium bromide disc is fixed on the "Infracord" with a
simple holder. Before use, the potassium bromide which is of analytical grade, was
ground in a mortar to pass a cloth of 100 mesh and dried at 150° for 24 h. The tetra¬
phenylarsonium chloride (L. Light & Co. Ltd.) was used as a 5% aqueous solution.
All other reagents and chemicals were of AnalaR grade. The potassium peiiodate
standard solution contained 500 /xg IO4- per ml. Potassium perchlorate was used as
an aqueous solution containing 5 mg pei ml.

Procedure

To a solution of periodate containing 100-1000 /xg in a volume of not more than
10 ml, add 2 ml of perchlorate solution as a carrier, 2 drops of concentrated hydro¬
chloric acid, about 1.2 g of sodium chloride and a measured excess of tetraphenyl¬
arsonium chloride solution. Stir the solution vigorously for several minutes to improve
precipitation. Allow to stand in an ice-bath for nearly 2 h. Filter on a weighed micro-
sintered crucible. Wash the precipitate with an ice-cold saturated solution of sodium
chloride, then once with ice-cold water. Dry the precipitate at 105° to constant
weight. Break up any lumps with the aid of a microspatula, and weigh accurately
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about 2 mg together with about 298 mg of powdered potassium bromide to form a
mixture of exactly 300 mg. Place the mixture in a mortar and mix. Grind for 10 min.
Transfer the mixture to the die. Since the mixture is homogeneous, it need not be
transferred quantitatively. Assemble the die and apply the vacuum for 2 min, then
while under vacuum, apply gradually a pressure of 10 tons for 5 min. Fix the disc
in the holder and scan the spectra from 10.5-12.0 fx using a pure potassium bromide
disc of the same weight in the reference beam. Draw a base-line on the chart between

fig I04~ per 300 mg disc
Fig. 1. Plot of absorbance of IO4".

11.5 and 12.0 fx. Determine la and It, and calculate the absorbance in the normal way.
Correct the absorbance to a 300 mg basis, i.e. multiply by 300/lT, where W is the
actual weight of the disc. Calculate the concentration of periodate from a calibration
curve, prepared according to the above procedure (Fig. 1).

RESULTS AND DISCUSSION

The periodate ion in the tetraphenylarsonium complex (TPAC) exhibits a strong
and sharp absorption band at 11.68 /x. In fact, it is the centre of 2 close and over¬
lapping bands at 11.64 and 11-72 fx. These 2 bands appear only at high concentration
of periodate ion1.

In this method, perchlorate was used as a carrier. Tetraphenylarsonium perchlorate
exhibits a very weak absorption band at 11.7 jx and when about 2 mg of a mixture
of tetraphenylarsonium perchlorate was mixed with about 300 mg of potassium
bromide, the perchlorate band at 11.7 fx showed an absorbance value of about
0.06 units (Fig. 1).

Anions which form precipitates with TPAC but which do not show interfering
bands at 11.7 fx are permanganate, pertechnetate, perrhenate, persulphate and chlo¬
rate. The presence of large quantities of these ions tends to dilute the periodate.
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Interference by molybdate and tungstate can be eliminated by adding excess of citrate
ion. Dichromate must be reduced with ferrous sulphate in acid solution. The presence
of chloro-complexes of mercury, zinc, cadmium and tin, although they form pre¬
cipitates with TPAC, does not cause interference at 11.7 /x, but excessive amounts

TABLE I

determination of IO4" in the presence of other ions

Sample Periodate (fjg) % Other anions
mgNo. Given Found Error present

i 400 390 ~ 2-5 — —

2 200 206 + 3° Iodate 5-0
3 200 207 + 3-5 Chlorate io.o

4 200 207 + 3-5 Bromate 8-3

of these ions act as diluents to periodate. A number of "unknowns" containing
periodate ion in the presence of a number of other anions were analysed. The results
are shown in Table I.

SUMMARY

An infrared method has been developed to determine periodate on the microgram scale. Periodate
is precipitated in slightly acid solution with tetraphenylarsonium chloride and in presence of
perchlorate as carrier. The precipitate is mixed with powdered potassium bromide and pressed
into a disc. The base-line absorbance of the periodate band at 11.68 fx is calculated in order to
find the concentration of periodate from a calibration curve. No interference is caused by per¬
chlorate, permanganate, perrhenate, chlorate, iodate or bromate.

RESUME

Une methode par spectrophotometry infra-rouge est decrite pour le microdosage des periodates
par precipitation en solution legerement acide au moyen de chlorure de tetraphenylarsonium et
en presence de perchlorate.

ZUSAMMENFASSUNG

Beschreibung.einer Methode zur Bestimmung von Mikromengen von Periodat durch IR-Spektro-
skopie nach Fallung mit Tetraphenylarsoniumchlorid.
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Investigations carried out on reduction systems for niobium and tantalum have
shown1 that niobium can be determined colorimetrically in the presence of tantalum,
but that titanium and, to a lesser extent, vanadium and tungsten always cause
trouble. To overcome this difficulty the possibilities of infra-red spectroscopy using
the potassium bromide disc technique were investigated. This technique2-3 had
proved to be very successful in problems of a similar nature in earlier work.

It appeared necessary to choose complexes of niobium which are readily formed, of
known composition, and possessing an oxygen bridge between metal and ligand. All
these characteristics appeared to be satisfied by the 8-hydroxyquinoline complexes
of these metals, which were therefore chosen. The method developed is based on the
precipitation of the metal oxinates. The filtered precipitate is dried, mixed and pressed
with potassium bromide into a disc, and examined in the infra-red spectrophotometer.

PRELIMINARY INVESTIGATIONS

Niobium when complexed with 8-hydroxyquinoline gives an infra-red spectrum
which is basically the same as that of oxine itself, but certain important differences
appear. The principal difference is the appearance of a peak at 10.85 I1 which is
characteristic of the Nb—0 group4. The peak is sharp in contrast to the broad ad¬
sorption band obtained for this grouping in the spectra of inorganic salts. The spectra
of 8-hydroxyquinoline and the niobium complex are shown in Figs. 1 and 2. Tantalum
exhibits a similar behaviour, the oxinate showing peaks in the infra-red region at
10.94 pi, 11.06 pi, and 14.05 pi (Fig. 3). The peak at 10.94 pi interferes with that of
niobium at 10.85 f*> but there is no interference from the tantalum peak at 11.06 pi.
The technique thus offers the basis of an analytical method for the determination of
niobium and tantalum. By determining the tantalum at 11.06 pi a correction can be
applied for the contribution at 10.85 /J-> thus permitting the determination of niobium.

Other elements which might be expected to be present with niobium and tantalum
in alloys were also investigated. Titanium (Fig. 4), zirconium, hafnium, aluminium,
gallium, indium, thallium, thorium and iron show no characteristic absorption peaks
presumably because of the absence of the metal-oxygen grouping in the oxinate.
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Fig. 4. Infra-red absorption spectrum of tita¬
nium oxinate.

Metals which do show absorption peaks are tungsten, molybdenum, vanadium, man¬
ganese and cobalt. A summary of the important peaks in the infra-red shown by the
oxinates of these metals is given in Table I.

TABLE I

Metal Peaks ([i)

w 10.58 IO.87 11.08
Mo 10.79 IO.9I 11.11

V IO.4O J4 (a broad band)
Mn I I.O6
Co IO.96

It is clear from Table I that vanadium is the only metal which does not interfere
with the determination of niobium and tantalum. Vanadium can be determined in a

mixture of all three elements. Tungsten or molybdenum may be determined in the
presence of niobium or tantalum, and a correction applied using the peaks at 10.58 fi
or 10.79 (*• Niobium may be determined in the presence of tungsten or tantalum, but
the presence of both these elements except in very small amounts must be avoided.
In view of the above experiments it was considered more practical to eliminate as
many as possible of the interfering elements before the final oxinate precipitation.

The results obtained as outlined above were used to develop a procedure for the
determination of niobium and tantalum in the presence of one another, and an attempt
was made to apply the method to the determination of these two elements in steels.
The perchloric acid method5 was used to precipitate niobium and tantalum; after
this treatment only tungsten of the interfering elements would be present.
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EXPERIMENTAL

Apparatus
The infra-red spectra were recorded on a Perkin Elmer ('Infracord') Spectro¬

photometer, Model 137. Potassium bromide discs were prepared with a Perkin Elmer
die using an 'Apex' hydraulic press with a io-ton capacity on a ram of 21/a inch
diameter. Before use the potassium bromide was dried at 150° for 24 h.

Procedure

Dissolve about 0.2 g of the niobium-tantalum alloy in 50 ml of 1 :1 hydrochloric-
nitric acid mixture. Add 35 ml of 71% perchloric acid and heat until the acid begins
to boil. Cover and reflux for 30 min. Cool and add 50 ml of distilled water, 50 ml of
sulphurous acid solution and a small quantity of paper pulp. Dilute to 300 ml with
distilled water. Stir and boil gently for 10 min, then digest for 2 h. Cool, filter through
No. 40 Whatman filter paper, and wash thoroughly with 2% hydrochloric acid.
Ignite the precipitate. Fuse the precipitate with potassium pyrosulphate and dissolve
the melt in 5 ml of 1 M oxalic acid. Add 0.5 ml of concentrated sulphuric acid and 50
mg of 8-hydroxyquinoline. Heat to boiling and add 3 g of urea. Dilute to 100 ml.
Leave on a water bath until the solution turns brown. The pH should be maintained
between 7 and 8. Filter through a sintered glass crucible, wash thoroughly with water,
alcohol and ether, dry in an oven at 140° and weigh.

Grind a representative sample of the precipitate (2 mg) with 200 mg of potassium
bromide in an agate mortar to a homogeneous form. Transfer the finely-divided
mixture to the die and form into an even layer with the plunger. Replace the plunger
of the die and evacuate for 2 min. Apply a total pressure of 10 tons for 5 min. Fix the
disc into a suitable holder and place in the sample beam of the 'Infracord', using a pure
potassium bromide disc of similar weight in the reference beam. Record the spectrum
over the range 9-15 fx.

To calculate the optical density a base-line technique3 was used. Draw a line at the
base of the band and calculate the optical density from the incident (10) and trans¬
mitted (It) intensities.

At the conclusion of the experiment, re-weigh the disc and correct the amount of
oxinate to 200 mg total disc weight.

The concentrations of niobium and tantalum are determined from standard cali¬
bration curves of optical density against concentration.

Notes

(.1) The method of urea hydrolysis6 is the only means of obtaining complete pre¬
cipitation of the oxinates of niobium and tantalum.

(2) Care must be taken in preparing the disc to ensure that the grinding is as fine
as possible, and that the oxinate-bromide mixture is completely homogeneous.

(3) In the pressing of the disc the thickness should be uniform throughout.
(4) In calculating the weight of niobium from the weight of oxinate the formula

Nb0(CgH60N)3 was used, thus 1 g of niobium oxinate corresponds to 0.1719 g Nb.
For tantalum the corresponding formula was used, thus 1 g of tantalum oxinate
corresponds to 0.2872 g Ta.

(5) The calibration curve for niobium oxinate is linear over the range 0-2.0 mg of
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niobium oxinate at 10.85 ft, the optical density ranging from 0 to 1.25. The curves for
tantalum oxinate at different wavelengths are shown in Fig. 5.

Fig. 5. Calibration curves for tantalum oxinate at three wavelengths (i g tantalum oxinate —

0.2872 g tantalum).

DISCUSSION AND RESULTS

It can be seen from Fig. 6 that the tantalum peak at 10.94 fj, interferes with the nio¬
bium peak at 10.85 ft- The tantalum absorbance at this wavelength changes rapidly
and it is not possible to read it directly. It is assumed, however, that the absorbance of
tantalum between 10.80 /j, and 10.94 /j, is linear; from the spectra this is a reasonable
assumption. The optical density of tantalum at 10.85 ft f°r various concentrations can

Fig. 6. Absorption spectrum of niobium oxinate-tantalum oxinate mixture.

therefore be determined. Further, since the tantalum concentration can be determined
without interference from the peak at 11.06 /j,, the tantalum influence on the optical
density for niobium at 10.85 ft can be calculated and both elements determined. Vana¬
dium may also be determined if present in the mixture, from its peak at 10.40 /.1.

In the absence of vanadium, tungsten may be determined in the presence of nio¬
bium and tantalum using the peak at 10.58 ^<. The tantalum peak at 14.05 fx is
thought to be due to a Ta—O—Ta type of linkage, probably arising from polymerisa¬
tion of the oxinate complex. This peak is not reproducible even under rigid experi¬
mental conditions and therefore is not analytically important. The tantalum peaks at
10.94 and 11.06 /j, are probably due to the Ta—O linkage.

Synthetic mixtures of 'unknown' composition and a standard niobium-tantalum
steel were analysed by one of us. The results are shown in Table II.

Tantalum was present in the sample of steel but in too small a concentration for its
accurate determination; 0.2 mg of tantalum oxinate per 200 mg disc was the smallest
amount which could be accurately determined. The background absorption over the
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complete spectrum range increased with the total oxinate concentration, so that at
concentrations greatly in excess of 2 mg per 200 mg disc it became high enough to
lower the transmittance readings at the niobium and tantalum maxima to below 15%;
in this region Beer's law was no longer strictly obeyed. This imposes a limitation on
the method, in that the niobium : tantalum ratio cannot be allowed to exceed 10 :1;

thus in the above case tantalum could not be determined accurately by extending the
method to cope with larger samples.

TABLE II

analysis of 'unknown' mixtures

Nb (mg) Ta(mg)
No.

Found Present Found Present

i 4-95 00 4-7 5.00
2 2.9 3.°° 5-7 6.00

3 5-8 6.00 3° 2.80

Analysis of Nb/Ta steel(B.C.S. sample)
Steel — Actual composition Nb + Ta 0.71 %

Found Nb °-65%
Ta 0.06%
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SUMMARY

The behaviour of the oxinates of niobium, tantalum and associated metals in the infra-red region
was studied and a method developed for the determination of niobium and tantalum. Vanadium
caused no interference, but other heavy metals, such as molybdenum, manganese and cobalt,
which interfered were removed by preliminary treatment when the method was applied to the
determination of niobium and tantalum in steels.

RESUME

Les auteurs ont examine le comportement des oxinates de niobium, de tantale et de leurs metaux
associes, en spectroscopie infra-rouge. Une methode a ete mise au point pour le dosage du niobium
et du tantale. Le vanadium ne gene pas; mais d'autres metaux lourds (Mo, Mn, Co) doivent etre
separes au prealable.

ZUSAMMENFASSUNG

Das Verhalten der Oxinate von Niob, Tantal und Begleitmetallen im Infra-rot Gebiet wurde un-
tersucht und eine Methode entwickelt zur Bestimmung von Niob und Tantal. Vanadium stort
nicht, aber andere Schwermetalle wie Molybdan, Mangan und Kobalt storen und miissen vorher
entfernt werden, falls die Methode zur Bestimmung von Niob und Tantal in Stahlen angewandt
wird.
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THE DETERMINATION OF VANADIUM, MOLYBDENUM AND TUNGSTEN
BY INFRARED SPECTROSCOPY

ROBERT j. MAGEE and ADNAN S. WITWIT

Department of Chemistry, The Queen's Univeristy, Belfast (Great Britain)

(Received May 6th, 1963)

Until quite recently infrared absorption spectroscopy had few applications in analyt¬
ical chemistry. The development of the potassium bromide disc technique1 has, how¬
ever, improved the position.

Magee and Al-Kayssi2 used the technique in the systematic identification of
fourteen anions, and later for the determination of rhenium and technetium3. In both
investigations tetraphenylarsonium chloride was used as the precipitating agent for
the polyatomic anions and the compounds formed showed strong, sharp absorption
bands in the region 9-13 [x, which were assignable to metal-oxygen stretching fre¬
quencies.

In the present work a reagent was sought which, in the complex formed, preserved
the metal-oxygen band; a further criterion was that the reagent should show an ab¬
sorption spectrum having as few strong absorption bands as possible,particularly in
the region 9-13 jx.

Among the reagents investigated 8-hydroxyquinoline possessed the necessary re¬
quirements. Little previous work has been carried out with this reagent in the infrared
region of the spectrum. Charles et alA and Phillips and Deye5 studied the infrared
spectra of a number of metal 8-hydroxyquinolinates and came to the conclusion that
a band in the region of 11 /x was assignable to the metal-oxygen stretching frequency.
Stone6 examined the infrared spectra of bismuth and magnesium 8-hydroxyquinoli¬
nates. The only infrared work of a quantitative nature using 8-hydroxyquinoline is that
of Magee and Martin7 who used the reagent for the determination of niobium and
tantalum.

In the present work the 8-hydroxyquinolinates of chromium, vanadium, molyb¬
denum and tungsten were examined by the infrared technique with a view to their use
in the qualitative and quantitative analysis of the elements. The results of these in¬
vestigations are reported below.

experimental

The 8-hydroxyquinolinates of chromium, vanadium, molybdenum and tungsten were
prepared as follows.

Vanadium and chromium

To the aqueous solution of vanadium or chromium, 5 g of ammonium acetate were
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added, and the solution was heated. A 4% 8-hydroxyquinoline solution in glacial
acetic acid was then added dropwise, and the solution was filtered, while hot, through
a sintered glass crucible (porosity 4). The precipitate was washed thoroughly with
hot water to remove excess of the reagent, and finally dried at 135-140°.

Molybdenum and tungsten
An aqueous solution of sodium molybdate or tungstate was made slightly alkaline

with sodium hydroxide solution. A 4% 8-hydroxyquinoline solution in alcohol was
then added, and the solution was heated to dissolve the precipitate formed.

The solution was now made acidic by the addition of 10% acetic acid and the pre¬
cipitated molybdenum 8-hydroxyquinolinate or tungsten 8-hydroxyquinolinate fil¬
tered, while hot, through a sintered glasscrucible. The precipitate was washed thorough¬
ly with hot water to remove excess of the reagent, and dried at 135-140°.

Preparation of the disc
Samples (2 mg) of the dried complexes were mixed with 200 mg of potassium bro¬

mide (spectroscopic grade, dried at 140° for 24 h before use), and the mixture was ground
as fine as possible with an agate pestle and mortar. The ground mixture was transfer¬
red to a Perkin-Elmer die. The assembled die was placed in the hydraulic press and
evacuated for 2 min, and a total pressure of ten tons was applied for 5 min. The die
was then dismantled and the disc removed, transferred to the disc holder and placed
in position in the beam of a Perkin-Elmer ("Infracord") Spectrophotometer, Model
137. A potassium bromide disc of the same dimensions was placed in the reference
beam. The spectrum was recorded over the range 3-15 fx.

results and discussion

The spectra obtained for 8-hydroxyquinoline, three metal chelates, and mixtures of the
chelates are shown in Figs. 1 and 2.

In the region 3-9/x all the elements show similar absorption. This is probably due to
the vibrations of the ring parts of the molecule. In the region 6-8 /x, however, bands
are much sharper than in 8-hydroxyquinoline itself. Around g /u sl sharp band occurs,
which is not present in 8-hydroxyquinoline. According to Charles et al.4, the 9 fx
peak, which occurs in the spectra of all the elements investigated by them, but not
in 8-hydroxyquinoline, is associated with C-0 vibration in the molecule. These wor¬
kers found that this peak varied by a small amount from one metal 8-hydroxyquinoli¬
nate to another, being displaced to lower frequencies as the atomic weight of the metal
increased.

For all the metal 8-hydroxyquinolinates, it will be seen that a strong peak occurs at
about 12 /x. It is suggested8 that it is due to diatomic vibration, possibly metal-oxygen
stretching frequency.

Molybdenum, tungsten and vanadium 8-hydroxyquinolinates all exhibit absorption
in the region 10-12 [x (Figs. 1 and 2). These bands are very strong. Chromium 8-hy¬
droxyquinolinate does not show absorption in this region, possibly because of the lack
of metal-oxygen bonding in the chelate.

The number and positions of the bands in the region 10-12 fx are shown in Table I.
The region from 12-15 /x shows differences in the various spectra. The bands in this

region are, however, generally broad, expecially in the case of vanadium.
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4000 3000 2000 1500 CM-' 1000 900 800 700

Fig. i. The infrared spectrum in the region 3-15 /r of: (a) 8-hydroxyquinoline; (b) vanadium 8-
hydroxyquinolinate; (c) molybdenum 8-hydroxyquinolinate.

TABLE I

BANDS FOR METAL 8-HYDROXYQUINOLINATES

Metal Peaks (fx)

Mo 10.80, 10.93, 11.12
W 10.61, 10.90, 11.10
V 10.5 (14 /x — a broad peak)
Cr —

From the above results it appeared that the infrared absorption spectra of the 8-
hydroxyquinoline derivatives of molybdenum, tungsten and vanadium might form
the basis of a useful method for the identification of these elements either alone or in
a mixture. Vanadium is readily identifiable by the peak at 10.5 /1, and also by the

Anal. Chim. Acta, 29 (1963) 517-523
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Fig. 2. The infrared spectrum in the region 3-15 /r of: (a) tungsten 8-hydroxyquinolinate; (b)
a mixture of molybdenum and tungsten 8-hydroxyquinolinates; (c) a mixture of vanadium,

tungsten and molybdenum 8-hydroxyquinolinates.

broad peak around 14 /x. Molybdenum and tungsten are also easily identified by the
peaks at 10.8 /x and 10.61 [x, respectively.

