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UITTREKSEL 

Die kristalstrukture van die-T£(C6H5C00)•4(SC(NH2) 2 enT~2Po4 •4(SC 

(NH2) 2) komplekse is deur middel van drie-demensionale X-straal diffrak­

siemetodes bepaal. Dit is gevind dat die strukture(Tt+,4TU)n koordina­

siekolomme bevat (TU•tioureum) met mm en 2. simmetrie respektiewel ik en 

dat daar 'n merkwaardige ooreenkoms is met die 4/m simmetrie van die 

tioureumkomplekse van die antler talliumsoute. In die geval van die fos­

faat komplekse le die swaelatome van die tioureum wat die talliumione 

omring, op die hoeke van 'n vervormde Archimediese antiprisma met die 

talliumatome die middelpunt daarvan. Die anione H2Po4- en c6H5coo- van 

die komplekse kom ook in lineere koordinasiekolomme voor en word omring 

deur die amiengedeeltes van die tioureummolekules, 

In die bensoaatkompleks is die wisselwerking van die amiengedeeltes 

van die tioureum op die anioon in die lineere kolomme nie almal dieself­

de nie. Die wat teenoor die karboksielgroep le, in dieselfde vlak is 

sterk deur mi.ddel van 'n waterstofband gebind, sodat die dipoolmoment 

van die tioureummolekule daardeur beinvloed word. Die verandering van 

dipoolmoment het 'n Sterker interaksie tussen die talliumioon en ook 

tussen 'n soortgelyke geaktiveerde naburige swaelatoom tot gevolg . Die 

laasgenoemde interaksie sluit moontlik 'n swak IT -bandvorming in en 

lei tot vervorming van die viervoudige simmetrie van die koordinasieko­

lom. 

Dit is gevind dat die fosfaatione in die fosfaatkompleks posisies 

inneem in die anioonkolom wat verskil van die van die komplekse van T£Ct o4 , 

Trno
3

, C_sCt, CsF, Rbl en Ttc
6
:ii

5
coQ~ Die anione van 

kom voor in posisies wat maksimum verpakking bevoordeel maar die posisies 

wat die fosfaatione inneem, is meer bevorderlik vir waterstofbandvorming , 



SUMMARY 

The crystal structures of the complexesT t (C6H5C00)•4(SC(NH2) 2) and 
' 

TtH2P04•4(SC(NH2)2) have been determined by three-dimensional X-ray dif­

fraction methods. These structures are characterised by(tt+·4TU)n co­

ordination columns (TU•thiourea) with mm and 2 synnnetry respectively and 

both are remarkably similar to those with 4 /m symmetry observed before 

in th~ thiourea complexes of other thallous salts. In the case of the 

phosphate complex the sulphur atoms of the thiourea, which surround the 

thallous ions, lie at the corners of distorted Archimedean ant iprisms 

centering at the positions of the thallous ions. The anions H2Po4- and 

C6H5coo- also occur in linear co-ordination columns and are surrounded 

by the amino ends of the thiourea molecules. 

The amino ends of the thiourea molecule do not all interact with 

the benzoate anions in the linear stacks in an equivalent fashion . Those 

facing the carboxyl group directly are strongly hydrogen bonded to it 

and the dipole moment of the thiourea molecule is enchanced because of 

this, This enhancement leads to stronger interaction of t he sulphur, 

not only with the thallous ion, but also with a similarly act ivated neigh­

bouring sulphur atom. This latter interaction probably involves weak 

IT- bonding and it leads to a distortion of the co-ordination column away 

from the familiar four-fold synnnetry. 

The phosphate ions of the phosphate complex were found to occupy 

positions different from those of the other series of this family, viz . 

TtCW 
4

, Trno
3

, CsCt, CsF, Rb I afid 'UC6Hf00' thiourea :'complexes. Whereas 

the latter anions occupy positions of optimum packing the phosphate ions 

~re in positions more favourable for hydrogen bonding . 
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CHAPTER I 

INTRODUCTION 

I. i. THE THIOUREA MOLECULE 

Thiourea is the sulphur analogue of urea and has the chemi­

cal formula SC(NH
2

) 2 whereas the structural formula i s usually 

written as: 

(1) 
The bond between Sand C as determined by X-ray diffraction 

0 
has a length of 1.71A and is, hence, somewhat longer than the 

(2) 0 

double bond in carbon disulphide which measures 1 .56A. 

The bond in thiourea therefore shows some single bond cha­

racter. This effect is explained by assuming that the true struc-

ture is a compromise between the three extreme resonance struc­

tures shown below, with structures (2) and (3) predominating 
(1, 3) 

in complexing 

(1) 

reactions: 
+ 

,.....-NH2 
s-c ~ ....... 

NH2 

(2) 

NH 
- / 2 
s-c ' 

(3) 

NH2 
+ 

From the ~lectronic structure of thiourea with electron con­

figuration (3s)
2

(3p) 4 for sulphur and (2s) 2 (2p) 3 for nitrogen it 

follows that the reactivity, in general terms, can depend either 

on the pair of free electrons on the sulphur or on the lone pairs 

of electrons of the amide groups. ~rom the many metal salts 

which form thiourea compounds with different degrees of s tability, 

it was possible to establish that thiourea becomes co-ordinated 

through the lone pair of the sulphur electrons and not through 
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(4) 
those of the nitrogen. 

The fact that thiourea compounds of elements such as silver. 

gold, copper, cadmium, thallium, and palladium (especially in 

weakly alkaline solutions) are converted to the sulphides of these 

metals, as in the following reaction, 

Me Cl z + SC (NH2) 2 + 2KOH ~ MeS + CNNH2 + 2KC1 + 2H20 

further indicates co-ordination through the lone pair of elec­

trons on the sulphur atom. Such a conversion was observed du­

ring the heating of aqueous solutions of thiourea compounds, and 

sometimes simply on standing. It apparently occur more readily 

if the thiourea compound already possessed an ionic Me:S bond, 

which become a more covalent bond on the formation of the metal 
(4) 

sulphide. 

Proof that the bonding of a metal's central atom with thiou­

rea occurs through sulphur will be found in the papers -which 

showed that not only thiourea but also other sulphur-containing 
(5) (6) (7, 8) 

ligands (thioether, thiosulphates, sulphites, etc.) 

display a high trans-effect. 

Thiourea compound formation through the sulphur atom can 

also be observed in such compounds as thiourea-halogen alkyls, 
(9, 10, 11) 

first obtained by Claus e.g. 

Br 
I 

+ c2H5Br ~ c2H5-s-c-NH2 
I 
NH2 

c2H5SH + HBr + N•C-NH2 

I. 2. THIOUREA AS A COMPLEXING AGENT 

' 
The "mono-acidic'i: base properties of thiourea make it 

one of the most versatile and powerful complexing agents known . 

It's versatility is the consequence of its zwitterion struc­

ture as shown by its behaviour in chemical reactions. 
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I . 2. a. INCLUSION COMPLEXES 

The electronic structure of thiourea enables it to 

form inclusion complexes with branched-chain hydrocar-
(1) 

hons The formation of these complexes is all ~he more 

remarkeble because of the fact that even saturated hydro­

carbons, which as a rule are relatively unreactive, are 

complexed with thiourea with comparative ease. 

The reason for this is that thiourea molecules can 

combine by forming hydrogen bonds such as 

In this manner a three-dimensional framework is built up. 

Since such a structure contains a large amount of free space 

in the form of long open channels it cannot exist indepen­

dently. When thiourea crystallizes in the presence of long 

chain hydrocarbons, however, these channels become occup i ed 

by the hydrocarbon molecules which have exactly the correct 

dimensions to fill them. The structural details of these 

so-called adducts were determined by x-ray diffraction me-
(12) 

thods 

I. 2. b. COMPLEXES WITH ORGANIC SUBSTANCES 

The resonance structure of thiourea further enables it 

to form complexes by a distinctly different mechanism, name­

ly by forming covalent bond complexes with various other or­

ganic substances such as, for example, with hydrazine hydro­

iodide 
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(13) 
{(SC(NH2)2) 4 ,c5H5N•HI} 

I. 2, c. CO-ORDINATION COMPLEXES WITH TRANSITION METAL IONS 

Thiourea also forms co-ordinat i on complexes with tran­

sition metal ions. Numerous complexes of this type are known 

and some of their structures have been determined by X-ray 
(14) 

diffraction One typical example is t:he tri"s (thiourea) 

copper (I) chloride complex investigated by Pepinsky and his 
(15) 

co-workers In this complex each cuprous ion is tetra-

hedrally surrounded by four sulphur atoms one of which is 

shared between two cuprous ions. The average separation of 
0 

2,35 A between copper and sulphur atoms shows that the thi ou-

rea molecules are co-ordinated to the copper through sulphur . 

I . 2. d. IONIC COMPLEXES 

Thiourea has also been reported to form stable complexes 

with salts of elements which do not form covalent bonds to 

co-ordination ligands, Another explanation must be sought 

then for the occurrence of these complexes. 
(17, 18) 

The work done by Boeyens and Herbstein on com-

plexes of thiourea with thallium nitrate and thallium per­

chlorate indicates that the average thallium-sulphur distan­
o 

ce is 3 . 44A, which is considerably longer than the separation 

between sulphur atoms of co-ordinated ligands and metal atoms. 

Indeed, the sum of the atomic radii of thallium and sulphur 
0 

is about 2 , 7A· whereas the sum of their ionic radii is about 
0 

3 . 3A. This strongly suggest that these are ionic comple-

xes and that the major cohesion in the crystal is due to ion­

dipole interactions. 

The prototype of these ionic thiourea complexes is 
(16) 

NH4Br•4TU (TU•thiourea) first described by Reynolds 

The isostructural series includes the complexes formed with 
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some halides of potassium, rubidium and caesium, with many 

ammonium and thallium (I) salts and with some lead (II) salts. 

These are all stoichiometric complexes and, depending on the 

oxidation number of both the cation (M) and anion (X), they 

have the general formulae: 

MX•4TU 

The properties of this family of compounds were inves-

tigated by combined chemical and crystallographic methods 
(17, 18, 19, 20, 21, 22) 

Preparations reported in the ear-

lier literature were repeated and checked by these authors 

and some new complexes were also prepared. All the complexes 

were examined by single-crystal or powder X-ray diffraction 

techniques and the unit-cell dimensions, space group and den­

sity (of the single crystals only) determined. On this basis 

some thirty odd related complexes were further subdivided in­

to groups of isomorphous or nearly isomorphous structures . 

Representative complexes from each group were then chosen 

for structural analysis, thus enabling the relationship be­

tween the groups to be established. 

I. 2. d. (i) CLASSIFICATION ACCORDING TO CELL DIMENSIONS AND SPACE 

GROUPS 

The unit cell dimensions and space groups showed 

that the complexes fall into a number of well-defined 

groups. 

The largest group comprises the tetragonal 1:4 

complexes and includes those formed by most alkali 

bromides and iodides, thallous bromide, and thallous 



iodide. These complexes all have a~21R, c~s.2R 

and space group P4/mnc and have ordered structures 

(see fig. 1. l(b)). 

0 

0 0 0 

d 

FIGURE l . l 

I 

0 : 0 
I 

-----4> 

0 0 

b 

'. 

( -- -- I 

e 

0 (M1: 4TU)Orientotion channel . 
0 Anion channel. 
CJ and ~; :: possible oritntotions . 

0 

C 

T£Ct o4 .4TU and Rbl.4TU are typical representatives of this 

group of complexes and their structures were determined by 

(17) (22) 
Boeyens and Herbstein and by Kruger and Boeyens 

respectively. 

A second, smaller, group closely related to the f irst, 

includes the thallium (I) nitrate, and sulphate (1:8) complexes, 

which have a~10R, c~s.2R and space group P4/mcc (see f ig. z. 
l(c)) 
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An interesting fact about this group is that a 

Weissenberg photograph of theT.iN0J94TU complex at 
0 

-160 C showed that at this temperature the complex 
0 0 

has a z 20A, c z 8'3A and space group P4/mnc. It ap-

pears that the smaller unit cell is a partially dis­

ordered version of the larger ordered cell, with the 

cell edges remaining in the same directions for both 

structures. The structure ofTt'N03 •4TU was established 
(17) 

in detail as a representative of this group. 

