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Chapter 1.

Introduction

The determination of the structure of sodium
thiosulphate pentahydrate is a problem possessing
three principal points of interest.

No structure dstermination of a compound con-
taining the S,03z" group has yet been reported. Tts
shape, however, has been predicted, and confirmation
wounld complete our knowledge of the structures of all
the sulphur-oxygen grovps by X-ray diffraction.

It will, in addition to this, provide a further
example of the way in which water of crystalilisation
is vwtilised in erystel structures.

Thirdly, the problem will be of interest purely
in relation to the technique of strmetnre-determination.
The relative positions of the a2toms in such a compommd
eénnot be predicted, with the exception of the thio-
sulphate group. In other words, no chemical knowledge
of ths shape of the molecule is available to as=ist
the ecrystallographer, apart from interatomic distances
foimd in other structures.

It was decided at the commencement of this work

that a soluntion by purely crystallographic means
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wonld be attempted. X~-ray analysis iz obviously a
more powerful tool in thes elwnecidation of the structure
of matter if it can succeed without the aszistance of
other evidence.

This thesis provides some evidence of the

possibility of such worke.

(2) Sulphur-oxygen Groups.
Tn 1927, when Sidgwick's "Elesetronic Theory of
Valeney" was published, structure determination by
X~-rey diffraction was in its infancy. The compre-
hensive picture given by Sidgwick of chemical bonding
in all types of compounds is based on the theory of
the simple Bohr atom, with resulting conceptions of
ionic, normal-covalent and dative-covalent bonds.
The nature of these conceptions is well known. It
will be remembered thet the struecture of the sulphate
group wasg represented by Sidgwiek in these terms as
consisting of the eentral sulphur atom bonded to two
oxygen atoms by single normal-covalent bonds, and to
the'remaining two by dative-covalent bonds--- i.e.
(@lt207° 20~1y~2.
This complies with the "octet" rule limiting the
mmber of electrons romnd sulphur to eight. The

agrlier double~bonded strﬂctuve of Lewis was thus

discarded,

The theory of resonance arose shortly after this

as a2 pesnlt of the neceszity of reconeciling the 3ohr
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atom with the findings of structursl chemistry,
primgrily in the case of carbon. The gimple Bohr
theory pictured ons of the four valence elsctrons of
the carbon atom as having spatial properties differing
from those of the other three. But it has always
been obvious that chemically the four bonds were
egnivalent, and the famous stereochemical theory of
Kekule had shown that they are arranged tetrahedrally.
So arose the "hybridisation" theories of the wave
mechanical treatment of Schrodinger, Heitler, Tondon
and others. The one 28 and the three 2p mmpaired
electron orbits, are hybridised to give four
equivalent tetrahedrally arranged w7l orbitals.
Stereochemical work of the same nature as that
for carbon had shown that the valencies of sulphur
were arranged tetrahedrally.
Compounds of the ﬁype R1RoRzSX were shown to have
2 similar tetrahedral distribution, where X is the
anion of a strong acid, optical isomerism existing
in ionised solution.  In addition to this RiRoS = 0
h&s discovered to be optically active.l Thus the
sulphurts four bonds have 2 tetrahedral distribution
oven if one is unoccupied.
L. Pauling in 1931 (1) gave a summary of the
extension of the hybridisation theories over a wider
fisld. W. Ha Zachariasen (6) later put forward an

plectronic structure for S0," and the related ions

i..ll
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on the linezs laid down by Pa2uling. T™wo electrons
are geined ionically from the metallic ion or ions;
the group is then represented as (S*go ”1)‘2. The
gulphurts four remaining electrons are supposed one
33 and three 3p; these hybridise tetrahedrally.

This implies that the bonds 2re single and not
dative.

The results of X-ray analysis began shortly
afterwards to contribute to moleenlar theories.

Salts containing the sulphate ion became early
the subject of many investigetions. James & Wood
gave an asnelysis of BaSO, & 0aS0, in 1925 but they
assume rather than confirm the tétraheﬁral nature
of ‘the 80," group. An enalysis of N32804 by
Gossner & Mussgnug in 1929 was even less convincing.

we

However, in 1930 géeries of investigationséwimmenced
by W.H. Zachariasen which established the-structure
of nearly all the sulphur-oxygen groups.

In chronological order these are:-
reference no.

NS0, =)
1\:3250-'4' _ (3)
KoS50, (by Helwig) (4)
K5S505 (5)
C85850g & (NH,)oSo0g (6)
5520, (7)

|

Trom the c¢rystallographic point of view these

investigations show ths early developments of the
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gimple structures described by 5 and 4 parameters

only; they were determined by intensity considerations.

(4) has 20 parameters, but the strocturs was sasily
5

sostulated from the high Hewxetonal sypmetry. (5),
(8) and (7) bhave rvespectively 18, 18 =2nd 20 .parameters;

these wers 2lso-achisved mainly by consideration of
groups of intengities, in the'form of egnations.

In the cése of (7) this seems guite a remarkable fest;
but the limitations of the methods have obviously
been reached. In (8) Bragg's newly developed

Fourler technigue is smployed to find the oxyzen

positions, but is not strikingly successfu
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detesrminations =23tz2bligshed

the structures of all the sulphur-oxygen Zroups excent

02

the thiosulphate group. (Fig. 1.)

The tetrahedral grouwping of the bonds i? shown
to b2 present even in 805" - this is of interest in
relation to the RlBESO compounds (seec above). Tha

most fear-reaching effect of these investigations

Uk

was, howevsr, the values obtained for the distances
between sulphur and oxygen.

(I6; is difficult to estimate the aceuracy of such
sarly crystal-strupturé work, in the frequent absence of
nunerical P obs. values. Zachariasents work is
probebly aceurate to within 0.1 A%, vut the KoS00g
oxyzen peramebers nust be cﬂwgiﬁ@ﬂed ( see over)

gtill in doubt ./)/
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Table 1,

Compownd S~-0 distenge (AO} S-3 distance (Ao)
NagSO4 1.49 -
?-fgsg% 1.4% 2.18

NH . -
(1 4)25208 1.50 |

. A & i
XS O 1.8 . .04

5550 171.39 2.0
XS 0 1.50 21D
s

= A
FeSz 2.14

(*from the parameters given by Helwig. The
oxygen parameter is possibly inaccurate.) -

The S-0 anzles of the tetrahedral groups are in
all cases approximately 109°. Other anscial
distaneces and angles are shown in Fig l.

It will bPe remembersd that the S-0 bonds were
congidered to bs single dative-covalent, in accordance
with the octet theory. Pauling summarised the
bond length data of a large number of compounds whose
bond nature is considered definite, in order to
gstablish values for the siﬁgle, doubles eand triple
bond radii of the commoner elements (8). These

guantities he discovered to be additive in general.

( are ovar)
Iz over)

Yrom Luggin's perumeters of & similsr structure.




Table 2.

(AY) Sulnohur Oxygen
single-bond radius l.04 0.66
donble~bond rading 0.94 0.55
triple-bond radius 0.8%7 0.50

A comparison with table 1 shows immediately
thot the S-0 bond in the sulphate groun does not
correspond to the single bond length. In the case
of 803“ it is in fact shorter sven than the double-
bond ﬁalue.

Thus the 804“ ion is now described as a
resonance hybrid of partizl dounble-bond charscter.
Pauling suggests that the d-orbitals of the sulnhur
‘are involved.

The position is sumned up by Phillips, HFunter
and Sutton (9), 1945 who combine the X-ray evidence
with their dipole moment observations and heats of
formation values. They support the view that the
S-0 bond is double. Panling attributes shortening
of the bond length from his double-bond value to
the fact that structures containing on2 or more co-
ordinate S- 0 links contribute to the resonance
picture; the resulting "formal charge" on sulphur
raduces the length. The latter authors disagree,
8aying that bond lenzgths shonld be internreted less

rigidly.
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It will be observed (tables 1 & 2) that the S-S

in the complex ions annear by contrast to bs single,

by the length criteriza. In Sﬁogand 3206" they
are opresumably covalent but not detive: out in szog,

supnoging it to have the left-hand structure of
figure 1, the bond may be detive to tha exterior
sulphur. Some evidence of molar refraction has
been said to indiczte no double negative charge on
this atom (10).