Analytical applications
Tn order to apply the infrared technique to the quantitative analysis of vanadium,

molybdenum and tungsten, it was clear that certain conditions should be fulfilled:
(r) complete precipitation of the 8-hydroxyquinolinates of these elements should be
easily achieved, (2) each of the metal 8-hydroxyquinolinates should have constant
composition. According to Welcher9, the above requirements are easily attained for
the elements under investigation.

The use of KBr as a supporting medium for the sample in quantitative work, in-
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troduces the possibilitity of complications. Two main factorsmay influence the results:
(j) the Christiansen filter effect, and (2) variation of the disc thicknesses. The first
effect can be largely minimised if the particle size of the powder is reduced below the
wave length of the radiation. Secondly, the disc diameter is constant (controlledby the
dimensions of the die); the thickness is thus proportional to the weight of the disc.
Consequently, both these effects can be largely minimised by grinding the disc com¬
ponents to a very fine size below that of the wavelength of the radiation, and weighing
the disc before correcting to a unit weight, i.e. 200 mg.

There are a number of other factors which can cause errors but it is possible to
overcome any difficulties by using only transmittance values between 20% and 70%,
and keeping the instrument settings constant during the experimental work. The slit
width should be held at a minimum, i.e. 0.25 fx, throughout the work.

If the precautions outlined above are strictly adhered to, the total error in the meas¬
urement of concentration should not exceed 2-3% and analytical application of the
technique becomes possible.

Calibration curves

As the conversion of vanadium, molybdenum and tungsten to their 8-hydroxyquino-
linate complexes is quantitative, calibration curves were prepared from pure samples
of the substances.

From the dried precipitates KBr discs were obtained by weighing 0.2-2 mg of the
metal 8-hydroxyquinolinate, and mixing with about 200 mg of accurately weighed
potassium bromide. Spectra were recorded over the range 3-15 fx, using a KBr disc
of the same weight in the reference beam.

The disc was weighed and the amount of metal 8-hydroxyquinolinate corrected to a
total disc weight of 200 mg.

For molybdenum the optical densities at 10.80 fx and 10.93 fx were determined. For
tungsten the values at 10.61 fx or 10.90 fx, and for vanadium those at 10.50 fx were used.
In all cases the base-line technique was employed3.

The calibration curves were linear and showed adherence to Beer's law, except
where the amount of metal 8-hydroxyquinolinate present in the disc was over 2 mg.
This may be due to the formation of less sharp bands, when it became difficult to
measure the optical density exactly.

For the metal 8-hydroxyquinolinates of the three elements, this procedure yielded
an error of ±3%.

Synthetic mixtures
The procedure was applied to the determination of vanadium, molybdenum, and

tungsten in synthetic mixtures. The results obtained are presented in Table II, from
which it can be seen that the maximum percentage error for vanadium, molybdenum,
or tungsten was about 7%. In most cases satisfactory results were obtained, but, when
the ratio of vanadium to molybdenum or tungsten was larger than 1 :4, the error ob¬
tained was about 5%. This may be due to the fact that the 8-hydroxyquinolinates of
these elements show maximum absorption in the region 10.5-11.2 fx, so that the pre¬
sence of relatively large amounts increases the background absorption significantly.
This, in turn, would cause the transmittance value to decrease, making it difficult to
keep the readings within the optimum transmittance range.
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From the spectra shown in Fig. 2 it can be seen that the presence of vanadium,
molybdenum and tungsten can readily be detected. The vanadium peak at 10.5 fx
appears as a shoulder on the tungsten peak (that is, the peak at 10.61 [x). The peak at
10.80 fx is due to molybdenum, while the other two peaks at 10.90 /x and 11.1 fx are
due both to tungsten and molybdenum.

TABLE II

analysis of synthetic mixtures

jug Vanadium /ug Molybdenum /ig Tungsten
Present Found % Error Present Found % Error Present Found % Error

84.21 82.97 - 1-5 92.28 89.97 -2.4 — —

119-34 119.48 + 0.11 161.49 165.87 + 2.6 — —

42.12 44.26 + 5 253-77 249-15 -1.4 — —

60.37 58.68 -2.7 — — 219.0 221.19 + 1
112.32 112.88 + 0.49 — — 456.25 485-45 + 6.4
70.20 65.98 -6 — 401.5 397-12 — 1.09

— — 101.50 105.89 + 4-3 182.5 168.63 -7.6
— — H5-35 "5-35 0 182.5 189.8 + 4
— — 184.56 175-33 — 5 270.1 277.4 + 2.7

A series of experiments was carried out to determine the three elements in the pre¬
sence of each other, but errors were found to be rather large (up toTio%). Experience
has shown however, that it is possible to determine vanadium, molybdenum and tung¬
sten individually as the metal 8-hydroxyquinolinates. It is also possible to determine
pairs of the elements.

In general the greatest amount of metal chelate that can be used within the opti¬
mum transmittance range is 1.6 mg. The smallest amount of chelate that could be
detected was 0.2 mg.

SUMMARY

The infrared spectra of the 8-hydroxyquinolinates of molybdenum, vanadium and tungsten in the
region 3-15 // were investigated. It was found possible to determine the elements quantitatively,
singly or in pairs, with an error of about 3%. Molybdenum was determined at 10.80 fx and 10.93 /*•
vanadium at 10.50 fx, and tungsten at 10.61 fx or 10.90 fx.

RESUME

Les spectres infra-rouges des hydroxyquinoleates de molybdene, vanadium et tungstene ont ete
examines entre 3-15 fx. II est possible de doser ainsi ces elements, soit isoles, soit deux par deux
avec une erreur de ± 3%.

ZUSAMMENFASSUNG

Die Infrarotspektren der 8-Hydroxychinolate des Molybdans, Vanadins und Wolframs im Bereich
von 3-15 fx wurden untersucht. Es ist moglich, die Elemente quantitativ, einzeln oder zu zweien
mit einem Fehler von etwa 3% zu bestimmen.
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THE INFRARED SPECTRA OF CHELATE
COMPOUNDS—I

A STUDY OF SOME METAL CHELATE COMPOUNDS OF

8-HYDROXYQUINOLINE IN THE REGION 625 to 5000 cm -1

R. J. Magee* and Louis Gordon
Department of Chemistry, Case Institute of Technology

Cleveland 6, Ohio, U.S.A.

{Received 13 November 1962. Accepted 19 March 1963)®

Summary—The infrared spectra of 8-hydroxyquinoline and its copper,
zinc, manganese, magnesium and calcium chelate compounds have
been determined between 2 and 16 /t. As far as possible, assignments of
peaks have been made and correlations between peak position and
stability constants have been drawn up. On the basis of the correlations
the structure of the different chelates is discussed. From a study of the
variation of peak height with concentration, it has been shown that the
technique has considerable analytical value. A procedure is presented
for the determination of copper and zinc as oxinates.

Although the number of publications dealing with the infrared spectra of metal
chelate compounds is still not large,1-7 interest in the field has increased during the
last few years. This has, however, been centred almost completely on the metal
complexes of acetylacetone.1-4-6 Further, much of the attention has been directed to
the structure of the reagent with little reference to the use of infrared measurements in
relation to stability of chelate bonds, or in possible analytical applications.

In the case of 8-hydroxyquinoline and its metal chelates, only two reports of infra¬
red studies have appeared in the literature. Charles et al? studied the infrared spectra
of 8-hydroxyquinoline, 2-methyl-8-hydroxyquinoline, 4-methyl-8-hydroxyquinoline,
and a number of metal chelates derived from these reagents. No attempt was made to
use the information analytically. In an earlier communication, Stone3 examined
magnesium and bismuth oxinates in the infrared region in an attempt to find an expla¬
nation for the insolubility of magnesium oxinate dihydrate in chloroform, a fact which
is in marked contrast to the behaviour of the other metal oxinates.

As far as analytical chemistry is concerned, the use of the infrared spectra of the
metal chelates has been negligible.8'9 Because 8-hydroxyquinoline and its metal
chelates appeared to offer an interesting study in the use of the infrared technique, the
present work was carried out to investigate the infrared absorption characteristics of
the oxinates of copper, zinc, manganese, magnesium and calcium, with attention, in
particular, given to the possible analytical use of the technique. The results of this
study are presented below.

EXPERIMENTAL

The oxinates of zinc10 and copper11 used in this investigation were prepared by the method of
precipitation from homogeneous solution;12 this resulted in uniform particle size and more regular

* Permanent address: Department of Chemistry, The Queen's University, Belfast, Northern
Ireland.
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crystalline shape. The oxinates of manganese, magnesium and calcium were prepared by conventional
precipitation.13 For each metal oxinate the conditions outlined in the appropriate publication were
adhered to.

Infrared spectra were recorded on two Perkin-Elmer Spectrophotometers, the "Infracord", Model
237 and Model 21.

Potassium bromide discs were prepared using a Perkin-Elmer die in conjunction with an "Elmes"

Fig. 1.—The infrared spectrum of copper oxinate between 2 and 15 fx.
(1 mg of complex in 400 mg of KBr.)

hydraulic press capable of delivering 23,000 pounds total load on a ram 3 inches in diameter. Before
use the KBr, which was of spectroscopic grade (supplied by Harshaw Co.), was dried at 150° for 24 hr
and ground to pass 100 mesh.

The spectra of copper oxinate and zinc oxinate are shown in Figs. 1 and 2. These spectra were
obtained on the Perkin-Elmer Model 21 instrument with a sodium chloride prism. Those obtained on
the "Infracord" agree exactly with them but peaks cannot be assigned as accurately as with the larger
instrument. All spectra on the "Infracord" were obtained at the slowest speed of the instrument.

WAVELENGTH, fi

Fig. 2.—The infrared spectrum of zinc oxinate between 2 and 15 fi.
(1 mg of complex in 400 mg of KBr.)

RESULTS AND DISCUSSION

The principal absorption peaks in cm-1 for 8-hydroxyquinoline and the metal
chelates, as obtained from the spectra, are shown below:
%-Hydvoxyquinoline

711, 741, 781, 808, 818, 866, 894, 975, 1060, 1094, 1140, 1167, 1204, 1215, 1273,
1286, 1385, 1416, 1439, 1473, 1508, 1588, 1635, 3050 (a broad peak).



The infrared spectra of chelate compounds—I 853

Copper oxinate
732, 740, 111, 794, 805, 816, 828, 836, 852, 854, 949, 1035, 1052, 1113, 1135, 1178,
1224, 1233, 1280, 1324, 1381, 1425, 1465, 1500, 1580, 1604, 1894, 1941, 3050.

Zinc oxinate

732, 787, 803, 824, 869, 908, 955, 978, 1034, 1058, 1112, 1135, 1175, 1209, 1232,
1280, 1325, 1385, 1429, 1465, 1499, 1579, 1610, 1920, 3050, 3430.

Manganese oxinate
742, 783, 792, 803, 820, 862, 905, 954, 978,1034, 1069,1108, 1139,1176,1203,1239,
1280, 1323, 1370, 1385, 1427, 1465, 1500, 1580, 1608, 1650, 1695, 1915, 1953, 2340,
3060.

Magnesium oxinate
742, 791, 805, 822, 856, 908, 954, 978, 1039, 1075, 1112, 1140, 1178, 1208, 1242,
1285, 1327, 1375, 1388, 1430, 1471, 1509, 1585, 1611, 1660, 1710, 1914, 1958, 2350,
3200.

Calcium oxinate

724, 745, 788, 803, 823, 868, 902, 1034, 1060, 1068, 1082, 1106, 1135, 1178, 1201,
1233, 1255, 1284, 1325, 1371, 1386, 1425, 1468, 1495, 1575, 1594, 1610, 1700, 1740,
1826, 1920, 3060, 3430.

In all cases spectra were first obtained using 2 mg of the metal oxinate in 400 mg of
KBr. The amount of chelate was then progressively reduced until the best spectrum
with the maximum resolution was obtained. The values for the prominent peaks
shown above appear in all the spectra obtained for that metal chelate. In the region
below 1500 cm-1 values could be read to an accuracy of about ±2 cm-1. Above
1500 cm-1 the accuracy is poorer.

Spectra of the metal chelates
Generally, the spectra of the metal chelates are similar to one another,7 but detailed

examination reveals many differences. There are also considerable differences between
the spectra of the metal oxinates and that of 8-hydroxyquinoline itself.

The spectra agree closely with those reported by Charles et all and by Stone.3 The
latter examined only the bismuth and magnesium chelates, but the former carried out
investigations on a number of the metal chelates. However, from the list of principal
peaks given and the spectra shown by Charles et al., it is clear that a number of
important peaks revealed in the present work were missed.

The spectrum of 8-hydroxyquinoline is complicated but shows similarities to that
of quinoline.16 It is suggested that the peaks at 1580 cm-1, 1504 cm-1, 1515 cm-1 and
1545 cm-1 in this reagent are due to C=C and C=N vibrations.14 The peaks around
782 cm-1 as well as those in the region 1000-1200 cm-1 are attributed to ring vibra¬
tions and C—H deformations. Following this reasoning it would be expected that on
chelation with a metal, the peaks around 780 cm-1 should alter materially. It can be
seen from the spectra of the metal chelates that this is indeed the case. In fact, altera¬
tion in this region appears to be characteristic of the metal present and has considerable
analytical significance in a qualitative sense.
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Charles et al,,7 in their examination of metal oxinates in the infrared came to the
conclusion that the 9-/x peak which occurs in the spectra of all the metal oxinates, but
not in 8-hydroxyquinoline itself, is associated with C—O vibrations in the molecule.
These workers found that the 9-/r peak varied by a small amount from one metal
oxinate to another, being displaced to lower frequencies as the atomic weight of the
metal was increased. In the present work, however, the position of this peak did not
vary markedly from metal to metal. With the maximum accuracy available, the
following values were found: copper (1113 cm-1), zinc (1112 cm-1), manganese
(1108 cm-1), magnesium (1112 cm-1), and calcium (1106 cm-1). When these values for

o"
z

UJ

g 880

< 870
Ld
Q_

O

^ 860
Li_
o

Z
9 850
H
CO

£ 0 2 4 6 8 10 12 14 16 18 20 22 24 26
log k| k2

Fig. 3.—The position of the M—O peak in wave numbers plotted against log k1k2.

the position of the peak were plotted against the atomic weight of the metal, no simple
relationship was obtained.

In the results from the present work, it will be observed that a significant peak
occurs in the metal oxinates in the region 850-870 cm-1. The appearance of this peak
in all the metal chelates suggests that it is due to a diatomic vibration, possibly the
C—O bond, or a metal-oxygen stretching frequency. The position of this peak varies
markedly with the metal. It might be expected that the position of the peak would be
influenced by the stability of the complex. To test this supposition the peak position
for each metal oxinate was plotted directly against log kxk2.15 The result is shown in
Fig. 3. It will be seen from the figure that zinc, manganese and magnesium lie on a
straight line, while calcium and copper lie at considerable distances from this line. If a
plot is made of the position of the peak against atomic weight, as carried out by
Charles et al.,1 a similar result is obtained.

Merritt16 determined the structure of zinc oxinate dihydrate by X-ray diffraction
and showed that it has octahedral co-ordination around the zinc atom. The same

author, however, concludes that in a rigid co-ordinating molecule such as 8-hydroxy-
quinoline, where the reacting groups are firmly fixed, the final structure may involve a
great distortion of the usual valence bond angles to the metal ion. This would depend
on the size of the metal ion. The bivalent ionic radii of the metals used in the present
work are: Cu, 0-69 A; Zn, 0-74 A; Mn, 0-80 A; Mg, 0-65 A; Ca, 0-99 A.

This importance of the metal ion size in determining the structure of the metal
oxinates may be seen more clearly by considering "limiting radius ratios." In this
concept the radius of the metal ion (rm) to the radius of the other ion (rx) in a complex

®Ca >"Zn

Mn

Mg Cu
®

. i i
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structure must lie within certain limits for each type of co-ordination. Dunitz and
Orgel17 have shown for various co-ordination polyhedra, for example, that for an
octahedron (co-ordination number 6) the minimum radius ratio must be 0-414; for a
tetrahedron 0-225; for a cube 0-732; and for a square antiprism 0-645.

When the values of the radii for the oxygen ion (rx) and each metal ion (rm) are used
in this manner, the results shown in Table I are obtained:

Table I

Cu Zn Mn Mg Ca

rrnkx
0-69

T40

0-74

T40

0-80

T40

0-65

T40

0-99

T40

0-493 0-529 0-571 0-464 0-707

Octahedron Octahedron Octahedron Octahedron
Square

antiprism

Co-ordination
no. 6 6 6 6 8

Using the limits set by Dunitz and Orgel, it can be seen that calcium produces a
different structure from the other metals. Now, if the lower limit for a feasible metal
oxinate structure is set at tetrahedron (minimum radius ratio = 0-225), then ions of
radius less than 0-32 A would not be expected to form an oxinate, e.g., Be2+ (0-31 A).
On the other hand, if the upper limit for a feasible structure is set at square antiprism
(minimum radius ratio = 0-645), then ions of radius greater than about 1-1 A would
not be expected to form an oxinate, e.g., Ag+, 1-26; Au+, 1-37.

Analytical applications
It was mentioned earlier that differences in the spectra of the different metal oxi-

nates are significant enough to permit their use in the detection of the element. These
differences occur principally in the region 10-14 p.. Close examination of the spectra
in this region confirms the analytical value of these differences. As a quantitative
technique in inorganic analytical chemistry, infrared spectrophotometry has up to the
present time found little application; only a few cases have been reported.8-9 In the
present work, however, it was the intention to investigate possible qualitative aspects of
the technique and preliminary investigations revealed hopes of success in this direction.
Attention was focused on zinc and copper only, and an attempt was made to use
certain peaks quantitatively.

Examination of the spectra of these elements reveals (Figs. 1 and 2) that for copper
oxinate a characteristic peak occurs at 852 cm-1 (11-73 p). This peak does not occur in
the spectrum of zinc oxinate nor is there any peak in the vicinity which could lead to
confusion in identification. At the same time, a characteristic peak occurs in the
spectrum of zinc oxinate at 908 cm-1 (11-02 p) which suffers no interference from any
copper peaks. Although other peaks exist which serve to distinguish copper from
zinc, in the present work, only these two peaks were used quantitatively.

4
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Variation ofpeak height with concentration
In order to test the quantitative use of the copper and zinc peaks, the variation of

the peak height with concentration was examined. The results are shown in Figs. 4 and
5 where it will be seen that the peaks under consideration behave linearly with concen¬
tration. Although in the investigation as little as 0-1 mg of the copper oxinate pre¬
cipitate was taken, it was nevertheless found that the 11-73-^ peak is not sensitive below
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Fig. 4.—The zinc calibration curve for the peak at 11-02 /i.

1 mg of precipitate and results using less than this amount are likely to be subject to
error. With zinc, on the other hand, the method may be extended to at least 0-1 mg of
zinc oxinate precipitate.
Procedure

Weigh out a portion of the metal oxinate which has been dried for several hr at 130°. For
copper, the optimum amount is in the range 1-3 mg; for zinc, 0-1-3 mg.

Mix this weighed amount of precipitate with about 300 mg of potassium bromide.* Place the
mixture in an agate mortar and mix to a homogeneous powder, f

Transfer the homogeneous mixture to the die and form it into an even layer with the plunger. It is
* The potassium bromide disc method for the preparation of solid samples was discovered

independently by Stimson and O'Donnell18 and by Scheidt19 in 1952 and in recent years has come in
for some criticism. The principal criticism appears to be that difficulties arise which may be attributed
to anion exchange between the compound and the alkali halide, and to pressure or orientation effects
on the sample as a result of compression.20 In the present work these effects were looked for, but in no
case were observed, perhaps because of the high stability of these chelates. Samples were left for 1
week or more in a desiccator and on re-examination produced exactly the same spectra as before. The
great advantage of the method over mull techniques is, of thecourse, fact that it can be used quantita¬
tively and that very small samples may be employed.

t Precipitates obtained by the method of precipitation from homogenous solution (PFHS) are
ideally suited for this technique and a satisfactory mixture can be obtained in from 30 sees to 1 min.
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not necessary to transfer the mixture quantitatively, because the optical density of the finished disc is
corrected to the 300-mg disc. After replacing the plunger, evacuate the die for 2 min. A disc will be
produced by this procedure which should be clear.

Fix the disc in a suitable holder and place in the sample beam of the infrared spectrophotometer.
A potassium bromide disc of similar weight should be used in the reference beam.

The spectrum may be recorded over the range 2-15 /.i, but it is satisfactory for quantitative work to
record only the range 10-12 /x.

To calculate the optical density of the peak, use a base-line technique.8 In this
technique a line is drawn at the base of the band and the optical density calculated

OPTICAL DENSITY

Fig. 5.—The copper calibration curve for the peak at 11-73 fi.

from the incident (70) and transmitted (7t) intensities. This value is then corrected to a

300-mg basis by multiplying by the factor 300/ W, where W is the weight of the disc in
mg. From a calibration curve the concentration of copper or zinc may be determined.

As a test on the technique a mixture of the oxinates of copper and zinc was exam¬
ined. Fig. 6 shows the spectrum of the mixture of these two oxinates. By comparison
of this with the spectra of the two metals alone, it is quite easy to decide that these two
particular metals are present. The two characteristic peaks at 11 -02 [x for zinc and
11-73 [x for copper can be clearly seen. Further, the mixture supplied consisted of
0-70 mg of zinc oxinate and 1-54 mg of copper oxinate and, after determining the
optical densities at the appropriate peaks and using the calibration curves, the amount
of each oxinate in the mixture was found to be 0-70 mg of zinc and 1-58 mg of copper.