A third group include the complexes of the alkali 

and thallium (I) chlorides, with cell dimensions 
0 0 0 

a z32A, b z l3A, c _z8•5A and space group Bbam . Two 

complexes from this group namely CsF,4TU.2H2o with 
0 0 0 

cell dimensions az17·0A, bz12•5A, cz8•45A and space 
(19) , 

group Ibam and CsC'fl.4TU.H
2
o with celi' a'imensions 

0 0 0 

a•32•1A, bal3·22A, c•8·51A, space group Bbam and eight 
(20) 

molecules per unit cell were investigated structu-

rally. Because of the close relationship of the cae­

sium fluoride structure to that of the chloride com­

plexes it was placed in this group. The anhydrous forms 

of the complexes in this group (except caesium fluoride, 

from which no anhydrous form could be obtained) were 

all fibrous and therefore unsuitable for structure ana-

lysis. Fig, 1. l(d) shows the relationship of this 

group to the other complexes. 

Another group is represented by the two complexes 
0 

Ttcto3 •4TU andTR:CNS·4TU, which both have a z 2b z 21A and 
0 

c z 8•2A. In these complexes it seems reasonable to 

suppose that the ordering has taken place in one direc­

tion only and that a resultant distortion had led to a 

lowering of the unit cell symmetry. A structure analysis 
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of a representative of this group has not yet been car­

ried out (see fig. 1. l(e)). 

The last group, represented by fig . 1 , l(a) and 
0 0 

characterised by cell dimensions a~ b~ 14A, c- 8 · 3A 

and the space group Cccm, includes the complexes of 

Tt2CO3,TlNO2 with thiourea. In the nitrite and carbo­

nate structures a different type of distortion leads 

to lowering of synnnetry; in these complexes the cell 

diagonals of the diso·rdered uni t cell become the ed­

ges of the ordered orthorhombic unit cell and, ·this leads 

to fairly complicated domain structures in the ordered 

crystals. The positions occupied by the anions will 

most probably be of the same type as the position oc­

cupied by the disordered No3- in the T~NP3complex. 

TtH2Po4 ·4TU of which single crystals were obtained and 

which was shown also to belong to this class was chosen 

for a structure analysis in the present work. Another 

reason for selecting this complex comes from the work 
(23) 

of Pfrepper who claims the preparation of aT t 3PO4 , 

6TU complex. From experience, the existance of the 

thiourea complexes seems to be related to the forma­

tion of co-ordination columns with aT t :s raDio of 
(17, 18, 21) 

1:4 which is at variance with the Pfrepper 

formulation. It was therefore of interest to investi­

gate this complex, but unfortunately no single crystal 

could be obtained. 

I. 2. d. (ii) EFFECT OF ANION SIZE ON THE CO-ORDINATION COLUMN 

An intere1iting observation made during the study 

of the thiourea ionic complexes was that all the struc-
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+ tures seem to contain close-packed tetragonal (M •4TU) 
(17, 18, 21) n 

co-ordination columns. The very existence 

of such a column is however refuted by the proposed 

(Pfrepper) stoichiometry of the complexT½P04 •6TU. Com­

plete disruption of the expected column seems to be 

caused here by the relatively small number of available 

anions. Excessively large voids would exist if the 

normal type of packing prevailed. Another instance 

where the geometry of 

anion is found in the 

the column is affecced by the 

(18) 
structure of T.tC.W 

4 
.4TU and 

(22) 
also Rb I· 4TU In this case two types of column 

are found in the same structure. One of these is sligh­

tly distorted to allow for anionic protrusion . 

Since these structures usually involve heavy ca­

tions, the interatomic distances are not generally 

sufficiently accurate to detect small distortions in 

the co-ordination columns, particularly when these dis­

tortions have the same symmetry as the column. It is 

thus desirable to investigate the effect of an anion 

which is large enough possibly to perturb the column, 

but not sufficiently symme-trical to have the same ef­

fect on all sides of the column . A likely candidate 

appeared to be the benzoate ion whose thallous salt 

forms a well-defined complex with thiourea . These 

effects were investigated further and the results are 

described in this thesis. 

Complete single crystal X-ray structure analysis 

dimensions, space group, and density measurements have 

been carried out for the oxalate and formate complexes . 
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A powder diffractometer pattern of T,\hP04 •6TU has been 

obtained and indexed for hexagonal unit cell dimensions. 

I. 3. PREPARATION OF THE COMPLEXES 
(23) 

Pfrepper obtained buff-coloured crystals by slow cooling 

of an aqueous solution containing T~P04 and thiourea. An attemp~ 

to repeat the preparation led to the precipitation ofT1
2

S together 

with a white complex of micro-crystalline quality. This is re­

miniscent of the reaction betweenPb(ClQ.) 2 and thiourea which in 

aqueous solution leads to the precipitation of PbS and the forma-

tion of a 1:6 complex not of the present type, 
(24) 

(18) 
whilst in per-

chloric acid medium no precipitation occurs and the 1:6 com-

plex which is formed belongs to the present family. Acidification 

with orthophosphoric acid introduces the anion HzPo4- in excess. 

Thus, although the precipitation of T½S is suppressed by addition 

of H3Po
4

, the complex of TiHiP04 and not that of TR:3P04 is obtained. 

Slow cooling of the acidified solution ofT13Po4 and thiourea 

in water, yielded twinned needlesof T1H2Po
4

.4TU. Good single cry­

stals were obtained, however, by mechanically splitting these a­

long their needle axes. 

The benzoate, formate and oxalate complexes were also pre­

pared by dissolving the constituents in the ratios (C6H5COO)T1: 

4TU, (HCOO)T1 :4TU and (C00) 2Tt18TU in boiling water. In all cases 

needles crystallized on cooling. The crystals of the formate 

complex were however too small for single crystal investigation . 

---oOo---
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CHAPTER II 

STRUCTURE ANALYSIS 

II . l , CRYSTAL CHOICE 

The choice of a suitable crystal depend s mainly on its 

external form and composition . Single crystals with well­

developed faces, wit hout any cracks or secondary crystals, 

were selected by microscopic examination . To diminish the 

effects of absorption, cylindrical crystals of average diame­

ter Q,08 mm . and length 0 °3 mm . were selected . 

II . 2. CRYSTAL DATA 

To determine the cell dimensions and space groups of the 

crystals, 20° oscillation photographs and the corresponding 

2ero and first layer Weissenberg photographs over a range of 
(25, 26, 27, 

210° were taken according to standard techniques 

28, 29) 
The lengch of the needle axes was obtained direc tly 

from the oscillation photographs by using t he relacionship 

where ),=wavelength of the X-rays. Cuku: Ni fil r.ered-radiation 

was used in the present work. 

The lengths of the two other axes of the unit cel l were 

determined from the zero layer line Wiesenberg phocograph . 

The density of the crystals was determined experimental ly 

by using the flotar.ion method with bromoform and p-cimeen as 
(30) 

suspension liquids The measured density was used to de-

e.ermined the number of formula units (Z) per unit. cell ; 

0 calc/Z=M/VN0 (2 - 2) 

where V= volume of the unit cell, N ~ avogadro number, and 
0 
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M= formula weight. 

Space groups were determined by inspeccion of the zero and 

first layer line photographs for systematic absences . 

II. 3. INTENSITY MEASUREMENTS AND CORRECTIONS 
(26) 

The multiple film technique was used for intensity mea-

surements. Seven films were placed one behind the other in a 

Weissenberg camera and exposed to the diffracted X-rays . The 

absorption of each film reduces the diffracted X-ray intensity 

by a constant factor so that a series of spots of decreasing in­

tensity is obtained for each reflection. 

The same exposure time was used for all layer lines . The 

intensity of each recorded spoc was estimated visually by com­

parison with a standard intensity strip. Before processing of 

the measured reflection intensities, a value of one third of 

the minimum measurable value was assigned to all reflections 

which were too weak to measure. This is in keeping with theo-
(31) 

retical considerations for centrosynunetric crystals The 

intensities measured on the succesive films were converted to 

the same arbitrary scale by multiplication by suitable inter­

film factors (see appendix A). 

Standard corrections for equi-inclination Weissenberg 

photographs must be applied to the measured intensity (!meas) 

of a reflection, to yield the corrected intensity (!corr.) 

and hence the observed structure factor amplitude (F
0
). The 

relationship between !meas. and Icorr. can be formulated as 

!corr .. I / s.C.A* . S*. (Lp)-1 , . meas. (2 . 3) 

where S= scale factor applied to the intensities of each layer 

line to get F0 on an absolute scale, Cc splitting factor, as a 

result of splitting of spots due to the ~1, ~2 doublet of K~ 

radiation, A*°"' 'absorption correction, S*= spot shape factor for 

higher layer lines, and Lp= combined Lorentz and polarization 
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factor. 

Corrections on the measured intensities were done by using 

a computer program described in append ix B. The size of the 

crystal did not justify the application of absorption corrections 

(see §II.l). 

II. 4. THE FOURIER SYNTHESIS 

By definition and theory of the structure factor it is pos­

sible to derive the intensity of the scattered reflections from 

given atomic coordinates in a crystal, but for practical struc­

ture analysis with X-rays it is necessary to deduce the atom co­

ordinates from the measured reflection intensities . 

Let p(x, y, z) represent the electron density of scatter ing 

matter at any point x, y, z in the unit cell of a crystal. The 

quantity of scattering material in the volume element dxdydz is 

then equal to p(xyz) V dxdydz where the crystal axes, a, b, c 
a.b.c 

are inclined at any angles and where V represents the volume of 

the unit cell. The number of electrbns in the unit cell is chus 

proportional to the scattering material in the unit cell . The 

scattering matter in each volume element of this continuous dis­

tribution will make a contribution to the resultant amplitude 

for the whole unit cell, and for the general plane (hki) the 
hx ~ 

phase change from the origin to the point x, y, z is 2 It ( a +b + 
.tz· 
c) 

The structure factor or amplitude equation for j atoms in 

the unit cell 

N 
hx ~ .R.z 

zni<a + b + c) 
F (hk i)• H .e 

• J 
J 

could be written in the integral form 

V ab c 
F(hkt)•abcf f f P(xyz)e 

0 0 0 

hx ~ t z 
2Tii (a + b + c 

(2.4) 

dxdydz (2 . 5) 
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It can be shown that any one-dimens i onal periodical func­
(32, 33) 

tion can be expressed as a Fourier series 

X 2X 
F(x)=A0 + A

1
cos 2JI(a +o; 1) + A2cos2TI(a + a: 2)+ • • •• . • • 

nx 
A cos 2II(a + o:.n) 

n (2 . 6) 

where A is the amplicude of the cos ine wave, a the identity pe­

riod and a:the phase angle. For all centrosyrnmetric funccions, 

with the origin as centre, the phase angle a: could only be o0 

or 180° and the equation reduces to 

00 

F(x)-= r 
n=o 

X 

A cos 2rrn a n 
(2 . 7) 

Every coefficient of this eguation must possess the correct sign, 

viz. positive if the phase angle is o0 and negat i ve when the phase 

angle is 180° . The equacion implies that any one dimensional cen­

tros·ymmetric pattern with identity period could be represented as 

a sum of an infinite number of cosine waves with various ampli-

tudes and wavelengths. 

The electron density function ~(x, y, z) of a crystal is also 

a periodic function but in three dimensions with per iodicities a, 

b, c, and could be expressed as a Fouries series, viz. 

+oo 
p(xyz)ar L I: 

h ' =k ' = Q. '= 
-oo 

-

hx ~ .Q,z 

C(h' k'Q.')exp 2IIi(a + b + c) (2 . 8) 

with h'k'Q.' integers with values from +a, to -oo, and C(h.vk. 9 R. 9 ) the 

coefficients of the Fourier series that must be determined . 

Calculation of the Fourier coefficients followed by substi-

tution of the value ofp(xyz) from equation 2. 8 gives 
V +00 h ' x .!:.1 

F(hkQ.)=abcfafbfcI: r. I: C(h 1 k'Q. ' )exp2IIi(a + b + 
o o Ch wk v.Q.'= ,. ' 

-co 

hx ~ E. 
exp 2IIi( a+ b + c). dxdydz 

) . 