The electron density picture which the crystal
analysis will achisve, in addition to ths values
obtainsd for bond-lengths, should help to elucidate
these matters. Prsvions 2uthors have not in
general made reference to the apnarsnt height of
sulphur in S-0 compounds thouzh some record that an
f-curve for neutral S gives betiter 2gresment than

$*® in sulphates.

(3) 221t Hydrate Structures.

The compnogition of hydrates was the object of
much speculation befors X-ray analysis could reveal
any acbtual crystal structures. Terner attempted
To reconcile them with his general theories of
coordination complexes and eevalency mexima,

He had establisﬁed the following valnes for
the latter guantity, from a consideration of all

types of compounds:-




Hydrogen

(i.e¢ 4 shared electronsg)

T

® @ & > W

1st short psriod
znd it 114

1lst long periocd

gubsequent elements : 8, possibly 10 after 2nd

long period.

lany hydrsted salts obviously contain & number
of water molecules which revrssent this covalency
maximum for their metalliec ion component. But
many also have either a Zreater or 2 lesser number.
An example of this is the existence of both
NiSO4 6H20 and NiSO4 VHQO- Terner had no satis-
factory theory for explaining these snomalies.

Subsequent writers pointed out that other
influences must be taken into account. N. V.
Sidgwick in "The Rlectronic Theory of Valency® noints
out that some wabter molecules may be attachsd to the
anion; in this case a hydrogen atom sets as an
electron accepbor, whereas in cation hydration the
oxygen will act as a donor. The latter tendency
3.9:, howevér, stronger, and consequently cation
hydration is more notable. Sidgwick accordingly
concludes that the number of water moleecules ronnd
a paticuylar ion is in feect limited by the ion's
covaleney maximum; dbut he does not give a satisfactory
explanation of the situation when the mumber of
water moleenles is less than this gquantity. He

voints out however, that there iz a generzl agreement
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with Fajan's theory, which stated that tendency to
form maximum covalency groups inereased in accordance
with the following mles:-

(1) when the ionic charge is large

(2) when small, if & cation

(3) when large, if an asnion.

The advent of X-ray crystaliography clarified

the position immensely. Some notable structure
determinationsof hydrates are the following:-

refersnce no.

(1) casoézﬂéo. Wooster, 1929. (10)
(2) Nisoéeﬁéo. Beevers & Linson,

1932, i 25
(3) Beso4éﬁéo. " Wt (12)

(4) GuSO45320. Beevers & Linson,
1934, (13)

(5) Ni8047ﬁé0. Beevers: & Schwartz,
1935. (12)

(8) the alums. Beavers & Lipson,
19354 (d5)

(7) Na(BrOg),9¥,0. Helmholtz,
1939. (16)

(8) NaK(COOH),4H,0 (Rochelle Salt)
ST ~ Beevers & Hughses,
1941. (17)
To summarise this work crystallographically,
it might be said to show how structure-solving was
now making full use of the methods beginning to
be emsloyed at the time of Zachariasen.

Isomorphous replacement methods were also used here,

in (4).

O\
| e o
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Structure (5), ﬁiSO4?Eé0 contained 39 parameters.

his is obviously & problem of 2 much more asdvanced

=]

natnre. Tndeed it marks one of the first occasions
when the Patterson synthesis (18) was used in
strﬂctufe determination. This, as in Zachariasen's
first Fourisr work, was used with hesitation, and
isomorphous renlacement methods were used to check

the results for the Ni parameters. It did, however,

.

prove of service in locating

the sulphur positions.
BFourier work then revesaled the remaining atomiec
locations. In stroeture (8) the Patterson method
was again employed.

The effect on chemiecal theory of tThis in-
formation must now bs discussed. It bscomes
immesdiztely obvious that the coordination group of
the metallic ion is always complete even although
the number of water molecules is less than the number
required; atoms belonging to the anion in sneh cases
complete the groun. & comparison with the
structures solved by Zachariasen qbows that in the
case of these non-hyﬂrates the coordination group
is in fact the same in number, thongh formed now
by oxysen atoms of sulphate and related groups,
sntirely. The tendency for the metallie ion to
Wse water of crystallisation to cormplete its group
mey sbill be said to conform generally to Fajan's

rules; no hard and fast predictions e=n be made in

such a comnlicated problsm of molecular nackinz.
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It is 2lso foumd thet some watzr molecnles do not
take part in the coordination zZromn.

Ths neature of the water molsculs itsslf was =
topic also undgr.discusaion at thiz time. Pauling
in his 1931 paper (1) mentions that the strncture
of the water molecule is obviously not collinear,
from the large electric moment. He sugzests that
in the water molscule the angle formed betwesn the
three stoms is little more than 90°, the oxygen
atom!s two wnpesired p electrons forming bonds with
the hydrogen atoms at this anzgle.

Bernal and Fowler in 1933 (19) proposed =
ouartz-like four-coordinated structure for water at
ordinary temperetures after a consideration of all
the existing physical-chemical evidence. They
express this as follows:- "The net 2lsctronie
density distribution will resemble a tetrahedron,
with two corners of positive and two of negative
charzge™, The negative areas are the ®lone pairs®
and the positive areas are bonded to the hydrogens,
which can %eceive" by contrast to the "donation"
powers of the pairs.

One shonld conseguently 2xnect to Ffind that
q , X

water molecules in crystal strueturss make four
tetrahedrally arranzed contzcls. Tt ias found
thaet this is not alweys so; some have this dis.

pogition but some form three planar contacts ronzhly




at 1200 to eaeh other. Coordinatio

3

group water
molecules may have sither disnosition; but "odd"

waters, bonded only to other witers and oxyzen,

Jidta

tion this must hove with the central coordinating

onl . In the structure of the alums the Al

=

holds six tri-bonded wabters. K* in the same
styucture holds six tetra-bonded weters. Wit" in
N180,6( or 7)H,0 has a composite group of tws tetra-
bonded and four tri-bonded waters. They interpret
this as meaning that A1™" ig aple to hold 12
negative bonds, Ni*" 10 and ¥ Y only 6. The two
"negative areas" of the water have coalesced, by
these assumptions, into a donation zronp of four
elsctrons, or two coordinate links.

The nature of the bonds of non-wetsr OXygens
mst be contrasted with this. In the case of the

unlphate ions, these can only be single, since the

8-0 bond is already douyble end at least one other
contact is zlways mede. Thuz sulphate oxygens
will-only contribute & single bond to the coordination
group. This will be the case for most oxy-acid
3ronps.

4 aurvey of negative-bond or electron-pair
content of coordination grounps, with their distances,

compiled on those asgumptions, might be of interest;
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but the trne nieture is vrobably mich less definite.
Table 3.

electron

distance conrd. nair

ion compound (4° Vo. content.
ca'” in CaSOdQHQO Ped w 2.6 3 10
i in Ni80,6H,0 & TH,0 2.0 6 10
Be™ in 56804411?0 1.65 4 8
cu™ in CuS0,5H,0 2.8 - 258 5 6
Al+ﬂ in the alums 2.0 6 12
X % n 1 n 9.9 5 6
Na* in Rochelle salt 2.4 6 v
o [ " n 2.8 4 or 8 4 or 8
Titdin LiG1053H,0 3.1 6 5
Zn** in Zn(B v 0.),6H,0 2.1 6 12
Na® in Na G0zH,0 23 = 206 6 7

It can be seen that the aszumed Ycoordination
mexima" break down frequently. But Fajan's rules
have obviously a good dezl of annlication. Not
enough evidence exista to compare the behaviour of any
one ion In different compounds, though the behaviour
of Na+ ghove remains the seme in two sxamples. It
will bs of interest to compare the coordination groud

+ - » -
of Ma in the struecture wnder consideration.




Determination of ™nif Cell Dimensions and Snace-Groun.

Preparation of specimens.

Sodiuwn thiosulphate pentahydrate is described
by Groth (Eﬁ» as moﬁblinic prismatic, with a : b 3
6= 0.3508 s 1 #-0.2745, and F} =« 103° 581, The
erystals are priamatic about the ¢ axis and tabular
on the 010 face, grown from agueous or alcoholie
solntion. The following faces are listed:- 010,
110311204 0014 011, 111, 181,

Crystals were grown for the nressnt work by
slow evaporation of saturated aqueous solution 2t 1800,
and were found to correspond to the above desecription.
From specimens of a few millimetres in dimensions
it was found nossible o identify 211 three principal
axes without accurate optical goniometry, due to the

characteristic features described above.
Photography.