It should be pointed out that while in this work the quantitative behaviour of only
zinc and copper was investigated, the method may be extended readily to calcium,
manganese and magnesium, as characteristic peaks for these metals are present in their
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spectra. Furthermore, it will be noted that in the discussion of the spectra of these
chelates that no mention was made of the metal-nitrogen bond. Absorption peaks
characteristic of this stretching frequency should occur at frequencies below 625 cm-1.
Investigations of this region are reported in Part II of this series.21

WAVELENGTH, fj.

Fig. 6.—The infrared spectrum of mixed oxinates of copper and zinc.
(0-70 mg of zinc oxinate and 1-54 mg of copper oxinate.)

Acknowledgements—The authors acknowledge the assistance of the United States Atomic Energy
Commision in supporting the investigation described herein under Contract AT(ll-l)-582. Thanks
are also due to the Research Department of the Union Carbide Co., Parma, Ohio, for use of the Model
21 spectrophotometer, and to Mr. J. P. Jones of the Department of Chemistry, Case Institute of
Technology, for assistance in the preparation of the metal chelates by PFHS.

Zusammenfassung—Die Infrarotspektren von Oxin und seinen Chelaten
mit Cu, Zn, Mn, Mg und Ca wurden im Bereich 2-16 Mikron unter-
sucht. Soweit es moglich war, wurden die Absorptionspitzen
zugeordnet und Beziehungen zwischen der Lage der Absorptionspitzen
und den Stabilitastkonstanten aufgezeigt. Auf Grund dieser Bezie¬
hungen wird die Struktur der verschiedenen Chelaten diskutiert. Eine
Untersuchung iiber die Anderung der Spitzenhohe mit der Konzentra-
tion lasst erwarten, dass die Methode analytische Bedeutung erlangen
kann. Eine Methode zur Bestimmung von Cu und Zn als Oxinate
wurde ausgearbeitet.

Resume—On a etudie des spectres infra-rouges dans la region 2 a 16
microns, de Thydroxy-8-quinoleine et de ses composes chelates avec le
cuivre, le zinc, le manganese, le magnesium et le calcium. L'attribution
des pics a ete faite d'une maniere aussi poussee que possible, et des
correlations ont pu etre deduites entre la position de ces pics et les
constantes de stabilite. A partir de ces correlations, les auteurs pro-
posent la structure de differents chelates. L'etude de la variation de la
hauteur des pics en fonction de la concentration, montre que cette
technique a une valeur reelle au point de vue analytique. Un procede
de dosage du cuivre et du zinc sous forme d'oxinates est donne.
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THE INFRARED SPECTRA OF CHELATE COMPOUNDS—IP

A STUDY OF SOME BIVALENT METAL CHELATE COMPOUNDS OF
8-HYDROXYQUINOLINE IN THE REGION 625 TO 250 cm"1

R. J. Magee| and Louis Gordon
Department of Chemistry, Case Institute of Technology

Cleveland 6, Ohio, U.S.A.
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Summary—An investigation of the infrared spectra in the region 625-250
cm~l of the complexes of copper, zinc, manganese, magnesium and
calcium with 8-hydroxyquinoline has been carried out. The spectra are
simple, but, despite their simplicity, they differ from one another, both
in the number of peaks and the relative positions of corresponding
peaks. Possible analytical applications of the spectra in this region are
discussed.

The infrared spectra in the region 5000-625 cm-1 of some metal chelates of 8-hydroxy-
quinoline have already been reported.1

Investigations of metal chelates in the region 625-250 cm-1 are few in number.
Dismukes et al.2 have recorded the infrared spectra of some metal-acetylacetonate
complexes between 700 and 350 cm-1, and Lane et al.3 have recently obtained the infra¬
red spectra of 2-(2-pyridyl)-imidazoline, 2-(2-pyridyl)-benzimidazole, 2-(o-hydroxy-
phenyl)-imidazoline, 2-(o-hydroxyphenyl)-benzimidazole, and their metal chelates in
the region between 5000 and 300 cm-1. However, no investigation of 8-hydroxy-
quinoline and its metal chelates in this low frequency range has been reported.

EXPERIMENTAL
Materials

The metal oxinates used in the investigation were prepared, as far as possible, by the method of
precipitation from homogeneous solution;4'5 these were copper,6 zinc,7 manganese,5 magnesium5
and calcium.5

Potassium bromide discs were prepared using a Perkin Elmer die in conjunction with an "Elmes"
hydraulic press capable of delivering 23,000 pounds total load on a ram 3 inches in diameter. Before
use, the KBr, which was of spectroscopic grade, was dried at 150° for 24 hr, and was ground to pass
100 mesh.

Measurement of the infrared spectra
All spectra were recorded on a Perkin-Elmer, Model 21, Spectrophotometer with a CsBr prism;

resolution was 1000, response 12, and speed 32.
The spectra obtained for 8-hydroxyquinoline and the five metal chelates are shown in Figs. 1-6.

RESULTS AND DISCUSSION

The principal absorption peaks observed in the spectra of 8-hydroxyquinoline and
the metal oxinates (Figs. 1-6), recorded in p except where stated, are given below:

8-Hydroxyquinoline
15-71, 17-40, 18-39, 20-40, 21-3, 21-52, 23-62, 33-00.

* Part I—see ref. 1.
f Permanent address: Department of Chemistry, The Queen's University, Belfast, Northern

Ireland.
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Wovelength, fi

Fig. 1.—The infrared spectrum of copper oxinate in the region 15-40 /x.
(2 mg of copper oxinate in 400 mg of KBr.)

Fig. 2.—The infrared spectrum of zinc oxinate in the region 15-40 /x.
(2 mg of zinc oxinate in 400 mg of KBr.)

27 29 31

Wavelength,

Fig. 3.—The infrared spectrum of manganese oxinate in the region 15-40 /<
(2 mg of manganese oxinate in 400 mg of KBr.)

Fig. 4.—The infrared spectrum of magnesium oxinate in the region 15-40 //.
(2 mg of magnesium oxinate in 400 mg of KBr.)
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Fig. 5.—The infrared spectrum of calcium oxinate in the region 15-40 p.
(2 mg of calcium oxinate in 400 mg of KBr.)
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Copper oxinate
15-53, 15-82, 17-15, 19-15 (522-19 cm"1), 24-64 (405-84 cm"1), 30-82.

Zinc oxinate

15-41, 16-60, 17-68, 20-11 (497-26 cm"1), 24-70 (404-86 cm-1).

Manganese oxinate
15-49, 16-62, 17-10, 17-80, 20-05 (498-75 cm-1), 26-86 (372-30 cm-1), 30-88.

Magnesium oxinate
15-47, 16-40, 17-05, 17-76, 19-55 (511-51 cm-1), 20-65 (484-26 cm"1), 26-12 (382-85

cm-1), 31-68, 32-99, 34-50.

Calcium oxinate

15-30, 16-74, 17-75, 19-95 (501-25 cm"1), 20-47 (488-52 cm"1), 23-25, 26-78 (373-41
cm-1).

The spectra (of 8-hydroxyquinoline and the metal chelates) in the region examined
are quite simple, in contrast to those taken at higher frequency.1

In the caesium bromide region, i.e., the region of the investigation, absorption may
be caused by internal vibrations, torsional oscillations8 of water in the sample, or
lattice vibrations, although these last are not likely above 300 cm-1. Miller et al.s
point out that where water of crystallisation exists in a sample, rotations become
hindered and are better described as torsional oscillations. These oscillations produce

Fig. 6.—The infrared spectrum of 8-hydroxyquinoline in the region 15-40 p.
(2 mg of 8-hydroxyquinoline in 400 mg of KBr.)
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absorption in the caesium bromide region. Water can, however, cause difficulty in
this region and often produces peaks which are broad.

The spectra of the metal chelates, despite their simplicity, differ markedly from
one another, both in the number of peaks and the relative positions of corresponding
peaks. They also differ from 8-hydroxyquinoline itself. Perhaps the most interesting
peak is that which occurs in the region around 19-20 fx, or more specifically, copper

O 0-5 1-0 1-5 2-0 2-5 3-0 3-5

Weight of oxinate, mg

Fig. 7.—Optical densities plotted against weight of copper oxinate.

(19-15 fx\ 522-19 cm-1); zinc (20-11 [x; 497-26 cm-1);5 manganese (20-05 /r; 498-75
cm-1); magnesium (19-55/t; 511-51 cm-1), and calcium (19-95 fx; 501-25 cm-1 or
20-47 [x; 488-52 cm-1). The peak in this region occurs in all of the metal chelates
but not in the spectrum of 8-hydroxyquinoline.

The peaks for calcium at 26-78 fx (373-41 cm-1), for magnesium at 26-12 /x (382-85
cm-1) and for manganese at 26-86 [x (372-30 cm-1) are broad. They do not occur
in the spectra of copper and zinc. These peaks possibly represent water of
crystallisation.

Analytical applications
The infrared spectra in the region under investigation are much simpler than those

obtained in the region 5000-625 cm-1.1 Despite their simplicity, however, considerable
differences occur between the spectra of the individual metal oxinates (Fig. 1-6).
These differences are such that qualitative analysis for the metals may be carried out
using the spectra as a basis. To investigate the quantitative significance of the tech¬
nique the peak at 19-15 [x or 522-19 cm-1 in the copper oxinate spectrum was
examined. Potassium bromide discs were prepared by the procedure outlined else¬
where,1 and the optical densities for different amounts of copper oxinates were deter¬
mined. In Fig. 7 the optical densities obtained are plotted against the weights of oxinate
taken. It can be seen that the points lie on a straight line. The actual peaks for three
different amounts, 0-5, 1-0 and 2-0 mg of copper oxinate are shown in Fig. 8.
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Fig. 8.—The peaks for three different amounts of copper oxinate, in 400 mg of KBr:
(a) 0-5 mg; (b) 10 mg; (c) 2 0 mg.

It is clear that the infrared technique in the range 625-250 cm-1 has potentialities
for the quantitative determination of elements by means of their oxinates. In this
work detailed analytical investigations were not carried out, but a quantitative ana¬
lytical study is considered to be worthwhile. It is proposed to carry out such a study
and the results will be reported later.
Acknowledgements—The authors acknowledge the partial assistance of the United States Atomic
Energy Commission in supporting the investigation described herein under Contract AT(ll-l)-582.
Thanks are also due to the Research Department of the Union Carbide Co., Parma, Ohio, U.S.A.,
for use of the Model 21 spectrophotometer.

Zusammenfassung—Eine Untersuchung der Oxinate von Cu, Zn, Mn,
Mg und Ca im IR-Bereich (625-250 cirr1) wurde durchgefiihrt. Die
Spektren sind einfach, unterscheiden sich aber trotzdem voneinander.
Sowohl die Anzahl als auch die Lage der Spitzen ist verschieden. Die
Moglichkeiten einer analytischen Anwendung der Methode wurden
diskutiert.

Resume—Une recherche sur les spectres infra-rouges des chelates de
l'hydroxy-8-quinoleine et des metaux suivants (cuivre, zinc, manganese,
magnesium, calcium) a ete effectuee dans les regions 250-625 cm-1.
Les spectres obtenus sont simples, mais malgre leur simplicity, ils
different sensiblement a la fois par le nombre des pics et la position
relative de ces pics. On presente une discussion des possibilites d'appli-
cation de ces spectres a l'analyse.

j i i i l i i 1 i i l
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THE INFRARED SPECTRA OF CHELATE
COMPOUNDS—III*

A STUDY OF SOME TERVALENT METAL CHELATE COMPOUNDS
OF 8-HYDROXYQUINOLINE IN THE REGION 5000-250 cm"1

R. J. MAGEEf and Louis Gordon
Department of Chemistry, Case Institute of Technology

Cleveland, 6, Ohio, U.S.A.
(Received 11 February 1963. Accepted 18 March 1963)

Summary—The infrared spectra of 8-hydroxyquinoline and of its
complexes with aluminium, gallium and indium have been determined
in the region 5000-250 cm-1. The spectra show similarities, but
differences between the aluminium complex and the other two occur
in the region 625-250 cm-1. A discussion of the spectra and of the
structures of the oxinates is presented.

The infrared spectra in the region 5000-250 cm-1 of a number of bivalent metal
chelates of 8-hydroxyquinoline have already been recorded.1'2 In the present paper
the spectra in the ranges 5000-625 and 625-250 cm-1 of the complexes with aluminium,
gallium and indium are described. The only other report on the infrared spectra of
the tervalent metal chelates of 8-hydroxyquinoline is that by Charles et al.,3 who
studied the infrared spectra of 8-hydroxyquinoline, 2-methyl-8-hydroxyquinoline,
4-methyl-8-hydroxyquinoline, and a number of metal chelates derived from these
reagents, including those of aluminium and indium in the range 3000-625 cm-1.

EXPERIMENTAL
Materials

The metal oxinates used in the investigation were all prepared by the method of precipitation
from homogeneous solution;4 these were aluminium,5 gallium," and indium.7 Potassium bromide
discs were prepared using a Perkin-Elmer die in conjunction with an "Elmes" hydraulic press capable
of delivering 23,000 pounds total load on a ram 3 inches in diameter. Before use, the spectroscopic
grade potassium bromide was dried at 150° for 24 hr, and was ground to pass 100 mesh.
Measurement of the infrared spectra

All spectra were recorded on Perkin-Elmer Model 21, and Beckman IR-5A spectrophotometers.
The spectra obtained for hydroxyquinoline and the three metal chelates in the region 625-250 cm-1

are shown in Figs. 1-3. That for 8-hydroxyquinoline in the same region has already been recorded.2

RESULTS AND DISCUSSION

The principal absorption peaks observed in the spectra of 8-hydroxyquinoline
and the metal oxinates in the region 5000-250 cm^1 (Figs. 1-3), measured in /u, are
recorded below, the significance of those peaks marked by an asterisk being discussed
later:

8-Hydroxyquinoline
33-00, 23-62, 21-52, 21-3, 20-40, 18-39, 17-40, 15-71, 14-08, 13-5, 12-8, 12-38, 12-2,
* Part II—See ref. 2.
t Permanent address: Department of Chemistry, The Queen's University, Belfast, Northern

Ireland.
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Fig. 1.—The infrared spectrum of aluminium oxinate in the region 15-35 ft.
(1-6 mg of aluminium oxinate in 300 mg of KBr.)
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Fig. 2.—The infrared spectrum of gallium oxinate in the region 15-35 ft.
(1-6 mg of gallium oxinate in 300 mg of KBr.)
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Fig. 3.—The infrared spectrum of indium oxinate in the region 15-35 ft.
(1-6 mg of indium oxinate in 300 mg of KBr.)
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11-54, 11-15, 10-24, 9-7, 9-43, 8-75, 8-55, 8-28, 8-16, 7-8, 7-23, 7-C6, 6-96, 6-78, 6-65,
6-31, 5-25, 3-3 (a broad peak).

Aluminium oxinate

27-9, 24-75, 23-81, 22-4, 21-81, 21-3, 19-82, 19-02, 18-22 (547 cm"1)*, 17-29, 15-4,
13-35, 12-68, 12-45, 12-17, 11-65, 10-94, 10-48, 10-22, 9-7, 9-5, 8-98, 8-52, 8-14, 7-8,
7-52, 7-24, 7-02, 6-82, 6-68, 6-33, 6-22, 5-8, 5-23, 3-84, 3-76, 3-28, 2-93.

Gallium oxinate

24-55, 22-55, 20-01, 19-47, 19-26, 19-00 (525 cm"1)*, 17-35, 16-86, 15-95, 15-52,
13-5, 12-75, 12-5, 12-18, 11-66, 10-98, 10-48, 9-7, 9-5, 9-0, 8-84, 8-52, 8-17, 7-81, 7-53,
7-25, 7-02, 6-84, 6-69, 6-34, 6-25, 5-83, 5-25, 3-28, 2-92.

Indium oxinate

25-17, 19-65, 19-19 (517 cm"1)*, 17-3, 15-95, 15-58, 15-25, 13-61, 13-43, 13-3, 12-69,
12-45, 12-16, 11-55, 11-0, 9-67, 9-38, 9-02, 8-80, 8-52, 8-08, 7-8, 7-55, 7-24, 7-0, 6-83,
6-67, 6-32, 6-24, 5-9, 5-77, 5-2, 3-28, 2-93.

Spectra and structure of aluminium, gallium and indium oxinates
Differences exist between the spectra of these metal chelates and that of 8-hydroxy-

quinoline. In general, the spectra of the metal chelates, as might be expected, are
similar, with one outstanding exception. In the wavelength region 650-250 cm"1 the
spectrum of the aluminium complex is different from those of the gallium and indium
complexes. Possible reasons for this are discussed below.

In the region 5000-625 cm-1 the spectra of all these oxinates are very similar, but
indium oxinate shows bands at 13-3 and 13-45 p which are not present in the spectra
of the other complexes.

In the region 650-250 cm"1 the principal differences between gallium and indium
are shifts in the peaks. For example, the band at 525 cm-1 (19-00 p) in the gallium
complex is found at 517 cm"1 (19-19 p) in indium oxinate and 547 cm-1 (18-22 p)
in aluminium oxinate.

Because of the availability of d orbitals, the elements aluminium, gallium and
indium can form semicovalent octahedral complexes.8 The electronic configuration
of aluminium is Is2; 2s2, 2p6; 3s2, 3p1. By the loss of electrons from the 3s and 3p
orbitals, these, together with the empty 3d orbitals, become available for bonding.
By this arrangement the 12 electrons from the ligands can be accommodated by
hybridisation of the type sp3d2 which gives rise to an octahedral structure. The
co-ordinating ligands can be accommodated on the dxt_„2, dz* orbitals, without in¬
volving the dc orbitals. Such a structure is undoubtedly octahedral,9 and the
hybridisation is therefore sp3dz2.

In the case of gallium and indium the same reasoning applies, except that for
gallium the orbitals involved are the 4p, 4s and 4d orbitals, and for indium the orbitals
involved are the 5s, 5p and 5d. In all cases the predicted picture of the structure of
these three complexes is octahedral. If, however, consideration is taken into account
of the size of the ions involved, because the ionic radius ranges from 0-50 A for
aluminium to 0-81 A for indium, i.e., a 60% increase, then distortion of the octahedral
structure will occur, which will be reflected in the infrared spectra.
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Zusammenfassung—Die Infrarotspektren von 8-Hydroxychinolin und
einigen seiner Chelate mit dreiwertigen Metallen (Al, Ga und In)
wurden von 625-250 cmr1 gemessen. Die Spektren sind ahnlich, aber
zwischen Aluminium und den anderen beiden Metallen treten Unter-
schiede auf. Die Spektren werden diskutiert und Strukturvorschlage
fur die Oxinate gemacht.
Resume—On presente une etude des spectres infra-rouges de l'hydroxy-
8-quinolei'ne et de ses chelates formes avec des metaux trivalents
(aluminium, gallium, et indium), dans la region des 250-625 cm-1.
Les spectres sont similaires mais il existe des differences entre celui de
1'aluminium et les deux autres dans la region des 250-625 cm-1. On
discutre les spectres et la structure des oxinates.
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PART ONE

analytical chemistry in recent years has made great
advances. In fact, it might be claimed that, since the
end of the Second World War, a renaissance has taken
place in the subject. The analytical chemist has found
that if he is to occupy the special position in industry
and serve it as required he, more than any other type
of chemist, must be prepared to use the tools which
science as a whole has made available. Thus, today,
the analytical chemist must be something of a
physicist, physical chemist, inorganic chemist and
organic chemist. A perusal of any journal of
analytical chemistry will find the analytical chemist
conversant with a wide range of methods from classi¬
cal chemical procedures to the recent applications of
modern techniques such as nuclear magnetic re¬
sonance. A closer examination, however, of the
methods with which the analytical chemist is involved,
reveals a very interesting feature. The majority of the
techniques employed, whether they be classical
chemical, polarographic or emission-spectroscopic,
while they , give the total content of constituents in
materials very satisfactorily, fail to indicate the form
in which the element or constituent is present. For
many technical processes current requirements
demand more detailed information on the form in
which the elements are bound in the material. One of
the few techniques which can supply this information
is infra-red spectroscopy.

In the study of the structure and analysis of organic
compounds this feature of infra-red spectroscopy has
long been recognized and the fundamental principles
involved and the techniques employed are well
known.

In the study of inorganic compounds, however, in
general, and in the analysis of inorganic substances,
in particular, the same situation has not prevailed.
Much of the difficulty in the application of infra-red
methods to inorganic material is inherent to that
material, in that absorption peaks are often broad
and the spectra complicated. Again, with inorganic
materials there are often serious difficulties in using
solutions; water, the usual solvent for most inorganic
compounds absorbs very strongly in the infra-red,
while most non-polar liquids are poor solvents. For
example, carbon tetrachloride and carbon disulphide,
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which are among the most suitable as far as inter¬
fering absorption bands are concerned, are not usually
good solvents for inorganic substances. It is clear,
therefore, that an improvement in the method of pre¬
paration of solid substances is essential to the success
of infra-red spectroscopy in inorganic analysis. Within
recent years these improvements have come and the
time is now opportune to review the developments
that have taken place and evaluate the future
possibilities.