(2 . 9) 

2Ili0/ a 
The quantityf ae _ vanishes for all the terms in the equation 

0 



-15-

except those for which h '=n, k ' =k, £ ' = £ and the quantity 
2 Ili(o) 

e =1. The result of all these summations and integrations 

is 

or 

C (hk£)=F.(hk£) /V (2 . 10) 

From this it follows that h 9 ,k 9 ,~'= h,k, i and the Fourier coef­

ficients C(h 1 k' £' ) can be replaced by the s tructure factor F(hk £) 

divided by the uni t cell volume . The electron density equation 

to use in a Fourier synthesis is as follows:-

1 +oo hx ~ £z 
p(xyz)aV E E E :t: jF(hk£) \exp {-2Tii(a + b + c) } 

or 

1 
p(xyz) .. V 

h=k= £= 
-00 

+a: 

E E E 
h=k= £= 

- a: 

hx ~ £z 
± [F(hk £) [cos 2TI(a + b + c) (2.11) 

for a centrosynnnetric crystal structure. With this formula it 

is theoretically poss i ble to determine the structure of a crys­

tal if the structure factors and the cell dimens ions are known. 

These Fourier sunnnat i ons will give the atomic posit i ons as maxi­

ma in the electron density function p(xyz) with peak heights pro~ 

portional to the number of electrons per atom. 

The square roots of the measured i ntens ities, after the ne­

cessary corrections have been applied, give the Fourier coeffi­

cients F(hk £) on a relative scale. As shown above the phases 

of F(hk £) are necessary for sunnnation of the Fourier synthesis 

which will give the electron density for any point x,y,z in 

the unit cell. The phases are the only thing that could not 

be determined in practice. This gives r i se t o the so-called 

phase problem . 
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II. 5. THE PHASE PROBLEM 

For centrosymmetric crystals with the origin of co-ord i nates 

chosen at the centre, the structure factor equation 2 . 4 reduces to 

N/2 

F(hkt)A•2 r , f , 
j J 

cos (2 . 12) 

This equation is directly related to the measured intensity I 

obtained from X-ray diffraction by 

where 

and 

I (hkt )=/F (hk£) / 2 

=A2 + B2 

F(hk£)=A+iB 

B=2 E 

J 

f. cos 
J 

(2 . 13) 

In this relationship the sign of F(hk£) is undefined. For a 

centrosyrmnetric structure, however, the sign of F(hk£)-a real, 

positive or negative number-could be F:? o for phase angle o0 

and F<o for phase angle 180°. The measured intensity I for this 

kind of structure is thus the resultant vector of the sum of all 

the positive and neg~tive structure factors . 

A direct complicated statistical method exists for the 

determination of the phases if the structure contains no heavy 

atom. For a crystal structure that contains a heavy atom the 

position thereof could be determined and approximate amplitudes 

and phase angles could be calculated. The validity of such 



-17-

calculated amplitudes and phase angles could be verified by co~-

paring the calculated structure amplitudes (F 
1 

with the 
ca c. 

observed structure factors (F ) . Various methods exist for 
obs. 

the determination of the pos icion of the heavy atom from which 

a structure can be derived . Only two of the methods used i n 

the present study will be des cribed briefly . 

II. 6. THE PATTERSON SYNTHESIS 
(32, 33) 

Instead of the structure factors, Patterson used 

the squares of the moduli as Fourier coefficients; these quan­

tities are directly related to the observed intensities and so 

they can always be measured. Patterson showed that che resul­

ting synthesis was related in a simple way to the crystal struc­

ture, and could give direct evidence about: atomic positions with 

no preliminary assumptions . It can however rarely be used to 

work out complete structures, but in some cases it may play a 

major role in producing the final solution . 

From the electron density funct i on 

1 +w hx .!5l_ i/.Z 
p(xyz)=V E E E ± IF(hk t) I cos 2 n(a + b + c) 

h=k= t== -= the Patterson function was defined as 

P(uvw)•f 1
/

1J 1p(xyz). p(x+u,y+v,z+w)Vdxdydz 
0 0 0 

(2 .14) 

In this expression, (x+u,y+v,z+w) gives the distribution about 

(x,y,z) as a function of the parameters u, v, wand it represent s 

a distribution similar to p(x,y,z) but displaced from the poinc 

(x,y,z) through a distance whose components are (u,v,w) . This 

Patterson function reduces to 

1 +00 

2 
hu kv . tw 

P(uvw)•V EE E IF(~i) l cosZil(a- + ~ . + 7) 
h=k•t= : . . 

(2.15) 

-oo 
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by expanding the two density functions as Fourier series and 

integrating. 

For every pair of atoms in the crystal unit cell wi th co­

ordinates x .;, y J , z . and ~, yk, zk there will be a maximum in 
1 J j -

the Patterson function at u=xJ-~k' v=yj-yk, w~zj-zk and on the 

end point of a vector from atom k to atom j . The peak height 

will depend on the product z . ·. zk of the atomic numbers z , and 
J, J 

zk of the atoms concerned. This product is also directly pro-

portional to the number of electrons of atoms j and k. This 

property makes it a very useful method because in the vector 

map the vectors between heavy atoms can usually easily be di s­

tinguished. 

With N atoms in the unit cell, the elec tron density will 

have N peaks, but in the Patterson unit cell or vector map 

there will be a total of N2 peaks of which N(N-1)/2 peaks will 

in general be resolved, in addition to the N-fold origin peak o 

Since both functions are determined by the same number of Fourier 

coefficients, the resolution of peaks in the Patterson synthesis 

will be poorer than in the synthesis of the electron density . 

The Fourier coefficients of the Patterson synthesis are all 

real, and it will always possess a centre of symmetry. This 

means that the symmetry of the Patterson funct i on is equal to 

or higher t~an that of the electron density function . 

Some important modifications of the Patterson method were 

made by Harker by the use of three dimensional series, simpli­

fied by the symmetry properties· of the crystal and appl i ed to 

the detection of certain special vectors , For example, if the 

crystal has a ~-glide plane perpendicular to a, an atom at (x, 

-
y,z) is accompanied by one at the equivalent po int (x,y,½+ z) 

and the vector between these atoms has the components (2x,o,½) , 



-19-

The function P(u,v,w), therefore, has a maximum at (2u ,o, ½) 

corresponding t0 this interatomic distance. 

To find maxima of this kind it is only necessary co eva­

luate P(u,v,w) in the plane v=o and w=½ . The equation may 

therefore be written as 

+ex> 

P(u,o,½)=r r r 
h=k,..£= 

--00 

hu 
F2(hkt )cos 2TI (a + ½) (2 . 16) 

by neglecting absolute values . This is e·ffectively a one-dimen­

sional summation, and the numerical work is not formid able , 

There is an excellent chance of resolving the required vector 

peaks, because all the measured values of F(hkl) are used, and 

because interatomic vectors not parallel co the plane v=o and 

w=½ are eliminated. This set of maxima between symmetry rela­

ted atoms was called Harker peaks and could be found on the cor­

responding Harker section v=o and w:½. Enough information to 

localise some atoms, especially the heavy atoms in the mole­

cule, may be derived from these Harker peaks . 

For the interpretation of the Patterson funct i on, informa­

tion such as known interatomic distances and the closest approach 

between atoms of neighbouring molecules, t he so-called van der 

Waals distances, could be used, A trial structure could be de­

rived in such a way and this structure may be used for calcula~ 

tion of the phases for the Fourier synt hesis or r efinement of 

the trial structure with aid of a computer pr ogram (see appendix 

C). 

II. 7. THE HEAVY ATOM METHOD 

The presence of a heavy atom in a crystal facilitates the 

structure determination cons i derably . The general effect of an 

atom of high scattering power on the X-ray s t ructural problem 

is to convert the unknown and unmeasurable phase r elationship 
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i nto certain i n t ens i ty rel ac i onships whi ch a r e suscepcible to 

direct measur ement . 

There are a t least t wo methods t o l ocace the posicion of 

the heavy atom i n t he unit cell wi thout any previous knowl edge 

about the cry s t al structure. The firs t is based on symmecry 

relationshi ps and i s applicabl e when the number of heavy atoms 

in the uni t cel l i s small and when t hey can only occur in one 

or more sets of equivalent pos i t i ons i n the unit cell . These­

cond method fo r local i sing the heavy a tom i s by aid of the 

Patterson synthes i s . 

The phase ang l es or s i gns caused by the heavy atom only, 

can be de t ermined . It i s accep t ed tha t che heavy atom with 

its dominating scattering power domi na t es che pha ses of some 

or all of the i ntens i t i es. When an elec t ron dens ity map then 

is obtai ned, t he most prominent peaks on it will be those of 

the heavy atom, but other atomic posit i ons wi ll also appear 

as a result of the domi nating effect. Addi t i onal a t omic po­

sitions may be found i n thi s way and by r epetition more and 

more reflec tions with correct phases can be included, until 

the correct s t ructure i s obtai ned. 

For the successful use of thi s me t hod t he square of the 

sum of the atomic numbers of the l i gh t atoms mus t be equal or 

nearly equal to t hat of the heavy atoms . If the scattering 

power of the heavy a t om is much m0re than the sum of the scat­

tering powers of the l i ghter atoms only , t he pos ition of the 

heavy atom wi ll be sharply defi ned i n t he Fourier synthesis . 

II. 8. REFINEMENT AND MOLECULAR PARAMETERS 

The standard t heory of least squar es, the method which was 

used i n thi s work, i s well known and i s des cribed in various 
(34, 27) 

texts Bas ically t he i dea i s t o change t he atomic 
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coordinates of the trial structure in such a way as to improve 
"' 

the agreement between the observed structure factors (Fobs,) 

and the calculated structure factors (Fcalc.) . 

If the error of the visually measured Fobs.quantities fol­

lowed a normal Gaussian distribution law, the "best" atomic pa­

rameters would then be obtained by minimization of 

R=~w(hkt ) (j'Fobs. (hk£) 1-klF calc . (hk£) I )2 (2.17) 

where w is the weight of a particular term and is inversely 

proportional to the square of the standard error in Fobs . 

The quantity R, which is called the residual or reliability 

factor, is usually expressed as a percentage and depends not 

only upon the positional atomic parameters but also upon the 

scal.e factors, overall temperature factor and anisotropic or 

individual isotropic temperature factors, as required, 

The- overall agreement between the observed and calculated 

structure factors is expressed in terms of the mean discrepa-

R= t: (jFobs. !-JFcaJc, I) 
t: !Fobs ,\" 

(2.18) 

Refinement of the structures of the T½P04 •4TU and 

Tt:(C6HsCOO) • 4TU complexes was done on atomic coordinates, tem­

perature factors and scale factors without differential weigh­

ting. 

Refinement of the trial structures as well as the deter­

mination of the interatomic distances and angles between atoms 

were carried out with a computer program described in appendix 

D. 

---oOo---
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CHAPTER III 

STRUCTURE OF THE THALLOUS DIHYDROGEN 

PHOSPHATE THIOUREA COMPLEX 

III. 1. CELL DIMENSIONS AND DENSITY 

The cell constants of the T£H2Po
4

.4TU complex were measu­

red from an { 001} oscillation photograph and (hkO) and (hkl ) 

equi-i~dination: Weissenberg photographs with Cuko:: ra9iation 

as described in paragraph 11.2. The Gell dimensions are 
0 

a= 15.40 + 0.05 A 
0 

b = 14.64 + 0.05 A -
0 

C = 8.27 + 0.05 A -
with the volume of the unit cell 

0 

V = 1864.169 A3 

-3 
The density of 2.153g. cm. calculated for four formula 

units per unit cell compares well with the density of 2.151 g. 

-3 
cm. as measured by fl~tation. 