A standard Metropoliten-Vickers crystallographie
X-ray unit provided the copper K -« radiation used
for this work, the K -ﬁ being removed by the use of

nickel windows. Ilford double-coated X-ray film
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was employed throughout, with ths menufecturers
recommended developing end fixing procedure. The
camere was a normal-beam vertical-travsl Weissenberg,
of crystal-to-film radius 5 cm., the travel rate
being 0.74 mm./degres.

Trial photographs were first taken using
eylindrical crystals of various diameters. The
compomnd has a high absorption, and it was found
that a specimen of no more than 0.2 mm. diameter was
required before the spois near the meridian of the
film were free from absorntion "gaps" in their
centres. This condition was considered desirable
for the eventual measurement of intensity at all
angles of reflection by comparison with a single
multipully exposed reflection. Consequently specimens
of such dimensions were prepared parallel to each
principal exis and rendered as wniformly cylindrical
as possible. Exposures of 30-50 hours were re-
quired for intense Weisssenberg photographs.

These were taken of the three zero layer lines
about the principal sxes, together with an exposure
of about one eighth the time in each case.
Oscillation photographs of an arbitrary range and
time were taken for each axis to show the layer line
spacing. A Weilssenberg of the Tirst upper layer
line was also taken to show general intensities for

space~gronp considerations.
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The later systematic recording of the general
intensities will also bz described hars,

The osecillation photographs a2bout the two short
exes (a & ¢) show three and two rscordable layer
lines above the zZero line. These were recorded by
?eisseﬁberg photographs. As the cell is monoelinic,
both hkl end hki spots must be included 23 these
are not equivalent; they will record on 2 single
Weisdenberg if the c;ystal is oriented so that a 2000
oscillation includes the necessary r=flsctions.

Abont th2 b axis 12 recordable layer lines occur.
Meissenberg photography would take a zreat deal of
time in suech circumstences, so five oscillation
photographs,of equal range, covering 200° wers talten.

All photographs recording general intensitiss
were taken once only for considerations of time.

It wes felt that great scaupsey in intensity measure-
ment was more necessary for the zero layer line
Weissenbergs already described, s ince these would
provide the most convenient data for the refinement
of the structure, though the general intensities
might be necessary for its first roungh derivation.

This procednre doess not record every intensity
in the limiting sphere. This will be discussed

later.
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Indexing of Photographs.

A11 Weissenberg photogravhs were indexed by
inspection; on transparencies are drawn lines of
reflsctions of constant h, ¥ or 1 indices Bernal
charts ars of asgistance.

Oscillation photographs reguire 2 knowledge of
the wnit cell dimensions to be indexed. This was
accordingly done after the latter had been determined
from the earlier photographs (see later).

Methods employing the reciprocal lattice are
most convenient. A diagram of the latter for hOl
reflections was construected, a suitable scale baing

1 reciprocal lattice unit = 10 om.

8 B A
q_s'm(}
& = A

I 1;; in_FF.
i

Indexing may now be corried out by measuring the

]

value of ; for every spot, that is the horizontal
component of the distance in the reciprocal lattice
of the plane in question to the origin. A Bernal
chart (249 will now zive the variation of this
quantity for 2 normal beam, 5 em. radins film. In
correlating film spots with their recinrocal lattice

enalogues wnambiguously, the following nrocedure is
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most convenient.

Then the axis of oseillation is naornendical to
the zero laysr of the reciprocal lattice (which is
fortunately the case here for the b axig) the
oscillation of the crystal may e reprssentsd for
every leyer line at once on the stationary hOl
lattice diagram, as the pairs of lunes resulting
from the oscillation of the corresnonding level of
the reflseting sphere. These levels are defined
by a knowledge of the reciprocal lattice trenslation

in the vertical direction, here A ; the circles

o)
representing them are concentriec but diminish in

size with sach higher layer linse. The reflecting
sphere oscilletes about an axis perpendicular to
its equatorial level passing throngh the lattice
origin. The diagram of lunes is thus pivoted
ebout the latter, and the corrsct nosition with
respect to the photographs found by inspvection.

The various lunes are maried in different colours amd
it is found convenient to construct tables showing
the prescence of absence of any reflection on each
photograph in = systematic way. Subseguent
intensity measnrements may then b2 recorded on the

tables by direet inspection of the nhotogranhs.
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Space Group Determination.

On examination of the thrae zero laver
Teissenbergs, that given by Groth as b is foumd
perpendicnlar to the other two, which are inclined;
this is in accordancs with econvention.

Tsing Groth% nomenclature further, 0kC reflec-

A
tions are present with only k = 2n and hOl's with
only h = '2n. hklts are present in all orders.

This shoWws® that the axes given by Groth as
a & ¢ must be interchanged, in accordance with the
nomenclaturs in Internetionsls Tabsllen. We then

have hOl!'s present with only k¥ = 2n, and the space-

groun is P21/c, or 02h5.

These wers obtained first for previous work fronm
the layer line spacings about the three prinecipsl

axes by the relation: ~

* : =
a = >\ = sin tan 1 %— ( l)
O\ Sin F n sin ?
where ¥y, is the height of the nth layer line
above the equatorial line. -G was measursd from

.0 I 5.5
the separatlo%/goi €nd hoo lines of reflsetions on
the hOol Weissenbersg. These methods are, however

limited in sccurzcy by the nature of the messurements
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to apout 1%. The velues obtainsd were:-
2™ = 0.268
b w 0.0715
Y = 0.212

103° 55¢.

Farquhar & Lipson (122 have suzgested 2 method
whorebye greater accurscy cén be obtained.
lfg(z 2 8in 0) - lg obbteined; then for zero

layer line refleetions,

55 = He%R o pPuFe (for hkot's) (2)
1" 2 K2DRR 3 176" (for OKlts) (3)
t = n2e%2 | oma¥e* 4+ 12,52 ( for holts) (4)
If x 18 the horizontal film coordinate of any
spot, the rate of change of g9in@ with X is greatest

nezrest the limit of recording. Parquhar & Lipson
sngcest recording the X - X doublets of such spots

er the ecsntre of the film by reversing it so that
the besm pasges throusgh it, and adjusting the erystal
80 that each spot is recorded on both sides.

‘Then 900 - 0

I

8. 180 where 8 is the distence
SR 11 betwesn thewdoublets;
and R the camsra radius.

This procedure is carried out for all reflsec-
tions showing K « X douwblets, and error dus to film
shrinkege eliminated by extrapolating the resnlts
obteined to a value at sinQ = 1

g SLIULAIOIL U 12105

commenced from a rouzh valus of one eoll edze
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followed by succsesaive gpsroximation.
i adaption of ths method was wused here. The

collimator support acts a2s. a™mife-edge® and throws

a giedow on the film at the recordable 1limit, nesy
sine = 90°. If %, the bhorizontal distvancs of a

spot from this is measured, (prefserably on both sides

of thz film) and if <& , the angle subbended by this

edée at the film's centre with the beam direction,

the above dat2 obituined from hkKO and 0kl rsflesetions

having k high but h & 1 low. The resultin

- K2 .2
extranoleted value for b at sin
used to give new accurate valuss of
the sams sguations, but using now reflections having
h & 1 high with respeect to k. Recaleulation of

%2 2 .
b ~ with these new values gave & smoother plot but

)

The h0l reflsctions with EXdoublets were then

[3v]

the same value. (see fig.

used in the same way to caleulate cos ? from equation
(G This zone contains mueh fewer snots than the
othsr two, =m0 the plot is less satisfasctory; and

limits of error graater.
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The resulting values 2are, with 1imits of error

judged from the graphs (fig. 2):

1

1

2X2 o 0.07097 * 0.00003 - a = 5.944 A° *+ 0,039

¢*? = 0.04435 * 0.00003 - ¢ = 7.525 AO * 0,047
cos(J’ = 0.2420 % 0.002 - (8 = 103%81" % 5.

Taking & value given for the density of the
substance as 1l.729, 2z, the number of molecules in
the 1mit cell; is given by these dimensions as 3.94

‘N. 4-
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Derivation of Structure Amnlitudes.

Intensity Measurements.

Aftey indexing all the recorded reflections in
the manner described, measurement of their intensities
was carried out by the multiple oscillation method.