Much of the early work on solid inorganic sub¬
stances, usually from reflectance spectra and certainly
not for analytical purposes, was carried out on single
crystals or sections1. Absorption spectra, however,
can be recorded only on very thin films or sheets
(0-5-0-6 mg./sq. cm.). There is often considerable
difficulty in the preparation of thin sheets, as many
substances cannot be sliced thin enough to prevent
them from being opaque to infra-red radiation. For a
study of the spectra of ammonium bromide and
deutero ammonium bromide, sublimed thin films
were used by Wagner and Hornig7.

The impact of the thin sheet technique on inorganic
analytical chemistry has been very small. This
method, however, was followed by two others which
did make considerable impact and which have some
analytical importance for at least the qualitative
analysis of inorganic material. These are the mull
technique and the powder method.

Mull Technique
In this method the substance under investigation

is suspended in a solvent having little absorption in
the spectrum range investigated. The material is
ground to a powder, of particle size less than 5
microns to minimize scattering, and then mixed with
the solvent, e.g., nujol, and the mixture spread
uniformly between potassium bromide or sodium
chloride plates2-3-4. This technique is simple and
rapid but is not without its difficulties. Often a suffi¬
ciently uniform film is difficult to prepare. Further,
the conventional methods of mulling in nujol can
produce spectra which are poorly defined, because of
reflection or refraction of the radiation by crystal
particles. In addition, in certain regions of the
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spectrum the absorption bands of nujol have to be
distinguished from those of the material under in¬
vestigation. Finally, there is now sufficient evidence
to support the contention that this technique is not
the best for the quantitative analysis of inorganic
substances5.

One of the earliest papers of analytical interest in
which this technique was employed is that by Miller
and Wilkins6. These workers determined the infra¬
red spectra from 2-16 p of 159 inorganic compounds,
most of which are salts containing poly-atomic ions.
The samples were ground to a fine powder to mini¬
mize light scattering and examined as nujol mulls.
However, in some cases, the spectral features were
obscured by nujol absorption bands and, in these
cases, the material was mulled again in fluorolube and
the spectra re-recorded. A chart of characteristic fre¬
quencies for 33 ions was prepared. These frequencies
were found to be distinctive, with no great spread in
wave numbers, and were used for the qualitative
analysis of the inorganic substances. Variability in
the spectra was sometimes found, i.e., the spectra of
two samples of the same compound were somewhat
different. It was concluded that this could arise from
the following factors: impurities, crystal orientation
(the spectra of anisotropic substances depend on the
orientation of the sample and it is therefore desirable
to have completely random orientation of the crystal¬
lites an additional reason for grinding the sample
very finely), polymorphism (different crystalline forms
of the same compound often exhibit slightly different
infra-red spectra7), and varying degrees of hydration.

The principle of characteristic frequencies for
identification purposes was also investigated by
Colthup8 who drew up a chart giving likely positions
of characteristic infra-red absorption bands for
organic and inorganic groups, e.g., sulphate, phos¬
phate, carbonate, nitrate, nitrite9'10. It is probably the
case that nujol mulls give the best representation of
the spectrum of the basic material. It has, however,
been pointed out that two of the disadvantages are
the interference of nujol absorption bands and the
difficulty in making the technique quantitative. A pro¬
cedure, which gets over the latter disadvantage and
which has been used with some success, is the method
of internal standards. An internal standard is a

material which is present in or added to the sample
in a known amount to serve as a reference for spectral
measurements. By the use of such a standard with
accurately calibrated bands, a calibration curve can
be built up in which the ordinate is usually the
optical density of the absorption band of the internal
standard divided into the optical density of a band
of the sample, and the abscissa is the concentration
of the sample. By the use of this procedure the basis
for a quantitative method is established which is
probably accurate to about +5 per cent.11. Naph¬
thalene12, DL-alanine13, lead thiocyanate14, calcium
carbonate15 and sodium azide16 have all been recom¬

mended as suitable internal standards. Duyckaerts17
claims that, while the internal standard method has
been used with good accuracy in the analysis of multi-

component mixtures by combining it with the method
of compensated extinctions, difficulties nevertheless
arise due to Beer's Law not being applicable. In at
least one case, however, the internal standards
method was not successful18.

Despite its limitations, the nujol mull technique has
its adherents who find it preferable to other tech¬
niques19. It has been extended to include the prepara¬
tion of mulls on the micro-scale20, although for
quantitative work on this scale claims have been made
that this technique is inferior to others21.

Powder Method

When a procedure or method is developed in which
the conditions to achieve success are not too stringent,
that method will have its adherents. In such a group
the "powder method" of preparing solid material for
infra-red analysis might be placed. The technique is
very simple. The sample is finely pulverized and, if
necessary, sieved. It is then placed in a uniform layer
of thickness between about 3-12 microns on a sup¬
port transparent in the infra-red region to be studied.
Lecomte22 has reviewed the advantages and dis¬
advantages of the method and points out that it has
a large degree of tolerance. Good results may be
obtained, even if the layer of sample is not homo¬
geneous and very small amounts of material may be
examined. The technique is also capable of many
variations. It has had considerable application in in¬
organic qualitative analysis, principally in the identi¬
fication of functional groups22. An important factor
in the powder method is particle size. Pfund, et al.2:i
found that when a crystalline material is ground to a
size finer than the wavelength of the infra-red radia¬
tion, its spectrum is sharpened considerably. Scatter¬
ing of radiation, by large particles is mainly due to
refraction24 and, with large particles, little light is
transmitted in the range 2-16 p25.

Hunt, et al,26 used a variation of the powder method
for the analysis of rocks and minerals. This technique
involves grinding the sample to a powder of average
particle diameter of less than 5 p.. The powder is
then spread as a thin film over the sodium chloride
window through which the infra-red radiation passes.
The spectra of 64 minerals, rocks, and inorganic
chemicals in the range 2-16 p were determined and
the procedure was used for the qualitative and semi¬
quantitative determination of major constituents in
the rocks. The technique is rapid and capable of
application to analytical problems in other fields.

The powder technique was also used by
Rocchiccioli27 in a study of 15 metallic chlorates and
by Loisel28 in the analysis of rust.

It is undoubtedly true that in recent years analytical
chemists have become increasingly aware of the
potentialities of infra-red spectroscopy in inorganic
analysis. Much of that interest has, however, grown
in the past 10-12 years and has been stimulated by a
third method for the preparation of solid samples,
the potassium bromide disc or pellet technique. This
has had wide analytical application and is to be dis¬
cussed in the second part of this article.
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Pharmaceutical Research
a very comprehensive colour film, running for ap¬
proximately 35 min. and entitled "Better Medicines
for a Better World," has recently been produced by
Parke Davis & Company. The film, which essentially
outlines the techniques employed by the Company in
its search to relieve pain, cure disease and prolong
life, systematically surveys various groups of illnesses
and the means to combat them. The film opens with
work carried out in the field of infectious diseases.
Subsequently details are given of the incidence of
cancer, and antitumour tests are demonstrated. The

Pilot plant in the Product Development Department
of Parke, Davis & Company at Hounslow

use of steroids and hormones in cancer, diabetes and
arthritis is shown. Likewise the synthesis of steroids,
oestrogens, androgens, progestogens and anabolic
agents receives much attention. The next sequence
deals with diseases of the central nervous system and
shows the effects of tranquillizers, psychic energizers,
etc. The final section of the film deals with chemical
research, process research and pharmaceutical re¬
search and highlights the new product Sernylan,
which will shortly be available in the veterinary field.

New Aromatics Plant at Rotterdam
good progress is being made in the building of
Esso's aromatics plant, on the site of the Company's
Rotterdam refinery. Badger N.V., who are the main
contractors, recently reported that the work was
more than 90 per cent, complete. With a capacity of
approximately 250,000-300,000 metric tons of ben¬
zene, toluene and xylene a year, the plant is believed
to be the largest manufacturing unit for aromatic
compounds in Europe. A substantial proportion of
its output will be exported. One of the most im¬
portant aspects of the new plant will be its flexibility,
more particularly because a hydro-alkylation pro¬
cess will enable the conversion of toluene and xylene
into benzene. A further expansion of Esso's petro¬
chemical activities is being planned with the proposed
construction of a cyclohexane plant, which will be
complementary to the aromatics plant now nearing
completion.
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One of the most successful of the many
productions of the Paterson Engineering
Company is the Stellar diatomaceous
earth filter, a pre-coat pressure filter
capable of ultra-fine filtration removing
particles of less than one micron.
Various grades of filter powder are used
to achieve the required degree of filtra¬
tion and the filter can be readily cleaned
without dismantling. Stellar filters are
handling a multitude of different liquid
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undertakings in many countries. The list
below is a representative selection.
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Barium chloride
Barium sulphide
Bichromate of soda

Calcium chloride
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Chlorosilanes solution
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Defrosting liquid
Photographic developer solutions
Diethanolamine
Disinfectants

Essences, perfumes, etc.

Ginger ale syrups
Vegetable gums

Oils—General, Honing,
Wire Drawing, Insulating,
Rolling Mill Coolant,
Oily condensate
Lubricating oil additives.

Pectine
Pharmaceuticals

Phosphoric acid
Plating solutions
Potassium carbonate

Synthotic rosin solutions
1 iqnirl snap
Sodium carhonatei
Sodium sulphate
Sulphut
Sugar syrups
Beet sugar juices
Liquid sugars
Varnishes
White spirit
Wines and spirits

. . . and, of course, water where the
process demands that it is free of all
suspended matter.
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in the first part of this article1 describing the use of
infra-red methods in inorganic analysis it was
pointed out that essential to success was a satisfactory
method for the preparation of solid samples, as in¬
organic material is generally insoluble in non-aqueous
solvents. The mull technique and powder method,
with their own peculiar disadvantages, did not, in
general, lead to a wide application of infra-red
methods in inorganic analysis. However, in 1952, a
third technique was added which has come to be
known as the potassium bromide disc or pellet
method: it was received with enthusiasm. This new

procedure was discovered independently by Stimson
and O'Donnell2 and Scheldt1. In it the solid material
and an alkali halide are finely ground together and
the mixture pressed into a transparent disc. The alkali
halides are highly transparent in the infra-red; so the
absorption spectrum of the disc is that of the material
under examination. A disc may be made from a few
milligrams of material and usually 100-300 mg. of
alkali halide.

Almost all of the alkali halides and some other
halides have been used'1'4. Many factors influence the
choice for a particular sample but, in general,
potassium bromide and potassium iodide are the
most satisfactory, because, particularly in the former,
effects arising from absorption by water5 are most
readily eliminated.

Preparation of the Sample
Before use traces of water must be removed from

the alkali halide. A number of methods have been

proposed2-5-6. A disc of potassium bromide properly
prepared has a transmission of 90-95 per cent, in the
range 2-15 p and may be stored for several months
at room temperature without taking up much water7.
Some authors, however, have obtained satisfactory
results with commercial "special spectroscopic grade"
potassium bromide8,9.

The mixture of sample and halide may be ground
by hand, or by vibratory10,11 or ball12 grinder. Some
workers claim that a vibratory grinder gives superior
results'0,11, but Tuddenham and Lyon13 and others14

found hand grinding in a mortar satisfactory under
some conditions.

Above certain limits particle size influences
accuracy, but below these limits transmission is in¬
dependent of size7. Duyckaerts15 has examined par¬
ticle size theoretically on the assumption that the
particles are spherical or cubic and are of the same
refractive index as the alkali halide base. He con¬

cludes that the condition for Beer's Law to apply is
that Kd < 0-3, where K is the absorption coefficient
and d the diameter of the spheres or lengths to the
edges of the cube.

Inadequate grinding results in a loss of transparency
due to increased scattering. In connection with par¬
ticle size, 1 « has been suggested as being the best.

Pressing the Sample
The mixture is pressed in a hard steel die and

many descriptions have been given of suitable presses
and pressing methods16. Evacuation of the die during
pressing of the discs is important17. Clear discs can
be produced without evacuation, but they usually
soon cloud over.

The discs normally used are 1-2 mm. thick and, for
these, the adequate pressure « 10 tons/sq. cm.) is
obtainable by a hand-operated screw press18, but pre¬
ferably by a hydraulic press. Discs of this thickness
are brittle and trouble can arise in extracting them
from the press. Several devices have been described
to assist in the extraction19.

Applications of the Disc Method in Inorganic
Analysis

Although the disc technique was developed in 1952,
its application to inorganic analysis is much more
recent. It was mentioned in the first part of this
article that a disadvantage of the nujol mull technique
was the difficulty in achieving satisfactory quantitative
results with it. Hunt and Turner20 did show that it
could be made quantitative for some substances
(quartz, dolomite, orthoclase), but generally applica¬
tion in this direction, in inorganic analysis, has been
negligible. It was, however, dissatisfaction with the
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mull technique in quantitative inorganic work that
stimulated interest in the disc technique, as the latter
appeared to have inherent qualities which were
missing in the other techniques.

For the determination of a constituent from a

spectral trace, apart from the internal standard
method discussed previously, two other methods are
available, area-measurement under a peak, and the
base-line technique21. The latter has achieved con¬
siderable popularity and is preferable to the internal
standard method22. In this method, which is intended
to correct for random scattering, absorbances are
measured from a line connecting the transmittances
on both sides of the absorption band to be measured.
The absor'oence, A, at any particular wavelength is
related to the quantities /„ (radiant energy falling on
the disc) and / (radiant energy passing through the
disc), as follows:—

A =log I011
An application of this technique is given in Ref. 23.

By means of both the base-line technique and area-
measurement Fischer and Ring24 carried out a
quantitative determination of fluoroapatite in
hydroxyapatite. The two methods yielded results with
average errors of 1-5 per cent, (base-line technique)
and 1-2 per cent, (area-measurement) fluoroapatite in
the sample. Unlike other infra-red studies of
apatites25, where the 2-15 /x range was used, these
authors carried out their investigations in the 15-24 /x
range. Corbridge and Lowe26 performed quantitative
analysis on condensed phosphates using the potassium
bromide disc technique. Commercial sodium tri¬
phosphate occurs in two crystalline phases and is
sometimes contaminated with small amounts of
sodium pyrophosphate and sodium tri-meta phos¬
phate. In mixtures the amount of each constituent was
determined with an accuracy within +0 5 per cent,
over the range of concentration occurring in com¬
mercial material. These workers express the view that
the infra-red disc technique compares favourably with
X-ray and chemical methods in regard to speed and
accuracy.

An extensive and interesting investigation of the
capabilities and problems of infra-red examination of
minerals by the disc method was carried out by
Tuddenham and Lyon13. These workers investigated
the effect of particle size on the absorption spectrum
in the range 2-15 /x and determined the necessity of
reproducible grinding methods. Examples are pre¬
sented involving the determination of the quartz con¬
tent of dust samples, the estimation of carbon dioxide
content of a series of carbonate-apatite samples, and a
correlation of the lithium contents in a series of
lepidolites with curve shape.

Freeze-Drying—Potassium Bromide Disc Technique
A novel approach, which permits the application of

infra-red methods to analytical samples present in
aqueous solution, is obtained by combining the
potassium bromide disc technique with lyophilization
or freeze-drying27. Underwood and co-workers28'29
applied this combined method to the determination

of sulphate. They found29 that it was suitable for the
determination of sulphate impurities in reagent
chemicals and was as accurate as is ordinarily re¬
quired at the trace level. The method, however, is
not rapid as freeze drying is slow, but may be carried
out overnight. The potassium bromide is added to the
solutions before freeze-drying. The residue obtained
from the freeze-drying tubes is finely divided and is
pressed into discs directly. The same freeze-drying
—potassium bromide disc technique—was used in the
simultaneous determination of small quantities of
sulphate, nitrate and nitrite in water samples3" and in
the determination of chlorate in the presence of other
oxyhalogen anions31. In these procedures the base¬
line technique was used for the determination of each
constituent.

Application to Inorganic Compounds
A different approach, which seems capable of ex¬

tending infra-red analysis to inorganic substances in
a big way, has been used by Magee and Al-Kayssi32
and others33. The former came to the conclusion that
polyatomic inorganic substances, in general, exhibit
bands which are often broad or ill-defined and which
make their use in inorganic analysis difficult. They
found that by incorporating the ionically bonded in¬
organic material into a covalently bonded complex,
stronger and sharper absorption bands were obtained
which, used in conjunction with the potassium
bromide disc technique, were capable of qualitative
and quantitative analytical application. The technique
was applied to the identification of polyatomic
anions32. These anions form compounds of the type
(Phenyl),AsX, where X is the anion; and the method
used is based on the precipitation of the anions with
tetraphenylarsonium chloride, followed by the mixing
of the precipitate with potassium bromide. From the
mixture a disc was prepared by pressing. The pro¬
cedure permitted the identification of 14 anions. The
characteristic bands of the polyatomic anions were
attributable to either metal-oxygen frequencies, e.g.,
perrhenate, or to non-metal-oxygen frequencies, e.g.,
persulphate. Most of the characteristic frequencies
fall in the range 9-11 /x.

The authors summarize the advantages of TPAC
as follows:—

The reagent forms ion-association complexes with
a large number of ions. These complexes are mostly
insoluble and can be separated from other interfering
ions.

The reagent exhibits a relatively simple infra-red
spectrum and has few strong absorption bands. These
cause no interference with any of the anions.

The bonds between the anions and the TPA ion
are covalent in character, leading to sharper bands
with less overlapping than obtained with straight in¬
organic compounds.

The same workers used the same reagent and pro¬
cedure for the quantitative determination of rhenium
and technetium34 and periodate32, employing the
base-line technique for actual determination of the
constituents. Greenhalgh and Riley35 also used TPAC
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to determine perchlorate in sea water. The lower limit
of perchlorate was found to be 5 p.p.m.

Using the potassium bromide disc method, Neeb36
found that in the spectra of aluminium, gallium and
zinc oxinates characteristic bands occur in the CsBr-
region (15-25 /x) which are suitable for the quantita¬
tive determination of these three elements. The merits
of 8-hydroxyquinoline as a reagent in infra-red
analysis were also discovered by Magee and Martin'17
and Magee and Witwit38. The former used the tech¬
nique for the determination of niobium and tantalum
and the latter for the determination of vanadium,
molybdenum and tungsten.

The fact that neither the technique nor the re¬
agents suitable for application is limited has been
shown by Shahine, et al., who recently used nitron
for the identification of some 12 anions3" and the
determination of nitrate4".

Interesting Possibilities of the Infra-Red Technique
Outside the methods discussed above and in the

previous part of this article, the infra-red technique is
capable of producing results of considerable interest
and value, either directly or by combination with other
techniques for use in inorganic analysis. Mention of
but a few of these will be sufficient to prove that con¬
tention. Benning, et al,41, have presented a method
for the rapid determination of minute quantities of
water in various solvents by measurement of the
infra-red absorption of a sample contained in a pres¬
sure absorption cell. Concentrations of water as low
as I p.p.m. can be determined. A number of sodium
salts of organic acids in aqueous solution have also
been determined42 and a number of polyatomic
anions (ferrocyanide, ferricyanide, cobalticyanide)
have been identified41. Details have been given of
methods for traces of water in gases, liquids and
solids44.

Much discussion and controversy has taken place
in the past and still arises on and off over the
advantages and disadvantages of the disc method.
Natio45 considers that results obtained by it are as
accurate as those from solutions, but Cotton46 sum¬

marizes drawbacks inherent in both mull and disc
methods. Duyckaerts47 has reviewed the physical and
chemical factors which can effect infra-red spectra.

It has not been possible in the space available in
this article to discuss the interesting pros and cons
raised in favour of a particular infra-red technique,
or, indeed, the extension of the infra-red method to
the 15-25 /x region48'36-25. It is sufficient to add that
the examples given are merely an indication of the
possibilities of infra-red methods in inorganic
analysis. By the application of thought and a little
ingenuity, few problems appear to be beyond the
scope of the method.
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Recently the use of infrared spectroscopy in inorganic analysis has
increased, and it has been used, inter alia, for direct or indirect identifica¬
tion of inorganic cations and anions. Hunt et al.1 determined the infrared
spectra of 64 minerals and inorganic compounds: Miller and Wilkins2
carried out investigations on a number of inorganic salts, and gave details
of 159 compounds: Haba and Wilson3 described the identification of
6 complex anions, and subsequently devised a scheme4 for the separation
and identification of 16 anions: Miller et al.5 determined chlorate in
the presence of other oxyhalogen anions.

Using organic rather than inorganic precipitants, Magee and co-workers
applied tetraphenylarsonium chloride as a reagent for the identification
of 14 polyatomic anions8, for the determination of technetium and
rhenium7, and for the determination of periodate8: and 8-hydroxy-
quinoline as a precipitant for the determination of niobium, tantalum
and titanium9, and of vanadium, tungsten and molybdenum10. Greenhalgh
and Riley11 have used the technique for the determination of perchlorate
in sea-water. Several other investigators12 have made use of similar
techniques.

The present work is concerned with the use of nitron as a precipitating
reagent for inorganic anions. It was found to form precipitates with
bromide, iodide, ferrocyanide, ferricyanide, cobalticyanide, chlorate,
bromate, perchlorate, periodate, nitrate, nitrite, tungstate, molybdate
and chromate. It was thought that these precipitates, if examined by

* Dedicated to Professor A. A. Benedetti-Pichler on the occasion of his
70th birthday.
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infrared spectroscopy, might afford a rapid and useful method for the
identification of some of these anions.

Experimental
Apparatus and reagents

The infrared spectra were recorded on a Perkin-Elmer Spektrophoto-
meter, Model 137 ("Infracord").