III. 2. SPACE GROUP AND SYMMETRY OPERATORS 

Conditions for possible reflections from (hkO) and (hkl) 

equi-inclination Weissenberg photographs were 

hk£ for h+k=2n 

hko for h+k=2n 

ok£ for 

ho £ for 

k=2n and £=2n 

h=2n and £=2n 

which define the space group Cccm (No 66 in the International 

Tables 1952) (42) . ,_ . h . h or its non-c~ntrosynnnetr1c counterpart w 1c 

was ruled out by the successful structure analysis using Cccm. 

The conditions h+k=2n for all hk£ reflections indicates 

a C-centered Bravais lattice.The conditions for hko, ok£ and 

h~R.. reflections originate from a;b , ~and~ glide planes with 

glide components of respectively and include an I component. 
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The combination of all these symmetry elements give rise 

to further symmetry elements to define the space group Cccm. 

The space group symbol specifies only the major symmetry ele­

ments viz. a c-glide plane perpendicular to the a axis or pa­

rallel to the (100) plane, a c-glide plane perpendicular to 

the b axis or parallel to the (010) plane and a mirror plane 

in the a,b plane perpendicular to the c axis. 

Symmetry related positions occur at 

(O,O,O; L ½ '!)+ 

x,y,z; x,y,z; i,y,½-z; x,y,½-z 

x,y,z; x,y,z; x,y,½+z; i,y,½+z 

III, 3. PATTERSON SYNTHESIS 

For the space group Cccm 

F(hk.e,) = A 

2 _h+k ! ! 
= 16cos 2H 4 cos2TI(hx-4)cos2Il(ky+4)cos2Il£2 (3.1) 

If h+k=2n and £=2n the equation reduces to; 

F(hk~)A=l6cos2Ilhxcos2Ilkycos2 Il£z 

where 

F(hk£) = F(hkt)=F(hk£)=F(hk£)=F(hkt) 

When h+k=2n and £=2n+l equation 3.1 reduces to; 

F(hk£)A = -16sin2Ilhxsin2Ilkycos2Il£z 

When h=o or k=o, A=B=o and 

F(hk£)=F(hkt)=-F(hk£)=-F(hk£) =F(hki) 

If h+k=2n+l, A=B=O 

(3. 2) 

(3 . 3) 

The squares of the structure factors given by equation 3.1 

were used as coefficients in the Patterson synthesis, using the 

computer program described in appendix C. 

A three dimensional Patterson synthesis was obtained from 

the 661 hk£ data (including 54 unobserved) . Eleven equally spa­

ced sections along z, each consisting of a grid of 50x50 points , 

between z=o and z=½ were obtained. The following peaks were lo­

cated in this three dimensional map with the peak maxima in pa-
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renthes is (see f_ig. 3 .1, and 3. 2) 

Table 3 .1 

z X y z X 

0 0 0(2724) 25 11 

½ ½(2724) 15 

0 ½(749) 35 

½ 0(749) 39 

y z X y 

14(316) l 0 0(2230) 2 

11(364) ½ ½(2230) 

39(364) I 0(851) 2 

36(316) 0 ½(851) 

Comparison with similar structures determined before 
(17,18,19 

20,21,22) . . 
indicated that all the peaks with relatvie heights 

of more than 2000 were caused by the T£-T£ vectors, the peaks 

of about 750 by T£-P and the peaks of about 350 by the T£-S vec-

tors. 

The relatively weak intensities of the uneven layer lines 

(special conditions limiting possible reflections for hk£ is 

£=2n) compared with the even layer lines further indicated that 

the heavy atoms (T£) could only occupy one of the following sets 

of special positions, 

(0,0,0; LL0)+ 

d 2/m 0,½,0; o, L ½ 

C 2/m 0,0,0; 0,0,½ 

b 222 o, L ¼; o, L ¾ 

• 
a 222 0,0,¼; 0 ,o, ¾ 

since there are only four molecules per unit cell. · The thallium 

atoms may occupy any position with Wyckoff notation a,b,c or d; 

the correct set was however derived from the T£-S peaks on the 

Patterson map. But to show how the correct interpetation of 

the Patterson map was obtained it is necassary to described 

the procedure in full. 

The peak maxima found on the Patterson map (Table 3.1 and 

fig 3.1) are in _agreement with the Harker section, viz. 

0,0,0; o,o, ½ 
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FIGURE 3. 7,, 
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for the Tt •... Tt vectors of the space group Cccm and symmetry 

2/m (notati on c) . 

Further exami nation of the Patterson map, however, indi­

cated that two unrelated thiourea molecules exist (see fig. 3.2) 

in the uni t cell. The peaks of the sul phur and the expected car­

bon atoms of both molecules indicated that both sulphur and the 

carbon atoms must occupy the special positions x,y,z with z=¼ ,¾ 

and with eight atoms per unit ce ll. Inspection of the co-ordi ­

nates of equivalent positions of the space group gives only one 

set of posit i ons for the sulphur atoms in the x , y plane, viz. 

8 m 

(O,O,O; L ½,O)+ 

x,y,o; x ,y,o; - f x,y,2 

with symmetry m, which agrees with previous investigations . 

The Tt •.•. S vectors derived from the co-ordinates of equi ­

valent posit i ons with Wyckoff notations c and t i ndicated that 

both the Tt .• •• Tt and Tt • .. . S vectors must appear on the same 

section that is on z=o,½ of the Patterson map. This result is, 

however, in contradiction with peak maxima that were found on 

the Patterson map. 

This problem could be solved by transferring the origin 

of the 'axis of the unit cell through a quarter of the unit 

cell in the z-direction . The Tt . • . • Tt vectors then appear on 

z=¼,i and the Tt • . .. S vectors on the z=o , ½ sections. Co-ordi ­

nates of equivalent positions of the Tt atoms then must be . 

4 a 222 O,O,¾; O,O, ¾; 

and with Harker secti on t he same as before namely 

O,O,O; o,o, ½ 

As mentioned before the sulphur atoms must occupy the po­

sitions given by Wyckoff no tation £. The Tt •• • • S vectors ob­

tained from the di fference between co-ordinates of equivalent 
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positions with notation a and £ now give the Harker section 

which indicates that the T£ . • .. S peaks must appear on the z=¼ 

and! sections with x and y to be determined. This result is 

in agreement with that found on the Patterson map. 

On the Patterson map (see fig. 3.2 and also table 3.1) 

four T£ •... S peaks appear; two of them with peaks 364 are sym­

metry related and so are the other two with maxima 316. The 

maximum 316 with co-ordination 11,14,0 (before translation the 

co-ordination was 11,14,25) was deduced to be s
1

• With intera­

tomic distances and the space group Cccm as criterion and the 

nmun symmetry of the Patterson map in mind, s 2 was located to 

be at 15,11,50 (before translation : 15,11,25). 

With the positions of the thallous and the sulphur ions 

fixed the position of the phosphorous was also derived and es­

tablished to be at the special positions. 

4 b 222 o, L¼; o, Li; 

The co-ordinates of these atoms in the asymmetric unit 

as found from the Patterson map are as follows. 

Table 3.2 

Atom X y z 

T£ 0 0 0.25 

s1 0.11 0.145 0 

s2 0.145 0.11 0,50 

p 0.50 0 0.25 

ELECTRON DENSITY PROJECTION 

The atomic co-ordinates derived from the Patterson function 

were used to phase a three-dimensional Fourier synthes is . 

The electron density functionP(x,y,z) for the space group 
\ 

Cccm is given by 
8 £=2n £=2n 

P(xyz)=v {EEEF(hk£)cos2Ilhxcos2Ilkycos2Il£ z-LIEF(hk£)sin2Ilhis in2Ilkycos 
C O . 0 

2Il£z} (3 0 4) 
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This functi.on was evaluated by using the scattering factor 

(35,36) . 
tables · for thallium (+1), sulphur, and phosphorous and the 

co-ordinates of thallium, sulphur and phosphorous derived from the 

Patterson synthesis. 

The first Fourier synthesis gave an R value of 24.9% and the 

positions of all the other atoms in the unit cell, were obtained, 

namely; 

atom X y z 

Nl 0.25 0.11 0.15 

N2 0.10 0.26 0.35 

Cl 0.22 0.12 0.0 

c2 0.11 0.22 0.50 

0 0.44 0.06 0.20 

All the electron density peaks were sharp and spherical except 

those associated with the oxygen atoms. These were more diffuse 

and considerably elongated, indicating disorder in the oxygen 

positions (see fig. 3.3). 

Figure 3. 3 . 

y 

! 

III . 5. LEAST SQUARE REFINEMENT, INTER ATOMIC DISTANCES AND ANGLE 'DETER-

-MINATION. 
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A full-matrix least square refinement was carried out on 

the observed and calculated structure factors without any dif­

ferential weighting factors. The parameters which were refined 

included preliminary co-ordinates (not special posit i ons), an 

isotropic temperature factor equal to 3.0 for every atom and 

a scale factor for each layer line. The R-factor decreased as 

follows through the refinement 

cycle 

1 

2 

3 

4 

R 

19.0% 

10.5% 

9.3% 

9.3% 

The parameter shifts in the last cycle were less than 0 . 1 of 

their estimated standard deviations. 

The final atomic parameters and estimated standard de­

viations are reproduced in table 3.3, while the observed and 

calculated structure factors on absolute scale, F =1088 are 
000 

compared in table 3.4 

'fabie 3. 3 

F~actional co-ordinates and temrerature factors of the 

atoms i n the asyrronetric unit, with estimated standard devi ations 

(below each value). 

Atom 
0 

X y z B(i) 

0 0 ! 3.85 4 

0.06 
0.1039 0.1496 0 3.'55 

0.0006 0.0006 o·.:'•21·· 

0.1470 0.1075 I 3.14 i 

0.0006 0.0006 0.20 

0.2115 0.1188 0 3.78 

0.0024 0.0025 0. 75 

0.1100 0.2215 l 3.40 2 



- 30-

0.0022 0.0023 0.69 

Nl 0.2541 0 .-1049 0 .1353 5.09 

0.0016 0.0016 0,0035 0.53 

N2 0.0940 0. 2608 0.3614 4 . 80 

0.0015 0.0016 0.0034 0.52 

p ! 0 l 2.85 4 

0.23 

0 o. 4395 0.0585 0.1518 9.63 

0.0018 0.0019 0.0042 0.82 

'lhbel 3. 4 

Observed and calculated structure factors on absolute 

scale . 

K Fo Fo K Fo Fe K Fo Fe K Fo Fe K Fo Fe K Fo Fo K Fo Fe K Fo Fe K Fo Fe K Fo Fe K Fo Fe 

H-0. L -0 H• 7, L-0 H• 15,L-O H-6, L • 1 H-0, L a2 ) 173 -166 7 60 -56 H• 7, L • J 6 220 199 4 82 98 H,-J, L• 5 

2 314 )24 1 56 2 10 -6 )60 -)65 
5 186 -173 9 15 - 26 1 49 47 8 1" 151 6 125 142 1 28 -26 1 26' 26' 53 2 7 126 _,,. 

