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1. INTRODUCTION

GENERAL

X-ray measurements have indicated that a

tetrahedral unit of four oxygen atoms attached

to every phosphorus atom as Illustrated:

o-P^o
o

is a structural feature common to the oxide

polymers and to crystalline ortho-, pyro-, and

metaphosphates. Acids, esters and salts in

which two or more PO^ units are linked by
sharing common oxygen atoms form a group of

compounds designated as condensed phosphates.

In principle, the condensed phosphates

include compounds for which the atomic ratio

P/0 is in the range P/O > £ extending from

(p2°5)n on tiie "aci&M side of the sequence
through the metaphosphates and polyphosphates

as far as the pyrophosphates on the "alkaline**

side. This field though it does not embrace

s.1 licophosphates, borophosphates and other

heteropolyphosphates is potentially an extensive

one, yet little has been done to provide some of

the simplest physicochemieal data. However,

due to the practical applications and the

extensive use (the order of U00,000 tons yearly)



of sodium p50?ophosphate arid meta- and

polyphosphate glasses, interest in the

systematic chemistry of the condensed phfcsphates

is "being stimulated.

The rather strong absorption of condensed

phosphates on many surfaces is probably to be

expected considering the number of multiple

negative charges carried by a single ion, and

the resulting phenomena are interesting, being

of considerable practical importance.

Before proceeding to discuss their

industrial applications it might be desirable

to differentiate between tifo kinds of condensed

phosphates - cyclic and chain types. The former,

of which tri- and tetra-metaphosphates are well

known examples, have so far found no great

ap lication as they conspicuously lack

properties which underlie the industrial use

of other condensed phosphates. Hence for

the purpose of this discussion, the term

"condensed phosphate" is intended to cover only

the latter type suck as pyrophosphate,

triphosphate and metaphosphate glass.

At concentration in the range 0.1 - 1.0!$

by weight, condensed phosphates exert a strong

dispersive effect upon suspensions of finely

divided solids such as clays, and their use

in conjunction with synthetic detergents for
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washing purposes is partly attributable to

this property.

A most important property of the condensed

phosphates is their ability to inhibit as well

as entirely prevent the growth of crystalline

precipitates from some supex'saturated salt

solutions. The striking characteristic of

this phenomena is the extremely low concentration

which is capable of preventing precipitation.

Inhibition of calcium carbonate precipitation

is a notable example much studied due to its

application on an industrial scale to the

stabilization of systems including irrigation

waters containing free ammonia, alkaline soil

solutions, industrial and municipal water

supplies (1) and oil-field brines(2).

This curious inhibition effect was

apparently first observed by Seitemeier and

Ayers (3) in 1935. Glassy metaphosphate in

concentration as low as 1.5 x 10~^M (in terms

of NaPO-j) inhibits precipitation of calcite in
solutions very supersaturated with respect to

CaCO^ initially containing 10*~3 mox# Qf
Ca^CO^g per litre, to which excess ammonia
is added.

Besides, Reiteiaeier and Buchrer (k) while

investigating the relative efficiencies of the

hexameta - and pyrophosphates as inhibiting

agents under similar experimental conditions
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found a striking similarity.

Various investigators have postulated

theories explaining this intriguing phenomenon

while appropriate measurements on the solutions

have disposed of other suggestions. Ultra-

mieroscopic studies on inhibited solutions

disproved the possibility of the calcium

carbonate going into the colloidal state

stabilized by the presence of condensed

phosphate ions, while in a completely stabilized

system, the action of the inhibitor does not

involve a reduction of the calcium activity.

Raistriclc (5) approached the problem from

a study of the crystal structures of calcite

and the probable structure of the polymeta-

phosphate anion. He drew attention to the

fact that the size of the repeating unit in a

polymetaphosphate chain was comparable to that
•f*

of the spacing of Ca ions in a layer of the

calcite lattice. Consequently, the anion

could lie without strain on top of the calcite

layer so that consecutive centres of negative

charge occupy positions centrally ahove adjoining
4-

triangles of doubly charged Ca ions as

illustrated!

• Ca



It was suggested that this favourable

coincidence resulted in strong absorption.

Reitemeier and Buchrer (i+) made a careful

study of the stabilization of calcium carbonate

solutions and produced photomicrographs of the

distorted calcite crystals which result when the

inhibitor is used in amounts just below the

"threshold" value of 1.5 x 10-5 M-NaPO^. The
crystals are retarded in growth and visibly

distorted but give the X-ray powder lines of

calcite, thus suggesting that there is no

appreciable solid solution formation.

To explain this apparent inability to

form such solid solutions, Raestrick pointed

out that each P03 group is capable of replacing
S3

one CO3 Ion and if replacement is spoiled to a
whole calcium layer, there will be a resultant

rough approximation to electrical neutrality

just beyond the absorbed ion, with the double

positive charge of the Ga ions being offset

by the greater distance. Growth inhibition

is now more clearly understood there being no

strong electrostatic force to retain a new

layer of Ca outside the absorbed ion,and so

the high stability of a multiple-charged chain¬

like anion upon a surface such as this must be

recognized.

In the sphere of corrosion control the



application of condensed phosphates has an

undoubted effect, and with the requirement of

threshold concentrations of the same order of

magnitude as for the stabilization of super¬

saturated calcium carbonate solutions, it is

probable that the two effects operate by means

of the same or very similar mechanisms. The

use of sodium metaphosphate glass in the control

of metal corrosion by natural waters began to

receive particular attention in 1939-UO.

(Gidley & Weston, 19*4-0(6); Trax 19*4-0(7);
Hatch & Rice 19*4-0(8); Atwill 19*41(9)). Though

published work in the main refers to iron and

steel some attention has been given to the

corrosion control of metals like lead, zinc,

aluminium, copner and brass, (Hatch 19*41(10);
Mo re & Smith 19*42 (11); Committee report J.

American Water Wks. Assoc. 19*4-2 (12); Hatch &

Rice 19*4-5 (13)).
More recently Barbae (1*| and Cohen (15)

reported that sodium pyrophosphate was just as

effective in corrosion control, while Hatch &

Rice (16) experienced that the effectiveness

of sodium metaphosphate is appreciably decreased

when ap lied to the treatment of condensate

water.

In view of these considerations, Raestrick

1952(17) suggested that all corapotods possessing

0-P-O-P-O linkages would be generally effective



provided that ions able to give rise to calcium

carbonate, calcium sulphate or a similar body

capable of absorbing complex phosphate ions were

present in the solution. Besides, he drew

attention to the fact that his earlier theory

explaining the mechanism of the stabilization

process of supersaturated calcium carbonate

solutions could equally well be applied to

corrosion control. This, he pointed out, could

be entirely or partially due to the formation

ofa condensed phosphate stabilized calcite layer

over a vital area of the metal to be protected.

For maximum corrosion inhibition, however, this

idea demands the possibility of preferred

orientation for the calcite scale and the

experimental evidence advanced shows that a

substantial amount of the preferred orientation

does in fact occur in various natural calcite

scales.

The complex nature of this inhibition

phenomena allied to its growing industrial

application has led to a demand for more

detailed knowledge of the structure of certain

inhibitors in the hope that this might lead to

a more conclusive and final understanding of

the mechanism involved.

This thesis describes the structure

determination of a highly hydrated condensed

phosphate, sodium pyrophosphate decahydrate



Na^PgOylGHgO. Though this investigation of the
structure is of primary interest from the point

of view of establishing the true geometrical

configuration of the pyrophosphate ion, it provides

in addition, a further example of the way in

which water of crystallization is utilized in

crystal structures.

This particular hydrate of sodium pyro¬

phosphate was chosen for its reedy availability

in crystalline form. Besides the present work

was undertaken as a development of earlier work

on hydrates in this laboratory to discover how

the established ideas could be extended to more

complicated cases of highly hydrated inorganic

compounds.

The structural determination has been tackled

as far as possible independently of chemical

postulates except for the numbers and scattering

powers of the atoms involved and the approximate

length of the P-0 bonds. X-ray analysis is

obviously a more powerful agent in the

elucidation of the structure of matter if it

can be applied successfully without the

assistance of external evidence,

CONFIGURATION OF X2Oy GROUPS

Previous investigations of compounds

contfdning a pyro-ion X^O y have confirmed with



the special exception of the pyro-antimonates

that the ion exists ao a discrete unit consisting

of two XO^ tetrahedra sharing a coramon oxygen.

With particular reference to the pyrophosphate

ion, the results of erystallographie studies (18)
inductance data (19) ccmplexlng tendencies (20)

compound formation (21) and hydrolysis studies (22)
substantiate the existence of the ion as a

discrete species.

In the case of the pyro-antimonates

however, X-ray investigations by Bystrbm (23)
ii—

have indicated that discrete SbgCL, ions do not
exi3t but that structures such as Ca^S"bo0-

CdglTbgOy* CdgTa-gO? etc. are built up of a three
dimensional continuous framework of linked

XOg octahedra giving two types of structure,
weberite and pyrochlore, depending on whether

the seventh oxygen participates in the framework

formation or not. Thus, as the evidence

indicates that these latter compounds are

peculiar to our general conception of pyrojions

they will not be referred to except when

specially mentioned.

Though investigations hitherto carried out

confirm the linked tetrahedral structure for

X2Oy ions evidence regarding the X-O-X angle
at the common oxygen is conflicting as will be

borne out by the following resultsj
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01 - O - CI 128° in Cl2o^* Fonteyne 1938 (21+)
P - 0 - P 180° in ZrPaO7etc. Levi & Peyronel

(18)
Si - O - Si 180° in thortveitite, Zachariasen

(25)

1935

1930

180° in hemimornhite. Ito & West 1932
(26)

131° in melilite. Warren

165° in tilleyite. Smith

ar°
(28
1953
)

" 154° in epidote, Ito, Morimote &
Sandanga 195U (29)

131° In hardyatonite. Warren & Trautz 1930
(30)

S - 0 - S about 123° in potassium pyrosulphate
Barclay, Cox & Lynton 1956 (31)

Cr ~ 0 ~ Cr 115° In aamonlum diohroraate
Bystrom and Wilhelmi 1951 (32)

Cr - 0 - Gr about 120° in sodium dichrornate dihydrate
Campbell 1956 (33)

The striking irregularity of those values

is Irzmedlately evident throwing a certain amount

of suspicion on the accuracy of some of them,

1, 0, Cox and his associates, probably

suspecting the accuracy in certain cases, are

now reinvest! ating the structure of two of the

above, hemimorphite and thortveitite (31). In

thorveitite (SegS^Oy) the symmetry of the space
group assumed by Zachariasen (Ci/tvJ imposes a

linear Si - O-Si, but on re-determination of the

space group it is found to be of lower symmetry

H
Neutral molecule
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whera a linear Si - 0 - 31 Is not imposed.