Potassium bromide discs were prepared as described elsewhere3-6,
using a Perkin-Elmer die and an "Apex" hydraulic press with a 10-ton
capacity on a ram of 21/g-inch diameter. Before use, the potassium
bromide (May and Baker, Reagent grade, recrystallised twice from water)
was dried at 150° for 24 hours.

The nitron precipitating reagent (B. D. H., Laboratory Reagent grade)
was prepared for use by dissolving 1 g in 10 ml of 5% acetic acid. Before
use this solution was filtered.

Procedures

Spectrum oj nitron
The infrared spectrum of nitron was determined using 1 mg of the

reagent in 300 mg of KBr6. The spectrum is shown in Fig. 1.

Identification of anions
For the determination of the infrared spectra of individual anions

and their identification, transfer 3-4 drops of a 5% solution (in respect
of the anion) to a centrifuge tube. Make the solution neutral or just
slightly acid with 4 M acetic acid, and warm to about 60°. Add sufficient
of the reagent solution (about 0.02 ml), stir the mixture well, and cool
in ice for 10 minutes. Centrifuge, discard the supernatant liquid, wash
the precipitate several times with 1-ml aliquots of a 1% solution of
the reagent, and dry under vacuum over P205.

Mix 1 mg of the dry precipitate with 300 mg of KBr and grind to
small particle size in an agate mortar; prepare discs in the usual way.

Spectra of 15 anions, investigated in this way, are recorded in Figs. 1
and 2.

Identification of mixtures
To identify the constituents of a mixture of anions, dissolve about

10mg of the sample (where solid) in about 1 ml of a suitable solvent.
Divide the solution into two portions, and use the following procedure:

I. Ferrocyanide, ferricyanide, cobalticyanide, nitrate, nitrite, perchlorate,
chlorate, chromate, periodate, bromate: Transfer 0.5 ml of the prepared
solution to a centrifuge tube, add a few crystals of sodium citrate or
tartrate, and dissolve them. This prevents precipitation of molybdate
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and tungstate. Make the solution neutral or just acid to litmus with
acetic acid. Add a sufficient volume of reagent solution to the warm
solution to ensure complete precipitation. Stir, cool and centrifuge as

already described. Test the supernatant solution for completeness of
precipitation. Discard the supernatant liquid, wash and dry the precipitate,
and use 2-3 mg of the dry mixed precipitate for the preparation of the
KBr disc.

II. Molybdate, tungstate, nitrate, nitrite, cobalticyanide, ferrocyanide,
ferricyanide: To the remaining 0.5 ml of the prepared solution add a
few crystals of sodium sulphite. Dissolve these, and follow with 0.1-0.15 ml
of 4 M acetic acid. Proceed as described for the first portion after the
addition of acetic acid.

This treatment will reduce ferricyanide to ferrocyanide, so that if
ferrocyanide is found it may have been produced in this way, or present
originally, or both. The more stable cobalticyanide is unaffected.
Chlorate, bromate and periodate are reduced to the corresponding halides:
chromate is reduced to chromium(III): nitrate, nitrite and perchlorate
are unaffected. Care must be taken in the acidification that the concentra¬

tion of acid is not made too great, otherwise brown molybdic acid or
white tungstic acid may precipitate if the corresponding anion is present.

Results and Discussion

The spectrum of nitron agrees almost completely with that recorded
by Olah13, but an additional sharp peak at 5.88 y was recorded in this
work. The spectra of nitron, nitron chloride, nitron bromide and nitron
iodide are very similar to each other, so that they are not of diagnostic
value in identification of the halides. The similarity suggests, however,
that the triazolium aromatic type structure postulated by Olah for nitron
may have more validity than the endomethylene structure proposed
by Busch14, since in the latter case new bands would be expected in the
complexes: the structure of Olah would support the occurrence of an
ionic reaction between nitron and the halides.

Ferrocyanide, ferricyanide, cobalticyanide: Ferrocyanide yields a sharp
characteristic band at 4.92//. Ferricyanide and cobalticyanide have
peaks at 4.74 y and 4.7 //, respectively. The peaks overlap, so that a peak
in this region could indicate either or both of these. If, after reduction
with sodium sulphite, however, a new band appears at 4.92 it, or there
is enhancement of a band already present, the presence of ferricyanide
in the original mixture is indicated. Further, any peak remaining in
the region 4.7 y after reduction with sodium sulphite indicates the presence
of cobalticyanide. This set of circumstances is illustrated in Fig. 3 A
and 3 B.

31*
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Nitrate, nitrite: Nitrate is characterised by peaks at 7.3// and 7.48 ii.
Nitrite shows peaks at 7.9ft, 8.1 /u, and 8.23 //. In a mixture they can
both be clearly identified.

Perchlorate: This anion shows a peak at 8.95// with two shoulders
at 9.25/4 and 9.45/<. The peaks of none of the other ions investigated
interfered.
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Fig. 3. Infrared spectra of mixtures: A Group I anions; B Group II anions

Chlorate, chromate: Chromate has a characteristic peak at 10.82//
with a shoulder at 10.7/4 and a weaker peak at 11.55/4. Chlorate has
two merging peaks at 9.98 /4 and 10.08 ft, and smaller peaks at 10.5 // and
10.77/4. The bands of both anions are broad, and they overlap at the
ends, but identification is not difficult.

Periodate, bromate: Periodate shows characteristic bands at 11.67/4
and 11.78/4, with a shoulder at 12.0//. Bromate gives a peak at 12.55/4.
There is some overlap, but both are readily identified. Both are,
however, difficult to precipitate from dilute solution, and it is often
necessary to scratch the inside wall of the centrifuge tube to induce
precipitation.
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Molybdate, tungstate: Molybdate is characterised by a band at ll.O/.t
and a shoulder at 10.6//. Tungstate has peaks at 12.3 // and 11.35//,,
and a shoulder at 10.7 /<. These anions may be distinguished in mixtures
by the bands at 11.0// (molybdate) and 12.3/t (tungstate).

Thiocyanate, azide: The thiocyanate precipitate with nitron, which
is only formed in concentrated solution, shows absorption bands at 4.9 //
and 4.8//. In the presence of ferrocyanide identification is difficult,
although oxidation of the ferrocyanide could eliminate this difficulty.
The infrared spectra of a number of organic azides have been studied15.
The N3 asymmetric vibration is stated to lie in the region 4.7-4.74//,
and to be virtually independent of the environmental structure. In the
present work the spectra of sodium azide and nitron azide were recorded.
In the former the azide is characterised by a peak at 4.7 //, with a shoulder
at 4.9//. In the latter case, however, the peak at 4.7 /< is split into two
sharper peaks at 4.63[x and 4.88//. However, azide does not precipitate
with nitron except at high concentration, and would not normally be
detected by this reagent.

The foregoing examples of the use of nitron as a reagent for the
detection and identification of a number of anions, using infrared spectro¬
scopy, are indications of the utility of the reagent. In the case of tetra-
phenylarsonium chloride, mentioned earlier, the region of the spectrum
available for peaks arising from the inorganic constituents is restricted
to 9-13 //, which limits the number of anions that can be detected in
admixture. With nitron, however, the spectra are simple, with few strong
bands, and most of the region between 4 fi and 13 /t is available, so that
many more anions can be accommodated.

Experiments on the quantitative applications of the method are in
progress.

One of us (S. A. E. S.) acknowledges gratefully the award of a

scholarship from the U. A. R. Government, which has enabled him to
take part in this work.

Summary
Using infrared absorption spectroscopy a method has been developed

which permits the identification, either singly or in admixture, of the
following anions: ferrocyanide, ferricyanide, cohalticyanide, chlorate,
bromate, perchlorate, periodate, nitrate, nitrite, tungstate, molybdate
and chromate. The anions are precipitated by nitron, and using the
KBr-disc technique characteristic bands are obtained in the near infrared.

Zusammenfassung
Durch Infrarotabsorptionsspektroskopie lassen sich entweder allein oder

in Gemischen folgende Anionen identifizieren: Cyanoferrat(II), Cyano-
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ferrat(III), Cyanokobaltat, Chlorat, Bromat, Perchlorat, Perjodat, Nitrat,
Nitrit, Wolframat, Molybdat und Chromat. Die Anionen werden mit Nitron
gefallt nnd geben bei Yerwendung einer Kaliumbromid-Linse charakteristi-
sche Banden im nahen Infrarot.

Resume

On a developpe une methode permettant l'identification par spectro¬
graphs d'absorption infrarouge des anions suivants, separement ou en
melanges: ferrocyanure, ferricyanure, cobalticyanure, chlorate, bromate,
perchlorate, periodate, nitrate, nitrite, tungstate, molybdate et chromate.
On precipite les anions par le nitron et l'on met en Evidence les bandes
caracteristiques dans l'infrarouge proche, par la technique a la pastille de KBr.
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THE INFRARED SPECTRA OF CHELATE COMPOUNDS IV: A STUDY OF THE URANYL

CHELATES OF 8-HYDROXYQUINOLINE IN THE REGION £C00 cm-1 to 230 cm-1
-M.

R. J. Magee and Louis Gordon
Department of Chemistry

Case Institute of Technology
Cleveland, Ohio, U4.IO6, USA

SUMMARY

Previous investigations have shown that two different ura¬

nium chelates can be precipitated from homogeneous solution.

Dark red U02(C9H6N0)2•C9H6N0H is obtained at pH 3,0 and orange

[U02(C9H6N0)2]2*C9H6N0H at pH 6,8j the 'normal' chelate U02(C9H6N0)2

is green. The infrared spectra of the solvated compounds and of

8-hydroxyquinoline have been examined in the range !?000-23>0 cm"1

and that of the normal chelate in the range 3000-630 cm"1. From

this it is concluded that the solvated chelates have very similar

structures.

'Present address: Department of Chemistry, The Queen's Univer¬

sity, Belfast, Northern Ireland.
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THE INFRARED SPECTRA OF CHELATE COMPOUNDS IV: A STUDY OF THE URANYL

CHELATES OF 8-HYDROXYQUINOLINE IN THE REGION 5000 cm'1 to 2^0 cm"1

R, J. Magee" and Louis Gordon
Department of Chemistry-

Case Institute of Technology
Cleveland, Ohio, UU106, USA

In earlier parts of this series1*2*3 the results of infrared

investigations of divalent and trivalent metal chelates of 8-hy-

droxyquinoline in the region 5000-250 cm-1 were reported. In the

present work the uranium chelates have been studied.

In 1933 Frere4 precipitated the uranium chelate of 8-hydroxy-

quinoline by conventional means and obtained a deep brick-red pre¬

cipitate for which the formula U02Q2*HQ (where Q = C9H6N0) was

given. Since then it has been recognized that uranium forms two

compounds with 8-hydroxyquinoline, a red compound with the above

structure and the green 'normal' chelate U02Q2.5 However, in 1961

Bordner et al.6 precipitated two different uranium^ 8-hydroxy-

quinolates from homogeneous solution with 8-hydroxyquinoline gen¬

erated by the hydrolysis of 8-acetoxyquinoline. One of the pre¬

cipitates was dark red in color while the other was orange. The

analytical data indicated the composition of the two uranium che¬

lates to be different. For the dark red precipitate obtained at

pH 5.0 the formula U02Q2*HQ fitted the data and for the orange

chelate precipitated at pH 6.8 (U02Q2)2*HQ was appropriate.

Present address: Department of Chemistry, The Queen's University,
Belfast, Northern Ireland



In the present work a study of the infrared spectra in the

range 3000-230 cm-1 was carried out0 The results of this inves¬

tigation are reported below.

EXPERIMENTAL

Infrared Measurements. The precipitates were obtained by

the procedures referred to above. Both the potassium bromide

disc technique and the mull technique were used to obtain the

infrared spectra. In the former the discs were prepared using

a Perkin-Elmer die in conjunction with an 'Elmes' hydraulic press

capable of delivering 23,000 pounds total load on a ram 3" in

diameter. Before use, spectroscopic grade potassium bromide was
<

dried at l30°C for 2h hours and ground to pass 100 mesh.

All spectra were recorded on a Perkin-Elmer Model 21 Spec¬

trophotometer with a CsBr prism. Polystyrene was used for cali¬

bration purposes.

The soectra obtained for 8-hydroxyquinoline and the metal

chelates are shown in Figs. 1-6.

The principal absorption peaks observed in the spectra, mea¬

sured in microns, are as follows:

C9H6N0K. 13.Ul, 17.Uo, 18.3U, 20.Uo, 21.3, 21.32

23.62, 33.00, 111.08, 13.3, 12.8, 12.38, 12.2, 11.3U, 11.13

10.2U, 9.7, 8.U3, 8.73, 8.33, 8.28, 8.16, 7.8, 7.23, 7.06,

6.96, 6.78, 6.63, 6,31, 3.23, 3.3 (a broad peak).
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I

UOa(C9H6NO)2'C9H6NOH and [U0S(C9H6NO)2]g-C9H6N0H. 33.85,

28.5, 23.11, 20.55, 19.77, 18.29, 16.6, 16.01, 15.5, 13.68,

13.32, 13.0, 12.73, 12.5U, 12.U6, 12,3, 12,17, 11.22, 9.66,

9.5, 9.37, 9.02, 8.78, 8.52, 8.3, 8„16, 8.1, 7.82, 7.56,

7.2U, 7.0, 6.8, 6.66, 6.36, 6.28, 6,22, 6,09, 5»lU, U.87,

3.27, 2.92.

Only the principal peaks for the uranium chelate precipitated

at pH 5.0 are shown, as those for the precipitate obtained at pH

6.8 appeared to be identical. However, in the region between about

9 (1100 cm"1) and lU microns (700 cm-1), it looked as if small

differences in the spectra might exist, so to investigate more

closely if these tendencies were real or imaginary the spectra of

the two metal chelates were obtained at improved resolution on

the Beckman IR-7 instrument between 650 and 1100 cm-1. The nujol

mull technique was employed, the concentration of the chelate be¬

ing adjusted until the best resolution was obtained. The spectrum

of the dark-red precipitate obtained at pH 5.0 is shown in Fig. 7

and that of the orange precipitate obtained at pH 6.8 in Fig. 8.

Between the two spectra minor differences arise:

(1) A small peak always occurs at 678 cm"1 in the spectrum

of the dark-red sample (Fig. 7) which is absent in that

of the orange sample (Fig. 8).

(2) The lengths of the major peaks at 823 and 813 cm-1 are

reversed in the spectra of the two chelates.
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(3) In the major peak at 888 cm"1 a shoulder occurs in both

spectra, but was always more clearly resolved in that of

the orange sample.

To investigate more closely the shoulders on the peak at 888

cm"1 as indicated in (3) above, a closer examination was carried

out, at the greatest sensitivity available, in the spectral region

820-910 cm"1. Little improvement was obtained except that, in the

spectrum of the dark-red chelate, the major peak occurred at 891

cm"1 (888 cm"1 in the orange compounds) and the shoulder in the

spectrum of the dark-red chelate appeared to be resolved more

clearly.

U02(C9H6N0)2. The unsolvated chelate, U02Q2, is obtained by

heating U02Q2*HQ at 210-2l3°C7. The infrared spectrum is shown

in Fig. 9. It will be seen that the spectrum differs in many re¬

spects from those of the dark-red chelate and the orange chelate

(Figs. 7 and 8). If the three spectra are checked peak by peak,

it will be found that the differences between U02Q2 and the other

two are based principally on the disappearance or shifts of peaks

from the latter. The principal differences are as follows:

(1) The peaks at 1036 and 1068 cm"1 occurring in the spectra

of the dark-red and orange compounds have disappeared

from the spectrum of U02Q2.

(2) The peak around 890 cm"1 attributed to U02++ stretching

in the spectrum of the dark-red and orange compounds has

shifted to 920 cm"1 in the spectrum of U02Q2 and the
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shoulders on this peak which were so clearly indicated

in the former have disappeared,

(3) In the spectra of the dark-red and the orange compounds

two peaks occurred at 823 and 813 cm-1 and the lengths

of the peaks differed clearly in the two spectra. In

the case of the spectrum of U02Q2 these peaks are shifted

occurring at 878 and 869 cm"1 respectively and the

lengths of the peaks again differ being in the same or¬

der as for the orange compound.

Titration of U0P(C_9H6N0_)2'HQ and ["U0P(C9HRNO)aJ2*HQ. These

two chelates were dissolved in acetonitrile and titrated with sodium

methoxide. The end-points were determined both by potentiometry

and visually with bromothymol blue indicator.

THE STRUCTURES OF THE SOLVATED URANIUM 8-HYDR0XYQUIN0LATES

The structure of the dark red compounds, U02Q*KQ, has been

discussed by several groups of authors. Bullwinkle and Noble5

came to the conclusion that the dark red compound was an acid

which could be written H(U02Q3). Among supporting evidence for

their conclusion was the titratability of the chelate in non-aqu¬

eous solvent. The structure of the compound was given as

shown in Figure 10.

In the figure the two oxygen atoms of uranium, lying above

and below the plane of the uranium atom have been omitted. These
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authors further suggest that the three molecules of 8-hydroxyquin-

oline are equivalent in co-ordinating the uranyl ion, and that the

acidic hydrogen shown in the above figure is attached to the oxy¬

gen in another uranyl unit to form long chains of the type

0 U 0 - - - - K - - - ~ 0 U 0 H.

A different view of the structure was proposed by Moeller and

Ramaniah8 who were of the opinion that it is a solvate in which

the extra molecule of 8- hydroxyquinoline is held by lattice forces

only.

Neither of these structures was accepted by Hall et al.9 who

carried out a crystal structure determination on the dark red com¬

pound, The structure they propose is shown in Figure 11 where

neither the two uranyl oxygen atoms, lying above and below the

plane of the uranium atom, nor the proton are shown. All three

8-hydroxyquinoline molecules are coordinated to the uranium atom,

but are not equivalent. They are regarded as being very nearly

coplanar and perpendicular to the linear uranyl ion, with all

three phenolic oxygen atoms attached to the uranium. However,

the nitrogen is bonded to the uranium in only two of the ligand

molecules. Two of the ligand molecules are equivalent, but the

third is twisted away from the uranium such that the oxygen bonds

are almost colinear. These authors further suggest that the

third ligand exists as a zwitter-ion and they reject the propo¬

sal of Bullwinkle and Noble that the proton is involved in

hydrogen-bond linkages between uranyl ions.
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It will be seen that the previous groups of investigators59

refer only to the structure of the dark-red compound, U02(C9H6N0)2*

C9H6N0Hr No mention is made by any of them of the orange chelate,

(U02rC9H6N0)2,C9H6N0H reported by Bordner et al.6

In the present \-jcrk the infrared investigations on both che¬

lates have clearly shown that spectral differences are small so

that, although disagreement exists about the structure of the dark

red compound investigated by the different groups of authors, it

can be concluded that the two chelates are structurally similar

and that differences, if they do exist, are very small and unable

to be resolved by infrared analysis. This similarity in the

structure of the two chelates is also demonstrated by the study

of their reflectance spectra10.

Another point of similarity between the two chelates is their

acidic behavior. Bullwinkle and Noble have shown that the dark

red compound can be titrated with sodium methoxide in acetoni-

trilej in the present investigation it was found that the orange

compound similarly exhibited an acidic character.
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Fig. 1 The infrared spectrum of 8-hydroxyquinoline in the region

2-15p (2 mg. of 8-hydroxyquinoline in if00 mg. of KBr.)

Fig. 2 The infrared spectrum of 8-hydroxyquinoline in the region

15-ifOp. (2 mg. of 8-hydroxyquinoline in 400 mg. of KBr.)

Fig. 3 The infrared spectrum of UO^Cc^H^NO)^. C^HgNOH obtained at
pH 5.0 in the region 2-15n. (1 nig. of U02(C^HgN0)2. C^HgNOH
in 400 mg. of KBr.)

Fig. if The infrared spectrum of UO^C^HgNO^. C^HgNOH obtained at
pH 5.0 in the region 15-ifOp. (2 mg. of UO^CC^HgNO)^. C^HgNOH
in 400 mg. of KBr.)

Fig. 5 The infrared spectrum of [U02(C2• ^^K^NOH obtained at
pH 6.8 in the region 2-15n. (l nig. of £^2^9^6^^ J) 2" C^HgNOH
in 400 mg. of KBr.)

Fig. 6 The infrared spectrum of QjO^C^HgNO)^ C^HgNOH obtained at
pH 6.8 in the region 15-ifOp. (2 mg. of [uO^C^HgNO)^. C^HgNOH
in 400 mg. of KBr.)

Fig. 7 The infrared spectrum of UO^C^H^NO)^ C^HgNOH obtained at
pH 5.0 in the region 9-15.5P (UO^C^HgNO)^ C9H6N0H in a
nujol mull).

Fig. 8 The infrared spectrum of Q^CC^HgNO)^ 2» C^HgNOH obtained at
pH 6.8 in the region 9-15.5n ( 2* C9H6NOH in a
nujol mull).

Fig. 9 .The infrared spectrum of the "normal" U02(CgHgN0)2 in the region
6-15|i. (U02(C^HgN0)2 in a nujol mull.)
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The Determination of Nitrate by Infrared Spectroscopy

by

Robert J. Kagee, Salah A.E.F. Shahine and Cecil L. Wilson

(With one diagram)

The use of "nitron", 1,4-diphenyl-3,5-enedianilohydroxytriazole,

CgoHjcjN^* as a reaSenb i>or the identification of anions, by means of
infrared spectroscopy, has already been described (l). One of the

anions which was included in the investigation was nitrate, the spectrum

of the compound formed, Cp -UNO^, being characterised by peaks at
7.3*1 and 7.48*1.