10 112 125 8 73 82 
4 159 157 ) 180 169 ) 87 74 4 16 -19 4 4'3 ..... 9 6) -61 H• 16, L•2 ) 7 ..() 

12 90 99 10 45 48 
) 6 -4 

6 14) 131 5 129 10) 5 42 44 6 26 22 6 248 -22) 11 61 .,;6 11) -99 5 24 -24 14 70 77 12 50 58 5 )2 )0 

8 ))2 )13 28 )2 8 61 64 8 -126 0 7 9 14 7 20 -18 7 114 89 7 145 13 75 -71 2 78 -73 16 )2 4) 14 49 66 
10 207 159 9 1 )5 1 )5 9 61 57 10 )0 -26 10 151 -148 15 56 -53 4 )9 -4) 9 ,. )8 9 27 -25 
12 14) 125 11 91 89 11 42 40 12 48 -)9 12 141 -131 17 13 -2) 6 62 -Ml 11 40 

_,. 
H• J, L• 4 H• II, L__. 11 )) )1 

14 76 78 13 )7 46 H•16, L-0 
14 10 11 14 92 -90 8 58 -61 H• 8, L• ) 1 10T 101 1 72 68 H-4, L • 5 

16 57 51 " 19 25 0 62 51 
16 20 19 16 7 1 -82 H•S, L•2 

10 28 -44 ) 2)7 216 ) 68 69 
18 52 6) 17 )7 )8 2 108 88 H•7, Lal 18 11 -)2 0 147 -1•0 2 78 9) 

5 186 184 5 108 102 2 )2 -)2 

H• I, L -0 4 86 82 2 216 -208 H• 17 , L • 2 4 8 8 
7 93 99 7 79 70 4 7 1 

H•S. L-0 l )2 28 H• 1, La2 6 66 -76 6 27 26 
1 26' 271 6 56 65 ) 74 86 

4 221 -209 1 56 
_,, 

8 24 12 9 4) 52 9 26 )1 
0 )04 294 8 )8 40 ) 10) -)1 .. 6 202 -162 ) )7 -)J 11 77 7) 11 9 24 H• 5, L•5 

) 97 81 2 188 185 10 )9 50 5 98 - 97 
242 -227 8 131 -127 14 -17 

10 18 7 
13 66 64 13 40 51 

5 182 169 7 15 ) 5 5 1 26 -26 4 1)6 138 10 118 -116 H• 9, L•J 15 54 53 7 282 268 9 29 17 7 1)4 -135 7 27 -34 H• 12, L-4 J 24 -27 6 158 172 H • 17 , L-0 
9 111 -111 12 84 -86 

9 189 168 8 172 187 11 11 -8 H• I 8, L =2 1 72 7) H-4, L • 4 5 8 1 
1 27 26 11 117 -117 14 58 -61 0 75 79 

11 99 107 10 145 136 ) 54 48 H•8, L•I 13 71 -61 16 48 
_,, 

)4 -46 
) 50 42 

0 84 9) 2 106 11 0 7 )5 )~ 
1) 66 79 0 5 22 -19 9 9 5 12 98 92 5 68 64 -62 

_,. 2 194 19) 4 92 97 
15 47 48 6' 2 112 11) 15 57 Hw9 1 La2 2 57 7 58 -54 11 28 -22 14 60 7 )0 ) 0 -40 46 4 )08 299 6 90 97 
17 24 26 4 8 ... 17 )2 4 4) 

16 25 )7 9 15 17 1 111 -120 6 22 )4 Hal 0, L • ) 6 189 166 8 53 61 H•6, L• 5 
H• 2, L -0 H• 9, L-0 

6 74 -66 H•2, L • 2 ) 176 - 175 8 129 11 5 10 ., 57 
0 )06 )52 H • 18, L -0 8 10 4 0 )5) -)60 5 92 -92 H• l 9, 1,. ..-2 2 9 .,; 

10 8) 97 12 )7 48 2 21 -1 5 
10 18 20 4 9 10 4 27 -22 

2 287 )19 1 187 187 0 56 56 2 )46 -3)4 7 70 -68 1 9 16 12 86 9) 
6 24 14 H• ll , L-4 6 8 6 

4 418 445 ) 111 106 2 40 47 H• 9, Lal 4 275 -258 9 101 -92 ) ,. 42 14 60 68 
6 279 284 5 150 140 4 46 55 6 2)) -202 11 8) - 87 Hall, L• J 16 5) 67 1 70 74 8 47 ., 

1 19 22 10 17 -18 
8 174 160 7 130 128 6 51 ,. 8 220 -20 2 13 18 -2) H • 1 , L • J ) 77 65 

10 115 96 9 51 52 ) 41 56 
10 158 -170 15 27 -)0 1 17 11 

1 50 -49 Ha5 , L-4 5 )) )0 12 26 -24 

12 170 139 11 52 )9 H• 19, L-0 5 )7 -40 
12 118 -1 0 7 ) 107 98 

) 51 
_,. 

1 116 112 7 44 40 H• 7, L• 5 
14 114 118 1) 78 7) 1 ., ., 7 10 -12 

14 
Ha10, L • 2 

29 )4 5 )4 )1 
) 184 189 9 49 57 

9 11 ) 69 -72 5 7 18 24 1 )1 26 
16 57 65 15 48 45 16 ,67 -69 0 141 - 145 7 51 -51 5 79 99 11 )0 « 

H• I, L• 1 11 19 15 9 17 -12 ) 14 12 
18 26 )8 H• IO, L-0 18 )5 -48 2 19) -184 9 50 -50 7 91 9) H• 14, L -4 5 )4 -)5 

H• l, L -0 0 198 181 ) 105 -95 H•IO, L • I 4 159 -151 11 50 49 H• 12 , L • J 9 86 95 7 9 8 
2 105 96 5 80 76 H• l , L • 2 6 96 -89 1) 10 18 11 92 94 0 8) 88 

2 9 -7 2 50 -47 9 17 2) 
1 78 79 4 21) 207 7 46 -41 4 9 -2 1 )1) -)11 8 121 - 11 9 " 9 - 16 4 10 5 

1) 11 19 2 87 92 11 16 -1 9 
) )12 298 6 205 19) 9 24 -22 6 10 7 

) 1)8 -115 10 1 )5 - 13• 17 16 -15 6 44 45 15 41 42 4 " 60 
5 292 281 8 147 128 11 )) 27 8 26 -20 5 120 -113 12 6' -67 6 17 )6 H • S, L • 5 
7 182 15) 10 )8 )6 1) 19 17 1 198 -172 14 14 -25 H• 2 , L • 3 H • 1) 1 L • l H-6, L_,. 8 65 68 

2 62 68 
9 ., 97 12 9) 88 H•2, L • 1 H•11, L•1 9 170 -169 H•l 1, L • 2 2 22 - 24 1 25 -27 O 2H 25) 10 62 72 4 9 4 

11 99 102 14 76 89 1 )2 -25 11 9) -9) 4 9 7 ) 10 ... 2 212 200 H• 15, L-4 6 49 -50 1) ., 89 16 20 )7 2 20 20 
) )9 -)5 1) 47 -56 1 118 -119 6 7 7 5 10 8 4 166 164 

15 n 66 4 108 110 
5 60 50 15 )1 -34 ) 121 -109 8 99 -102 7 10 0 6 88 75 1 )5 40 H• 9, L• 5 

17 28 )) H• l 1 , L-0 6 11 19 17 )9 -)8 5 65 -58 10 )8 )5 8 146 149 ) 67 61 
7 11 10 9 9 -14 1 44 41 

H-4, L-0 1 12) 112 8 90 -94 9 19 -17 
7 61 -6) 12 41 4) 1) 1) 1) 10 1)2 140 5 28 )) 

) )6 )5 
) 97 104 10 16 12 H-4, L•2 9 88 -90 14 10 0 12 68 78 7 8 27 

5 9 -17 
0 178 166 5 122 116 12 61 58 H•12 , L~1 0 4)2 -447 11 71 -65 16 27 -29 H • 16, L• 3 14 2) 28 9 27 )5 

7 29 -)0 
2 )67 427 7 112 101 14 19 -15 2 69 -74 2 26) -257 H• 12, L•2 2 26 27 16 )7 50 H • 16, L-4 9 9 5 
4 248 266 9 22 )2 16 2) -26 4 165 -162 

H• l , L • ) 
4 10 -5 4 8 1 H • 7, L-4 11 14 12 

6 219 2)1 11 42 40 H a), L • I 6 44 4) 6 246 -222 0 144 _,.., 
1 85 -66 6 19 -20 

0 22 )7 

8 144 152 1) 56 57 8 201 -21) 2 125 -121 ) 40 42 1 124 1)1 2 47 50 H• 11, L • 5 
10 192 191 15 JT )9 1 82 6'9 

8 19 - 6 
10 150 

_,.., 4 119-117 5 5) 57 H• 17, L •3 ) 104 110 4 77 80 1 )) -29 
12 12) 11 0 ) 42 .4) H• 13, L•I 12 10) -109 6 109 -101 7 22 16 1 2) 16 5 74 80 6 40 48 

) )) -)5 
14 92 80 H• 12, L-0 5 68 68 14 79 -8) 8 92 - 95 9 45 -4) 1) 7 82 92 8 21 )5 

1 26 -17 ) 10 5 )) 29 
16 7) 78 0 177 161 T 111 -118 

) )2 -)) 16 )7 -)9 10 77 .74 11 40 )6 5 16 -14 9 99 99 H• 17, Lc4 
18 20 )9 2 140 1)0 9 25 -26 18 28 -49 12 5) _,. 

11 77 75 Ha12, L • 5 

4 142 126 11 51 " 
5 "46 )6 14 ) 0 -44 H_.., L • 3 H.O. L_,. 1) 24 29 1 2) 2) 

H• 5, L -0 
6 114 98 1) 19 24 H• I•, L • 1 H• 5, L • 2 67 -n 15 18 2) ) 28 )7 2 )7 -41 

H:sl), L • 2 2 2 212 -217 4 9 ..() 
1 19) 190 8 1)2 105 15 25 -27 2 11 ) 1 2)5 -2)6 4 42 -41 4 114 102 lf•S, L_,. 5 )1 4) 

6 27 )1 
) 272 277 10 8) 80 ) 126 -114 1 76 -69 6 21 16 
5 202 170 6) 68 

H• 4 , L • I 4 11 11 
-184 ) 60 -67 8 -2) 

6 261 24) 
0 207 196 

H • 18 , L _.. H• 16, L• 5 12 6 10 - 10 5 194 25 8 20 1 189 
7 1)0 92 14 )1 40 2 50 -41 

8 10 - 9 7 169 -160 5 104 - 96 10 16 1) 10 1)9 129 2 147 150 0 42 51 2 16 20 
9 15) 144 4 50 44 

10 9 1 9 97 -92 7 67 -67 12 69 82 4 1)4 140 2 20 )4 

11 99 102 H• I ), L-0 6 59 52 9 26 -)0 H• 5 , L • ] 6 1)9 1)6 
1 89 90 12 11 1) 11 68 

_,. 
14 6) 79 H al , L • 5 

1) 44 45 8 8 0 89 11 2T -24 -i6 8 102 110 
) 96 92 

1) _., 1 10 16 )1 )6 
15 ., 47 10 16 -10 H•15, L•1 15 )5 -41 1) )8 -47 ' 25 17 10 70 76 ) )) 26 
17 52 5) 5 44 48 

17 12 -18 5 28 22 H• I, L-4 12 64 69 5 27 2) 
7 ,. 58 J-t • 5, L-0 1 26 21 H,..1_., L • 2 

H-6 , L-0 9 8) 70 ) )2 27 H • 6, L • 2 7 40 45 1 292 272 14 46 ,. 7 40 -)7 
I 92 -95 0 109 - 98 9 0 9 )1 -29 

11 6~ 58 0 242 -235 9 ) 106 9) H•9, L_,. 0 96 97 ) 123-U2 H•16, L • l 2 89 -78 11 )5 -28 5 1)) 120 11 ) ) )) 

2 )10 )18 1) 14 1) 5 7 -6 2 227 -20) 4 10 ) -1 0 2 -12 1 116 114 
2 )0 26 

1) 17 7 118 127 H• 2, L • 5 
4 200 224 7 77 ~) 4 2)4 -228 6 114 -1 0 9 ) 44 56 H • 1•, L -0 6 257 -252 H-6 , L • ) 9 116 114 
6 208 226 9 22 21 ·H•I 7 , L a l 8 60 -59 5 100 106 4 28 )4 
8 150 159 0 95 92 11 44 -45 8 142 -150 10 22 -27 -46 

11 58 54 
7 99 98 6 7 10 

1 9 8 10 8) -8) 2 49 1) 76 70 
10 191 191 2 154 129 1) 11 -17 

) 9 
12 )9 -52 4 5) -51 15 16 29 9 61 58 8 62 -67 

12 9) 92 4 1~0 88 15 17 18 9 12 120 -106 '6 8 -6 11 26 28 10 2) 18 
14 6) 59 6 68 64 

5 25 -20 14 114 -104 H• 15, L • 2 
8 65 62 

17 20 27 
1) 52 58 12 )) )) 

16 52 64 ' 8 81 76 H•I 8, L•1 !6 )5 -45 1 67 -64 10 24 -24 H• 2, L_,. 15 12 28 14 8 ... 
10 81 88 2 H• 7, L • 2 ) 27 -)8 12 18 -27 0 209 221 

16 16 -21 
12 28 )9 14 ) 5 6' -60 9 8 

HclO, L -4 
1 149 -U6 14 2 227 222 

16 11 20 4 194 179 0 166 150 
2 127 127 
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.. 
All unobserved reflections have F ~27 in table 3.4 

0 
0 

Interatomic distances up to 4.0A and the angles between 

th~ various atoms in the unit cell were calculated with the 

"0RFFE" programme described in appendix D. These data are gi­

ven in table 3.5 together with experimental errors. 