Further, they point out that their investigations

into the structure of hemimorphite Zn^QH^SigO,
show that the central oxygen atom of the Si20y
ion does not in fact lie on a straight line joining

the two silicon atoms. In the light of this

evidence, one might venture to predict that all

X - 0 - X "bonds in pyra-compounds are non-linear

with the possible exception of the pyrophosphates.

As yet, the only work reported on the

structure analysis of pyrophosphates has been

by Levi and Peyronel (18) who Investigated the

structure of cubic zirconium pyrophosphate

ZriPgOy Its isoraorphs of titanium, silicon,
tin and hafnium. They carried out their

Investigations by means of the powder method and

the agreement between calculated and observed

intensities can possibly be best described as

moderate, being neither very good nor bad. On

the surface, a disturbing feature of this

analysis is their choice of space group which

they select on the assumption that the oxygen

atom of the P - 0 - P must lie on a centre of

symmetry while they give no evidence to support

this postulate except the final agreement of the

observed and calculated intensities. The space

group selected immediately places the anion on a

centre of symmetry, and on a three-fold"axis.
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In this investigation of the structure of

sodium pyrophosphate decahydrate the equal

possibility of the central oxygen atom of the

P « 0 - P linkage "being either on a centre of

symmetry or a two-fold axis was "borne in mind.

Thus while the sequence P - 0 - P must be linear

if on a centre of symmetry, it is net necessarily

so if on a two-fold axis,

SALT HYDRATE STRUCTURES

Before the application of X-ray techniques

to crystal structure analysis there was much

speculation as to the composition of salt hydrates.

Werner was prominent in his attempts to reconcile

them with his general theories of coordination

complexes and valency maxima. From considerations

of all types of compounds he had established

the follovd-ng values for this latter quantity:

Hydrogen s2 (i.e. h shared electrons)

1st short period sb

2nd " " : 6

1st long period :6

subsequent elements :8 possibly 10 after
second long period.

Though many hydrated sabts obviously contain

a number of water molecules which represent this

covalency maximum for their metallic ion

component, many also have either a greater or

lesser number. The existence of both HiSO^H^O
and NiSO. 7H20
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illustrates this anomaly hut Werner could not

advance any satisfactory explanation.

Subsequently writers have drawn attention to

the fact that other influencing factors must be

taken into account. In "The Electronic Theory

of Valency" N. V. Sidgwick points out that some

water molecules may be attached to the anion, in

which case a hydrogen atom participates as an

electron acceptor, whereas in cation hydration

the oxygen acts as a donor. However, as the

latter tendency is stronger, cation hydration is

consequently more notable. Though Sidgwick

points out that the number of water molecules

round a particular ion is limited by the ion*s

covalency maximum he gives no satisfactory

explanation as to the situation when the number

of water molecules is less than this quantity.

On the other hand, he pointed out that there was

general agreement Ydth Fajan's theory which

stated that the tendency to form maximum covalency

groups increased in accordance with the following?

1) when the ionic charge is large.

2) ¥/hen small, if a cation.

3) when large, if an anion.

However, the advent of X-ray crystallography

has fortunately led to a tremendous clarification

of the position. Following is a tabulation

of some notable salt hydrate determinations?
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1. Ca30[, - 2hpq Wooster 1936 (3k)

ii. NiSO^ - 6H20 Beevers & Lipson 1932 (35)

iii. BeSOk - 14120
»# i* » W (36)

iv. CuSO^ - 5H2O Beevers & Lipson 1931+ (37)
v. msok - th2o Beevers & Schwartz 1935 (38)

vi. Alums Beevers & Lipsoh 1935 (39)
vii. Nd(Br03)39H20 Helmholtz 1939 (240)

viii. NaK(COOH)2^4H20 (Rochelle Salt)
Beevers & Hughes 191+1 (2+1)

ix. Na9S,?035H20 Beevers & Taylor 1952 (2+2)

From a study of these structures it is

immediately obvious that the coordination group

of the metallic ion is always complete even though

the number of water molecules available for

coordination is less than the basic requirements.

In these circumstances, atoms belonging to the

anion participate to complete the coordination

group.

In the case of compounds which contain no

water of crystallization the coordination group

for particular cations is the same in number as

for identical cations in hydrated compounds,

Thus, it is evident that the function of

water molecules in such structures is usually

of greater importance than might be generally

realised from the assignment of formulae which

indicate no connection between cation and water

molecules. Sometimes however, they may play a

minor role, merely filling gaps in the crystal
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structure from which they may he expelled

without any major alteration to the structure.

Nevertheless in a great number of cases, the

primary function of water is to coordinate the

cations and thereby increase their effective

radius so that their charge may be distributed
*

over a greater number of anions. Were it not

for the strong coordinating influence of the

water molecules, the difference in radius between

the smaller cations and the comparatively complex

anions would prevent the formation of such

simple and highly coordinated structures such as

are actually found in crystalline hydrates.

Prom a geometrical viewpoint the function

of water in inorganic salt hydrates is the

formation of a complex with the smaller cation

resulting in an effective increase in size of

the latter and thus incorporating it in a

relatively simpler structure. Besides it leads

to a more stable system as the charge of the ion

is spread over a larger area, thus lowering the

electrostatic energy.

This role played by water molecules is due

to their small size and high dipole moment, the

latter being an essential requirement for

stability. Non-polar molecules could possibly

coordinate a highly polarising ion but the

resulting complex would be unstable.

Pauling (U3) first pointed out that the
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water molecule was not in fact collinear due to

the large electric moment, the angle "between

the three atoms being greater than 90°, with the

oxygen atom's two unpaired p electrons forming

bonds with the hydrogen atoms at this angle.

Bernal and Fowler (hh) from considerations

of all existing physical-chemical evidence

proposed a quartz-like four coordinated structure

for water at ordinary temperatures, its high

polarity being due to the fact that, "The net

electronic density distribution resembles a

tetrahedron, with two corners of positive and two

of negative charge,"

In the light of this, one would expect

water molecules in crystal structures to have

a tetrahedral disposition of bonds, two coming

from the positive region and two going to the

negative region of the structure. This is

essentially correct though in many cases the

tetrahedral form is modified, forming three

planar contacts at approximately 120° to each

other. On the other hand water molecules not

in the coordination group category, i.e. "odd"

molecules, in general appear to be tetrahedral,

Beevers and Lipson (39) drew attention to

the connection these dispositions must have with

the central coordinating ion. In the alum

structures the A1 *** ion coordinates six tri-
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bonded waters while the K* ion holds six tetra-

honded water molecules. Ni 4* in HiS0^6(or 7)H20
has a composite group of two tetra-honded and four

tri-foonded waters. Their interpretation is

that A1 is ahle to hold 12 negative "bonds

Ni ** 10, and K * only 6. The two "negative areas"

of the water have coalesced, by these assumptions,

into a donation group of four electrons or two

coordinate links.

From the point of view of water of

crystallisation the elucidation of this hydrated

structure will further illustrate the role played

by central coordinating ions and water molecules

in the structures of crystals.
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2. HITIT CELL DIIJEITo IONS AND SPACE GROUP

Experimental

According to Groth (1906 - 1919) (1*5) sodium

pyrophosphate decahydrate crystallises in the

monoclinic holohedral class with a: lbs c » 1.2873s

1s 1.895^1 ft « 98°16 • The crystals which were

grown for the present analysis by slow evaporation

of saturated aqueos solution at 18°G grew along

the b axis with (T01) (101) and (001) as prominent
faces. If, however, crystallisation was allowed

to continue growth along the c axis direction

increased appreciably resulting in the crystallisation

of plates whose short axis corresponded to the

crystallographic a axis direction. By selection

of the crystals from the mother liquor at various

stages of crystallisation it was found possible to

identify the principal axes without accurate

optical goniometry.

A standard Metropolitan-Vickers crystallographic

X-ray tube run at 25mA., and 50 Kv. peak voltage

provided the copper K-<* radiation, the K - ^

wavelength being absorbed by a nickel filter,

The camera employed was a 5 cm. radius, vertical

travel, normal beam Weissenberg (1+6) and the

diffracted beams were recorded on Ilford Industrial

G X-ray film, developed for 5 minutes in Ilford

ID19 X-ray developer.
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Trial oscillation photographs were first taken

and it was obvious the compound had a fairly high

absorption, for specimens of no more than 0,2 xm.

diameter were required before low order feflexions

were free from undesirable absorption "gaps".. For

the eventual measurement of intensities at all angles

of reflection this condition was considered

necessary. Consequently, specimens of such

dimensions were prepared parallel to each principal

axis and some attempt was made to render them as

uniformly cylindrical as possible by rolling on a

ground glass plate. The selected crystals were

mounted on glass Bibres by a touch of secotine or

shellac dissolved in alcohol.

From a photograph taken with a crystal rotating

round its needle axis it was found that this axis was

parallel to a short vector of the crystal lattice,

and along with the presence of a mirror plane at

the zero level it indicated that the crystal was

monoclinic with the b axis parallel to the needle

axis.

Intense Weisoenberg photographs were taken of

the zero layers lines about the three principal

axes in addition to exposures of about one half,

one quarter and one eighth of the time in each case.

Layer line spacings were obtained from oscillation

photographs taken over an arbitrary range and

Weissenberg photographs of the first upper layer

lines were obtained for the recording of the
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general Intensities required, for space group

considerations.

Before proceeding to record the general

intensities of diffracted Beams from nearly all the

planes in the reflecting sphere it was felt that,

from the point of view of gaining all r ound

practical experience in the indexing of photographs

and obtaining a general assessment of any

advantages of different methods, a set of oscillation

photogrpphs should be taken about one zone.

Accordingly nine oscillation photographs of ecpal

range covering 180° were taken about the c axis.

Multiple exposure Weiasenberg photographs

were obtained of the first, second and third

layer lines for the b axis, while layer lines jip

to the fifth were recorded for the a axis by the

same technique. As the cell is monoclinic the

hkl and the hkl reflexions must be included as

they are not equivalent but they will record on

a single Weissenberg if the crystal ia

orientated so that a 200° oscillation includes

the necessary inflexions.

Indexing of Photographs.

All the Weissenberg photographs were

indexed by inspection and no real difficulty was

encountered.

Before oscillation photographs can be indexed

a knowledge of the unit cell dimensions is required

as methods employing the use of the reciprocal
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lattice are most convenient. For each reflexion

the Rvalue (the horizontal component of the

distance from the origin to the reciprocal lattice

point in question) \?as measured "by using a Bernal

Chart (hi) which gives the variation of this

quantity for a 5cm. radius film. In order to

correlate the reflexions to their crystal planes

the following procedure is desirable.