Nitron acetate has been proposed (2) as a quantitative

precipitant for the gravimetric determination of nitrate, the compound

having a solubility of approximately 0.01 g. per 100 ml. of water at

ordinary temperature (3), and the factor being 0.1652. Difficulties can

arise in this determin.' tion, however, because of occlusion of the reagent

in the precipitate, and recently the tendency has been to use the reagent

as a means of separation rather than as a means of determination.

The simplicity of the infrared procedure, and the results

obtained in the earlier qualitative study, lent support to the view that

this technique might form the basis for the determination of nitrate, even

in the presence of other anions, without prior separation. After

investigation of the reaction on this assumption, using the apparatus
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already described for the identification (1) and basing the conditions of

operation on those already developed, a satisfactory procedure for the

determination of nitrate has been devised. A calibration curve is prepared

on the basis of known nitrate values, and from the infrared spectrum obtained

from the unknown, suitably treated, the nitrate content of the unknown can be

determined.

Calibration curve.

Mix 2 mg. of dry pure nitron nitrate (4) with sufficient potassium

bromide to give 1 g. of mixture. Grind the mixture thoroughly in an agate

o
mortar for 5 minutes. Dry the resultant mixture in an oven at 110 for

2 hours, and store in a desiccator. Mix aliquots (0.01-0.15 g. of the ground

mixture: (0.02-0.30 mg. of nitron nitrate) with potassium bromide to give, in

each case, a total weight of 200 rag. Transfer each mixture in turn,

quantitatively, to an agate mortar, and grind for 5 minutes. Press out a

potassium bromide disc from the product in the usual way (1) for each mixture,

weigh the disc accurately, and record the infrared spectrum over the region

6 u - 8 jxm Draw a base line from 7.0 u to 7.D u, as shown in Fig. 1, and
determine the optical density, log Iq/I, at 7.3 yu, using the mean of 3 readings.
Calculate the amount of nitrate in each disc from the relationship:

x

where xx = yug of N03 ,

N « mg of original nitron nitrate-potassium

bromide mixture taken as aliquot,

and D S= weight of disc in rag
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Plot a graph of amount of nitrate against optical density, which

should be a straight line over the range indicated earlier, and use this

graph as a calibration curve.

Determination of nitrate.

Transfer 1 ml. of the test solution, accurately measured, and

containing up to 1 mg. of nitrate, to a 5-ml. beaker. Add 1 drop of

sulphuric acid, warm, and add 0.1 ml. of 10% nitron acetate in 5% acetic

acid. Cool in ice for 1 hour. Filter the precipitate using a filter-stick

previously weighed with the beaker, and wash with 2 ml. of ice-cold water

containing 1 drop of the nitron acetate solution. Dry the precipitate at

10S°-110° to constant weight.

Weigh accurately about 1 mg. of the dry precipitate, and add sufficient

potassium bromide to produce a total weight of 1 g. Grind this mixture in an

agate mortar for 5 minutes, and dry at 110° for 2 hours. Transfer about 200 mg.

of the dried mixture to a die, and press a disc in the same way as for the

calibration curve. Weigh this disc accurately.

Determine the optical density of the disc at 7.3 u, using the same

procedure as for the calibration curve, and taking the mean of 3 readings.

Read off the amount of nitrate from the calibration curve, and calculate the

amount of nitrate in the original 1 ml. of solution from the relationship:

1000 N
X a x.-—■—.—

D n

where X a j.ig of nitrate in the original solution,
x a jug of nitrate in the disc (from the

calibration curve),

D =s weight of disc in mg.



N s weight of total precipitate in jag,

and n » weight of precipitate used.

Check the determination on a second disc prepared from a further

200 mg. of the dried mixture.

Results.

The results of a series of determinations, and the effect of foreign

anions which are readily precipitated by nitron, are shown in Table 1. In

each case 1 mg. of nitrate and 2 mg. of foreign anion were used.

TABLE I

Foreign anion Mean of 10 Standard deviation,
determinations, i mg. of NO ~
mg. of N03"

- 1.023 0.047

n02~ 1.019 0.057

cio4" 1.026 0.032

Bro/ 1.033 0.046

cio3" 1.024 0.047

Cr022" Uo'L 1.013 0.046

i04 1.c28 0.050

i" 1.034 0.050

Discussion.

It will be noted that thetmaa of all the series of determinations

is slightly high. This can probably be attributed to the effect of two

mixing operations in the preparation of the calibration curve, as opposed
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to the single mixing operation for the actual determinations. However, the

results also indicate that the presence of a range of foreign anions likely

to Interfere by precipitating at the same time as nitrate, in amounts up to

double the amount of nitrate, has no significant effect on the determination.

Therefore nitrate can be determined rapidly and reproducibly, in amounts up

to 1 rag./ml, with a standard deviation of around 5%, in the presence of a range

of other anions precipitated by the reagent. Within the range 0.02-0.30 tag. of

nitrate Beer's law is obeyed.

Summary

Nitrate may be determined by precipitation with nitron acetate and

determination of the absorbance at 7.3 u in a potassium bromide disc. The

results are reproducible at milligram levels with a standard deviation of

around - 5%. The presence of twice the amount of nitrite, perchlorate, bromate,

chlorate, chromate, periodate or iodide has no significant effect on the

determination.
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Figure caption

Fig. 1. Construction of base line for discs containing 3 dg and 26 ug of NO^ .
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This section contains six publications on very widely different

topics. Publication 121 deals with the catalytic effect of iodine on

the eerie 3ulphate-arsenious acid reaction. The work for this paper

was carried out by the author at the Faraoelous Institute, Bad Hall,

Austria. Publication io represents preliminary results from work

which was begun recently on the kinetics of systems of analytical

interest. The work is continuing.

Publication 26 represents a fundamental study which was carried

out to investigate the transient yellow colour obtained, before pre¬

cipitation began, in the precipitation of nickel dimethylglyoxime from

homogeneous solution. Investigations on unusual aspects of analytical

chemistry of this type are, at present, continuing. This publication

will be read at the Society for Analytical Chemistry Conference to be

held in Nottingham, July, 1965.

Finally, Publication S3 represents an incursion into the field

of ultramicroanalysis with a study of reagents which might be used for

the estimation of iron and nickel.
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Zur Hemmung der katalytischen Jodwirkung auf das
System Cer(IV)-sulfat—arsenige Saure

Von

R. J. Magee* und H. Spitzy
Mit 1 Abbildung

(Eingegangen am 14. Juni 1958)

Submikrogramm-Mengen Jod werden heute allgemein durch ihre
katalytische Wirkung auf das Redoxsystem Cer(IV)-sulfat—arsenige
Saure1 bestimmt. Die kiirzlich von Feigl und Jungreis2 beschriebene
katalytische Beschleunigung der Reaktion zwischen Chloramin T
(Natriumsalz des p-Toluensulfonchloramids) und dem Acetat der Tetra-
base (bTN'-Tetramethyl-diamino-diphenylmethan) durch minimale Jod-
mengen ist bisher in ihrer Anwendbarkeit zur quantitativen Bestimmung
von Jodspuren noch nicht untersucht. Daher dient die erstgenannte
temperatur- und zeitabhangige Reaktion vor allem fiir die photometrische
Bestimmung des aus dem Blutserum nach verschiedenen Methoden
freigelegten Jods3. Auch das soeben von Spitzy et al.4 veroffentlichte
Verfahren, bei dem das Jod aus der sauren reduzierten Veraschungs-
losung mittels Isothermdiffusion in eine alkalische Vorlage isoliert wird,
verwendet diese Endbestimmung des Jods mit einer Standardabweichung
von i 1 ng. Die Unannehmlichkeit der zeitabhangigen Beobachtung
dieser Katalysereaktion regte verschiedene Autoren an, Inhibitoren
zum Cer(IV)-sulfat—arsenige-Saure-System einzufiihren. Fischl5 (dort
weitere Lit.) untersuchte vor kurzem vergleichend die Hemmwirkung
einiger vorgeschlagener Substanzen hinsichtlich ihrer analytischen
Brauchbarkeit. Danach erweist sich die Reaktion zwischen Brucinacetat
und Cerisulfat als iiberlegen. Widersprechende Literaturangaben iiber

* Chemistry Department, The Queen's University of Belfast, Northern
Ireland.
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die Stabilitat der dabei gebildeten orangeroten Farbe sowie die Frage,
ob diese Blockierung — aueh nach Bremsung der Katalysereaktion
bei niederen Temperaturen angewandt6 — bei der soeben mitgeteilten
Methode4 einen Vorteil bringen wurde, veranlaBten die hier beschriebenen
Untersuchungen.

Yersuehe und Ergebnisse
1. Bremsen der katalytischen Reaktion durch Erniedrigung der Temperatur

In Anlehnung an Grossmann und Grossmann6 wurden die mit einem
Schliffstopfen verschlossenen MeBkolbchen naeh Ablauf der Katalyse¬
reaktion in der Ausfiihrungsform von Spitzy et al. (1. c.) — 15 Min.
bei 40° — in Eiswasser rasch auf 1 ° abgekiihlt. Photometrische Messungen
an gekiihlten Losungen nach verschiedenen Zeitintervallen ergaben,
daB die Katalysereaktion nicht vollstandig gestoppt ist. Dieselbe
Tendenz zeigten auch mit Kohlensaureschnee eingefrorene Losungen,
die nur zur jeweiligen Transmissionsmessung aufgetaut waren.

2. Blockierung der Katalysereaktion durch komplexe Bindung des Ceriions
In dieser Richtung wurde eine Reihe von Verbindungen untersucht:

8-Hydroxychinoliii, Diphenylthiocarbazon, Phenol, a-Naphthol, Sulfanil-
saure, Oxalsaure und Weinsaure. Am aussichtsreichsten erwies sich
Phenol, das mit Ceriion einen orangebraunen Komplex bildet, der mit
Ather oder Butylalkohol extrahierbar ist. Lichtdurchlassigkeitsmessungen
an diesen Extrakten ergaben eine allmahliche Abnahme der Farbintensitat
innerhalb 10 Min.

3. Stabilitat der Farbreaktion Brucinacetat—Cer(IV)-sulfat
Fischl5 stellt im Gegensatz zu einigen anderen Autoren zur Stabilitat

des ,,Brucin-Ceri-Komplexes" fest, daB die Farbintensitat ab Zugabe
des Brucinacetates bis zu 15 bis 20 Stunden zunimmt. Um diese lange
Wartezeit zu vermeiden, erhitzt er die MeBkolbchen nach dem Brucin-
zusatz fur 5 Min. in kochendem Wasser und erhalt eine stabile Farbe,
die er bei 540 nm photometriert.

a) Entwicklung einer stabilen Farbe ohne Erhitzen.
Brucinacetat wurde nach Fischl (1. c.) hergestellt und zur Methode

von Spitzy et al.4 verwendet. Nach 15 Min. Katalysereaktion bei 40°
(Stoppuhr) Zugabe von 0,5 ml Brucinacetat (0,5 %ig). Die Ablesungen
der Lichtdurchlassigkeit erfolgten bei 530 nm fiber eine Zeitdauer von
3 Tagen. Die Farbintensitat stieg bis zu 21 Stunden an und blieb dann
konstant.

b) Entwicklung einer stabilen Farbe mit Erhitzen.
Nach Ablauf der Katalysereaktion wurde Brucinacetat wie bei a

zugefiigt und die verschlossenen MeBkolbchen sofort fur jeweils 10 Min.
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bei 105° in den Trockenschrank gestellt. Die Lichtdurchlassigkeit der
Losungen wurde unmittelbar nach dem Abkiihlen und in Zeitintervallen
bis zur Gesamtdauer von 3 Tagen gemessen. Konstante Werte bewiesen
die Stabilitat der erhaltenen Farbe. Entsprechend den ftinfzehn photo-
metrischen Bestimmungen in einer Serie innerhalb von 15 Min. (Spitzy
et al.4) wurde das mit Brucinacetat versetzte 1. MeBkolbchen nicht
unmittelbar, sondern zusammen mit dem letzten, gleichbehandelten
MeBkolbchen der Serie gleichzeitig fiir 10 Min. auf 105° erhitzt. Das
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Abb. 1. Lichtdurchlassigkeit der mittels Brucinacetat gebildeten Farbe in Abliiingigkeit von
der Erhitzungsdauer (105°). Losungen enthaltend 0,08 ng Jod nach Katalysereaktion

1. MeBkolbchen stand also fiir 15 Min. bei Zimmertemperatur neben
dem Photometer. Die Ergebnisse waren sehr eigenartig. Die Trans-
missionswerte der gefarbten Losungen cles 1. Kolbchens lagen stets
beachtlich unter jenen des letzten Kolbchens.

c) Einflufi der Dauer des Erhitzens auf die Entwicklung einer stabilen
Farbe.

Den MeBkolbchen wurde Brucinacetat jeweils exakt nach 15 Min.
Katalysereaktion bei 40° zugefiigt. Die Dauer des unmittelbar darauf-
folgenden Einstellens der Kolbchen in den Trockenschrank bei 105°
variierte von 3 Min. bis zu 12 Stunden. Nach Abkiihlen der Losungen
wurde ihre Lichtdurchlassigkeit bestimmt. Die Ergebnisse (Abb. 1)
zeigen, daB die Entwicklung einer stabilen Farbe von der Dauer des
Erhitzens abhangt. Bei 10 bis 12 Min. Verweilen bei 105° wird eine
maximale, stabile Farbe erhalten. Kiirzeres Erhitzen geniigt nicht fiir
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eine voile Farbentwicklung, langeres hingegen bewirkt eine Intensitats-
abnahme der Farbe. Gleichsinnige Ergebnisse erhalt man auch an
verdiinnten Cerilosungen bei Abwesenheit von arseniger Saure und
Jodid.

4. Absorptionsspektren von Brucinacetat-Cer(IV)-sulfat-Lbsungen
Die Absorptionsspektren der nach erfolgter Jod-Katalysereaktion

mit Brucinacetat behandelten Losungen wurden ermittelt. Man erhalt
identische Kurven auch bei Variation der Aufheizdauer (10 und 60 Min.).
Das Maximum liegt iibereinstimmend bei 470 nm.

5. Eichkurven

Eine Serie von Eichkurven fur 0,000, 0,020, 0,040, 0,060, 0,080 und
0,100 fig Jod wurde aufgestellt. 15 Min. Katalysereaktion, sodann
sofortige zeitkontrollierte Zugabe von Brucinacetat und unmittelbare Er-
hitzung der Proben fur 10 Min. auf 105° im Trockenschrank. Die Messung
der Lichtdurchlassigkeit erfolgte wegen der erhohten Farbintensitat
gegeniiber der ungestoppten Katalysereaktion bei 0,5 cm Schichtdicke.
Bei exakter Einhaltung dieser Bedingungen erhalt man ausgezeichnete
tjbereinstimmung der Ergebnisse. Die Eichwerte ergeben fur den an-

gegebenen Bereich halblogarithmisch dargestellt eine leicht gekriimmte
Kurve.

Diskussion

Die von Grossmann und Grossmann6 vorgeschlagene Abbremsung der
Katalysereaktion durch Abkiihlen der Losungen auf unter 4° ist unvoll-
standig. Dies kann daher selbst bei nachfolgender Brucinreaktion fiir
unsichere Ergebnisse verantwortlich sein. Nicht weiter verfolgt wurde
die Bildung extrahierbarer Komplexverbindungen des Ceriions, da die
Extraktion die Bestimmungsmethode komplizieren wurde.

Ubereinstimmend mit Fischl5 erweist sich die Farbreaktion Brucin¬

acetat—Cer(IV)-sulfat fiir den Abbruch der Katalysereaktion als
geeignet. Im Gegensatz zur Annahme dieses Autors und von Grossmann
und Grossmann6 ist aus den hier mitgeteilten Ergebnissen zu folgern,
daB Cer(IV)-sulfat mit Brucinacetat keinen Komplex im iiblichen Sinne
bildet. Die Nichtextrahierbarkeit mit organischen Losungsmitteln, die
seit langem bekannte Verwendung des Brucins als Redoxindikator7
sowie die Absorptionsspektren legen vielmehr nahe, daB es sich urn ein
orangerotes Oxydationsprodukt des Brucins in Gegenwart von Ceriion
in schwefelsaurer Losung handelt. Die Untersuchungen ergeben weiters,
daB die von Fischl5 angegebene Aufheizdauer von 5 Min. fur die voile
Farbentwicklung zu kurz ist. Das Maximum an stabiler Farbintensitat
wird nur bei Erhitzen durch 10 bis 12 Min. auf 105° erhalten. Die
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photometrische Auswertung sollte im Absorptionsmaximum von 470 nm
erfolgen (Fischl5 540 nm).

Die aufgenommenen Eichkurven fiir Jodmengen von 0,000 bis 0,100 /ig
zeigen einen leicht gekriimmten Verlauf ahnlich der ungestoppten
Katalysereaktion. Dies ist verstandlich, da auch Verdiinnungen von
Cer(IV)-sulfat-Losungen dem Lambert-Beerschen Gesetz nicht folgen8.
Der von Fischl5 verwendete kleinere Bereich bis nur 0,0125 «g Jod liegt
auch nach unseren Ergebnissen praktisch auf einer Geraden.

Als Vorteile der mit Brucinacetat gestoppten Katalysereaktion sind
anzusehen:

1. Eine beliebig groBe Anzahl photometrischer Bestimmungen ist
ohne Zeitkontrolle infolge hoher Stabilitat der Farbe durchfiihrbar.

2. Die Intensitat der orangeroten Earbe mittels Brucins ubertrifft
erheblich jene des gelben Ceriions.

Diesen Vorteilen stehen unseres Erachtens iiberwiegende Nachteile
in Richtung einer methodischen Komplizierung gegeniiber:

1. Brucinsulfat muB zeitkontrolliert (Stoppuhr) nach Ablauf der
Katalysereaktion zugesetzt werden.

2. Die orangerote Farbe erfordert zu ihrer vollen Entwicklung und
Stabilisierung sofortiges, zeitkontrolliertes Erhitzen der Losungen fiir
mindestens 10 bis hochstens 12 Min. auf 105°.

Wir sehen daher in der Anwendung der gestoppten Katalysereaktion
zur Jodbestimmung im Blutserum nach Spitzy et al.4, die kiirzlich in
ihrer Brauchbarkeit als klinische Routinemethode untersucht wurde9,
keinen besonderen Vorteil.

Zusammenfassung
Die Hemmung der katalytischen Jodwirkung auf die Redoxreaktion

Cer(IV)-sulfat—arsenige Saure wird hinsichtlich ihrer Vor- und Nach¬
teile bei analytischer Anwendung untersucht. Brucinacetat gibt mit
Ceriion in schwefelsaurer Losung nach Fischl eine quantitativ auswert-
bare Farbreaktion. Kritische Untersuchungen hierzu ergeben, daB die
Losungen zur vollen Entwicklung und Stabilitat der orangeroten Farbe
(Absorptionsmaximum 470 nm) mindestens 10 bis hochstens 12 Min.
auf 105° zu erhitzen sind. Die Anwendung auf die Jodbestimmung im
Blutserum nach Spitzy, Reese und Skrube bietet infolge methodischer
Komplizierung keinen besonderen Vorteil.

Summary
The inhibition of the catalytic action of iodine on the redox-reaction

eerie sulphate—arsenious acid was investigated with regard to the advantages
and disadvantages in its analytical application. Brucine acetate gives,
according to Fischl, a quantitative colour reaction with eerie ions in sulphuric
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acid. Critical investigations carried out show that the solution only develops
a stable, orange-red colour (absorption maximum 470 nm) between 10 and
12 minutes heating. Application of this procedure to the determination
of iodine in blood serum by the method of Spitzy, Reese and Skrube introduces
complications and has, therefore, no special advantage.

Resume

Etude des avantages et des inconvenients de l'emploi en chimie analytique
de l'inhibition de l'effet catalytique de l'iode sur la reaction d'oxydo-reduction
cerium(IV)-sulfate—acide arsenieux. Avec les ions ceriques l'acetate de
brucine donne, en solution sulfurique, d'apres Fischl, une reaction coloree
susceptible d'etre employee pour une determination quantitative. Des
recherches critiques ont montre que les solutions devaient etre chauffees
pendant au moins 10 min. et au plus 12 min. a 105° pour developper complete-
ment la couleur rouge orange et obtenir sa stabilite (maximum d'absorption
a 470 nm). L'application a la determination de 1'iode dans le serum sanguin
d'apres Spitzy, Reese et Skrube n'offre aucun avantage particulier du fait
de la complication de la methode.
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4c. Hafnium

R. J. MAGEE

(a) General
With titanium, thorium, and zirconium, hafnium occupies group 4a of the

Mendeleef classification of elements. It is a quadrivalent element and lower-
valent forms are almost unknown. Due to the lanthanide contraction the
atomic volumes of zirconium and hafnium are almost identical. The resem¬

blance between the two elements is, therefore, so close that special discus¬
sion of the analytical properties of hafnium is not usually given in textbooks
of analytical chemistry.

Hafnium is always found present in zirconium minerals. On the average,
these minerals contain about 3 % of hafnium but a few, notably thortveitite
and alvite, can contain as much as 20% of hafnium.

Metallic hafnium dissolves slowly in aqua regia or in hydrofluoric acid.
Alloys of zirconium and hafnium are generally dissolved in a mixture of nit¬
ric and hydrofluoric acids. For the mineral salts such as the phosphate, fus¬
ion with sodium carbonate is employed.