Table 3. 5 

Interatomia distanaes (in Angstrom) 

S1-S2* 

S1-S2* 

s1-c1 

S1-Nl 

Cl-Nl 

P-0 

N
1
-H ••• 0 

3.4098 

3.4463 

3.8222 

3. 9133 

1. 7184 

2.6522 

1.3125 

1.7640 

2.6493 

1.3057 

1.5033 

2.9387 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 
N2-H---0 3.2045 

Bond angles (in degrees) 

s1-s2-S1* 

s2-s1-S2* 

s1-cl-Nl 

Nl-Cl-Nl 

0-P-0** 

0-P-0** 

*See fig. 3.4 

89.0423 

90. 9577 

121. 5301 

94.1039 

114. 6072 

103.4126 

0.0083 

0.0082 

0.0138 

0.0142 

0.0375 

0.0270 

0.0314 

0.0345 

0.0255 

0.0297 

0.0304 

0.0375 

0.0397 

+ 

+ 

+ 

+ 

+ 

+ 

0.2715 

0. 2706 

1. 8127 

1.9570 

2.5057 

2.2551 

** P03- is not a synnnetrical tetrahedron 
4 
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Figure 3.4 

Schematic representation of the arrangement of sulphur atoms 

arround a chain of thallous ions . The interatomic distances are : 

1=3.913~.014R, 2=3.s22:o.014i 

1=3.446!0.oosR, II=3.410:o.oosi 

3=4.233:0.0l4i. The bond angles are top left front= 

top right back=below left back=below right front=89.o:o.3° with 

+ 0 the remaining four angles=91.0-0.3 

III. 6. DESCRIPTION OF THE STRUCTURE 

The X-ray investigation on the Tt H
2
Po

4
.4TU complex shows 

the existance of co-ordination columns containing linear arran­

gements of cations and anions. 

The eight thioure,a groups 1.n the unit cell were found to 

occupy positions at the corners of a square- antiprism, distor­

ted towards a cube <37 ) (see fig. 3.4 and 3.5) and centered on 

the thallium atoms, 4.13R apart in the columns. Each of the eight 

ligands is considered as a donor of unpaired electrons to the me­

tal ions to bring about an ionic bridge bonding oetween two thal­

lium ions. Although the cationic columns only have symmetry 2 

+ 
they are remarkably similar to the tetragonal (T t -s4)n columns 
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found in the complexes of T£Ct o
4 

and T£N0
3 

(lB). The important 

dimensions and composition of the co-ordination polyhedron are 

sliown in fig .. 3.4 .. Tlie angle of distortion of the antiprism is 26°. 

Further details of the packing are illustrated in fig. 3.5 

which shows the (001) projection of the structure. Although 

Figure 3. 5. 

Projection of the stracture along {001}. Shaded circles re~ 

present atoms lying at c= J . Open and full circles refer to atoms 

lying above and below this plane respectively. All the symmetry 

czxes parallel to the paper are at c=¼, Hydrogen bondings between 

amino groups and oxygen are represented by dottet lines. 

_._·- --)-----~ ---- --~-------~ 
: S(2) i --~-- I l 

b ! ----z•O·l!S2 i --- j 

' i S(I) j ! i ! : i i i i 

· i : I i 
. I : i : 

* ~~-~~~+ ---t---- ' ~:~*l 
1 I : i i 

: 1 ! I : 
j j ! I 1 

! ! ! 

--+ . . : ~-~~~-*--~--! -- .-, 
~A t 
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Figure 3.6 

(010) projection of the surroundings of the phosphate ion. 

Only moleaules in non-overlap positions are shown to illustrate 

the system of hydrogen bonds. 

a-

3·2Q.~',, • 

2·941--- -------
H-BOND 

. ~ ~ + 7 

@ ------- ------- • 
. ------

L ~ ~ 

0 

5A 
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the thiourea mo l ecul es appear to be slightly distorted , they 

possess nnn synnne t ry t o wi thi n t he l i mits of t he experi ment a l 

error . The molecul ar dimensions of the thioure'.a mol ecule do not 
•· 

• (38) differ s i gnif icantly f rom the dimensions of fr ee th1.ourea , 

but are nevertheles s reproduced i n tab le 3.5. 

The pos i tive end of t he pol ar ized thiourea molecule v iz . 

the ami no groups , forms ano ther column with the ani ons. The 

unsynnnetr ica l ani ons (H2Po
4

) occupy pos itions of symmetry 222 

with the phosphorous a toms at z=¼ ,¾. Fig . 3.6, the (010) pro­

jection shows in more de t a i l the envi r onment of the phosphate 

ion. The oxygen and hydr oxyl group s of t he (H
2

PO~) anions ar e 

statistically superimpos ed to mi mi c a t etrahedral arrangement . 
+ 0 

The P-0 bond length is 1.S-0.03A and t he two 0-P-O ang l es are 

103°!2° and 114°!2°. There i s thus cons i derable disorder whi ch 

is a~so ~eflected in the high- Debye-WaUai fac j:~r obs erved , for oxygen . 

lhe closest approach between the average position of such a 

disordered oxygen atom and a ni trogen atom associ ated with a 
+ 0 

~hiourea molecule 1.s 2.9 4-0 . 04A . This is well within the range 

of N-H ••.• O hydrogen bonds gi ven by Pi ment e l and McClellan (39 ) 

III. 7. DISCUSSION OF THE STRUCTURE . 

The most s i gni ficant feature of this s tructur e is the po­

sition occupi ed by the anion. In cont radist i nct i on t o anions 

1 . b . d . d 0 d 1 h (l 8) such as perch orate, nitrate, rom1. e, 1.0 1. e, sup ate 

f ' d (l9) 1 ' d ( 20) . h 11 1 · . hydrated luor 1. e , and ch or1. e , wh1.c a 1.e 1.n 

the same mirror planes as t he thi ourea molecules when thei r 

salts form thi s type of compl ex, the phosphat e occupi es a po­

sition halfway between these mi rror pl anes, as shown schemati ­

cally in f i g. 3.7. For the position (1) t he conditions for 

hydrogen bonding with t he ami no gr oups is much more favourab le 

than for the i n plane type of pos ition (2) . Si nce the compl exes 

ot thallous dihydrogen phosphate, carbonat e and ni trite const i tute 
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. h . (lS) · · f · · an isomorp ous series it is airly certain that hydrogen 

bonds play a similar role in all these complexes. 

Figur e 3 . 7 

The dihydrogen phosptate, carbonate and the nitrite anions 

differ from those mentioned above in that they all derive from 

reiatively weak acids. There would thus seem to be an inverse 

parallel between pK values of acids and the tendency of their 
a: 

anions to form hydrogen bonds. Although this tendency doe~ not 

seem to have been described before, the direct corellation be­

tween pk values and hydrogen bonding of carboxylic acids has 
a: 

been described in de~ail in the literature (40). It is sugges-

ted that these two phenomena are different aspects of the same 

effect. Highly ionizable hydrogens (in strong acids) have a 

higher tendency than weaker acids to form hydrogen bonds, were­

as the anions of the weak acids are more dirmly attached to 
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their hydrogens in the acid , so that after ionizacion they 

should have a higher aff inity for hydrogens and hydrogen 

bondi ng than the anions of the strong acids . I t was considered 

of interes t o see in hqw f ar these · idya_s , would be substant i ated 

by the s tructures of the thiourea complexes of t hallous formace 

and oxalate. 

IIt. 8. THE THALLOUS OXALATE AND FORMATE THIOUREA COMPLEXES. 

The comp l exes of Tt HC00 .4TU and Tt
2

(C00)
2

. 8TU were prepa­

red by dissolving the cons tituents in 1 : 4 and 1: 8 ratio re­

spectively in boiling water . In both cas es needle crystal­

lized on cooling. The crystals of the formate complex were 

however too small for single crystal invest i gations. Single 

crystals of the oxalate complex were obtained and compared 

with the phosphate complex. The struc ture of the oxal ate is 

not isomorphous but could be related to the Cccm group . 

The cell constants for the oxalate complex are 
0 

a=l5 . 91A 
0 

b=l3. 24A 
0 

c= 8 , 39A 

-3 
p 

1 
=2 .078 g.cm c.a C o 

-3 
p b = 2 • 2 l g • cm 

0 S o 

Z=2 

Space group : Pnnm 

These result s s_uggest that a structural method coul d be de­

veloped which would allow differentiation between strong and 

weak hydrogen bonding anions . 

III. 9. THE THALLOU§ ORTOPHOSPHATE THIOUREA COMPLEX. 

As discus s ed i n chapter I the complex formulated as Tt3Po4 • 

6TU by Pfrepper (lO) was exami ned crystallographi cally, to 

establish whether the comp l ex is a single phas e and to analyse 

the structure. 

Attempts to repea t the preparat i on described by Pfrepper 

to obtain suitable crystals of t he complex were unsuccesful, 
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even with variation in conditions . From the powder pattern, how­

ever, we infer that i t is a si.ngle phase and is i n many respects 

similar to the present series of comp lexes . As shown i n table 

3 . 6, 

0 

d(A)* 

11.472 

9.883 

7.4806 

6 . 1712 

5 . 7339 

4.9511 

4. 5207 

3.9551 

3.8209 

3.7261 

3. 6715 

3 . 5643 

3 . 2063 

3.1530 

3.0193 

2 0 9134 

2.8642 

2 . 7944 

2 .7509 

'h.ble 3 . 6 

Intensity 

10 

38 

41 

2 

100 

11 

13 

1 

3 

6 

6 

22 

10 

26 

6 

7 

21 

7 

26 

0 . 0045 

0 . 0061 

0 . 0106 

0 .0156 

0.0181 

0 . 0242 

0 . 0291 

0 . 0379 

0.0406 

0.0427 

0 . 0440 

0.0467 

0.0577 

0.0596 

0 . 0651 

0 . 0699 

0 . 0723 

0 . 0760 

0 . 0784 

0.0045 

0.0061 

0 . 0106 

0.0156 

0.018 2 

0.0242 

0 . 0288 

0.0379 

0.0409 

0.0424 

0.0441 

0 . 0470 

0 .0577 

0 .059 1 

0.0651 

0.0698 

0 . 0727 

0 . 0759 

0 .0788 

Index 

110 

200 

210 

201 

220 

400 

320 

500 

330 

420 

202 

510 

312. 

520 

610 

412 

440 

502 

620 

*Powder diffractometer pattern of T£3Po4 . 6TU, i ndexed for 

a hexagonal uni t cell. The i ntensities are non-integrated 

and estimated from peak hei ghts. The d-values were obtai­

ned from NBS tables (4l) 
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the powder pattern of the complex can be indexed in terms of a 

hexagonal unit cell with a=22.88R, ~=7.91R. For Z=4 the densi­

-3 ty was calculated to be 2.16 g. cm . No attempt was made to 

determine the density of the powder experimentally, but compa­

-3 
red to the 2.15g. cm. for TtH

2
Po

4
.4TU it appears to be of 

the correct magnitude. 

III. lQ,CONCLUSION 

It has been shown that in the '1.'.t H
2
Po 

4 
.4TU complex, the 

arrangement of the thallous ion corresponds to that found pre­

viously for T£Cto
4 

and T£N03 complexes with thiourea, but that 

the H2Po4 occup ies a position structurally different fr~m that 

-
occupied by cio

4 
and N0

3
. This difference is ascribed to dif-

ferent hydrogen bonding characteristics. 

- -- - 000--
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CHAfTER IV 

STRUCTURE OF THE THALLOUS 

BENZOATE THIOUREA COMPLEX 

IV. 1. CELL CONSTANTS. 

By mechanically splitting a bunch of needle-shaped, hard, 

white crystal,s a single crystal was obtained. 