Mn erbitrary scales of intensity is prepared from ezch
specimen used by recording a singls pveflection for
kmown increassinz periods of time on the same film,
within the region of linsar increase of density. A1l
general intensities rscorded once were also kept with-
in this range; two-dimensional intensities were kent
within for their short exposure times, so that the
more intense Spots are measured on the latter.

leeker spots are measursd on the longer-sexposed ovhoto-
graphs, and correlétiOn of the two ranges carrisd out
from spots measurable on bhoth.

In this way the two-dimensional reflections
received values of 1 - 300, and the

1:*50. An average error of 5% is likely from

general reflections

inspection of independent measurements of partiecular
reflections. Error in the derived P values will
depend on their scale. (See later).

Various correction factors must now be a2p»lied to
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the direet intensity fignres, to rendsr them »nro-

i»]
portional to P values.

Loy

[N
J
3
0]

Pangtorial zons reflac reonire only the
Eq ri a i 20 3

combined Torentz anc

,_k
=
13

polarisation factor @, that is

they must be multinlied by sin 20 e, @
1 + cos®20

Intensities on non-equatorial layer lines require
in addition to this factor, The Cox and Shaw
geometrical factors Dl and Dg. The first allows
for time spent in the reflecting position and is
dependent on sine, the second corrects for obliquity
of incidence 2nd is constant for any one layer line.

No corrsctions were mede for absorption or
thermal motion.

The convenilent method sugseated by Cochran (35)
was employed to apply @ , Dy and Do in one operation.
He shows that these factors can be combined as

D = (sin®20 _5)%
20

1l + cos
for normal beam photographs and zives charts showing
the location of this funetion in reciprocal space.
Correction of intensities on any one layer line is
then carried out by preparing a transparent scale
showing variation of the function to the edge of
the limiting sphere, at the corresponding height

above the equatorial nlane.
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Correlation of Intensities.

The corrected intensity values require now éo
be correlated amongst themselves. A+ the same time
it is desirable for eventual comparison of ecsleculated
and observed Fs to obtain the observed values on the
same scale as that used for caleulation; namely the
"absolute"™ scale where the diffracting power of one
electron is mnity.

This cannot be Gone at this stage by comparison
as the caleulated Fs are not known. A method has
been suggested by LuJu@Vilson for obtaining the
observed F's on this scale dirvectly (2@ .

Fe shows that E%kl :éf 2 where-f-is the averzze
absolute intensity in a given range of sin@, and
Z} ? is the sun of the squarss of the atomic scattering
factors over all the atoms at the centreof this range,

Thus if the relative intensities are =

i3]

ged in

ver
srouns, 2 plot of the ratio of this to{r 2 forp every

group will give & correction curve 2zainst sing.

This process was employed to correlate all
intensities to the absolute scale in ths following
WaY.

Separate correction curves were derived for the
arbitrarily measured hk0, Okl, and hO0l Fls. (See fiz.3)

2

Five equal ranges of sin™@ were used in =ach case,

This ensuring a roughly equal number of intensities
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in each raﬁge. James and Brindley scattering curves
for S‘l, Na+1 and 0 (neutral) were used.

Wilson points out that if thermal motion 1z the
only factor not corrected for, the logzrmithic plot
against sin?0 shonld be & straight line. fbsowrption
wes 2lgo not corrected in this case; but for a
eylindrical cryatal it should be dspendent only on
sinB. Consequently the ‘curvss will not show linesrity
but shounld be expected to correct the effect of absorn-
tion in any one specimen.

On examination of the O0k0 reflections whieh are
common to the okl and hkO zones 1t was felt that this
agsumption was justified. The relative F2 values
from the two crystals show a decidedly differing
absorption effect; but the absolute F and F2 values,

derived guite arbighrily, are in good agre=ment.

(ID - velative FR)

D D Fo/100 F2/100

from from abs. abs. F abs. P abs.

k e=axls a=axls ec=axis a-axis c-axig e-axis
2 2 1 2 2 16 16
i 54 21 67 55 81 73
6 7 10 20 22 45 46
8 I 2 A 3 8 17
10 40 24 43 38 59 62
12 4 6 4 8 22 28
14 42 32 45 37 67 60
16 3 5 3 5 15 22
18 14 19 15 e 35 4]
20 2 4 2 3 16 18
22 0 il 0 1 0 9
24 14 20 25 23 50 45
26 0 0 0 0 0 0
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Fig. 3, showing relative shape

of churves for each zone.
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£l The quantity]?ﬁ(aqxiﬂ —5% @~axisﬂis 0.15 for the
ZF sverage
above 0k0 reflections.

The errcr in the two-dimensional Pts a3 a whole
thus
is/considered to be of thes ordsr of half of th

=

Se
Théir range is only one-third that of the originzal
intensity measurements, but the "boosting-up" of the
high order intensities by the Wilson curve probably
nullifies any increase in accurzey over the whole
range of sin@.

The corrected genera2l intensities now have to be
correiated and brought on to the same absolute scale.
Every zone of these contzins a2 1line of two-dimensional
Fs- an egquatorial line in the reciproezl) lattics.

The absolute values of this lins can be used to bring
all the intengities on bthe photograph containing it
to the absolute sczle, by comparison cgainst sing.
The Iintensity valunes of the five b-axis onzcillation
photographs were firsf correlated amongst themselves
using common spots.

A table of 2ll measured values of FB/lOO absolute
is now ziven. The error in these is Jresater than
in the two-dimensional data and is »nrobably of the
order of 10 - 15%.

As was previously mentioned, this table does not
contain every reflection in the reflecting sphare.

The layer lines measured extend roughly half way up
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the rediuns of the sphers along positive and negative
directions of the thrse prinecipal axes. Consequently
therfe are small wedge-shaped volumes in the outer
regions of the sphere in which reflections have not
been recorded. It .can however, e seen by con-
struction that these are all above the level sin@;:O-TO,
and it wes found in fact that any measured above
this never exceeded in value 1/6 of the mexirmm and
were uspally mach less.

Consequently F2 computation was gcarried through
ignorinz the missing regions.

The velnss of the two-dimensional Fts used in
refinement are :iven loter (sez P obs. - F czle

agresment.)
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Chapter 4.

The Determination of the Sulphur Parameters.

(1) Two-dimensional Attempts.

The: fundamental problem of determining a crystal
structﬁre from X~ray diffraction data is that the
phases of the strueture factors cannot be found
experimentally. Before 1935 only indirect methods
of appreaching thise problem were in use; the whole
or part of the sbructure had to b2 postulated, and
such possibilities tested for successful agreement
with the numerical values of the structure factors.
This is »nossible where omly a few distinct atoms
regquire to be found, or in highly symuetrical cases.
It might also be possible where the shape and di-
mensiong of the molecule are »nreviounsly pertly or
completely known.

The advent of the Fourier method extended the
power of such indireect sopproaches to more complex
structures, by enabling unknown parts of a structure
to be found directly from the parts alrsady
determined by indirect methods; the most common possi-
bility of this sort is that whers one or two heavy
atoms sufficiently dominste the nhasess to determine

the remaining positions by refinement. But the




problem of establishing the initial informstion still
exists.

The struncture under consideration hers might be
determined by such methods if the sulphur positions
can be found, though it is not intended to make 2ny
assumpbions about molecunlar shape. Projections on
the planes 001 and 100, containing the long b axis,
should e expected to show most of the 2toms resolved
from one another; Fourier work conld bes done there-
fore with the 0kl and hk0 F's using phases sugzested
by the sulphur positions.

The latter cannot however bs in ths gpecizl
positions on ths centres of symmetry, due to the
probable nature of the thiosulphate group. The
problem of finding one or both in general positions
by indirect intensity considerations wonld be a very
formidable if not imposaible one. But the method
suggested by A. L. Patterson in 1935 (X8) has opened
up extensive new possibilities.

Patterson showed that a synthesis of F2 values,
independent of phases, had the following direct
relation to the real eiectronzdensity distribuntion.
If such a function be computed in the real eell,
maxima occur &t vectoriel distance from The origin

corrgsponding to vectors between every pair of atoms

in the cell. Such maxima will have heights pro-
portional to the »roduct of the heights of the two
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atoms concerned.