When the axis of oscillation is perpendicular

to the zero layer of the reciprocal lattice, the

reflexions occurring during the oscillation of the

crystal have corresponding reciprocal lattice

points lying within the pairs of lunes resulting

from the oscillation of the corresponding circle

of reflexion. The circle of reflexion is a

section of the reflecting sphere cut by the

reciprocal lattice plane. The distance between

the reciprocal lattice planes is b*# a*sln^*
and c * sin p* for oscillation about the b,a and
c axes respectively. For a and c axes

oscillation the zero layer net of the reciprocal

lattice can still be used for uoper layer lines
*

% 1*
provided the net is translated by a distance na cos p
and nc cos p for the nth layer line.

In the process of indexing the oscillation

photographs difficulty was experienced with

certain high-order spots due to tv/o or more

reflexions having identical £ values. In this
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case the observed Intensity of reflexion results

from two or more crystal planes so that no accurate

intensity value can be attributed to the

respective planes involved. This disadvantage

could have been appreciably minimised by

oscillating the crystal through an angle of

10-15u thereby reducing the number of reflexions

recorded on each film. On the other hand this

efficiency increase is offset by the fact that

twice the number of photographs are required.

The general conclusion to be derived from

indexing the two types of photographs is that in

comparison to the oscillation method which is

lengthy and tedious the indexing of Weissenberg

photographs is quick and very efficient there

existing no ambiguity whatsoever as to the

correlation of the reflexions to their crystal

planes.

Unit Oell Dimensions

The unit cell dimensions were obtained from

high-order (hoi), (hko) and (okl) reflexions,

a mean of values obtained from all the suitable

reflexions being taken.

The a*vector was approximately determined

from the position of a high order (hoc)
reflexion and the value of /3* was obtained by
direct measurement from the film. Using those

two approximate values an accurate value of
*

c was calculated for suitable reflexions i.e.
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reflexions which have 1c » ha , in order to

minimise errors. The now accurate c was used

to obtain an accurate value for a*in the case

Jy
of reflexions which have ha ;>> lc , [3 was

then obtained from reflexions where ha* » lc*
'

* * *

By the use of a and e , b was obtained from

suitable reflexions on the (hko) and (okl)
^ ^ ^

photographs. Substituting values for a b c

and a process of successive approximation was

further carried out until there was no appreciable

change.

High accuracy was obtained by using high-order

reflexions whose 9 values were determined by

measuring distances of spots from shadows cast on

the film by a knife-edge. The mean value of

measurements on each half of the film was used, and

only reflexions within 1h° of the knife-edge

were employed. The knife-edges had earlier been

calibrated by quartz powder photographs.

Errors due to film shrinkage and absorption were

eliminated by using values obtained by

extrapolating a plot of a*, b*, e* or cos

against sins 3t up to sin2 & » 1.

The reciprocal eel}, obtained in this way

is tabulated below.

a*" xa 0.0977

b* - 0.2212

c * S3 0.1130

P* S3 61°29'
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The corresponding cell in crystal space,

expressed in absolute Angstrom units isj

a « 17.93 *0.03A
b a 6.96 to.OU

om 1U.85 - 0.03A

fl » 118°31 t 3'
With four formula weights of ISaj^OylOt^

in the cell, the calculated density is 1,82 gsv'c.o,,

compared to the observed value of 1,82 gs/c.e.
In this investigation the a axis and the shorter

diagonal of Groth5s a-c face were taken as the a

and c axes respectively. The cell dimensions

agree substantially with those previously reported

by Rao and Hampoothiri (h8) viz,
a » 17.92 A

b » 6.97 A
0

c = 1^4.90 A

=s 118°30

Intensity Measurements

After indexing all the recorded reflexions in

the manner described estimation of their intensities

was carried out by visual comparison of multiple-

exposure Weissenberg and oscillation photographs.*

An arbitrary scale of intensity was prepared for

each zone. The intensity of most spots on

each scale was calculated from the exposure time,

the current passing through the X-ray tube being

constant. The scale ased in each case was

uniform, the photographic density increasing



-25-

from one spot to the next in a regular manner.

Though for moat accurate work photoelectric

or Geiger counter measurements of intensity are

desirable the visual method has certain advantages

which tend to compensate for loss of accuracy.

In particular,the time factor is important when a

large nunber of intensities have to he measured

and the Geiger co'inter method :Ls not well adapted

to the measurement of three-dimensional intensities.

Visual comparison of intensities is capable of

yielding remarkably accurate results in some cases

and some workers have claimed their ability to

measure bond lengths with an accuracy of t 1%

by this method. However, an average error of

10-1is likely in the visual estimation of a

particular reflexion.

The sets of intensities obtained were

eventually placed on the same scale by direct

womparison, but first, certain correction factors

were applied to them. For correction purposes

the layer lines were treated separately.

The various correction factors to be applied

include the Lorenz and polarisation factor and

the Cox and Shaw (k9) geometrical factors.

Equatorial zone reflexions require only the Lorenz

and polarization factor but the intensities on

non-equatorial 1 yer lines require in addition

to this factor the Sox and .Shaw geometrical factors
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which take into account, the fact that different

planes are in the reflecting position for

different lengths of time, and also the apparent

increase in integrated intensity due to the

oblique single with which diffracted rays enter the

film on the higher layer lines. The first

geometrical factor is a function of sin &

"but the second is constant for any particular layer

line.

These correctioaa were spoiled. simultaneously

to all the intensities "by means of charts prepared

"by Cochran (50) Ho absorption correction was

applied and no reliable measurement of the temperature

factor was attempted either. It was felt

however, that these errors had little influence on

the validity of the information which was the

object of this investigation namely the general

configuration of the atoms in the crystal.

An attempt was made to place the Intensities

for the three two-dimensional zones on an absolute

scale by the statistical method of Wilson (51)
but this proved unsatisfactory. The curve for

the hoi projection showed a pronounced minimum

at sin & a G,8h, but this was ignored and a

linear Wilson curve, satisfying the four other

plotted points was applied to place the relative

intensities on an absolute scale, Jtt the time,

it was felt that no reliability could be placed
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on this curbe, and. once the structure was determined

it was observed that this suspicion was indeed

well founded. The curves for the(hk$ and(okl)

projections showed a tendency for even greater

distortion and no further attempt was made to

place these intensities on an absolute scale. In

view of this it was felt safer to leave the
O

general F^hkl) on an arbitrary scale, but before

they could be employed for the computation of

the three-dimensional Patterson function, the

three zonal sets of intensities had to be

brought to the same scale.

The three sets of zero layer intensities

were brought to the same relative scale by direct

comparison of common spots. These three

intersecting planes of reflexions provided a

framework of reference for all the other intensities

within the limiting sphere, for every non-zero

layer line photograph must of necessity contain spots

which lie on one of the principal planes through the

origin of the reciprocal lattice. In general,

it was found that the correction factors varied

smoothly with sin#. All the correction factors,

(Loreaz and polarisation and Gox and Shaw

geometrical factors) could have been allowed for,

simply by comparing the intensities of spots

on the higher layer lines with fully corrected

zero layer intensities. This method has been

employed previously in this laboratory but it is

liable to error and it was considered worth while
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in the present case to apply Cochran corrections

to each intensity individually.

As was previously indicated the recorded

reflexions do not include every feflexion in the

reflecting sphere, ^he layer lines measured

extend roughly half way go the radius of the

reflecting sphere along positive and negative

directions of the three principal axes. Con¬

sequently, there are small wedge-shaped volumes

in the outiOk regions of the sphere in which

no reflexions have "been recorded. However, "by

ignoring the reflexions occurring in those regions

it was hoped that no serious errors would he

introduced into the Patterson function.

All the recorded F2 (hkl) are listed in

Table 1.
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TABLE 1, F (hkl) on arbitrary scale

1

0 2 4 6 8

16 17 1 0

3 8 2 6 0

l 4 19 23 32

73 26 32 2 33

23 0 0 4 l

1 7 6 43 12

14 15 15 1 60

0 0 12 2 0

6 8 1 7 0

0 4 5 9 9

1 1 i 4 0

l 5 0

4 17 l 7

28 8 0 19

35 5 0 8

4 17 1 0

17 0 1 14

0 1 4 14

19 4 10

ll 1

12 14 16 18

3 8 12

4 0 H vn

14 4 0 4

4 3 20 2

12 3 15 8

11 16 0 0

2 19 4 1

8 0 1 1

8 45 0 0

8 1 0

0 1 5

0

15 2

l 0

18

1

10

1

2

3

0

0

3

35

2

1

19

2

2

10

8

0

1

0
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k ■ 1

0 2 4 6

1 9 1 1 2

3 0 7 2 32

5 6 2 0 24

7 15 13 3 7

9 2 8 18 22

11 1 3 3 0

13 16 0 0 0

15 0 0 n 1

17 0 1 l 6

19 1 0 0 0

21 0 1 0

1 1 28 3

3 1 2 2

5 19 12 19

7 l 2 5

9 2 2 2

11 2 9 1

13 6 1 0

15 1 0 0

17 1 0

19 0

.0 12 14 16 18

8 1 0 0

4 2 0 4 0

3 1 0 0 0

8 0 3 0 1

4 0 1 0 0

1 5 0 2 0

0 2 0 2

4 0 4 0

0 0 0 0

1 0 0 2

1 2 2

4 0 2 0

6 0 2

1 0 0

3 2

0 0

8

4

1

14

17

2

5

8

1

l

1

o

27

3

o

3

7

2

1
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k • 1
1

l 3 5 7 9 11 13 15 17

0 8 38 2 3 3 0 0 l 0

2 11 0 20 0 4 3 20 5 0

? 13 19 7 3 13 6 0 3 2

t 10 19 9 l 14 0 3 2 3

8 18 3 6 0 2 0 21 19 2

10 0 0 0 4 19 18 0 3 2

12 1 2 7 9 1 9 2 0 3

14 36 8 4 6 4 1 3 5 2

lB 0 6 6 6 0 9 2 l 1

IB 0 0 2 7 1 4 3 l 0

20 3 3 2 5 7 2 0 3

2 19 11 2 23 19 4 0 0

4 12 14 61 7 8 5 4

6 2 1 4 1 3 3 0

8 13 4 5 7 0 3

10 13 8 21 1 0 0

12 4 4 0 3 4

14 15 1 0 1

16 6 5 3

18 0 l
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k - 2

1

0 2 4 6 8 10 12 14 16

tr 8 33 5 2 2 1 8 3 0

2 5 10 36 7 6 10 5 3 0

4 7 13 20 4 9 1 0 0 1

z 4 8 2 11 13 12 3 8 1

% 7 3 7 14 1 6 0 7 3

To 5 3 17 17 11 10 9 4 0

12 3 6 2 7 6 18 9 0 l

14 7 8 10 10 2 2 2 0 3

TZ 4 6 0 5 3 2 6 4 3

15 1 0 0 l 2 2 2 2

20 2 3 3 2

2 8 17 8 3 2 0 0 0

4 9 4 l? 19 6 2 0

6 5 11 7 0 6 3

8 10 10 2 5 2

10 0 6 5 2 1

12 3 6 2

14 2 0

16 0
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k - 2

1

1 3 5 7 9 11 13 15 17

r 15 0 14 l 0 3 0
mm

3 9 23 21 4 5 0 5 0

5 6 13 20 6 10 10 0 0 1

7 0 10 23 0 6 9 2 0 0

9 15 15 15 1 5 0 3 2 2

11 15 12 8 8 9 1 2 3

13 3 6 6 0 10 2 0 0

15 3 2 2 0 0 8 0 2

17 0 4 0 2 2 2 2

19 0 2 0 0 0

1 2 0 4 1 5 9 1 0

3 8 0 12 3 4 0 1 0

5 0 9 5 l 2 2 0

7 6 1 6 ll 0 4

9 0 0 4 0 0

Ll 3 0 2 l

L3 3 0 2 l

*5 0 0

L7 l
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k « 3

1

i:l

J}
r>

1$

!•

ii

1;

i!:

17

0

14

0

1

0

7

4

0

1

0

5

4

II

2

3

0

0

6

0

1

5

17

5

14

1

8

5

l

o

0 0

16 7

11 10

o 8

4

1

0

5

1

3

l

4

3

3

3

1

o

o

4

0

0

1

0

4

2

19

0

2

5

0

0

0

8 10 12 14 16

7 22 8 0

1 4 0 2 1

1 8 0 0 0

7 2 4 2 0

0 0 4 6 2

0 4 2 0

0 2 1

1 1 1

0 1 3

4 0

0 3 0 0

3 0 i 0

2 l

0 3



1 3

0 1 0

2 7 0

4 0 20

z 10 1

z 4 14

To 1 3

12 1 8

14 5 22

IZ 10 1

T5 3 1

2 1 1

4 10 26

6 0 1

8 6 10

10 3 24

12 1 1

14 6 1

16 1 2

18 1

•*35""

k « 3

1

7 9 11 13 15

1 12 2 1 l

10 5 20 0 l

12 15 8 2 2

10 0 7 0 3

2 2 12 4

5 9 1 6

1 9 2 1

0 1 0 1

0 4 0 3

2 13 0 0

10 11 1 l

20 7 6

5 6

0 2

5

5

38
l

7

11

5

2

8

2

6

13

29

2

5

6

0

0

0
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?

4

"5

B

To

12

14

IS

IB

2

4

6

8

10

12

14

16

k = 4

1

0 2 4 6 8 10 12 14

o 54 530 2 6 5

00325 4 0 3

72556 2 0 0

3 27 23

9 1 7

0 2 0

0 3 3

3 0 1

1 2 2

0 1

3 1

2 0

17 0

0 0

0 2

0 1

1 0

1
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k ■ 4

1

1 3 5 7 9 n 13

20 5 3 2 5 3 1

21 0 7 8 3 21 1

13 0 4 22 0 0

12 10 0

2 0 9

0 0 l

0 9 0

2 l 0

7

4 6 5 2 6 1 0

2 2 4 0 5 3 l

18 0 0 5 0 4

2 0 3

15 16 0

0 1 0

0 0 0

3 0
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k = 5

1

0 2 4 6 8 10 12

1 2 0 1 0 2 0 3

3 0 2 4 0 21 0 2

? 0 17 22 6

7 17 4 1

9 15 4 2

n 2 0 2

13 16 0 0

15 2 7 0

17 0 0

1 15 2 20 3 0 0

3 0 4 15 7 0 0

5 0 2 0

7 4 0

9 2 8

11 0 l

13 0 0

15 0
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k * 5

1

1 3 5 7 9 11 13

0 0 0 1 2 l l

1 i 3 11 5 l 4

1 10 12 9 6 2 1

0 4 6

18 15 12

6 l 0

0 0 2

8 2 5

1 0 0

11 14 3 5 l 0 0

6 0 0 3 * 3

3 0 0

6 2 2

0 0 3

i 1 0

0 1

1
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k = 6

1

0 2 4 6 8 10 12

0 14 1 2 2 3 1 0

2 11 5 8 1 0 0 2

4 11 3 2 11 2 3 2

6 13 4 4

8 2 19 2

10 2 1 0

12 1 0 3

14 0 0 1

2 4 3 2 1 0 0

4 0 3 1 0 0

6 0 4

8 4 1

10 3 1

12 1



EC

HMHiHiH
UJMsOSIVJ\OHMVTViOHIM Pp

MoOvMMuHOHOO HOOMH>O M>OHMOH MOM MO OM

vO|S31VJl|M| ovnH ovnvnro(jj(jj voohohvn CvM> OOvO
rvjo

M H

OO

M

OH



oH

f"i

H

C>-8M

£

8

H

t

00

O

rt

ri

O

CM

SO

O

CO

ro

r4

M-

eu

on

c\j

o

cv

o

co

tv

o

cv

r4

CM

CM

ir\

ro

m

\n,

O

«*

oi

00

O

H

W

©

O

In

1WN
JN
fov
}H

IfO
H

rn

ir\

o-

I,

M

oH

rt,-4



-U3~
k » 7

1

l 3 5 7 9

0 0 l l 1 0

2 4 1 2 3 4

4 0 1 0 2 2

6 6 2 1

8 2 0 1

10 1 0 0

12 4 2

2
I

0 7 3 2 0

4 3 0 3 0

6 7 2 0

8 5

10 5 0



k » 8

1

0 2 4 6

0 0 1 3 0

2 1 1 0 1

z 2 0 0 0

6 3 0 2

8 4 1

2 1 0 0

4 0 0

6 2

1 3 5 7

1 1 4 l 3

3 0 1 0 2

5 0 2 X 0

7 1 1
mm

9 2 1

1 2 5 2

3 1 l 1

5 1 1

7 2



Space Group

On examination of the zero and upper layer

line Weissenberg photographs the absent spectra

found werei

hoi when h and 1 are both odd

oko when k is odd

hkl when h + k + 1 is odd,

so the space group is I2/o. The other

possibility Ic was discarded because the

crystal class is regarded as 2/m (Groth).
Sao and Hampoothiri (hi) quoting the unit

cell dimensions corresponding to those selected for

this analysis concluded that the space group was

C2/c. To conform to this space group however,

the unit cell dimensions corresponding to (Troth*s

axes would have to be chosen. Recently Corbridge

(1957) (52) has published the unit cell dimensions

corresponding to Groth's cell quoting the space

group as C2/c thus confirming the space group

determination carried out in this investigation.
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3. STRUCTURE DETERMIHATION

Interpretation bf Patterson Syntheses

The structure of sodium pyrophosphate

decahydrate seemed to he fairly promising for

full investigation in view of the presence of a

moderately heavy atom, which it was thought would

greatly assist the analysis. Therefore the first

step which suggested itself in the investigation

was the location of the heavy atom position, for it

was hoped, that once it was determined it could

he utilised to find the positions of the other

atoms in the structure.

In the space group I2/c the general positions

are eightfold while the special positions are four¬

fold. Thus, since there are four P2°7 i-ona in
the cell it is immediately ohvlous that one oxygen

atom must he on a special position, and to

conform to our conception of a pyrophosphate ion

this special oxygen can he no other than that of the

P - 0 - P linkage. All the other atoms in the

unique volume of the cell can he in general positions.

Apart from the oxygen on the special position there

are eleven independent atoms in the unique volume

whose positions are defined hy 33 parameters.

From the point of view of establishing the

positions of the phosphorus atoms in the unit cell,

the handicap of having only one such unique heavy

atom present was not fully realised at this stage



and for the determination of this heavy atom

position Patterson synthesis seemed promising.

This will known method involves the

computation of a Fourier series whose coefficients

are the squares of the moduli of the structure factors,

the resulting function representing all the vectors

"between every pair of atoms in the structure.

The contribution of the Patterson function

(53) to crystal structure analysis has proved to

be of immense value to the crystallographer though

in its interpretation it has certain limitations

due to the fact that in an average structure

undergoing analysis numerous atomic vectors exist

whose recognition constitutes a major difficulty

in certain cases. This is especially so in

structures, whose atoms have scattering powers of

the same order of magnitude, since the vector

peak height is related to the product of the

scattering powers of the atoms involved. Thus, if

a structure contains a minimum of heavy atoms the

vectors due to their interactions are usually

easily distinguishable.

Two-dimensional Patterson functions projected

down each of the three axes were computed. The

resolution of the b axis Patterson was fairly

encouraging but the other Patterson projections

gave extremely bad resolution, the (hko) projection

particularly, being completely dominated by the
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600 reflexion. However, in spite of this it was

hoped that the x and z parameters of the atoms in

the structure might he determined solely from the

h axis projection, thus ignoring the other two

projections, for the obvious reason that it was

felt that they were of little value for the

identification of Patterson peaks.

On the basis of evidence regarding P - 0

bond lengths in other compounds, the P - 0 bond
O

distance was assumed to be approximately 1.5 A, and

bearing this in mind attempts were made to identify

P - 0 vectors round the origin peak. In three

diiaensions no other vector can possibly fall in

this region, but in the two-dimensional ease being

dealt with, numerous vectors can lie within this

radius. Howeber, in view of the expected rigidity

of the tetrahedral PO^ group, the P «*> 0 vectors
might be fairly easily identified thus determining

the orientation of the oxygen atoms around the

phosphorus. Once these vectors could be located

with any certainty, the P - P vector should be

identified at twice one of the P - 0 vector distances

from the origin, regardless of whether the P - 0 - P

linkage is round a centre of symmetry or a two¬

fold axis.

At first sight, it would appear that the P - P

vector in the Patterson map would be outstanding

but it must be remembered that in a structure with
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one heavy atom H and a light atom 1* in the unique

volume of the cell, the Patterson peaks are (H + L)
2 2

a II +2HL + L , i.e. the heavy atom - light atom

vector is doubled whereas the heavy atom - heavy

atom peak is single. Thus for a "heavy atom"

peak to be outstanding it must be much more than

twice the atomic number of the light atom, and

this of course does not hold in the case of phos¬

phorus and oxygen.