The most important separation of hafnium is from zirconium. Separation
is troublesome but a number of methods have been suggested. The fluoro-
hafnates are more soluble than the fluorozirconates and a separation by frac¬
tional crystallisation of the potassium and ammonium salts, K2MF6 and
(NH4)2MF, has been effected. Similar separations based on the difference in
solubility of the fluorophosphates, the oxychlorides, the citrates and the
oxalates have also been carried out. From an aque -us solution of the nitrates
containing sodium nitrate and nitric acid, zirconium nitrate is preferentially
extracted by means of tributyl phosphate diluted with light petroleum (b.p.
140-190°).

Ether or methyl iso-butyl ketone extract hafnium thiocyanate preferenti¬
ally from aqueous solutions1.

Hafnium may be separated from zirconium by means of the reagent tlien-
oyltrifluoroacetone (i-trifluoro-2-hydroxy-4-thienyl-n-but-2-en-4-one)2.
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Both elements form complexes with this reagent. If the extraction is carried
out by shaking a 2IV perchloric acid solution of zirconium and hafnium with
a benzene solution of the reagent, hafnium is more readily extracted into the
organic phase. Two extractions with a 0.025.V solution of the reagent in ben¬
zene will remove about 1/3 of the original hafnium but only about 1/100 of the
zirconium. The lower the hafnium content the more satisfactory the separa¬
tion. More recent attempts to effect the separation of zirconium and hafnium
have been by means of chromatography or ion-exchange.

By paper chromatography zirconium and hafnium may be separated as
the zirconyl and hafnyl nitrates using a solvent mixture of 30 parts by vol¬
ume of nitric acid (d = 1.42) and 70 parts of dichlorotriethyleneglycol. The
separated substances are detected by spraying with a 5 % solution of alizarin
in hydrochloric acid. At least 2 fig of each element can be detected3.

If a solution containing about 1 gram of the mixed chlorides of zirconium
and hafnium in to ml of methanol is passed over silica gel under suitable
conditions, the effluent is spectroscopically free from hafnium. The gel on ex¬
traction yields a product with 30-60% of hafnium1.

Newnham4 suggests the following ion-exchange procedure for the separ¬
ation of the two elements. A mixture of 2 g of oxides (containing at least
20% Hf02) is turned into the oxychlorides and slowly added to 1200 ml of
2.M perchloric acid containing ion-exchanger Dowex-50. After 30 minutes
the contents are poured into the top of an ion-exchange column of the same
resin and elution carried out by means of 6M hydrochloric acid at a rate of
0.5 ml/min. The first fraction contains 99.9% of the HfOs. Several other ion-
exchange separations have been reported. Some use cation-exchange resins,
other anion-exchange resins6- "•'.

(b) Gravimetric Determination
The gravimetric methods employed for the determination of zirconium

can be used directly for the gravimetric determination of hafnium. A com¬
mon weighing form of zirconium is Zr02 and this may be obtained by proper
ignition of many of the precipitates formed. Hafnium oxide Hf02 may be
obtained in the same way and used as the weighing form. For many reasons,
however, it is desirable to use other procedures.

(i) Precipitation with cupferron
With cupferron hafnium yields a white, voluminous, unstable precipitate

of composition (C6H5N—NOO)4Hf8.
The precipitate is insoluble in 5 % ammonia and precipitation is prevented

by the presence of ammonium tartrate. Tartaric, citric, sulphuric, and hyd¬
rofluoric acids do not interfere but, in acid media, the reaction is not spe-

References p. 524.
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cific. Fe3+, Tc4+, V5+, Mo*+, W6+, U4+, Ta6+, Nb5+, Pa2+, Ga3+, Al3+, Sn2+,
Sb3+, Sn4+, Bi3+, and Po3+ all react with the reagent. The procedure9 is as
follows:

Reagent:
6% aqueous solution of cupferron.

Procedure:
To the hafnium-containing solution, maintained at an even temperature

between 50 and 10°, add sufficient sulphuric acid to make the solution 10% by
volume. Add slowly with constant stirring a cold solution of the reagent. Set
aside for 5 minutes and filter through a porcelain crucible. Wash three times with
r ml of hydrochloric acid (1:9). Heat gradually to ioo° to destroy the organic
material. Finally ignite for 1/i hour at 900°. Weigh as Hf02. The gravimetric
factor is given by Hf/Hf02 = 0.8480.

fit) Precipitation by phosphate
The method is based on the precipitation of hafnium phosphate and cal¬

cination of the precipitate to HiPjO,10. Precipitation is usually carried out
with diammonium phosphate but a precipitate which is more easily filtered
is obtained by using metaphosphoric acid or trimethylphosphate. The pre¬
cipitate is soluble in hydrofluoric, oxalic, phosphoric, and concentrated sul¬
phuric acids.

Procedure:
To the test solution add sufficient sulphuric acid to make the solution 10% by

volume. Add excess of a solution of diammonium phosphate. Bring to the boil
and leave on the water bath for 1/2 hour. Cool to 6o° and filter through a porce¬
lain crucible. Wash five times with i-ml amounts of 5% sulphuric acid contain¬
ing a trace of diammonium phosphate and then two or three times with 1 ml of
5% ammonium nitrate until the filtrate is free from sulphate ions. Dry at no°
and then ignite for 72 hour at iooo°. Weigh as HfP207. The gravimetric factor
is given by Hf/HfP20, = 0.5065.

Note:

For small amounts of hafnium it is better to allow the precipitate to stand
overnight without heating before filtering.

(Hi) Precipitation with p-hydroxyphenylarsonic acid
This reagent forms a white flocculent precipitate with hafnium in mineral

acid media. The precipitate is slightly soluble in hydrochloric acid (1:1) and
dissolves slowly in concentrated hydrochloric acid, in sulphuric acid (1:1),
in hydrofluoric and oxalic acids but not in tartaric acid. Titanium and tin
interfere.



HAFNIUM 523

Reagent:
50 mg p-hydroxyphenylarsonic acid dissolved in 2 ml of water.

Procedure:
Heat the test solution, preferably containing hydrochloric acid, to boiling. Add

the reagent and continue heating until the precipitate coagulates. Filter through
a porcelain crucible and wash four times with i-ml amounts of 0.25N hydro¬
chloric acid which contains a trace of the reagent. Heat the precipitate at 900°
for 10 minutes. Weigh as Hf02.

Notes:

(1) During the destruction of the precipitate toxic vapours are produced.
(2) The amount of arsenic retained by the Hf02 is insignificant.

Several other procedures employed for the determination of zirconium may
also be used for the gravimetric determination of hafnium. Of these the most
important are the precipitations with selenious acid11'12, mandelic acid13 and
ammonia or other bases. (See p. 507, ff.)

(c) Titrimetric Determination
The selenite method

The most satisfactory method for the titrimetric determination of haf¬
nium is again a method widely employed for the determination of zirconium.
The procedure is based on an iodometric end point determination after pre¬
cipitation of hafnium selenite.

Reagents:
10% aqueous solution of selenious anhydride.
2% solution of amidone.
0.05 or 0.10N sodium thiosulphate.

Procedure:

Precipitate hafnium.selenite from the test solution which is 0.6N in hydro¬
chloric acid12 by means of selenious acid. Maintain the solution and precipitate
warm for 5 to 20 hours. Filter through a sintered-glass crucible, porosity 4, and
wash throughly with cold water. Dissolve the precipitate, with gentle heating, in
sulphuric acid (1:1) which contains a little 3% sodium fluoride. Add a little sod¬
ium bicarbonate, excess of potassium iodide, and solution of amidone. Titrate
the liberated iodine with sodium thiosulphate. The colour, initially blue, becomes
brown and then pink.

1 ml 0.1N sodium thiosulphate = 2.232 mg Hf or 2.632 mg HfOa.

References p. 524
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(d) Other Methods

(i) The colorimctric determination with alizarinsulphonic acid

Alizarinsulphonic acid gives a violet coloration with zirconium and haf¬
nium which is sensitive to 30 /.ig/ml in 4N hydrochloric acid14. At pH 1.0,
maximum intensity is attained in one to two hours and remains constant for
20 hours. Sulphates, oxalates, fluorides and low pH all interfere with the
development of the colour. Other cations form lakes with the reagent, e.g.
iron(III), aluminium, titanium, chromium(III), thorium, etc., but none
of these are stable at pH 1.0.

Reagent:
0.05% Alizarin S in water.

Procedure:
To a solution of hafnium in hydrochloric acid add 2 drops of phenolphthalein

indicator and neutralise carefully with sodium hydroxide solution. Add 10 ml of
N hydrochloric acid followed by 2 ml of the reagent solution and dilute to 100 ml.
Set aside for 5 to 20 hours and measure the colour at 525 m/j.

Notes:

(1) If iron is present in large amount it must be reduced to the bivalent state
before adding the reagent.

(2) Investigations of the pH have shown that the optimum range for the color-
imetric determination of hafnium with Alizarin red S is 0.9-1.715. Extinction
values depend on the age of the solution, rising with increasing age.

(ii) Miscellaneous

Amperometric titration and gravimetric procedures for the determination
of hafnium (and zirconium) by precipitation with 5% cupferron in 10% v/v
H2S04 have been described16. The average error is quoted as < ±0.4%.
Hafnium and zirconium have also been determined spectrophotometrically
at 555 m/i as their 2-(2-hydroxy-3:6-disulpho-i-napthylazo)-benzenearsonic
acid complexes17.

Recently a number of determinations of hafnium by spectrographic
methods have appeared in the literature18.
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Chemical Analyses on the Microgram Scale. YII
The Semi- Quantitative Estimation of Ferric Iron and Nickel.

A Statistical Study

By
A. A. K. Al-Mahdi*, R. J. Magee, and C. L. Wilson
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Introduction

Benedetti-Pichler1, and later El-Badry and Wilson2, have shown
that satisfactory estimations of ions can be carried out on the microgram
scale, using the volume of the precipitate as an indication of the amount
of an ion in a solution. As far as can be ascertained from previous work
using this technique, little information of a critical nature is available
on the suitability of particular reagents for the semi-quantitative estima¬
tion of specific ions. In the present work, therefore, it was the aim to
study a number of the reagents available for iron(III) and nickel on
other scales of operation, and to apply these to the ultramicroscale. By
means of a statistical study of these reagents, it was hoped to be able
to indicate the most favourable reagent for each element. This paper
describes the results obtained in this work. The apparatus and technique
used have already been described elsewhere3-5.

Experimental
For the estimation of both elements, precipitants were chosen which

gave a large bulk of precipitate. In the preliminary work it was found
that sticking of the precipitate to the glass capillary and poor packing
into the cone was prevented by dipping the mouth of the capillary cone

* One of us (A. A. K. A.) would like to thank the Iraqi Government
and the University of Baghdad authorities for research study leave of six
months, the British Council for a Bursary, and the Queen's University of
Belfast for the facilities provided for this research.

A.A.K.A.: Present address is Chemistry Department, H. T. C., The
University of Baghdad, Republic of Iraq.
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in Teepol (a commercial liquid detergent). When the cone was centrifuged,
the droplet of Teepol mixed with the reacting mixture.

The packing of the precipitates in the cones was effected using an
electric centrifuge driven at a constant speed of 2,000 r. p. m. Despite
the uniform procedure, precipitates packed differently. Times of packing
varied between 2 and 20 minutes. For each precipitate, after the prelimin¬
ary investigations, 15 experiments were carried out and the middle eleven
were then taken as representative of the population. Each cone, after
being centrifuged for the pre-determined length of time, was placed on
the microscope stage, and measurements ,of the precipitate were made
without removal of the supernatant liquid. Depending on the shape
of the cone one of two formulae, (1) V = 0.26 (H. B) or (2) V — 0.26
(H. B—h. b) were used to calculate the bulk of the precipitate.

Results

1. The Estimation of Iron(III)
For this element Duval6, from a thermogravimetric study, has

suggested the hydroxide, the phosphate, the cupferron complex, the
l-nitroso-2-naphthol complex, and the oxine complex. To these was
added ferrocyanide. On the ultramicro-scale, the first three reagents
proved completely unsatisfactory. The first two were too insensitive,
and the third, while sensitive, produced a flocculent precipitate that
could not be packed at the bottom of the cone.

Oxine

Iron(III) gives a dark greenish-black precipitate with this reagent.
One of the difficulties is that the precipitate sticks to the walls of the
capillary. Use of Teepol improves the collection of the precipitate at
the bottom of the cone. The reagent was prepared by dissolving oxine
in acetic acid buffered with ammonium acetate. From 11 results with

0.0982/.ig of Fe(III) the coefficient of variation was determined as 23.1%.
The reason for the high coefficient of variation may be due to the

fact that this precipitate does not pack well, even using Teepol and
long centrifuging (10 minutes). A further reason may be that it is not
very bulky. The coefficient of variation may improve on using larger
amounts of Fe(III) but this was not followed up as the reagent is not
specific for ferric iron and does not, therefore, merit further study.

1-Nitroso- 2-Naphthol
This reagent, with its dark brown precipitate, proved to be satisfactory

for this technique. It gives a bulky precipitate and is neatly packed.
Sticking on the wall is overcome by the use of Teepol. A centrifuging
time of 5 minutes gave satisfactory results. Volumes containing 0.0982 («g
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of Fe(III) were used and from 11 results the coefficient of variation
was calculated to be 8.4%.

It is clear from the results that this is a promising ultramicro reagent
for iron. Its main disadvantage is that it is not specific for the element.

Potassium Ferrocyanide
This reagent gave the best results on the ultramicro scale. The

precipitate is fine and packs very neatly. Addition of Teepol is not
necessary, as no sticking of the precipitate occurs. A centrifuging time
of 2 minutes is satisfactory. The only disadvantage is the solubility
of Prussian Blue in a large excess of the reagent. This is easily overcome
by adding always only a slight excess of the reagent and centrifuging
immediately. Special attention was paid to the possibility of incomplete
precipitation, but this was never encountered. The coefficients of variation
for 0.1 /ug and 1.0/ig of Fe(III) were 11.7% and 4.7% respectively.

It will be seen from these results how the bulk of the precipitate
affects the coefficient of variation; the more sensitive a reagent, the
better the results. Thus, for 1 jug of iron potassium ferrocyanide is a
very satisfactory reagent.

2. The Estimation of Nickel
A number of methods were investigated, including precipitation of

nickel as the hydroxide, the sulphide, the l-nitroso-2-naphthol complex,
the dimethylglyoxime complex and the Nioxime complex. Three different
amounts of nickel were used, 0.1 fig, 0.5 fig, and 1.0 ug. The hydroxide
was not successful due to lack of sensitivity. For the sulphide, both
colourless ammonium sulphide and sodium sulphide were used. The
former gave a mixture of hydroxide and sulphide, while the latter gave
very irreproduciblc results because of the solubility of nickel sulphide
in excess of reagent.

1 - Nitroso- 2-Naphthol
On the macro or micro scale this reagent gave a brown precipitate

which looked very suitable for nickel, but on the ultramicro scale the
precipitate was not as bulky as for iron. Centrifuging took more than
6 minutes, and the reagent appeared to be insensitive. The coefficient
of variation for 0.1 /ug of Ni was ± 29.8%.

The very high value discouraged any further work with this reagent.

Dimethylglyoxime
This proved to be the most satisfactory reagent on this scale. The

addition of Teepol is essential. A droplet of ammonium hydroxide ensures
complete precipitation, and produces a well-coagulated precipitate. The
time required for centrifuging is 10 minutes. The coefficient of variation
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was determined for the three concentrations of the metal ion and are

shown as: 0.1 fig, 11.6%; 0.5fig, 6.2%; 1.0fig, 4.8%.
It can be seen from these results that the coefficient of variation

decreases as the amount of nickel increases, i. e. it is inversely proportional
to the amount of nickel used.

This reagent gives a much bulkier precipitate than dimcthylglyoxime.
There are, however, a number of factors which affect the complete
precipitation and crystal form of the precipitate. Two of these are rate
of precipitation and the pn of the solution. A pn of 4-5 gave complete
precipitation. One great disadvantage of the reagent is that the precipitates
stick to the capillary pipette more strongly than any of the other precipitates
investigated in this work. Teepol does not satisfactorily solve the problem.
The precipitate does not pack easily and required 20 minutes centrifuging.
The coefficients of variation for 0.5/,/g and 1.0//g of Ni(II) are 4.8% and
10.8% respectively.

In other words, the value for 1 fig of Ni(II) is poorer than that for 0.5fig.
This is thought to result from the disadvantages of the reagent mentioned
above, being more marked with large amounts.

Statistical Significance of the Results
From the results obtained, using the coefficient of variation as the

test, the most satisfactory reagents for iron would appear to be ferro-
cyanide (coefficient of variation = 11.7% for 0.1 jug), and 1-nitroso-
2-naphthol (8.4% for 0.1 fig). The value for 1 fig of iron is smaller with
ferrocyanide, but no comparison for the same amount with 1-nitroso-
2-naphthol is possible.

For the comparison of the 0.1 fig amounts with each reagent, the
variance or spread was tested with the Variance Ratio F test. The
F-measure of the ratio of two variances provides critical values which
will rarely be exceeded if the variances are both estimates of the same
variances. When the critical ratio is exceeded, it implies that the variances
are different and this would mean in the present work that the packing,
precipitation, etc. of the reagents are different. This should then give
a clearer indication of the effectiveness of a reagent. The following are
the sample variances found for potassium ferrocyanide and v-nitroso-
/S-naphthol:

The best estimates of the population variances (a)2 are now as follows:

Nioxime

1 (a-nitroso cpd)
= 6.817 • 104; S\'2 (ferrocyanide)

= 1.298- 10"3.

i2
'2>
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from which

al = 7.498 • 10" and a\ = 1.438 • 10~3,
Variance Ratio (F) = 1.98.

With 10.10 degrees of freedom the critical value of F at the 5%
level is 2.97. The calculated value is below the critical value. There

appears to be no justification, therefore, for saying one reagent is better
than the other, based on the coefficient of variation. In the case of
oxine and ferrocyanide, however, the variance ratio was calculated to
be 3.8, indicating superiority of the ferrocyanide over oxine, as shown
by the coefficients of variation.

In the case of nickel, the two reagents compared were dimethyl-
glyoxime and Nioxime. These were compared for 0.5 «g of Ni(II) only,
when the coefficients of variation were dimethylglyoxime (6.2%),
Nioxime (4.8%). Using the F test again for the comparison of these
results, the variance ratio was calculated to be 2.06. This is less than
the critical value for the 5% level and indicates no difference in the
reagents on the basis of the coefficient of variation.

Summary
The semi-quantitative estimation of ferric iron and nickel on the

ultra-micro scale using the volume of the precipitates as an indication
of the amount of ions present in solution has been carried out. A number
of precipitants for each of these two ions were examined. Potassium
ferrocyanide for ferric iron and dimethylglyoxime for nickel were the
most satisfactory reagents. The maximum and minimum amounts of
the elements used were 1 //g and 0.1 /ug, respectively. The coefficient
of variation of volumes varied from 4.7% to 29.8%. A statistical study
was carried out on some of the results and confirms that the bulkiness
of the precipitate affects the accuracy of the determination, provided
that the packing and the conditions under which precipitation takes
place are kept constant.

Zusammenfassung
Die halbquantitative Schatzung von Eisen(III) und Nickel im Ultra-

mi kromafistab auf der Grundlage des Niederschlagsvolumens wurde aus-
gearbeitet. Eine Reihe Fallungsmittel fur beide Ionenarten wurden gepriift.
Kaliumcyanoferrat(II) fiir Eisen(III) und Dimethylglyoxim fiir Nickel be-
wahrten sich am besten. Die maximalen und minimalen Mengen der beiden
Elemente waren 1 fig bzw. 0,1 fig. Die Inkonstanz der Niedersclilagsvolumina
schwankt zwischen 4,7 und 29,8%. Die statistische Untersuchung der Resultate
bestatigte, dafl die Teilchengrofie der Niedersclilage die Genauigkeit unter der
Voraussetzung beeinfluBt, daB das Absetzen iind die Bedingungen der
Niederschlagsbiklung konstant gehalten werden.
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Resume

On a realise l'estimation semiquantitative du fer ferrique et du nickel,
a l'echelle ultra-micro, en se servant du volume des precipites comme indica¬
tion de la quantite d'ions presents dans la solution. On a examine un certain
nombre d'agents de precipitation pour chacun de ces deux ions. Les reactifs
les plus satisfaisants ont ete le ferrocyanure de potassium pour l'ion ferrique
et la dimethylglyoxime pour le nickel. Les quantites maximale et minimale
des elements utilises etaient respectivement de 1 /tg et de 0,1 /tg. Le coefficient
de variation des volumes variait de 4,7 a 29,8%. Une etude statistique
de quelques uns des resultats a confirme que le volume du precipite affecte
la precision du dosage, a condition que le tassement et les conditions dans
lesquclles la precipitation se produit, restent constants.
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Titrimetric determination of mercuric chloride

(Received 17 January 1958)

The standard method of determining mercuric nitrate by titration with thiocyanate cannot be applied
directly to the determination of mercuric chloride. It is necessary to convert the mercuric chloride to
the oxide, which is then filtered off, washed and dissolved in nitric acid.1 On the other hand, the direct
determination of mercuric chloride using potassium iodide is not usually included in modern textbooks
of inorganic analysis, since the titration involves a substantial correction for the appearance of the
turbidity of mercuric iodide before the equivalence-point, due to dissociation of the Hgl42~ ions
formed. The direct titration of mercuric chloride with potassium cyanide has been discussed.2 It is
stated that the titration is successful only with solutions more concentrated than 0-5A.