This function has been of immense use in the
solution of unknown strmctures. It was first em-
ployed, computed in projection, (%?J to determine the
positions of heavy atoms alone. llore recently it
has been emnloyed, also in projection, in searching
for moleculss of known shape Jacking heavy atoms;
(Qﬁiiiﬁ‘; and methods are now being suggested for the
complete swlution of strmeturss from the funetion.
(24, 25) .

It was decided to employ this synthesis to
determine the sulphur positions by computing it in
projection on the planss 001, 100 and 01l0. (See
Appendix) .

The resulting meps are shown on Fig. 4.

The peaks produced in the Patterson function by
the spage-group P 2;/c must now be considered.

The general equivalent positions are (30):-

- ;L... .j:. - e _'- ]
XQF’Z} xa:a e 3= + Z, X,'&",Z, K,‘— *

=
o

g

- 2

p

2

The Patterson will contzin peaks corresponding
to two types of vector.

(1) Vectors between erystellographically
relzated atoms - special vectors.

(2) Vectors bhetween non-rslated atoms -
genersl vectors.

The special vectors can be derived from one =et

of equivalent positions, as above. They redngce to:-

(see over)
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(2) 0, £+ 2y, =. oceurring 2 times - weight 2.

(b) 8%, By, 22. occurring 4 times - weight 1.
(e) 2x, 3, 2 * 2z. occurring 2 times - weight 2.

together with the origin neak, which h=s weight
Zf?, over &ll ths =toms. The symmetry elements
repeating these vectors throusghout the cell are a
mirror nlane in the ac plane at y = b and centres
of symuetry at 0 2nd % on each axis.

General vectors betWeen Xy¥yZq and x5¥,zZ 2re,
with the same symmebtry elements:-

XY S Egd Ty < ¥ps . By~ B
Xy = K3 F YUY NT 2oz - g
X1t Xgi Tyt Tpi By b 25
Xyt X3 £ VYV - Tp3 Tt o2y + oz

These each occur 4 times being in general
positions lilke (Db) above. It is found thet they
have, however, doubls the weight of the (D) peaks
and thus correspond in weight to (a) and (¢), which
become double on acecomt of their position on symmetry
elements,

A systematic search was therefore commenced for
the sulphur paremeters by sttermpbing to-locste the
soecial sulphur vectors as follows,

The peaks 0, 3 + 2y, + will anpear along one
edge of the unique quarter of each projeetion shovm,
Sinee they are donble-weight it ~honld be nossible

to derive likely y parameters. The »eaks of tvne (Db)
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will appear on the two short edges. A1l possible
combinztions of y with z and X parameters suggesting
heavy atoms are listed. Thege possibilities are
then tested by searching for resulting 2x, 2y, 22
peaks. This should suggest the most likely y and
x and y and z combingtions, though it will not decide
between a combination of y and 30~y with z and vice
versa. But these ambignitiss will be removed by
identifying general peaks Xq- X5 eteetera.

A likely solution was guickly found (fig. 4) for
the projection on 100. This gave the ¥y end =z
parameters of the two sulphur atoms ss

y(60ths) z( 60ths)

9 - A
4 - 17

The y parameters seemed definitely indicated by
the 0, ¢2y, & peaks on both projections. A solution
for v and x was then attempted on 001. The most

obvious was

v =
9 & 39
4 4 9

3
o g
@D
BI

savy peak at y = 5, z = 11, seems to apnear
et x & 30. (See filg. 4). This peak is being
interpreted as the Xy = Ty Yl - yg; 51 - Zg3 vector.
But this will necessitets a distance of 3 - 4A°
between the sulphur atoms. This seems extremely

unlikely in view of chemical theory, and it was




1l

¥ig. 4. ratterson projections on 100, 00l emd 010

\downwards/.
OUverlay shows correct positions of sulphur veotors,
(general-+, speoisl=x,/ ir bleck. Incorrect nositions
chogen ere in red.



Flg. 4. ratterson projections on 100, O0L snd 01O

\downwerds/.
Overlay shows correct posgitions of sulphur vectors,
general-+, special-x,) in black. lncorrect positions
chogen &re 1n red.



453
decided that the interpretation, on 00l at least,
¢onld not be correct. inother solution was fowvnd
for this projection placing the vector at y = 5,

X ™ Ba This gave

N X
9 - 5
A = 9

Considerable dissatissfaction was felt at this
early departure from the intention to “olve without
any chemical assuﬁptions. Solutions of tﬁe nro-
jections are obvicusly hampered by ths ambiguity caussl
by superposition of nesks. Further weaknesses of
tha method were still to be discovsred,

It was decided, however, bto procesd with an
attempt to detzymine all the atomic positions by
Fourier methods, using the sulphur parameters given
by (1) and (3) sbove to debtermine the nhases of =2s
many hk0 and 0kl Fs as noszibls. Prom resulting
Fourier projsctions on 001 and 100 it was hoped
that it wonld be possible to arrive at the rest of
the structure by correlating extra peaks on both,
and includingz them gradnally in P calsulations for
successive Fourler refinements.

This procednrs failed comnlstely. i a ]

contributions of the two gulpburs were compubed e ing

ol

e 20

2
5]

therine curve for neutral znlnbur given by

e

1

L

pindlev. Teares pontribrtions rere

i
=

Jemea and
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n general for large Fs end this was felt

e}
H
&
]
o}
H
=4
fte

to be snecounrazing. Values of the foctor

R & 2(3‘ obs. - [@ calc.l')
iE!obs.

roushly 0.60 for both zZones.

]

The Fs were then assigned the phases.of these
sulphur contributions where the latter totalled

more thén an absolute value of 15 umits., and Fourier
projections on 001 and 100 were computed. (See
Appendix).

However, on examining these it was found ex-

tremely difficult to identify corresponding extra

peaks. The glide nlene st ¥y =& 1z ggaggearg in
projection on 001l 2= a mirror plans, confuszing y with
30-7. Finaelly four extra peaks were gelected and

the P cale. values altered by adding their con-

tributions, carrying oxygen welght, to those of the
gulphurs. The value of R worsened slightly, and
further Fourier work with the new phasez made the
peaks less convinecing and Pailed to suggest further
possible positions.

Attempts to solve the 100 projections alone in
tha seme wav led eventwally to an epparently likely
picture containing the corrsct number of pecks end
giving R = 0.50, but further attempted refinement
worsened the agreement.

It was decided that the only satisfactory method
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of solving the structure lay in ths use of three-
dimensional methods, Even if the snlphur positions
were correct, which now sesems doubtfuyl, their
derivation from the projections was not satisfactory.
The Patterson fuﬂctib" in three dimensions should
enable the necessary peaks to bs identified with
certainty.

(2) Three-dimensional Patterson Work.

The unique quarbter of the Patterson funectlon was
commmbted in three dimensions in sections parallel to
the plane of the & & b axes, &t z = 0, 5, 7, 10, 13,
17, 20, 23, 27, and 30 60ths. Bach section was com-
puted in 60ths. of y and 30ths. of x. (See Appendix —
collscted formulae and methods of caleculation).

The "Patterson-Harker® (32) section at y = £b was
also computed. This section and five of the general

gections are shown.
Deprivation of the Sulphur Parameters.

The interatomic vectors of tyne (D) (see ».41)
2%, &, + + 2z appear on the Harker section. They
are double-weight, so that thoss corresponding to the
two sulphurs shouwld exceed the weight of any other

peak, except & chance general sulphur neak.
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It is in faect found on examination of the
Patterson-~-Harker section that two predominantly heavy
peaks are present.(See fiz. 5). An interpretation
of thelr positions gives the following possible
combinations of X and z naremebters for the sulphurs,

listing crystallographically distinet possibilities

only:~

x (60ths) z (B80ths)
(1) 6 or 36 : with 6
(2) 9 or 39 with M7

The single-~weight 2%, 2y, 25, peaks corresponding
to these will however, appear 2long the lines x = 12,
z = 12, end X = 42, z = 26 in this unique quarter
of the funetion, whatever combination of these
parameters is present. These lines wers accordingly
examined on the corresponding sections, in order %o
derive the y parameters. Any likely peaks can be
compared with the 1line X = 0, z = %, containing the
special vectors 0, 3 + 2y, 3.