In fact the most outstanding peak in this

instance will be that corresponding to a P-Ha vector

but its magnitude will not be sufficiently great

in comparison to the other vectors present, for the

purposes of immediate identification. In addition

its location is not restricted on the basis of any

known chemical postulate, whereas the position of

the P - P vector can only fall within a radius of
o

approximately 3.OA from the origin.

Attempts to determine the orientation of the

oxygen atoms round the phosphorus were unsuccessful

as no orientation could be related to the

Patterson peaks observed. A suggestion that. the

application of a suitable temperature factor "boosting

down the high order terms of the Patterson, might

lead to the identification of the "missing" P - 0

vector peaks, was followed up. However, the

resultant Patterson was not encouraging, for most

of the detail of the earlier Patterson had been lost

and the general effect was a tendency for all the
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high ground to "be flattened.

Drawing contours down below the zero contour

line for the Patterson map proved no more successful ;,

from the point of view of establishing all the

Phtm 0 vector peaks, though from the completed

structure analysis it is observed that three of the

peaks were actually noted at this juncture, one

falling "below the zero contour. ^'he fourth

P - 0 vector never showed up.

It is now felt that the removal of the origin

peak was the only method which could probably

have been of value st this stage for the successful

appearance and consequent identification of all

four vectors. However, this was not attempted.

Sound the origin a great deal of disagreeable

"noise" was present, no doubt due to diffraction

effects and the lack of success with the

determination of the orientation of the oxygen

atoms was attributed to this. ^hus some

justification was felt for the expectation that

the other phosphorus - oxygen and phosphorus -

sodium peaks in the structure wo Id be more

pro inent with better prospects of Identification.

It has been pointed out that the P - P vector

is single weight, thus being of the same order

of magnitude as a P - 0 vector, yet in view of

the condition that the P - P vector must lie
0

within a radius of 3A from the origin, the

chances of locating it appeared fairly encouraging.
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Various possibilities were suggested by the Patterson

and one such possibility was found particularly

attractive. In this case the P - 0 - P was

lying parallel to the c axis but whether it is rotind

a two-fold axis or a centre of symmetry cannot be

determined from this projection.

An attempt was made to determine all the

atomic positions by Fourier methods using the

phosphorus parameters to determine the phases of

high order F*s which were thought to be sufficiently

dominated by the phosphorus contribution. From

the resulting Fourier projection it was anticipated

that the remaining atomic parameters could be

determined by correlation of the peaks to possible

atomic positions. Though numerous trial structures

were postulated, none of them would fefine to my

satisfactory extent.

Superposition methods were also attempted

using the phosphorus atom as a searcher for the

positions of the other atoms in the cell, and it

was hoped that the coincidence of vectors would

reveal the atomic positions which were so desperately

sought. However, though many structures were again

postulated one by one they were discarded, and the

procedure fai'led completely.

Considerable time had been spent on the

attempts at the solution of the structure in two

dimensions without gaining any positive results,

so it was decided that the only satisfactory way

of interpreting the structure by vector methods
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was to refcolve @11 the vectors in three dimensions

From the outset it had "been anticipated that

three-dimensional work would he necessary for the

complete solution of the structure, due to the

number of atoms and the consequent overlapping

of interatomic vectors, and the absence of any

really outstanding heavy atom vectors. It is

generally true that three-dimensional methods

are enormously more powerful than two-dimensional

ones and it is mainly the excessive labour, effort

and tedium involved that prevents their more

frequent use in crystallography.

Three-dimensional Patterson Analysis

Before the analysis could "be attempted the

general Patterson function using all the (hkl)
intensities available had to be computed. The

function was expanded for computation and the work

proceeded in three stages, the summations

being taken in turn over k and 1 and expressed

as a function of x, y and z at intervals of l/60th
2/60ths and l/6oth of each of these respectively.

The function of P(x,y§z,) was therefore

evaluated at just over 15,000 points contained

in the unique eighth of the unit cell. It was

drawn out in 16 sections parallel to the a-e plane,

contours being dram at arbitrary levels.

In this work Patterson syntheses were
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eomputed with the aid of an analogue computer

(Stern, 1950) (54) of the Hagg - Laurent type (55)»
The machine provides one-dimensional summations,

wit ; wave-numbers up to 15» at Intervals of 60ths

of the cell edges.

The first step taken in the interpretation

was the determination of the orientation of the
o

unique PO^ group. As before, a value of 1.5A
was assumed for the P - 0 bond distance and a

sphere of this radius was constructed round the

origin. Thus, the intersection of the sphere

and aay Patterson peaks will be due to the P - 0

vectors, since no other pairs of atoms within the

structure will have such short vector distances.

Possible peaks were immediately identified,

and though they were only three in number no immediate

concern was felt as it must be realised that due

to the mirror planes in the Patterson at y » 0

and y b | no distinction can be made between

vectors with a y and a y component. Thus, in
a general sense any one of the peaks identified could

represent a P - 0 vector with either a y or a y

component or even two vectors each with equal

and opposite y components. In actual fact,

due to the fixed approach distance of any two

oxygen atoms in a tetrahedral PO^ group, only
peaks falling in the region of y » 10/6oths can

possibly represent two such vectors. On the other

hand, the determination of three P - 0 vectors
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automatically fixes the fourth, and It was strongly

indicated that the rector peak at y = 10/60ths
O

on the surface of the 1.5A radius sphere really

represented two rectors of the type mentioned.

Besides, the encouraging observation was made that

this peak was elongated in the x direction along

the surface of the sphere, indicating that the

orientation of the oxygen atoms round the phosphorus

was such that two of those atoms were immediately

above one another but for a small displacement,

in the x direction. This displacement explained

why the peak was not twide the sine of the other

P - 0 vectors. A model of a POk g^oup was

constructed for comparison with the observed vectors,

and a better fit could not have been hoped for,

so it was felt that the orientation of the

oxygen atoms had been definitely fixed and

©specially so as no ambiguity existed in t he

selection of the vector peaks.

Mow it only remained to identify the P - P

vector in order to deduce the complete orientation

of the P2°7 ®pouP« In i^is space group as already
pointed out the two PO^ groups forming the pyro ion
can be related to each other by a centre of symmetry

or a two-fold axis. If they are related by a

centre of symmetry the P - 0 - P linkage must be

linear but if their relationship is due to a two¬

fold axis the P - 0 - P need not necessarily be

linear. At the outset of the three-dimensional
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work it was felt that all the possible orientations

should he closely examined in order to establish the

configuration beyond any doubt.

Before proceeding to the determination of the

absolute values of the coordinates of all the atoms

in the Pg0 group the peaks produced in the Patterson
function by the space group I2/c will be considered.

The Patterson will contain peaks corresponding to

two types of vectors.

(a) vectors between crystallographically related
atoms.

(b) vectors between non-related at dib.

For every atom in a general position eight

equivalent positions exist in the unit cell as

follows

(0,0,0;

x, y» z.

y,

ir - X, i+y, z.

i + x, £-y, z.

The vectors between those atoms will reduce

to the primitive seti-

(0,0,0, i

2z, 2y, 2z

i it 2x, 2z

i» i * 2y, 0

This is true for any atom at a general

position x,y,z, in the unit cell, the above expressing

in terms of its coordinates the positions of the
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peaks in the .Patterson due to vectors between it

and its crystallographic equivalents. The

symmetry elements repeating those vectors throughout

the cell are mirror planes in the a - c plane at

y » o and y => alohg with centres of symmetry,

and two-fold axes as shown in Figure I.

General vectors "between an atom at x^y^z^
and another at *2y2z2 reduce with the sane
symmetry elements to the primitive set:-

(0,0,0;

*1 - V y1 - y2' 21 - Z2

x+x; y+y; z + z
12 12 12

i*x1♦ x2i i+y, - y2; ♦ z2
i+ X1 -x2; J+?1 ♦ y2; ^ ^

For quicker notation this set may be represented

by the following symbols,. (0,0*0; &,&,&.)

[(D,D,D.) (8,8,8) (i+S, i+D, 3) (4+D, J+S,D)J
If the P - 0 - P linkdge is round a centre of

symmetry the P - P vector will be twice that of

one of the known P - 0 vectors and will fall at
a

a distance of approximately 3A from the origin.

In the case of a two-fold axis, however, there is

no such vector distance restrictions. A axjhere
0

of 3A radius was constructed round the origin, and

two possible peaks for the required vector were

identified giving two possible orientations of the

2®j group. The x and z coordinates of these
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vectors are 2p, 2r, and 2P, 2H and these symbols

will be used in the discussion to show how any

other vectors are calculated.

The farther difficulty is experienced at this

stage in that a selection has also to be made as

to which centre of symmetry the P - 0 - P linkage

is around, there being two types in this space

group. The centres at (0,0,0) and are

representative of each type,

When in a certain structure, atoms A,B,G
i "1 "f

are related to A , B ,0 by the operation of a

screw axis, then the vectors A - A*, B - B^ , C - C1"
etc,, appear as peaks in a certain section of the

Patterson synthesis. Thus special attention was

attached to the section at y » because as Barker

(56) has pointed out, for certain space groups sections

of this type show in projection down the two-fold

screw axis the atomic structure on twice the scale.

In this apace group an atom at (x,y,z,) gives rise

to a vector at -§• + 2x, gr, 2z. Therefore the

Barker section lies at y » Unfortunately in

structures of any complexity it is usually found

that the resolution of the peaks is not very good

and that there is no sign of the individual

Barker type vectors. This is not surprising when

one considers that in addition to these specialised

vectors, the Barker level may also contain others

arising from pairs of atoms which happen purely
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by chance to have y coordinates separated hy >:b.

These vectors will have double the weight of the

Harker vectors and if they are at all numerous

will completely overx^helm the latter.

In the sodium pyrophosphate structure the

most outstanding Harker vectors at y = ^ should

"be those due to the phosphorus atoms. At this

stage, the method for determining which centre of

symmetry the P - 0 - P was related to, was based

only on the appearance of those vectors above the

zero contour, so it was felt that the use of this

section could hardly lead to unsatisfactory results.

The symmetry elements of the space group are

shown in Figure L- II. It will be observed that if

the P - 0 - P is round the centre of symmetry at

(0,0,0) then the phosphorus atom at j*r will give

by the operation of the screw axis at x = |, z » 0,

a Harker vector at £ ->• 2p, 2r. On the other hand

if the P - 0 - P is round the centre at

then the P atom at £ + p, * + r will give by the

operation of the screw axis at x»^, z = a

Harker vector at 2p, ^ * 2r. Thus by trying to

correlate Harker peaks to the possible P - P vectors

a differentiation should be made between the centres

involved. Of course, if some of the possible

peaks could not be related to the Harker Section

at all, it would be of immense value in reducing

the possibilities. On the other hand, If they both
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fall on peaks in the Hanker section, it does not

resolve the ambiguity.