Cell dimensions of the thallous benzoate thiourea crystal 

were determined by (001) oscillation, hko and hkl Weissenberg 

photographs; 

a•lS.64±0.osX 

b=17.o9±o.osi 

c• a.1s:!:o.osX 

and 
0 . 

V=2180.23A3 

-3 
A density of 1.95gm.cm was measured and the density 

-3 calculated for four formula units per unit cell is 1.92g.cm . 

IV. 2. SPACE GROUP AND SYMMETRY OPERATORS. 

From equi-inclination Weissenberg photographs the condi­

tions for possible reflections were derived as: 

hkl for h+k=2n hko for h+k•2n 

okt for hot for ta2n,k=2n 

These are consistent with the space groups Cmc2
1 

was ruled out 

by the successful structure analysis using Cmcm (No 63 in the 

International tables). 

Also, in- this case, the condition h+k•2n for all hkt re­

flections gives rise to a C-centred Bravais lattice, and the 

conditions hko for h+k•2n, okt for k•2n, hot for t=2n and 

h=2n for possiole reflections originate from glide planes with 
a+b b c a 

components ----Z-, 2, 2 and 2 respectively. -~ 
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The fundamental symmetry elements which def i ne cne space 

group Cmcm are a mirror plane perpendicular to the a and the c 

axis and a c-gl i de plane perpendicular t o the b axi s o Thes e 

synnnetry operati ons give rise to t:he following co-ordi nations 

of gen~ral equivalent positions; 

(O,O,O; ½,½,O)• 

x,y,z; x,y,z; x,y,½-z; 

x,y,z; x,y,z; 

IV. 3. PATTERSON SYNTHESIS 

For a centrosynnnetric structure with space group Cmcm the 

structure factor equation 2.4 reduces to 

F(hkt) =A (4 . 1) 
A 2 h+k 3:_ l 

=16cos ZIT 4 cos2Ti hxcos2TI(ky+4)cos2IT(iz-4) 

with B=O. If h+k=2n and i=2n for poss ible hki reflection the 

equation 4.1 reduces to 

A=l6cos2IThxcos2ITkycos2Tit z (4 . 2) 

with 

F(hki)=F(hki)=F(hkt )=F(hki )=F(hkt). 

Squares of the structure factors from equation 4. 1 were 

used as coeff icients i n the Patterson synthes i s whi ch was cal­

culated with a comput er programme described in appendix C. 

A three-dimensional Patterson synthesis based on 980 hkt 

data and with eleven equally spaced sections along z, each con­

sisting of a grid of 50x50 po i nts, between z=o and z=½ were ob­

tained. From this three-di mens i onal map che following peak 

were located with the peak maxi ma in parenthes is . (See al ~o f i­

gu~es 4.l, 4.2 and 4.3) . 
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z X y z X y z X y 

0 0 0(2897)T t 25 14 10(347) s
2 40 26 9 (123)N

1 

! !(2897) Tt 11 12(380)$1 24 41(123)N
1 

39 38(380)$1 11 23 (109)N
2 

10 26 10 (115)N1 36 40 (347)S
2 39 27(109)N

2 

24 40(115)N1 22 10( 82)C1 

11 23(110)N 2 
12 20( 67)c

2 50 0 0(2414)Tt 

39 27(110)N2 28 40( 82)C1 50 50(2414)Tt 

38 30 ( 67)C
2 

7 39(152) 

43 11 (152) 

0 32(47) 

50 18(47) 

0 50 (138) 

50 50(138) 

In comparison with similar structures determined before 

(17 , 18 , 19 , 20 , 21 , 22 } and from the relative peak h ei ghts it is 

clear that the Tt -Tt vectors appear at pos i tions 0,0,0; 0,50,50; 

50,0,0; and 50,50,50 on the Patterson . Similarly the peaks with 

maxima of 347 and 380 were i n consequence of the Tt-S ve tors. 

Maxima from 109 to 123 and 67 to 82 occurr ed as a result of the 

Tt-N and Tt -C vectors o From the Patterson it was further obvious 

that the anion must occupy positi ons at z=¼ , ¾ i n the unit cell 

but the whole molecule was not resolved f or reasons to be dis-

cussed later (see fig. 4.3) However, f rom the Patterson synthesis 

it was poss i ble to find the pos i t i ons of thall ium atoms and 

thiourea molecules in the structure . 

The relat ively weak i ntens ities of the uneven layer lines 

in compari son v.~ th the even layer lines i nd i cated that the thal­

lium atoms could only occupy one of the followi ng secs of spe­

cial pos i tions 
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FIGURE 4• l 

FIGURE 4. 2 
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(O,O,O; !,½,O)+ 
2 

b Wi O,½,O; o, L ½ 
2 

a m 0,0,0; o,o,½ 

Peak maxima on the Patterson indicated that positions with 

' 
Wyckoff tlitation a was correct. 

With the positions of the thallium atoms . determined it was 

further obvious, that peaks with maxima at x,y,z•!, must be 

related to atoms occupying the following special positions; 

(0,0,0; ½, LO)+ 

8 " 0 m x,y,¼; 
-

x,y,!; x,y,f; 

As a result of the rnrmn symmetry of the Patterson map the sulphur 

and carbon atoms of both thiourea molecules appear on the z=¼ 

section. The fact that no symmetry relationship between these 

molecules exists in the space group Cmcm, maximum (380), 

labelled as sulphur bne, was chosen to be at z•! and sulphur 

two (347) to be at z•i. 

The following atoms with C"O-ordinates 

' Ti; o,o,o S2; 14,lQ,75 

Sl; 11, 12, 25 C2; 12,20,75 

C . 
1' 

22, 10, 25 N2; 11, 23, 60 

Nl; 26,10,10 

were used for the Fourier synthesis. 

IV. 4. FOURIER SYNTHESIS 

A three-dimensional Fourier synthesis was obtained from 

the atomic co-ordinates derived from the Patterson map. 

The electron density function, equation 2.11, reduces to 
8 £=2n 

- 00 

p(xyz)•V {EEE (hk£)cos2rrhxcos2rrkycos2rrrz-
c ~=2n 

EEEF(hk£)cos2IThxsin2ITkysin2IT£z} (4.3) 
0 

for the space group Cmcm. As for the Patterson the computer 
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progrannne described in appendix C was used for this synthesis. 

Scattering factor tables (35 , 36 ) for thallium (+l), sulphur, 

carbon and nitrogen were used. 

With an R value of 21.3% the other atomic positions were 

obtained from the Fourier synthesis viz.; 

Figure 4 . 3 

Z • 25 x-
50 o~~-----,--------.----,---------,------n=r=; 

50L_u...._ __ ---1.... _ __ ____._ ____ .,__ ___ -'-------L..L-L--

Figure 4. 4 

Z •25 x-
0.--------,----------.----,--------r---""s::::l 

y 

! 

3 

50L..L ___ ....L. ___ __Jc_ ___ ....J..._ ___ __,_ ___ __. 
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C3; 0,32,25 

c4; 0,48,25 

cs; 50, 7 ,25 

c6; 8,36,25 

c7; 8,44,25 

O; 43, 11, 25 

see figure 4. 4 for the x,y,z=¼ projection. 

The details of packing in the crystal are shown in figures 

··· 4. 5 and 4. 6 . 

IV. 5. DESCRIPTION OF THE STRUCTURE. 

The space group for the complex Tt C
6
H

5
coo.4TU differs from 

all the others encountered before for this family of th:i'..ourea 

c0mplexes in that it has no mirror plares at z=o , ½ but instead 

has mi~ror planes z=¼,¾. For the complex to have a related type 

+ of structure this requires the Ti to occupy e ither positions 
2 

a orb, synnnetry m, of the space group. 

In _agreement wi th previ ous investigations on scructures 

of this kind the benzoate complex also contains co-ordination 

columns of anions and cations, with the thiourea molecules as 

bridges in between . Like all the other structures of this family 

this structure is also stabilized by i on-d ipole attractionso 

The thallous ions each of which is surrounded by eight sul­

phur atoms ar range themselves i nto infinite linear chains o Also 

in contrast with previ ous investigations each of the four sul­

phur atoms at z=¼ and z=¾ respectively do not appear at the cor­

ners of a square but on the corners of a trapezium, which alter-

nate with the long and the short base along the (001) axis (see· 

'.['he benzoate ions with mm crystallographic synnnetry are 

likewise stacked al ong (001) with their long axis alternately 

in the (010) and (010) directions. All the atoms of the benzoate 
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Figure 4.5 

Projection of the structure alon (OOl ) to show the details 

of the packing and some important structural parameters. Dashed 

lines indicate hyd,r,ogen bonds. 

--a 

___ ..,..__ -----

················;··· ······· 3-n ····· ······ ·3-n·····-·+ ················ 

i 99• 
----- I 3•36 -----

1 I 
I I 
I I 

. I t 

------ ~ __ ,,, ..... ---- --
' I I I 

~ -· r- l -1 --~ 
4 0 4 4 4 · 4 

5A 

Figure 4.6 

(OlO) projection of the surroundings of a benzoate ion. 

The benzoate in the upper half of the diagram is viewed from its 

polar end and the benzoate in the lower half from its apolar end. 

---'--- a 

I 

0 

5A 
@ y. 0 

0 y. + 
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ions lie in the same mirror planes at z=¼,i which also cont a i n 

the sulphur and carbon atoms of the thiourea molecules . Each 

benzoate has a polar and an apolar end, the former referring 

totµ~ carboxyl group . Only the polar ends s eem to i nteract 

with neighbour i ng thi ourea molecules in the same mirror plane . 

This is shown distinctly i n the (001) projection of the struc­

ture depicted in fig . . ~. 6. It 1s s een that: the -C(NH
2

) 2 groups 

are mirrored in the plane of the benzoate, whereas the apolar 

end is surrounded at van der Waals distances by the four sul­

phur atoms which are co-ordinated to thal lous ions . 

iv. 6. LEAST SQUARE REFINEMENT. 

A full-matrix least square refinement was carried out on 

the observed and calcul ated structure f actors without any dif­

ferential weight i ng factors. Co-ordinates of atoms in general 

positions (not special positions), scale factor for each layer 

line a~d an isotropi~ temperature factor equal t o 3.0 for ever y 

atom and an overall temperature factor were refined in various 

runs as parameters . Cycles in which overal l temperatur e factors 

(without individual isotropic temperature factors), scale factor 

and atomic co-ordi nates were parameters were run to gi ve a mi n i ­

mu~ residual or reliability factor of 10.0%. Then ref i nement of 

isotropic individual temperature factors (without over all B) 

scale factors and atomic co-ordinat es as parameters was done and 

considered complete when all parameter i: shifts were less than 

0.1 of their estimated standard deviat ions . The value of R in 

this case remained on 9 . 1%, 

The final atomic parameters, isotropic indivi dual tempera­

t1,1re factors and their estimated standard deviati ons are gi ven 

in table 4 .1 , while the observed and calculated str ucture f ac­

tor& on an absolute scale (f =1128) are given i n tab l e 4 . 2, 
000 

with all unobserved reflections F b ~20. 
' 0 S • 
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Table 4. l 

Fractional co-ordinates and temperature factors of the atoms 

in an asymetric unit, with estimated standard deviations below 

eaph value. 

Atom X y z B(i2) 

Tl 0 0 0 3.09 

0.04 

S(l) .1073 .1236 I 2.55 4 

.0004 .0003 0.12 

S(2) .1452 .0942 ~ 3.00 4 

.0004 .0004 0.13 

N(l) .2591 .0944 .1060 3.78 

.0009 .0008 .0022 0.31 

N(2) .1065 .2332 .6106 4.69 

.0011 .0009 .0025 0.37 

C (1) .2174 .1025 1 3.07 4 

.0016 .0014 0.47 

C (2) .1184 .1946 3 2.91 4 

.0015 .0013 0.45 

C (3) 0 .3159 ! 3.98 :, 

.0023 0.81 

C(4) 0 .4818 ! 1.95 4 

.0016 0.53 

a (5) .0715 I 2.08 4 

.0017 0.53 

C (6) .0775 .3584 ! 4.14 4 

.0019 .0016 0.59 

C(7) .0786 .4416 1 3.48 4 

.0016 .0014 0.47 

0 .4294 .1056 ! 3.42 4 

.0011 .0010 0.34 
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Table 1. 2 

Observed and calculated structure factors on an absolute scale. 
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The program "ORFLS" described in appendix D was used for 

the refinement . 