An examination of fig. 5 will show how striking
is the agreement. .The values of 2y suggested are
8 and 17. These give the sulphur narameter com-

binations in the first guarter as

(gll 60thslk - " . - 5

(L)@ &b 6 (4or26) 6 or (2)@ &b 36 @ or 26 6
(3) 9 9 17 or (4) 39 9 hi7g
(other combinations of ¥y correspond only to a

change of origin to y = %b).
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The mistake nmﬁe in the solntion of the »ro-
jections is now apparent. The gingle-weight 2%, 27,
2z peaks were misplaced so that the sulphur parameters
derived were % Tos 27, and xg’ yl’ Zgy instead of
the true s V95 295 and Eo3 Vgs Zgss Due to the
’symmetries of the Patterson, a distinction between
these possgibilitises can enly be made by locating the
true 2x, 2y, 22z pegks since they give the same
general, Harker end (0, £ + 2y, %) peaks. Only a
much heavier atom than S could have made the 2x, 2y,
22 peaks clear. (See fig. 4).

The ambiguity of combination may now be removed
by identifying the general vectors. Taking parameter
gets (1)@ ( i.e. y= 4 ) and (3) above we obtain

in full cell in unique quarter shown

x/60a y/66b  z/60c x/60e y/60p  z/60c

3 5 11 3 5 11
3 43 41 57 17 19
15 13 23 15 13 23
15 35 53 45 25 %

Peaks are foind to occur at these positions (See
figs. 6 and 7) and in three cases are heavier than
any other peak found in the entire fimection. This
identifies them with certainty as the generel sulphur
vectors. No other set of vectors between any two
sets of (1) @ & b) (2) &G & D), (3) or (4) above gives
such agreement: £ (2)@ and (4) give the same set but

their napameters corresnond to a change of orizin to
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Thus the z2pyroximate sulphur parameters are

X /608 7500 % 60e
5] 4 i 6
0 9 17

establishing an arbitrary position for the
origin. These give a digstance between the two of
approximately 24°. It is felt however, that their
derivation may fairly be described as purely

crystellographic.




The Complete Solutilon of the Structurs.

The remaining ten atomic positions could now be
searched for Dy the Fourier means alrsady attempted
with incorrect sulphur positions. But a more con-
vinecing, guicker and more elegant solution might be
zot from an analysis of the Pabtterzon in three
dimensions, by using the sulphurs to "search! out ths
other atoms. This will be free from the weakness of
two-dimensional work, where overlapping may give
rise to ambigunities.

A method of this sort cslled The use of the
"Vector Convergence" funetion has been mnsed in the
analysis of strychnine hydrobromide by Beevers and
Robertson (26) and by the latter was later applied
to rubidium benzoyl penicillin (26). The method
depends upon the nresence of a heavy atom in &
multiple space-group. The origin of the Patterson
is placed on each relatedpositlon of the heavy atom
in the real cell, correctly oriented with respect
to the latter. The remaining atom positions ars
then marked by the convergence of vectors upon them
from sach "searcher" atom. If these are in general
nogsitions, as hsre, the function has the symebtry of

the real cell. The metrod is Thus one of deducing
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the interpretation of part of the Patterson funetion
and using this to solve the rest. lethods bearing

a relation to this have besn suggested by Buerger (27)
in aseries of papers dealing with the properties of
vector sets.

The operation used here is effectively an
addition of the values of the Patterson function
obtained when the eight-point polygon of the sulphur
atoms in the complete mwnit cell ranges through
Patterson space.

This was carried out in prasctice as follows.

Fig. 8 shows on a small scale the positions of the
eight sulphurs in the unit cell (hsavy line) with
Patterson space (dotted line) pleced with its origin
upon them. These serve as guiding diagrams. Taking
searcher atom (1) all peaks above an zrbitrary level
oceurring in the Patterson were marked =s they fall in
the unique quarter of the real cell when the origin

of the Patterson is éo nlaced. The process was then
repeated for the remaining seven searcher atoms, bub
for each one & different colour of symbol was used.
The w»esulting function thus mapned the unigue gquarter
of the real ecell at the intervals at which the
Patterson was originally caleculated. The levsl above
which peaks were marked was chosen as one Well below

the expected height of 2 snlphur-oxygen vector. Some

indication of differing height ebove this was imparted
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to the function by marking the psaks with three sizes
of symbol. (See £ig. 9).

It 1s now to be expescted that the atomic positions
will be.visible @3 clusters of eight pesks,; one of
each colour. Such a method of distinguishing ths
different searcher atoms was not employed in previous
work. It is to be expected that it will be of great
assistance in distingﬁishing_genuine coincidences
from aceidental elusters of pesks.

The resulting fimetion, 2 section of which is
shown (fig. 9) was then given a cursory examination.
The results proved guite as striking ‘as had been |
hoped if not expected. Ten positions in addition
to those of the two sulphurs were instently noted
showing coincidences of at least seven of the
theoretical eight peaks. No more than this were
found even on more lengthy inspection. In addition,
two of ths ten were definitely marked by heavier
vectors then the other eight; these were in all
probability the sodium positions. It appeared
likely in fact that the entire structurs had been
defined by methods gquite independant of chemical
predictions.,

The results (see Table 3) were now tested before
further procedure by checking the resulting dis-
tribution of Harker neaks and 0, 5 + 2y, = peaks,

end subsequently by building a model. The pesks
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Fig, 9. (4bove.) Lhe section @t z = 7/60c of the

cOmplete vector convergence function. ithisg shows

three extra coincidences mearking atomic locations
(ringed.) (L) 4 seercher atom 3%,(sevenfold as

origin peak not marked.) (2) Ho, - eightfold.

(3) Nay - eightfold. (4) b0, - sdventola.
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Fig. 9. (Below.) Lhe contribution of searcher
etom 3 to the @bove complete section - i. e.
the section at z = 13/60¢c of the Pstterson
shown in pogition to illustrate the method.
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‘ghowed gond agreemsnt, perticularily th
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The model showad instently that the structure
seemed highly probablz, for every stomic loecztion.
The expected tetrahedral thiosulphate groun was
present, with three oxygens at roughly 1.5 A° from
the centrzl sulphur; one of the sodiums was
surrounded octahedrally by six water and thiosulphate
oxygens and the other by a similar octahedron of five
oxygens and the exterior sulphur. The Ne-0 distance
was roughly 2.5 5 29 in both csses.

The conculsive crystallographic test of the
structure wes now commenged, namely the caleulation
of Ps for comparison with the observed wvalunss.

The hkQ and Okl Fs were first calenlzated, as
before, from the veclor convergencs structure expressed

in 120ths of b eand 60ths of 2 and c. The walues of

R = i[ﬁ‘obs. - |F cach'[*xere respectively 0.48
AF obs.
and 0.49. This is fairly high, but agreement of

lapge Fs with small sulphur contributions was
encoureging. Fourier projections were compubed
from these results on 001 and 100. All the atoms
ansearsd clearly, no extra peaks of comparable hesight
being brousht up. The Fs were re-c2lenlated with
the refinements sugsested. R was nov 0.38 and 0.39.

This substantisl fall was good proof of the structurels

gorrectngss in every respect. As a finel check, a
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line of general hkl Fs was calenlated from the
original structure. This gave highly setisfactory
agreement (see Table 4). The value of R is 0.35.

This wonld probably be lower with mors refined para-
meters, end better zeneral F measurements.

The Founrier refinement of the projections on
001 and 100 was then continued. Thrse further
successive refinements in each case reduced the values
of R to 0.35 and 0432 respectively; no fresh changes
of sign were produced by the last refinement, so it
was assumed that the limit of accuracy had been
reached, by the means employed so far.

hOol Fs were now calculsted, with the perameters
attained from the last refinement. These gave
R = 0.38. It was felt that in the case of this
small zone, the Wilson method of obtaining absoluts
Fs was probably not as satigfactory as in the case of

the larger zones. The quantity Q9 F calc. for F obs D0

2 P oDbs.
was computed for five equal ranges of sinB0, for each

ZONE . On plotting the three sets of points, it was
in fact discovered that the departure from wmity was
only significant in tha eczse of the hols. Correction
of these Fs was accordingly mede using the curve

sugegested by this means. R now fell to 0.32.

The Fonrier syntheses on 001 and 100 from which

the final parameters above were darived ars ~Tawm

(figs. 10 and 11)., Note that here the migue auarter
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Table 4.
rE— T T g Y g

General P agreement from original

gtructurs=.