All the P - 0 vectors observed were in the

region of 2 - 3 contours in height, and the P - P

vector though single weight should he expected to

have this feelght at least. Of the two possible

P - P vector peaks mentioned the most promising at

first sight appeared to be at (52, 12, U) double the

distance of the P -,Q vector at (53 f 6, 2) from the

origin, though the actual peak maxima are not in

a straight line. This could possibly be explained

by the fact that the shape of the P - P peak suggests

that it is also accommodating another vector. The

proposed P - P vector was located on the Barker

section at 2p, i + 2r, placing the P - 0 - P round
(

the centre of symmetry at (%,%,£),
Thus by fixing the shared oxygen atom of the

P20y ion at the absolute coordinates of
the phosphorus and oxygen atoms are immediately

determined. All the vectors for the P20y group
were calculated and by comparison with the Patterson

map it was observed that about 80% of the vectors

fell on high ground. This was thought to be to

a certain degree encouraging as it was felt that the

absence of some 0-0 vectors might be the result

of computational errors in the Patterson. It

was therefore decided to pursue the structure further

using this predetermined phosphorus vector as a basis

for superposition methods. This proved a complete
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failure, due,, no doubt to the wrong assumptions being

made for the orientation of the anion. However,

this wrong orientation c mid serve as a standard

for vector comparison as any other possible

orientations whose vectors did not give better agree¬

ment with the Patterson could be immediately

dispensed with.

The other possible P - P vector round a

centre was observed at (56, 20, 75 and it was
v

located on the Harlcer section at |r + 2P, 2R thus

placing the P - 0 - P round the centre at (0,0*0).
The agreement of the vectors with the Patterson in

this case was much worse, so this second possibility

was discarded. Thus the evidence indicated very

strongly the location of the P - 0 - P round a

two-fold axis.

In these eircumstances the P - P vector must

fall on the section y » 0, and if the P - 0 - P

is linear the phosphorus-shared oxygen vector will

also fall on this section while in the case of a

non-linear P - 0 - P this latter vector will be

observed at a higher level of the Patterson, If

the x and z coordinates of the P - P vector are 2p

and 2r then the phosphorus atom at p, ? + P (round
the two-fold axis at x » 0, z » x) will by the

operation of the screw axis give a vector at + 2p,

+ 2r, which is equivalent to 2p, 0, 2r, due to

the centre of symmetry in the Patterson at

This will be true for any orientation of the



-61-

phosphorus atoms round the two-fold axis.

Only one such possible peak existed at 2p, 0, 2r
0

(52, 0, k) 2.7A from the origin, and being the

last existing possibility to be examined, it was

hoped that it would lead to the final solution of

the structure. In this case therefore,

X m p m "U
z » £ + r s» 17

so 2x, 2y, 2z = B, 2y, 5h.

Knowing the vaL/ues of 2x and 2z, it only remained

to determine the value of 2y so each section of

the Patterson was inspected in turn to locate the

2x, 2y, 2z,phosphorus peak, This peak was observed

on the section y » 3h. Thus the absolute values

of the coordinates of the phosphorus atoms round the

two-fold axis ore (h, 17» 17) and (k, 17, 13).
Thl3 fixes the coordinates of all the atoms of the

3?o0? group go the vectors were calculated, and
excellent agreement with fehe Patterson was

observed.

The primary aim of the anal;,sis of the crystal

structure of sodium pyrophosphate decahydrate was

the determination of the configuration of the pyro

ion and the fuller investigation of the structure

was dependent on the correct location of the

group in the cell. In t is thesis, some time has

been spent in the description of the various

attempts to determine the phosphorus position and

consequent orientation of the ion. This is
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considered desirable in the respect that the

method of elimination of all "but one possibility

should be clearly indicated, so that no doubt

whatsoever should exist as to the validity of the

selection and the consequent configuration of the

ion.

Before the completion of the analysis seven

other atomic sites bad to be located and though

Fourier methods could be employed for the

determination, a much more convincing and, elegant

solution might be obtained by using the phosphorus

%toin to search for the positions of the other atoms

in the cell, '^he superposition method of Beevers

and Robertson (1950) (57) was therefore carried

through for each contour. This is in fact equivalent

to the minimum function method of Buerger (58).

This method is based on the principle that the

Patterson function can be regarded as n patterns

of the electron distribution within the crystal,

superimposed with each in turn of the n atoms at

the origin, and having weight proportional to the

atomic number of the nth atom. If', as in this

case there is a minority of heavy atoms in the

structure, a particularly high vector peak can he

chosen on the assumption that it corresponds to the

distance between two heavy atoms. If two

Patterson functions are superimposed with their

origins at tither end of this vector, the images

of other atoms in each of the heavy atoms are
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brought into coincidence on atomic sites.

Another vector may then he chosen in a similar- way

from those not eliminated "by the superposition,

and the process repeated to eliminate any spurious

vectors due to chance coincidences. There is,

however, always the danger that the second chosen

vector is itself present in the superposition

function just bjr chance. This danger is increased

considerably in two-dimensional work where over¬

lapping of vectors gives rise to ambiguities.

In the present example the unique phosphorus

and its glide partner were used as searchers for the

positions of the other atoms in the cell. The

final superposition nap was over an eigith of the

unit cell from y » J to y » and the coincidence

of vectors at once revealed the known oxygens of

the pyro ion giving an immediate indication of the

peak heights to be expected for the remaining atoms.

Though the oxygens of the anion could have been

used for further superposition it was decided to

try and solve the structure on the basis of packing

considerations alone. All the oxygen peaks of

the superposition function were two contours high

so all the two contour peaks observed on the map

were projected on to the a - c plane of the cell

as illustrated In Figure III and it was hoped

that most, if not all the required atomic sites,

were represented on this map. Bach peak is



Fig.Ill - A projection of all two, three and four contour

peaks in the final superposition map on to the
a - c plane.
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numbered A,B,G———Q, for the purposes of

nomenclature and the peak heights are also

indieat ed,

Seventeen such peaks were evident but only

twelve atoms are present In the unique volume of

the cell, so at least five spurious peaks existed

which had t.o be identified, A,B,G,D,and $

represented the known phosphorus and oxygen atoms,

B being the oxygen on the special position,

A diagram of the unit cell projected on to

the a - c plane was prepared and the position of

each atom as identified was plotted along with its

seven erystallographic equivalents, Onl,/ by

this method can the packing of the atoms in the

cell be clearly envisaged.

From considerations of the unique PO^ group
peak P v/as immediately dispensed with, being

lineomfortably close to D, Peaks G, I and 0

were noticeably heavier than the rest of the

unexplained peaks, so it was thought that tv/o

of those represented sodium atoms the other being

a water molecule. Wo clear distinct,ion was mad©

at this stage as to which two were sodiums,

though it was strongly indicated that 0 was one

such atom, its peak being rather elongated in the

y direction in addition to being four contours in

height. The selection of I as a possible atomic

site places P in the spurious peak category, and
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thus it was ignored.

Pour atomic positions still remained to "be

located while seven possible sites were present

in the superposition map. Hie surface area of

each of those seven peaks was noted and three of

them, K, Q and «J were ap reciably greater then

the rest. Therefore, these were selected and

found to pack satisfactorily in the cell. %ras
all but one atom had b en located,but it was

immediately obvious that only one position was

possible for this atom if it was to enjoy any

reasonable degree of comfort. This positionwas

represented on the superposition map by peak H.
9

From the shells of six atoms within 2»7A of 0 and

I it was apparent that they were the two sodium

atoms which were required.

All the vectors between atoms, with the

exception of the oxygen-oxygen vectors, were then

calculated and plotted on the three-dimensional

Patterson function for comparison with the observed

distribution as illustrated in Figures IT, V", TT".—
JT. The agreement was very satisfactory, all

the vectors being present and no ideally significant

peaks being inadequately explained. The position

was now extremely encouraging and small alterations

were applied to the postulated atomic positions two

obtain the best overall fit. The parameters

thus chosen in 6oths of the oell edges weres



Fig, IV — Section y = 0 of* the general Patterson function.
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Pig. V - Section y = 2 of the general Patterson function



Fig. VI - Section y = Zj. of the general Patterson function.



%
■ = P-0 X*Na-0

Section y = 6 of the general Patterson function.



Pig. VIII - Section y = 8 of the general Patterson function
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■ x. P-0 <a = /Sa-ria X=Ma-0

Fig. IX - Section y = 10 of the general Patterson function.
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■g. Section y 12 of the general Patterson function.



Pig. XI - Section y = 1U of the general Patterson function
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X y z

p k 17 13

°1 0 11 15

°2 1 27 9

°3 h 7 9

°U 21^ 11 11

W
i

6 35 3

W2 11+ 1 15

w3 15# 25 1

\ 23i 1+3

W5 25# 37 2

N&1 11+ 1+3 8

Na2 22J 55 6

The power of the Patterson function which

contains information from all the diffraction data

is a notable observation made from the work

leading up to the solution of this structure.

Errors in some of the available data make little

noticeable difference to the function in its

general appearance,thus being a valuable tool

in structure determinations. Besides, the fact

that parts of a structure can be investigated at

a time, is an added asset of the function which

is not generally true for methods depending on

the calculation of structure factors, except in

cases where heavy atoms are involved.
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Refinement of Structure

The atomic positions obtained by the super¬

position method were used to calculate structure

factors for the (hoi) aone. As the Wilson

scaling curve was felt to be unreliable the F ^
were scaled against ^calc by suroning them in

2
ranges of sin 6 , plotting the ratios and taking

the best straight linej the value of the ordinate

at the value of sin1" & for a particular reflexion

was then used as a factor to scale

A good degree of agreement between observed

and calculated structure factors was obtained,

the residual error R, defined as

being 0.h2.

Refinement was carried out by the use of

(Fo~Fc) "difference synthesis" as described by

Cochran (59)» This is accomplished by shifting

those atoms which lie on gradients in the synthesis.

The atoms are moved up the steepest gradient by

an amount given by

where p is an empirical constant for a particular
atom. It3 value may be ascertained from the

peak height p(o) of the atom in a Fourier synthesis
from the equation.

£|Fobs |
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A value of 5 was adopted.

The first stage of refinement by difference

sy&thesis reduced the discrepancy factor by

11% to 0.31. Two further stages of refinement

reduced this value further to 0.23 but at this

stage the (Fo - Fc) map indicated that a suitable

temperature factor should be applied to the

sodium and oxygen atoms. Thus, the James

and Brindley scattering curve (6o) used for the

sodium, and the Hoerni and Ibers curve (61)
for oxygen were both modified by a temperature

factor of exp(-Bsin20/2.), the value of B being
2,07 in each case. The following cycle of

refinement by difference synthesis improved

the agreement to a satisfactory level, with

R » 0.20.