The use of potassium cyanide for the direct titrimetric determination of mercuric chloride, with
particular reference to the pH changes involved, leading to the choice of suitable indicators, is described
below.

ml titrant

Fig. 1

EXPERIMENTAL

The variation in the pH of OTA mercuric chloride on addition of OT TV" potassium cyanide solution
was followed by means of a Cambridge pH meter, and is shown in Fig. 1. A sharp change in pH
occurs over the range 7-6-9-4 on addition of a small amount of titrant in the region of the theoretical
end-point. At the equivalence-point the solution contains dissociated potassium chloride and very
slightly dissociated mercuric cyanide, so that the pH is close to 7. The addition of a small excess of
potassium cyanide solution gives rise to alkaline conditions.

A number of commonly used indicators giving a colour change in the pH range 7-6-9-4 were then
tried out for the titration of 0-1N solutions of mercuric chloride with 0-1N potassium cyanide. Of

184
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those investigated, cresol red, thymol blue and phenolphthalein appeared to be the most useful.
Cresol red showed a moderately sharp change from pink to a dark tone, but the gradual change from
yellow to pink before the end-point made detection difficult. Both thymol blue and phenolphthalein
gave more satisfactory end-point indications. Thymol blue, used with 01A solutions, gave a sharp
change from yellow-green (y-g) to dark blue (b) at the end-point on addition of a 003-ml drop of
titrant. About 010 ml before this the solution changed from yellow (y) to yellow-green, giving a
warning of the approaching end-point. The positions of these colour changes on the titration curve
were determined and are shown in Fig. 1.

Several "unknown" solutions, approximately O lA, prepared by weighing dry "AnalaR" mercuric
chloride, were determined, using potassium cyanide which had been standardized against silver
nitrate. Thymol blue was used as indicator. The concentration of the "unknown" solutions was
determined with an accuracy of +0-35%, i.e. +0-09 ml in 25 ml. More accurate results were given
by 0-1A potassium cyanide solutions than by 0 05A solutions. In the latter, indication of the end-
point is delayed, leading to error.

1 I. M. Kolthoff and E. B. Sandell, Textbook of Quantitative Inorganic Analysis. Macmillan, London
1950, p. 575.

2 I. M. Kolthoff and V. A. Stenger, Volumetric Analysis. Interscience, New York, 2nd Edn., 1947,
Vol. II, pp. 197, 198.
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The reactions of biacetyl, hydroxylamine and metal ions to form chelates

In continuing studies on the oximation of biacetyl,1 the following additional reaction intermediates
have been found:

OH H CHj—C=N—OH
I I I

CH3—C—N—OH CH3—C—N—OH
I I

CH3—C=0 OHH

Spectroscopic evidence indicates that biacetyl disappears almost immediately upon its addition to
an aqueous solution containing hydroxylamine; the reaction products, i.e., biacetyl monoxime and
dioxime, are slowly formed from the above intermediates. Similar results were obtained when
biacetyl monoxime and hydroxylamine were used in the starting mixture. Preliminary numerical
analysis of the kinetic'results indicates the plausibility of the above reaction intermediates.

The effect of the presence of nickel11 or palladium11 on the reaction mechanism is also being studied.
The results will shortly be reported in Talanta.

, , Orville E. Hileman, Jr.
Department of Chemistry pAUL R Ellefsen
Case Institute of Technology R j magee*
Cleveland, 6, Ohio, U.S.A. Louis Gordon®

Summary—Two additional reaction intermediates in the reaction
between biacetyl and hydroxylamine (E. D. Salesin, E. W. Abrahamson
and Louis Gordon, Talanta, 1962, 9, 699) are reported. The effect of
the presence of Ni11 or Pd11 on the course of the reaction is being
studied.

Zusammenfassung—Es wird iiber zwei weitere Zwischenstufen der
Reaktion zwischen Biacetyl und Hydroxylamin berichtet (E. D. Sale-
sin, E. W. Abrahamson und Louis Gordon, Talanta 1962, 9, 699). Der
EinfluB von Ni11 und Pd11 auf den Reaktionsverlauf wird untersucht.

Resume—Description de deux intermediaires dans la reaction d'addi¬
tion du biacetyle sur l'hydroxylamine (E. D. Salesin, E. W. Abrahamson
et Louis Gordon. Talanta, 1962, 9, 699). Etude de 1'influence du Ni11
ou du Pd11 sur Involution de la reaction.

REFERENCE
1 E. D. Salesin, E. W. Abrahamson and Louis Gordon, Talanta, 1962, 9, 699.

* On study leave from The Queen's University, Belfast, Northern Ireland.
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PRECIPITATION OF NICKEL FROM HOMOGENEOUS SOLUTION -

A Study of the Intermediate Yellow Complex of Nickel (II) Di¬
methyl glyoxime .

R.J, MAGEE*

DEPARTMENT OF CHEMISTRY
CASE INSTITUTE OF TECHNOLOGY

CLEVELAND, OHIO, 44106, U.S.A.

In 19 60, Salesin and Gordon"*" reported a method for the

precipitation of nickel dimethylglyoximate from homogeneous

solution. These investigations reported the existence of a

soluble yellow species which is undoubtedly a complex between
O

nickel and dimethylglyoxime. This yellow complex is not

normally obtained when nickel dimethylglyoximate is precipitated

by the conventional method.
qSalesin et al, proposed the following sequence of

reactions to explain the precipitation of nickel dimethyl¬

glyoximate from homogeneous solution:

CH--C = 0 (HYDROXYLAMINE) CH--C = N0H(BIACETYL M0N0XIME)
CO I + HoN0H v j + Ho0 (1)

CHq-C =0 7 CHo-C =0
XBIACETYL) cDIMETHYLGLYOXIME )

CHo-C = NOH CH„-C = NOH
| +H«N0H v 15 | + H90 (2)

CHo-C =0 7 CH.-C = NOH
C^) U3IACETYL M0N0XIME) d

CHo-C = NOH3
I + Ni

CH3-C = NOH
0 0

SOLUBLE 1
YELLOW
COMPLEX J

CHo-C = N7 y = C-CHo (3)
C3) 3 i ^Ni^ I 3

CH.-C = N^ ^N = C-CHo3 No 0/ 3
V.H' Nickel dimethylglyoximate

^Present address: Department of Chemistry, The Queen's
University, Belfast, N. Ireland.



The exact structure of the yellow soluble complex has for many years eluded

chemists. In an attempt to clarify the mechanism of formation and the nature

of the complex the following study was undertaken.

THEORETICAL (X)NSIDERATIONS

As a start, recourse was made to the Ligand Field Theory. The basic

physical idea of this theory is that the electrons of the central metal ion in

a complex tend to avoid those regions where the field due to the attached

ligands is largest. This tendency results in the removal of the degeneracy

of the ground state of the transition metal ion.

The ligand field thus predicts the splitting of the 'd* orbitals of the

Nia + ion due to the electrical field of the incoming ligands.

In the case under discussion we start the precipitation of nickel di-

methyglyoximate with an aqueous solution of nickel ions to which ammonium

hydroxide is added to adjust the pH to approximately 7.5. The solution thus

contains the following oomplexes of nickel LNi(HaO)s ]2+ and the hexamine

[Ni(NH3)a ja+. Now with those ligands which produce a weaker field, the Nia+

ion, which contains electrons, is known to form octahedral complexes. It

can be assumed, therefore, that both the aquo-complex and the hexamine complex

of Ni3+ will be octahedral. In these complexes the symmetry of the ligand

field splits the 3d-orbitals into two sets df- and d$ and causes the two

d^-electrons to be distributed between the two d^-orbitals so that compounds
are paramagnetic and coloured due to de - d£ transitions. In the case of two
species under investigation, the t,Ni(H30)8 j2+ is green and the [Ni(NH3 )6 ]a +

blue. The ligands will be attached by outer orbital d'^sj? bonds.



NC9+ (d8 ion)

Nia+

\ T

LKi(NH8),J9+

It has been shown that the red niokel dimethylglyoxiaate compound is

square planar in structure* This means that between the starting nickel com¬

plexes (aquo and hexamine) in solution and the final red precipitate a change

from octahedral to square planar symmetry takes place.

In teres of the ligend field theory this means a change as indicated in

the following arrangement t

3d

FREE ION ''
- ■ <

Octahedral

SjUARK PLANAR

The arises due to the fact that as the ligands along the daS orbltals are with¬

drawn, the degeneracy of the dft3 orbital is lifted and the d s orbital becomes
more stable than dxs-,yS# As tins ligands on the z-axis raove away the ys and sac
orbitals remain equivalent to another, but they become more stable than xy

orbital, as their spatial distribution makes them more sensitive to the oiiarges

along the z-exis than is the ay orbital.

3d. _ih_
nt

4s

if i t I J, I f

4p 4d

it if if
\

6NH3 ligands

Ac

dxa-y®

£
j

T

<Ci.

+

t-

f-
£* c

JL_

za

day, dzx



As s consequence of this approach, it will be s on that, as the perturbation

of the d-orbitale changes from an octahedral electrostatic field to a square

planar electrostatic field, there should be a marked, change in the visible and

ultraviolet spectra of the nickel (II) ion* Further, it Is also possible to

envisage the formation of a nickel diaethjlglyoxiiie 'monomer*, as a result of

this ohsnge to square planar.

i.e. the atomic orbitals 4s, 4j>x» 4^, are used to form the nickel
diaethylglycx ume •monomer* which can be regarded as a complex with eqivalent

/—-r dzs
bonds*

CHgrC = N

GK3-C = N

if = C-CHa

N = C-GH

The da2 and jp^ orbitala or® nonaal to tlje plane of the Hi and its co¬

ordinating ligands*



Further, the dz ^orbital has two electrons,while the 4f)z orbital is empty, so

that the 'moHomeric1 nickel dimethylglyoxime can unite with other monomers by

occur resulting in an absorption of light and. producing the well-known red,

•polymeric• nickel dimethylglyoxime.

An interesting addition to these theoretical considerations may be

obtained by taking into account the theoretical calculations of Maki4 who

determined ground states for ad8 ion (e.g. Mi) in an octahedral field, an

octahedral field with tetragonal symmetry, and a square phanar field with

tetragonal symmetry.

The possible Russell-Saunders states for the Ni(ll) ion may be determined

to be

3F, *D, ""P, and



The degeneracy of these various states are split by the ligand field and give

rise to possible electronio transitions between the states which trill be shown

in the spectra. The theoretically predicted splittings in the Russell-Saunders

states obtained by liaki * for perturbations due to various ligand fields are

shown in Fig. I. It will be seen from Fig. I that the lowest or ground state
3

in an octahedral field is the A % state. Thus, electronio transitions will

take plaoe between this state (a triplet state) ar*i other higher triplet states.

Further, because the ground state is a triplet state, complexes with octahedral

symmetry should be paramagnetic by two units. For weak electrostatic fields

(weak ligands), the four coordinated complexes of D *ti symmetry will also have

a triplet ground state, but, as the field strength increases, a singlet state

becomes more stable (o/f Fig. I) and above some field strength becomes the

ground state of the complex. Six coordinated complexes with D4h symmetry have

a Kusseil-Saunders splitting like the octahedral field splitting, but there is

one important difference, viz., the competition from a singlet state is greater

in the case of D4h symmetry . The effect of axial (<ilong the z-axis)

perturbation on the ground state competition is shown in Fig, 2.

Now solid, 'polymeric' nickel (II) dimethylglyrxime, and dissolved in

various solvents is six coordinate and has D*h symmetry. The "in plane" field

strength of the dimethylglycxime ligand is 1.45 a.u. (atomic units).

In Fig. 3 the effects of various anial, JL.&* z-axis perturbations are

shown. These effects can arise either by solvation (i.e. the substance

dissolved in a solvent) or from a second nickel (ll) dimethylglyrxime 'monomer'

whose influence, as suggested above, would b© along the z-axis.

The conclusion is that at weak ajiial perturbations the ground state of



the system should be a triplet state, but at strong aXial perturbations a

change will be made to a singlet ground state. The cross-over point, predicted

by Maki is at 0.70 a.u. aXial field strength. The latter situation would arise

when Nickel (ll) dimethylgloyoxime is dissolved in a solvent such as pyridine.
The calculations of Maki thus confirm the theoretical considerations

outlined above. It is clear that the absorption spectrum of the 'monomer1

should be different from that of the solid, nickel dimethylglyoxime complex or

polymer! Further, the solution of nickel (il) dimethylglyoxime 'polymer' in

chloroform (weak aXial perturbation) and pyxdine (solvent with axial field

strength around the cross-over point) should show interesting.differences.

It will be seen from equation (l) above that the first step in the

precipitation of niokel as the dimethylglyoxime complex is the formation of

biacetyl monoxime from biaoetyl and hydroxy lamine.

FORMATION OF THE YELLOW COMPLY

CH3-C a 0 CH3-C » NOH
+ NIL. OH I ♦

CH,-C = 0 GH^-C = 0

biacetyl MOKolIME

The Monoxime as it is produced reacts with niokel to form a complex of the

following type.



In this arrangement a bond is formed between the symmetry orbitals of th%

N ligand am the d_3_„a orbital on the transition metal ion. This coap3ex is

probably yellow-green in colour, but this colour is masked by the greenish

colour due to the [Hi(H;P)aja+ and [Ni(WJ3) s] s+ present. It is probable atthia
stage that an octahedral arrangement exists in solution due to coordination

of HaO ligands on the dz3 orbitala. In the next stage, hydroxlyamine in
solution attacks at the carbonyl 0 = G of the monoxime forming diraethylglyoxime.

Due to the bonding of the nitrogen atoms with the d „ _ orbital of the metal
x—j*

ion, attack at the C = 0 bond is facilitated.

C-CH3

I
N = C- Cv-t,

N - C~ CM-,

ow on.

Increasing yellov
colour

YELLOW
SPECIES

n

As the reaotion at the carbonyl C = 0 bond goes to completion and oxime = NOH

is formed, a bond is formed between the d_ _ orbital of the metal ion and the

N orbital. The yellow colour is produced by the formation of the species II

above, which it will be seen is identical with •monomeric' nickel dimethylgly-

oximate. The formation of (a) oonoxime, (b) the bonding of the first H-atoa

to the of the metal ion, and (c) the replacement of the H 0 and NH3

ligand* present originally in solution requires time so that the development



of the yellow colour (especially to the eye) is slow. Any operation, however,

which accelerates steps (a), (t>) or (c) will accelerate the formation of the

yellow colour. When the concentation of the yellow species in solution reaches

a concentration at which collision with a similar complex is more frequent than

collisions between [N±(lTaO)aJ3^ or [Ni(NH,)s j3 + ions or the walls of the vessel,

then overlap of the orbitals of individual • moHomeric* (II) Ni

complexs occurs and Ni-Ni bonding results as shown above, i.e. the conventional

red complex of nickel dimethylglyoximate is Armed.

Salesin and Gordon state that when the component in the coloured aqueous

solution is extracted by chloroform, the organic phase showed a spectrum ident¬

ical to that of nickel dimethylglyoximate dissolved in chloroform. Further,

when aqueous ammoniacal solutions containing nickel dimethyglyoximate are

heated almost to boiling, yellow-coloured solutions are produced which exhibit

specra identical to that obtained for the previously described yellow colour.

These facts are not surprising. When nickel dimethylglyoximate is treated

with chloroform, the weak bond between the Ni atomt- is broken and a complex is

obtained which is similar to or the same as the complex herein called the

•monomer*. The statement * similar to or the same as' is used becaxise it is

likely that s small difference exists between the complex in chloroform and

the *monomer*. In chloroform, solvation will occur by chloroform ligands

linking on to the dz2 orbitals, thus causing a reversion to an octahedral com¬

plex. Since, however, chloroform ligands are likely to be very weak, it is

not supposed that they will cause great differences in the absorption spectrum

of the yellow-coloured chloroform solution.
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In the case of the dimethylglyoxime complex boiled in ammoniacal

solution, a break of the Ni-Ni bond will again occur, but now NH, or HgO will

occupy the positions taken by chloroform in the chloroform solution of the

yellow complex.

Finally, the reason why the nickel complex of dimethylglyoximate can

produce the red-coloured compound by stacking 'monomeric* units on top of each

other, while most other complexes of similar composition and structure only

yield yellow colours, is due to two factors.

(1) Hydrogen bonding assists in the lining-up of the nickel atoms in

suitable positions for bonding.

(2) the remainder of the molecule is planar or near enough planar so

that no steric effects can arise.

(3) the size of the Ni3+ ion permits the approach for orbital overlap.

In complexes of nickel and other metal ions with dimethylglyoxime and

other ligands one or all of these above factors are absent.

Reagents and Apparatus 1

Biacetyl solution: Approximately 25 ml. of biaoetyl (Distillation Products

Co., Rochester, N.Y.) was distilled through a small fractionating column

packed with 0.25 in. glass helices. About 6 ml. of the fraction which distilled

between 87.5 and 90.2 °C (750 mm. Hg.) wasweighed, dissolved in distilled water

and diluted to 500 ml: the solution contained about 12 rag. of biacetyl per ml.

fiydroxylamine hydrochloride; Reagtot radc hyd*o*ylamine hydrochl trade, obtained

from J.T. Baker Chemical Co., Philli p ssburg, N.J., was used.
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ill spectra measurements were made on a Gary 14- Model Spectrophotometer

and jjH measurements on a Bechman jpH meter.

EXPKRIMSM'AL

The conditions for producing the yellow soluble comply and nickel

dimethylglyoximt were identical to those employed by Salesin and Gordon.

The following spectra were determined: the near infra-red (10,000 -

7,000 a), visible, and ultra-violet spectra of (a) the solid, red nickel

diraethylglyoxime in a KER matrix (Fig. 4),

(b) solid red nickel (II) dimethylglyoxinie dissolved in chloroform (Fig. 5),

(c) solid, red nickel (II), dimethylglyoxime dissolved in pyndine (Fig. 6),

(d) the yellow soluble comple* entracted into chloroform (Fig. 7),

(e) the yellow soluble comple* formed by boiling red nickel (ll)

dimethylglyoxime in a weak ammonlacal solution and entracted into

chloroform (Fig. 8).

RESULTS and DISCUSSION

The spectra above are recorded in Figs. 4-8 inclusive.

Fig. 7 represents the spectrum of the yellow soluble comple* entracted

into chloroform. It will be seen that a large charge transfer peak occurs

around 2630 IP with small peaks at 3260, 3760, and 4300 A.

Fig. 5 represents the spectrum of the solid, red nickel dimethylgloxime

dissolved in chloroform. This solution is yellow in colour and shows absorption

peaks around 2630 A (large charge transfer peak), small peaks at 3260, 3765

and 4300 A. i.e., the spectrum is identical with that in Fig. 7, confirming
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the theoretical ooasideratioa that, on dissolving in cklorofor®, the Hl-Ni, bond

in the red nickel (II) dimethylglyoxiB* •polyiaar8 is broke*. yielding the soluble

yellow ,Bonooer,#

In the th oretioal considerations outlined above the conclusion was drawn

that for weak axial perturb*tiocs, e.g., when the cosplex is dissolved in

chloroform the triplet state will be the ground state. The transitions which

would occur are as follo.s

•ag y Aa«

> Eg

"tg

This swans that we should expect three peaks in the absorption spectrus, i.e.

those at 3260, 3765, and 4300 A.

Further, in the diagram of the predicted structure of the soluble yellow

oowplex, there is a high probability of bonding between an anti-bonding

Eg, A1 g or Ti(i orbital. If this bonding occurs s transition is possible between
the orbital® leading to a metal ligand change transfer peak of much greater

intensity t in the other three bonds. The peak at 2630 A is west likely due

to this char ge tr&n fsr. An interesting change is anticipated in the spectra,

when nickel iaethylglyoxlBe is dissolved in pyndine (strong ixial perturbation).

The spectrum in pyiidine is soon in Fig. 6. Here absorption pe cs are seen at

about 4600 A, 3830 A, (a weak shoulder) and 3340 A i.e. the spectrins has changed.

On the basis of earlier reasoning, the change is due to a change of the ground



state to a singlet state, when the following transitions are expected:

1 Ai g >
1

lAig ¥
1

*Atg > 'Eg

Finally, the spectrum of the red, solid nickel dimethylglyc xime is shown in

Fig. 4. Absorption peaks occur at around 2600 A (charge transfer peak), 3340 A

(a weak shoulder), 3950 A, and about 4780 A. The moat interesting peak is

that at 3310 A. This is new and undoubtedly due to the transition between the

a.= and h orbitals referred to above. It is interesting to note that such a
peak is in the red region of the spectrum. The other three peaks are again due

to transitions from the singlet ground state.

Acknowledgement. The author acknowledges the partial assistance of the United

States Atomic Qiergy Commission in supporting the investigation described above.
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Summary

In the precipitation of nickel dimethylglyoxime from homogeneous

solution a soluble yellow species was observed, which is not normally obtained

when nickel dimethylglyoxime is precipitated in the conventional way. The

structure of this yellow complex has for many years eluded solution.

In the present paper an attempt has been made to clarify the mechanism

of formation and nature of the complex. A theoretical approach using the Iigand

Field Theory has been made to explain the spectra of the yellow complex in

chloroform, red nickel dimethylgloxirae in chloroform, pyridine and alone.

Experimental data accord well with theoretical predictions.
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