(W S S
k I obs. T calc.
0 0 0
p X 0 ol
2 22 10
3 83 54
4 45 46
5 32 31
5 1y 12
=/ 102 120
8 54 57
9 17 20
10 0 5
1 22 o4
12 28 32,
13 0 4
14 10 21
15 0 5
16 0 0
17 39 7
18 0 25
19 0 5
20 0 10
21
22
23
24

dfed . aRgsttb e skt k2.
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of the ¢ell x- 0-1, y- 0-%, %~ 0-1, has been used for

gonvenience of representation.

3

There is & lack of evennesg in the heishts of the

oxygen atoms which lzaves much T0 be desired.
Further Refinement.

The values of R so far reached by means of direct
Fourier refinement -are still high by comparison with
resnlts nsually achieved. -

The main wezkness of Fourier synthesis with the
data of this work is the lack of convergence of the
geries. The maximum valuss of the absolute F's at
the outer limit of 2in@ are of the ordsr of half thoss
of the low order terms; this can herdly be desceribed
as a well converged series. The actual intensity
ratio is rather more converged than this; the value
of R could probably be raduced by introducing an
L R R e ~g(=e)?

rtificial temperature foctor of the form e A
to make the low-order to high-order F ratio greater,
but methods have been suggested lately which would
introduce more accuracy into the results. (See below).

An experimental attempt to achieve a convergent
serics was first made by taking a c-axis Weissenberg
nhotograph with Molybdenum K-« radiation. It was
found however, thet while more than twice The number

of reflections than given by Jopper K-KX are
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theoretically racordable, the intensity falls off
so rapidly with sin@ that nof more information is
in fact attained sven on prolonged exnosure.

The guestion of obtaining the greatest possible
aceuracy in atomic positions by Fourier and other
methods has been very fully discussed by Cochren (28).
He shows that all such methods are in fect a process
of minimising a fuﬁction related to i ﬂFo-Fc)gr
There the series is convergent and the projection
resolved, direct Fourier synthesis minimiSSS'EiﬁFo-Fc)%
These condiltions gre however, not wewally realised
in practice. For an overlapped projection the least-
squares msthod of minimisinz the function E(FO-FG)B
has been of service (29). This prOCQSS‘Woﬁld 2180
correct for lack of convergence as it is 2 means of
increasing the agreement between F obs. and F calc.
which is mechanigal, and does not involve choosing
atomic positions ffom a synthesis affected by the
lack of convergence. Cochren however, shows that
the minimising process correcting for the latter
conld also be CR?PiG?F%Y comomting Fourier projections
using as coefficients (F obs. - F calc.). The
gradient of this function at the positions used to

cive T cz2le. values will determine the shift necessary

o

for atomie pOEitiDﬁS g2iving a2 minimum Zé{ﬁb_Fc)g, from
)

an
D = EI-“ r= 0

2p § (0)

the relation
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atomic centre, 'l (0) the heisht of the atom conczrned
£nd n a eonsbant giving the height a2t 9mall distanecace

fynetion of r, and ?O(O).

Such syntheses were comnuted on »nrojactisng 100
and 001; (Figs. 12 and 13). ﬁ@v&m tolten as the
values given by the fﬁll syntheses, and the valne

4

iven for p by Cochran for nitrogsn and czrbon, 4.9,

08!

wes assumed. to hold approximately for the atoms in
this case.

It wes found that shifts indicated in tha ¥
direction werz in good agreement on both projszet
both in direction ant mggnitnde. In gengral they
were of the orler of 0.05 - 0.10 A°.

A shift was obtained for the sulphur ztom over-
lapned by an oxygen on 1l00.

The resulting paremsters were ussd to recalculate
, and 1% was‘now found that R had fallen to
0.26 for Okl!'s and 0.29 for hkO's. R for hOlts
£511 slightly to 0.31.

A further (Fy - Fg) synthesis was computed on
each projection but these sugzested no more signifi-
nent shifts. I obs. = F-cale. agrecment isg

aorordingly given Tor the following parameters:-

[ sea oivran)
 see o)
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Final Struchbure.
( Parameters in AO, but derived from x and =z
in 120ths, ¥y in 360ths, as in Table 3.)

X N z

Sl 0.62 1.50 0.82
82 0.86 506 2.07
Nal 4,13 738 0.56
Naz l.44 8483 1,57
0y 1.92 2.64 3.26
02 5.28 5430 2457
05 ; .15 4,20 1.38
H204 3455 5,04 0.88
HBOB 0.58 672 2.13
3206 3.60 797 2469
HBOV 4.98 9.60 0.88
150 g 374 0.30 1.88

The positions are considered corresct to the
nearest wnit of cell edge above, shifts of such
megnitude beinz sufficient fo worsen ths agreement.
This zives a meximum error of 0.03 in the positions
end 0406 A® in the reswlting bond lengths. The

maximum bond angle error is estimated at 5°,
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Chapter 6.

[
]

(1) Discussion of the Results.

A diagram of the structure in a full it eell
is shown in projection on the 100 »lane, (se2 snd).
The main featurses have alrsady been mentionad in
chapter 53 to enlarge on this it seems Dest to give
first the valuess of 21l bond lengths and angles. A

schematic diagram of the bonds is given. (Fig. 14).

The Thiosulphate GFroup.

(Distances in A°; angles in degrees.)

S0 1.48 Bond angles
= A (all between g
8g~—0g 1.59 (104° and 115°,)
. (average 110°, )
Sg=~0- 1.40
( non- Sq=~0  2.74, 2.74, 2.85.

bonded)
0 "'"-0 2.45, 2.44’ 2.48.

"'HQOV 2438 (adjacent angles)
(renge from )
~TF50, 2.45 (84°_ 10'?0(5 )
(average 89°. )

"206 2«08

__01 259

__HEOS 253
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2436
2435
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Sl Groun.
1.97
Do
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D536

2.77
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Bond angles of oxygen atoms.

01 052 122, 148°.
0g 93, 151, 113°.
0, 116, 122, 92, 80, 129, 109°.

B0, 101,91, 78, 122, 124, 127°,
H,0. 88; 109, low, 127, 128, 106°.
H,0, 94 104, 134, 115; 116, 94°,
Ho0p - w91, 126, 05, 141, 101, 110°.
ngg 1255 1oi, 126, 112, 83, 102°.
('*Emgle subtended by Naq and Na,.)

The structure of the thiosulphate group is of
primary interest. Considering first the role of the
sulphurs, the slectron density on both 100 and 001
gives that of 8, rather higher than S5, the ratio
being about 1l.07 : 1. This might indicate some
tendency to coordinate bond formestion from the central
sﬁlphur. The bond length, 1l.97, is about 0.1 A°
shorter than the Pauling single bond radius.

The differing length of the sulphur-oxygen bonds
is difficult to explain, though after allowance for
possible maximum errvor it is not perhaps highly
gignificent.

It will be appreciated that in most structure
determinations so far carrised out of sulphate and
related ion galts, whether hyldrated or nonnhydrated,
the grounp has been sitnated upon 2 symmetry element

80 that the sunlohur-oxygen distances are invariant.




Fig. 14. Schemutic diagrem showing bonds in (1)

g S 0 58 03 (2) NiSO TH O. Directions shown give
N e e 4 2

water molecules two incoming end two outgoing

(hydrogen) bonds.
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An eXception to this is nickel sulphate
heptahydrate (Beevers and Schwartz, 14) in which the
four bond lengths are 1.56, 1.59, l.43 and 1.50 A°
(Fig. 14). The guthors however, cléim an accuracy

in atomic position of only 1 AO, and malks no commend

The bond structure of this compound is shown
along with that of the present structure (Fiz. 14).
Shonld ths nickel sulphate structurs be more ascecurate

than it is claimed to bz there seems no corrsspondsnce

L

(v}

between the length of the S~ 0 bonds znd the number
of other contacts that each oxygen makes. It wonld
be reasonable however, to attribute suech diffarences
to environmental sffects. In the hypo cage 1t seems
mexpected that the oxygen holding thrse other bonds
shows most shortening, if sueh shortening is to be
attributed to double bond character. It is concluded
that much more accurste data is required to give any
significant informetion. )

A distinctive feature of the structure are the
continuous colums of linked sodiuwm octahedral groups
in the a axis direction. Each octahedron shares one
edge with the preceding and following groups. Thus
four oxygen or water atoms form direct links between
the two sodiums; 0, and Héos, then H, Og and Fg Oy e

2
Wow the distancse between the two sodiuwms is 3.50 or

18 (S

ronghly the sgnare root of twice the sgnars of the
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godium coprdinat

s
CF

on digtancs. Congeguently the
linking oxygen atoms 2rs constrained to form squares
with the sodiums, and the 0-la- O angleg ars ronshly
900. The other bonds formed by the oxyZens danart

tetrazhedral of trigonal anzle in
congeguence.