It wasthen decided to refine the y parameters

using the data for the (hkc) zone. Structure

factors calculated using the y parameters from

the Patterson superposition and the already refined

x parameters gave R => 0,h3. This figure was

higher than expected but successive cycles of

refinement reduced it to the region of 0.22.

Finally structure factors for the (okl)
zone using the refined y and z oaraneters, were

calculated. There were, as frequently occur,

minor differences in the y parameter for the same

atom between the two zones. Because of the
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very small areas of projection in those two zones

the resolution is poor, and the accuracy will not

he as reliable as for the b axis projection.

The mean y parameter was taxen in each case and

the structure factors recalculated for the two

zones.

The final residual errors werei

R(hol) • 0,201

R(okl) a 0.22k

R(hkO) « 0.231

These figures include coutrihut ions from

unobserved reflexions and no corrections have

"been applied for extinction. It was considered

however, that extinction was mainly responsible

for lessening the observed intensity of the two

strongest reflexions, the (600), 'and the (60lb)f
so they were omitted from the discrepancy factor

calcuiations.

It was also considered unlikely that

refinement would proceed further to any significant

extent with this data, in view of the various

errors present for which no adequate correction

was made. The principal source of error apart

from absorption and extinction is that introduced

by the inaccurate estimation of intensity by

purely visual examination. Deviations of at

least €% in the value of ? are thought likely

using this method. However, as already stated,

the present investigation did not have as its
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object the determination of extremely fine details

of structure like bond lengths and electron dis¬

tributions so there was no real case for the use

of the more satisfactory alternative, the Geiger

counter spectrometer.

A difference synthesis projected down the

b axis (Figure XIl)was computed for the final

structure, and no shifts of any significance were

indicated. Considering the fact that it is an

inorganic compound that ia being dealt with, it is

surprising that the amount of electron density

detail in the map is not greater.

A two-dimensional Fourier synthesis for the

final structure projected down the b axis is shown

in Figure XIII while tables listing the observed

and calculated F values for the planes (hoi),

(hito) and (okl) are given in the following tabless



Pig.XII-(Po-Pc)projectiondowntheb-axis.Thecontourinterval _2

is1eAandnegativecontoursareindicatedbybrokenlines.
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Fig.XIII

Electrondensityprojectiondownthehaxis.Contours atby8,1236eA~2.
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OBSERVED AM) CALCULATED STRUCTURE FACTORS

(hol) projection

h 1 Po Pc h 1 Po Pc h 1 Po Pc

0 0 - 81+0 6 T8 28 37 12 8 70 58"
0 2 118 T 6 2 139 T3*} 11+ 0 0 18

o i+ 105 88 6 1+ 1+9 38 11+ 2 0 9
o 6 27 22 6 6 12 27 11+ 1+ 69 1+1+
O 8 0 73" 6 8 55 53 11+ 6 26 77
0 10 18 77 6 10 7 72 11+ 7 0 27
0 12 3b 55" 6 12 81 82 11+ To 25 77
0 11+ 5b 65 8 0 120 109 11+ 72 55 52
0 16 66 77 8 2 8 1 11+ 77 11 2

2 0 1+7 1+6 8 b 0 2 11+ 75 16 27
2 2 77 97 8 7 1+6 37 11+ 77 18 28

2 IT 38 75" 8 7 23 1+1 11+ 2 85 81+
2 5 58 32 8 7U 0 77 11+ 1+ 36 38
2 7 0 0 8 72 71 76 11+ 6 60 1+0
2 77 25 29 8 77 31+ 25 16 0 1+9 57
2 r? 1+0 m 8 75" 7U 59 16 2 55 b7
2 TXT 10 TT 8 77 51 mr 16 7 21 6

2 To 72 1+2 8 2 1+5 1+2 16 5 52 55"
2 2 53 57 8 1+ 85 75" 16 7 10 18

2 1+ 102 90 8 6 18 77 16 77 11+ 29
2 6 19 25" 8 8 7 "3 16 72 51+ 3+5
2 8 56 H2 8 10 23 55" 16 77 121+ 113

2 10 62 57" 8 12 18 20 16 77 11 32
2 12 73 61+ 10 0 26 57" 16 77 10 0

2 11+ 29 29 10 2 59 15 16 2 61+ 52

k 0 29 "26 10 1+ 55 1+9 16 1+ 18 25

b 2 51 51+ 10 "5* 11+8 755" 18 0 5 1+
i+ ~rr 112~T37 10 7 75 86 18 2 38 22

1+ TT 118 11+1 10 TCT 33 55" 18 "1+ 1+1 "51+
1+ "8 126 119 10 72 67 59 18 7 59 37
b 77 36 -T+2+ 10T2+ 77 67 18 7 58 5T
b 72 lb "7D 10 75" 8 12 18 77 83 77

i+ n+ 38 22 10 75" 0 2 18 72 55 57
1+ t6~ 0 -2 10 2 87 90 18 rtr 32 28

1+ T8~ 1+0 ircr 10 1+ 8 6 18 T6" 0 1



h 1

4 2

4 4
4 6
b 8
b 10

b 12

b 11*
6 0

6 7
6 H
6 Z
6 Z
6 To
6 T2
6 TC
6 1%

k 1

1 1

1 3

1 5
1 7
1 9

1 11

1 13
1 15

2 2

2 b
2 6

2 8

2 10

2 12

2 14
2 16

3 1

3 3
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Fo Fo h 1 Fo Fc

133 1% 10 6 22 19

67 74 10 8 70
•agfaam

57
0 6 10 10 10

mm

1

88 87 12 0 82 67
55 52 12 2 81 35
17 17 12 % 82 103

0 3 12 z 24 29

211 269 12 z 163 193

129 149 12 10 120 TT7
141 231 12 ?2 27 34
30 28 12 1U 27 VI

127 135 12 T5 39 32
0 3 12 IE 20 33

39 44 12 2 0 12

32 3? 12 4 22 2%

87 89 12 6 42 50

(okl) projection

Fo Fc k 1 Fo Fe

66 M 3 5 150 124

136 154 3 7 25 TT
29 14 3 9 81 78
40

■in—11W

48 3 11 30 36
41 40 3 13 25 31

$ 16 3 15 24 29
6 9 4 2 180 158
27 32 4 4 48 51

161 166 4 6 42 37
40 37 4 8 12 6

21 21 4 10 33 36
37 31 4 12 54 55
21 28 4 14 52 54
66 53 5 1 13 Vr
48 M 5 3 10 25
10 23 5 5 0 7

19 20 5 7 20 5
13 14 5 9 28 3

h 1 Fo Fc

18 2 27 35

20 0 14 23
20 2 14 13

20 % 21 31
20 Z 40 45
20 Z 4 0

20 To 24 14
20 12 4 13

20 VI 22 20

20 T3 41 40
22 £ 14 7
22 Z 42 27
22 Z 12 Z
22 TO 27 2

22 1*2 0 8

k 1 Fo Fc

5 11 24 35
5 13 29 32
6 2 14 Z
6 4 28 34
6 6 27 18

6 8 14 20

6 10 17 TT
6 12 13 14

7 1 12 18

7 3 21 23

7 5 16 19

7 7 16 5

7 9 4 1

8 2 16 24
8 4 41 44
8 6 10 Tn
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(hko) projection

h k Fo Fc h k Fo Fc h k Fo Fc

1 1 59 63 7 3 16 Th 13 5 77 67
3 1 0 22 9 3 7 5 15 5 22 32
5 1 52 1+8 11 3 66 58 17 5 0 3

7 1 116 7o£ 13 3 23 25 0 6 75 89
9 1 16 20 15 3 0 1 2 6 68 62

11 1 4 2 17 3 15 23 1* 6 69 58
13 1 72 70 19 3 8 8 6 6 73 60

15 1 0 2 0 1* 3 2 8 6 26 1*0
17 1 0 1* 2 1+ 6 3 10 6 22 13

19 1 12 11* 1+ 1* 53 38 12 6 13 3

0 2 52 oT 6 1* 0 5 11* 6 0 11*
2 2 1+8 1*9 8 1+ 23 1*1 1 7 72 57

1* 2 59 51* 10 1* 68 1*1* 3 7 7 6

6 2 1*0 1*1* 12 1* 0 2 5 7 11* 20

8 2 50 52 H* 1* 8 25 7 7 26 30

10 2 35 1*6 16 1* 36 31* 9 7 11 15

12 2 22 Tf 18 1* 12 16 11 7 5 6

11* 2 1*2 52 1 5 19 25 0 8 0 19
16 2 1*1* 58 3 5 7 12 2 8 22 29

18 2 13 10 5 5 U 11 1* 3 21 18

1 •z
_> 11* 19 7 5 73 66 6 8 36 37

3 3 ?l* 70 9 72 59 8 8 1*8 1*6

5 3 1* 5 11 5 22 19
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The final atomic parameters, in 2l+0ths of

the cell edges, are:

X y z

p 16 61+ 52

1
58 166 33

Na2 92 218 20

°1 0 1+2 60

°2 6 106 38

°3 18 26 38

°U 86 1+6 1+1+

W1 21+ 11+0 12

w
2

57 1+ 52

W,a> 61+ 98 6

\ 9U 176 51+

w
5

100 11+8 6

Comparison of these parameters with the

original values, obtained from the superposition

of the three-dimensional Patterson function,

is very favourable. The latter gave exceedingly

good approximations to the final atomic positions

the maximum error in any one parameter being
O

0.12A while most are considerably smaller.

Estimation of Accuracy

The accuracy of the structure cannot be

quantitatively judged from the discrepancy factor

R alone. Cruickshank (62) has described methods

of determining the probable errors in electron

density and atomic coordinates and shows that the
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standard deviation In electron density, 6"(p)
in the two-dimensional case, can he expressed hy

6(9) - t
the summation "being over the whole reciprocal

plane. The values obtained were:

&(p) » 0,87eA"2 for the (010) projection
o
^ Q

<£(p) » 1.38eA"~ for the (001) projection
6(p) » 1,83eA"2 for the (100) projection.
The corresponding standard deviations in

atomic parameters,d (x) expressed hy
Js

d>(r) - -2.T PPCfo ~Pe) J
a AC

where C is the central curvature ^at the

centre of the atom in questions, are given in

the following table:

a axis h axis

«* 0.011A

0.020A

0.020A

NaJ <fly) 0.03hA

(6(r.)=&$)m0.029A
I O.050I

As the atomic parameters are estimated to

the nearest 2h0th of the corresponding cell

edges, the actual x,y,and z parameters may he
o

in doubt hy as much as 0,0U»0.01 and 0.03A res¬

pectively and it may he felt that the estimation
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of the standard deviations of atomic parameters

and bond lengths may not mean a great deal.

However, as the final difference map indicates

no real shifts it is thought that these calculations

may have some justification and give an objective

measure of the accuracy of the structure.

This particular case is not an isolated one,

a similar situation being encountered in the

assessment of the accuracy for the structure of

acetanilide (67).
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4. DESCRIPTION OF STRUCTURE

The structure of Na, P 0 10H.0 consists of4 2 7 2
nu +

PgOy ions, Na ions and water molecules arranged
as in Figure XIV, This diagram is a projection

of the structure on to the 010 plane, one unit

cell being shown. The configuration of the

pyrophosphate ion is of primary interest, and this

ion which lies across the two-fold symmetry axis

may be represented thus:

O-p-CKp^O
o o

Unlike the P-O-P angle of 180° found by Levi

and Peyronel, the P-O-P linkage here is definitely

non-linear, the central P-0 bonds lying at an

angle of 133°48 to one another, each making

66 54 to the two-fold axis passing through the

shared oxygen atom, She interatomic distances

calculated for the unique PQ^ group ares

P - 01 » 1.63A P - o3 = 1,45A
P - 02 = 1.48A P - 0^ » 1.48A

with a standard deviation ~ 0.05A. The

difference between the P-0 of the P-O-P

linkage, and the external P-0 bond lengths is

appreciable falling in the "significant" region

of Cruickshank, whereas the difference between

the P - 02 and P - 0^ "ftond lengths is not.
Viewed in a direction down the P - P vector
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the two groups of oxygensare staggered with respect

to each other and the 0 - P - 0 angles for the

ion are:

— P — 02 «*
0 '

105 13 o2 - P - o3 - 116° I

0

0 _i
1 t o u 99°15' 02 - P - 0^ S3 112°57'

°1 - p - °ii = 102°ft6 ' 03 - P - 0U = 116°13'
It will "be observed that the phosphorus atoms

are not in the centres of the P O^ tetrahedra,
but are displaced away from the oxygen atom

common to the two tetrahedra.

A comparison of some similar P - 0 bond

lengths found in published structures containing

tetrahedral POj^ units, linked by the sharing of
corners, is interesting.

P-O(A) P-0(chain)(A) P-0-P(°)

PU010(I) 1.39

(RbP03)n 1.ft6
(NH^P03)^ 1.14-6
®aJ[^2^7

10H20 1.U7

The external P - 0 bonds are all observed to

be appreciably lessthan those obtained in simple

tetrahedral phosphate groupings, such as occur in

CaHPO^, Ca^gPOjJgHgO, KHgPO^ and other compounds
containing related oxy ions where the bond

lengths fall in the region 1.51-1.5ftA. In

addition the phosphorus atoms are displaced

1.62 123 (63)

1.62 129 (6ft)

1.61 132 (65)

1.63 13ft
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from the centres of the tetrahedra in phosphorus

pentoxide, rubidium metaphosphate and

ammonium ibetrametaphosphate in a similar manner

to that observed in the oyrophosphate ion.

The similarity of the configuration of the

pyrophosphate ion to that of the triphosphate

ion in sodium triphosphate Phasell (66) is
also worthy of note. This ion has two-fold

axial symmetry \¥ith the central phosphorus atom

lying on a two-fold axis, while the P - 0 - P

is again non-linear having an angle of 121°.
Trie external P - 0 bonds have a mean value of

o

1.49A and the chain bonds are appreciably longer

being 1.61 and 1,68aSrespectively.
In the particular case of the anion in this

structure under investigation the varying values

of the bond lengths may perhaps be explained

by considerations of the charge distribution in

the region of the ion. 0^ and 02 are coordinated
to a sodium atom so the positive character of

the cation would be expected to influence these

two P - 0 bond lengths. Their values would be

expected to be greater than that for a similar

bond where the oxygen is not coordinated to a

sodium atom. Bat it has been stated that the

P - 0^ bond length is not significantly shorter
than the other two external bonds, so no

value can be attached to the observations made.



However, it can only "be said that the variation

in bond length though not significant fits the

general idea. Further the P - 0 bond of the

p - 0 - P linkage would be expected to be much

longer than the rest, the positive nature of the

phosphorus atom being much greater than that of a

sodium.

In all compounds containing linked PO^
tetrahedral units the evidence indicates that the

external bonds are appreciably shorter than the

P - 0 chain bonds, and besides the P - 0 - P

angles are all non-linear being in the region

of 120° - 1U0°.
Thus this evidence which is accumulating

must throv/ some doubt on the results obtained by

early investigators of pyrophosphate compounds,

and it is felt that a re-investigation of this

work might lead to the interesting possibility of

a non-linear P - 0 - P linkage for compounds

like zirconium pyrophosphate.

A distinctive feature of this structure is

the continuous sheets of linked sodium octahedral

groups in the c axis direction.

Both the two types of sodium atoms lie

within octahedra made up in the one case,

entirely of water molecules, and in the other of

water molecules and oxygen atoms. All the water

molecules take part in the sodium coordination



Pig. XV - Idealised diagram of the sheet of octahedra. The
overlay shows the Nag octahedra in front of the sheet
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whereas only two of the "free" oxygen atoms are

involved. The octahedra are visibly distorted

and the bond distances within the two types of

octahedra arej-

Na. - W, = 2.36A1
W . 2.65

w| - 2.UO
W, = 2.78

« 2.76
as 2.38

Na2 - 02 = 2.h7A
0k a 2.63
W1 = 2.1*6
V?3 a 2,1*1

a 2.38

W5 = 2.39
The Ha. octahedra which involve water molecules

1

1,2,3» and k share edges and corners with each

other so as to build up sheets of linked octahedra.

These sheets lie parallel to the b - c plane at

x values of £ and §, and they are formed by the

continued repetition of one octahedron by the

screw axes and centres of symmetry of the space

group. Each octahedron shares one edge with

an equivalent one, related to it by a centre of

symmetry, while the edge opposite to the shared

edge has each of its corners shared with

octahedra related to the first by a screw axis.

In this manner a continuous sheet is formed which
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ls shown in idealised form in Figure XY. The

actual structure deviates from this illustration

by a slight rotation of the octahedra which causes

1
water molecule and its equivalent Wg to "be
not exactly over the centres of symmetry in

the b axis projection, and water molecules

and to "be slightly displaced from the screw

axis.

The Nag octahedron involves water molecules
W1#W^ and which are also present in the Na^
octahedron. Eaeh Na^ octahedron shares one edge
with an Na^ octahedron and another edge with
an equivalentAoctahedron related to the first

by a 3crew axis. In addition, Na2 coordinates
Wj- and the two oxygens 0o and 0^ of the anion
to make up the octahedral shell.

From the point of view of the relationship

between the pyrophosphate ion and the octahedra

the general picture is that of a P20y group with
two of its oxygens, each attached to different

phopphorus atoms on the same side of the P - 0 - P

linkage, forming an edge of the Na2 octahedron.
There is an equivalent Na2 octahedron on the other
side of the P - 0 - P linkage through the two-fold

axis, and these two octahedrax anchor the ion in

position. These latter octahedra with a P2°y
group in between, each share two edges with the

octahedral sheet, one being attached to the



1111
IZNJ L£\J k^l L£\J

\/
/\

\/
/\

\/
/\

\/
/\

\/
/\

\/
/\

\/
/\

\/
/\

\/
/\

\/
/\

\/
/\

\/
/\

r\7] [\7| R71 Ml



-65-

sheet situated at x = ^ and the other to the

equivalent sheet at x = |, The overlay to Figure
XV shows the Na^ octahedra in front of the sheets
and illustrates the sharing of edges between the

types of octahedra. Figure XVI is also an

idealised projection down the b axis showing

how the octahedra fit together and link up

with the pyrophosphate ion.

In addition to the bonds from sodium atoms

to oxygen atoms and water molecules direct, there

are a number of undoubted hydrogen bonds, although

no attempt has of course been made to identify the

hydrogen atoms directly. The normal 0-0

interatomic distance is generally over 3.OA (van

der Waal's distance) and it is usual to detect"

hydrogen bonds by the resultant shortening of this

distance. Such hydrogen bonds identified are all

shown in Figure XIV by broken lines, except for

that between and 02 which has not been
indicated to avoid confusion, and the values

for the distances are as follows!

W1 - °2 " 2.73A WjLj. - °2 = 2.81A

w£ " °k m 2.7U \ - °3 = 2.814-

W2 — 0-jr » 2.77 w5 - 03 » 2.80

w3 »

-y01 2.61

giving a mean value of 2.7&A.
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Pig. XVI - Idealised projection down the h axis showing the
relationship of both types of octahedra to the

group
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By examination of the environment of water

molecules in crystalline hydrates, it is usually found

that the arrangement of the nearest neighbours is

consistent with the tstrahedral character of the

HgO molecule as described bjr Bernal and Fowler,
though the general environment of any particular

atom only approximates to the ideal as it represents

a compromise "between the differing requirements of

all the atoms in the structure.

A very unusual feature of this structure

therefore, is the nature of the contacts made by

some of the water molecules. Water molecules 2 end

h both have four bonds, being each coordinated by

two sodium and two oxygen atoms, and these bonds

have an approximate tetrahedral distribution.

On the other hand the environment of is

unusual in that it is coordinated by one oxygen

and three sodium atoms, the sodium atoms lying

roughly in the same piane. W has only three

contacts being coordinated by one oxygen and two

sodium atoms but because of its association with two

positive atoms a planar distribution of bonds would

not be expected. This expectation is found to be

the case. is only coordinated by or*e sodium

and one oxygen atom and the next nearest contact it

Can make is at a distance of 3.01A to Oy but this

!s highly unlikely. There are no contacts betweenndividual water molecules in this structure, all
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a

water - water distances "being at least 3.3A. Each

"free" oxygen atom of the anion makes three externa],

contact®, to neighbouring atoms, and the bonds are

disposed in a rough tetrahedral fashion.

The primary aim of this investigation has been

the determination of the configuration of the

pyrophosphate ion, and in this thesis emphasis has

been laid on methods Employed in examining all

the possibilities and ascertaining the absolute

configuration beyond any doubt, rather than on

the confirmation of any preconceived ideas. The

evidence in support of the selection of this

particular configuration is strong, and it can

be said with certainty that the P - 0 - P linkage

is non-linear and round a special position, and

therefore of necessity round a two-fold axis, thus

considerably reinforcing the prediction mentioned

earlier that all X^O- groups probably have non¬

linear X - 0 - X linkages.
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