The contacts made by ths extermal sulphur atom
(1) are six in number but not octahedrally disposed.
The five long contacts,to Nag, and to water oxygens
(2 new type of hydrogen bond) are inelined roughly
equally away from the 8-S bond at about 1100. Between
each other they meke znsles of =a2bout 750. Thus the
group resembles & parasol Minside out"; two =sueh
inverted parasols Pace each other, stems, il.e. S-S
bonds, pointing outwards, ascross the centres of
symmetry.

The water molecules all make four contacts though
all show anzles mach deformed from a tetrahedral
disposition, for reasons already mentioned. Oxygen -
water and water-water distances (hydrogen bonds) are
211 of the uwsnal length, 2.7 - 2.9 A°.

The electiron~pair content of the sodimm
coordination groups, following the ideas suggested in
the introduction, will approximate to 6 in sach case.

1

(=]

|

The average coordination

gstance is theat usuwally

found.
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(2) Discussion of methods used.,

Somz considerstion of the general gnplieability

=

of the methods uszed to derive th

D
0w
et
£
2
ct
}.3 ;
o]
V]
0]
0
3
;]

appropiate,

9

The vast majority of space-~ 3r-1ps of comnlesx
structures are multiple; it is therefore to be expnected
that the special-vecetor methods used here could in

general be succeszful to find particular atoms. Thlesg
these are of outstanding weight it will of course be
desirable to calcnlate the Pabtterson funetion in
three dimenszions. The possibls use of the special
vector and wector-convergernce methods with searcher
atoms no heavier than those of the rest of the struc-
ture (e.35. in the case of an organic compound) is an
interesting guestion. Any propheciss must oov10u91v
await experimental econfirmstion, but it secems
possible that, given the Patterson fumetion caleculzted
with greater refinement and at a shortsr interval th&ﬁ
that employed here, success is feasible. It has been
shown (Fig. 5) (table 8) that Patterson pesaks show a
high degree of accurscy in position, provided reso-
lution is obtained. It is now felt thet for this
purpose it is important to include as many terms as
nogsible, particularily when dealing with lighter
vectors.

Tha methods of Buerger (27) are zimilar in some
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respects. They involwve the isoletion of one or
more single vectors followed by a multipnlication of tha
Patterson funetion at the ends of a vector as it
ranges through the whols volume of the funection.
Such methods might well bs morse advantageouns
when dealing with a sﬁaller number of searcher atoms,

as mwltinlication will not produce so much spurions

heizht as addition. HXperimental contrasting of

the two approaches is not yet available.
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Apnendix.

L
I

0ollected strnecture factor and
electron density formmlze.

All such formmlae emploved in the pourse of the

work are given here.

Mhe

Tabellen zupr Bestimmmg von Kristallstrukturent,

origin and axes given in ths 'Internationale

were vEed throughout. cos 2ihx, sin 20ky ete., will

\e ]
o

(=2

be abbreviated to cos hx, sin ky, etc.

Structure Fsctor Calenlations

Jil= e

o)

The space Zroup P%{c is centro-symmetric, so B!

u

is 0 thronghout whers |Fomkl| = a'24 p'2,

Then Fhkl = a' = if}ﬁ, the swmeation extending

over all erystallographically distinet atoms in the

Lonsdale (3|) gives

(1) A = 4cos (hx +12). cos Xy where ¥ +1

gn.

(2) A = . -43in (hx+12). sin ky where k +1 = o9n +

1 [
1

In (1) F(hkl) = F(hK1); in (2) ®(hkl) = -P(HE1)

= Q)

but F(Tk1) = F(hKL) # F(hkl) in both esses. |
= F(hki)(® '
‘hen for F(hk0), A = 4cos hx.cos ky, whers k& =z 9n. '
A=z -4sin hx.sin ky, " = 2n+1;: |
for P(0kl), A = 4 cos.ky.cos 1z, R lt 1T 2n)

A = -4sin ky.sin 1z, " &k + 1=2n+l
|



for P(hol), A = 4cos hx. ¢0s8 1lz - 4s3in hx.sin 1z,
for F(h0l), A = 4cos hx.cos lz + 4 gin hx.sin lz.

Tlectron Dansity Formuilas,

T.ongdalats formulae for F tha electron density

2

for P2./e io:-

k+1-2n

B eg g
gg ZIF( hkl)cos( hx+1z)+F(hll) cos( -h'x+lz]rzos kY -

—c
!
bl
3
n
< i~

k+l<2Zn*l

2 pasa

% 32 [F( hirl) e in( hx+1lz)+F( Tkl) e in( -13.7:+1z)]s in ky.
oo

i

Using this or reduced versions, F(0k0), ¥(001l), F(h0O)
and F(h0l) must be divided Dby 2. In such 2 wey the
formlae
k4le 2n kel=2usl ]
4 o 02 pq
fovz Z Ei P(0kL)ecos ky.cos lz - EEF( 0kl)sin ky,sinlzg
A (4] ° 0w
and Ke lw KeZwsl S
n o

@D
o
]
@
ay

The Patiterson Synthesis.

The meners2]l formula is

& l
P 5 141 Vi ATyl o
_K.}Tz — ]'i_;l :"‘__-‘::1. GOS( D.r{*-_C[}' *1 .’a) L]

Tn the following exnansions of this formmla nsed,

2 2 2 Bl i 3
F (0k0), F9(001), F°(h00) and F?(h0l) were divided Dby &




VSI'

2( hkO)cos hx.cos ky, since pg(?nj;o).z*_;-g{_"ﬁko)

ﬂgd
n
12
or~~n 3
s |

©
Ll o 2 .
P_= 4§f7°( 0%l cos ky, cos 1z, sinece FQ(OEf_l):F (0kl)
Oyz a0 : '

PxO:; QE Fz( 1101}1-5‘2('!10—1-)] cos hx.cos lz -
b o 2 2 —
{1 [ (no1)-w (hol)]sin hX.sin 12,}311108
F2(101) # F2( noT)

and for thres-dimensionzl

work A

B

P & Zﬁ[ﬁ‘z(lﬂj{l)-on(hk-i]]cos hx.cos ky. cos 1z =
Sdo

-
2

L)

[(Fg( hkl)-—Fg( hk'Ii'sin hXecos ky. sin 1z

o [~N%

-as F2(hkl) = g2(ni1) .

but Fo(hkl) $ F2(nyT).
(2) Methods of Caleunlation.

Fourier projections and 2all Pattsrson ssections
and projections wers caleunlated in 60ths of b, and
30ths of a andec. All summations necessitated for
this were very conveniently carried out on the
machine built for such work, in one dimensions, by
Dr, P. Stern (31). This machine was constructed of
telenhone equipment  on the Higxlaurent tyoe s and is

canable of swmeminz a complete set of sin and cogine

waves, with wave-numbers up to 15 and amplitudes of
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0-100, over all four guadrants, with one satt

|e

ng of
amplitudes, Wave-numbers of 0 - 30 can be sumned
with Two settings of amplitudes, for even and odd
60ths. Tests show £ maximum srror of 4 units in all

rzadings.,

[ Sl

The immense gssistance provided by this machine
need not be stressed. The work involved in the
averaze two-dimensional summation, 2 mattsr of some

20 hours using the Bsev

D

ra-Lipson strips, is reduced
to four hours. The possibility of obtaining all
four quadrants of a full sine-cosine sumation with-
out re-arranging additions ete., is very valuable

in this connection. TUsing meximum amplitude valnes
the accuracy is gquite sufficient for work utilising
visnally-measured intensities.

F. Calculations were done in the wunits given
from prenared tables of sin2Whx and cos2 Whx ete.,
in snch units. For summing the esight oxygen atoms
with respect to x and z, the Beevers-Lipson strips

in 3° intervals wers msed. It might also be

mentioned that for earlier F calculations where the
coordinates were expressed in 60ths of a2 and ¢, the
Stern machine was employed to sum the oxygens with

respect to X and y.
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