IV~: 7. BOND LENGTHS, INTERATOMIC DISTANCES AND ANGLES . 

Interatomic distances up to 5.oR and angles between various 

atoms in the unit cell were determined wi th the "ORFFE 11 progrannne 

also described in appendix D. 

From the data obtained it i s signi f i cant that t he t h i ourea 

molecules do not interact identically wi th thei r nei ghbouring 

cations or amo_ng themselves (see fig. 4 . 7). Whereas one type is 

3,45X distant from the closest thallous i on, another t ype approaches 

a thallous iop at a di stance of 3.38R. since d( T£ • ••• S) ~ O. Oo6R, 

this difference is chemically s i gnif i cant . Compared to d (T£ • • • • S) 

(18) a~ observed in the structures of T£N03 . 4TU, T£Ct o4 .4TU and 

TiH
2
Po4 .4TU the 3,45R distance is seen to be the normal one . Fur ­

thermore, the sulphur atoms of the thiourea molecules i nvolved 

in these close approaches are normally close to 3 . 36! 0 . 01R, com­

pared to the 4 , 54!0.01R between the sulphurs i n van der Waals 

+ 0 contact. There is an i ntermediate approach of 3 . 77-0 . Ol A be tween 

sulphur atoms belonging to thiourea molecules of unlike t ype. 

The aver.age distance betwe-en su1phurs i n the three structures 

mentioned above is half-way between the i ntermedi ate and t he 

lo_ng approaches observep here . Sulphur atoms with t. z=½ and i n 

positions of near-overlap in (001) projection are 4. 1s!o . 01R 

apart . This is in accordance with equivalent dis tances ob served 
C 

before, but the T£ . • . • T£ distance in a stack (2 =4 . 075R) i s some-

wh~t s~aller than the interthallous distance of 4 . 145R found i n 

all other structures examined before . 

As already mentioned there are two different types of thiourea 

molecule in the structure . The one type is i nvolved in the close 

approaches described in paragraph IV.5 whereas the other ype 

is not. The bond lengths of the two types will now be examined 

for possible effects of the close approaches. The mo lecular 
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Figure 4 . 7 

Schematic representation of the arrangement of sulphur 

atoms ar ound a chain of thallous ions . The interatomic distan-

ces are : 

1=3.36!0.01R, 2=4.54!0.01R, 3=3.11!0.01R 

4=4.15!0.01R, I =3.38!o.oo6R, rr=3. 45!o.oo6R 

o+ o o+ o 
The bond angles are: (2-3)=81 -0.1 , ( 1-3)=99 -0.1 

parameters for the two types are compared in table 5. 3 wi t h un-

d . d h. (3 8) f h 1 S C b . d co-or inate t iourea . Except or t e ong .... on s 

which just fail to attain 

Table 4. 3 

type 1 type 2 a TU 

s-c l.76'J.. 1.11R o.02R 1.120R 

C-N 1.3sR 1.33R o.02R 1. 34R 

S-N 2.69R 2.10R o.02R 2. 66.R 

N-N 2.35R 2.21R 0.03.R 2. 31R 

NCN 121° 117° 20 119° 

SCN 120° 122° lo 120 . 5° 
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signif j.cance level, t he t wo t ypes of molecule are ver y similar 

to free thi ourea, and on t his evidence are unaffected by any 

speci al i nterac t i ons. 

As mentioned bef ore t he benzoa t e i on has nnn ryscallographic 

syrmnetry . There are thus three crys tallogr aphic i ndependent bonds 

in th.e benzene r i ng . These measur e L41 , 1.42 and 1.41 respective­

ly (o=O . o3R) . The f our independenc CCC angle~ i n t he benzene ri ng 

0 0 0 0 0 
are 118 . 5 , 121 . 5 , 118 and 121. 5 (o=3 ). Al though the~e data 

are not very accurate a normal benzene r i ng i s i ndica t ed. The 

+ 0 + 0 carboxyl C-C and C=O bonds a r-e 1. 53-O . O3A and L 25-0 , O2A . The 

angles CCO and OCO ar e 118°!2° and 124°!3° . Becaus e of t he hi gh 

stpndard dev i ations no meani ngf ul depa r t ure from regul arity can 

be clai med here either . 

According to i nteratomic dis tances each benzoate i on is 

strongly hydrogen bonded to the surroundi ng amino groups bel ongi ng 

to the thiourea molecul es . There are two different N- H •••• O ap­

proaches . That of 2. 92! 0.02R i ndi cat es a powerful hydr ogen bond 

whereas the other of 3 . o3! 0.02R i s within the range of N- H-0 

hydrogen bonds gi ven by Pi ment al and McCl ellan (39 ) 

ly. 8. DISCUSSION OF THE STRUCTURE . 

It is stri ki ng that the thiour ea molecules i nvolved i n the 

shorter type of NH . • • • O approach are the s ame molecules involved 

in the shorter Tt •••• S and S • ••• s appr oaches. I t t hus appears 

as if only the 2. 92R NH .• • • O approach describes a hydrogen bond, 

whereas the 3 . 03i approach does no t i nvolve a hydr ogen bond; 

this means that hydrogen bondi ng to the ani on entails a conside­

rable modi f i cation of t he e l ectronic structur e of a t hiourea mo­

lecule. A sat isfactor y descr i ption is that the di po l e moment of 

the thi ourea i s enhanced by t he hydr ogen bondi ng . This lead 

autom{lt ically t o a stronger e l ectrostatic i nteraction with the 

thc1,nous i on and when t his i nduction operates i nt o neighbouring 
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sulphur atoms the possibility of weak IT-bonding between the 

sulphur atoms results. 

This effect was overlooked in the analysis of the 

T£Hl0 
4

. 4TlT structure because the sulphur atoms of the thiourea 

molecules involved in the hydrogen bondi ng i n· that · structure are 

diametrically opposed in the (001) sulphur squares. The rr­

bon,di_ng therefor e does not occur and the sulphur squares ap­

peared to be normal. Two different T£ •••• S distances were however 

observed, viz. 3.41 and 3.45f, but the significance was not ap­

preciated. The thiourea molecules with the · short T£ .••• S dis­

tance are hydrogen bonded to the phosphate, viz. d(NH •••• O)= 

2.94f, and the others are not. 

The reason why this effect is so obvious in the present 

structu~e is that, due to the asymmetry in the polarity of the 

benzoate ion, the (Ti..,_s 4) co-ordination columns have geometries 
I n 

which are completely different from anything observed before. 

In the present case the symmetry of these colomns i s nnn (also 

2/m) compared with 4/m in all other-structures. The nnn sym­

metry is· necessary to avoid the direct i on of polar -NH
2 

groups 

towards the apolar hydrocarbon part · of the anion. With a 4/m co­

lumn it is impossible to obtain an arrangement where all - NH 
2 

groups are directed towards one end of the anion. 

The model which describes the ionic thiourea complexes 

in terms of the close-packing of anions and invariant co-or­

dination columns of symmetry 4/m except for small distortions, 

must therefore be rev i sed. The problem is more general and best 

formulated in terms of the electrostatic interaction of the re­

actin~ species. Only when the anions can be approximated to 

point charges is the old model valid. In the ease of more com­

plicated anions however, their geowetries also play a role· and 

a~ demonstrated here the column is built up so as to interact 
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most effectively with the polar parts of such an anion. 

The deviation 1n Tt
3
Po

4
.6TU from the familiar Tt :S=l:4 

ratio can now also be explained since the interaction of 

isolated anions with long (T t +.4TU) · columns· depends on the . n 

number of effective contacts. For a cation·· : anion· ratio of 3: 1 

these contacts would occur on the average every 12R which is 

so inefficient that a column of a different geometry and com­

position and compatible with the 3:1 ratio is formed instead. 

The fact that only very drastic conditions seem to cause 

the formation of co-ordination columns which are not of 4/m 

type, indicates that this arrangement of sulphur atoms at the 

corners of a distorted Archimedean antiprismaround the cation 

is energetically the most favourable. It even occurs when not 

favoured by stoichiometric relationships as in lead (II) salts 

complexes and complexes of the thallous salts of dibasic acids (lB) 

iv. 9. CONCLUSION. 

The details of this structure have completely changed current 

ideas about the stability of the ionic thiourea complexes. It 

has been demonstrated that the very stable (M+.4TU) co-ordina-
n 

' 1 . h 4/ . • 1 1 t1on co umn wit symmetry m 1s not · an essentia structura 

unit. A better ,a.riterion is that these complexes will form 

wh~never any three-dimensional arrangement of ions and dipoles 

in the same crystal gives a higher intrinsically negative lat­

tice energy than the sum of the lattice energies of the separate 

crystals. 
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CHAPTER V 

DISCUSSION OF THE IONIC THIOUREA 

COMPLEX STUCTURES 

V. 1. THE IONIC COMPLEXES 

The type of thiourea str ucture encountered in this thes i s 
(17,18, 9, 

and which has been investigaced crystallographically 
20,22) 

can conveniently be described as intermediate between the 

two known types of thiourea complexes, viz , the hydrocar bon 

adducts and the co-ordination complexes , 

As in the case of the adducts the arrangement of the thio­

urea molecules in the structure can be described as constitucing 

a framework . The important difference is that in the present 

case they are not interconnected by S. , • •• H-N hydrogen bonds 

but arranged so as to enclose straight channels in the structure . 

The correspondence with the co-ordination complexes lies 

in the fact that the thiourea molecules are directed in such a 

manner that the cationic channel is enclosed exclusively by sulp­

hur atoms, which, according to the Zwi tter ion formulation carry 

residual negative charges , They differ from co-ordination com­

plexes in that the average separation between the cations and 
0 

the surrounding sulphur atoms i s approx imately 3 · 44A which is 

too long to be considered a co-ordination bond. The most impo -

tant way of assessing the nature of the bonding in these comple­

xes are, in fact the distances between the thallium and sulphur 

atoms and the shape of the polyhedron of sulphurs about thallium . 

V. 2, THE CO-ORDINATION POLYHEDRON 

The covalent radii for thallium and sulphur can be taken 
0 

as 1•5 and 1 · 0 A respectively, whereas the corresponding ionic 

radii are 1·49 and 1·84 R <44 ) . Thus the 'l; .2., • • • • S di s t ance ound 
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1n the comp l exe s s t udi ed, all corr espond t o an ionic and not to 

a covalent inter action . The exper i mental value for d(Tt, •• • • S) 
0 

is about O•lOA grea t er t han the value obtained by summing the 

ionic r adii. A s i mil ar l engthening of the Na • ••• • o distances 

i s found in some of the compl exes of sod ium iodide with oxygen-
(45 ,46, 47) 

containi ng molecules (The appropriateness of the 

ionic radi i of oxygen and sulphur us ed i n these calculations is 

not established, however, and so t he s i gnificance of the bond 

lengthening i s no t certa i n) . 

Various f eatures of t he structures of the two related fami-

lies of complexes v i z . thi our ea and sodium iodide with oxygen 

containing molecul es can be us ef ully di scussed in terms of Pau-
(48) 

ling's rules It has alr eady been shown, that in the family 

of thiourea complexes, the ca ti on i s surrounded by eight sulphur 

atoms in a di storted cubic arrangement (devia tion was caused by 

hydrogen bond i ng in the benzoate complex) and that a similar 

arrangement of potass i um and 
(50) 

and NH4Cu7S4 respectively . 

ammoni um i ons 
(49) 

i s f ound in KFeS 2 

The comp l exes of Nal with oxygen-contai ni ng 

molecules on the ot her hand have a di s t orted octahedral arrange­

ment of oxygen a t oms abou t the cation. Sodium ions appear gene­

rally to have a octahedral environment of oxygen atom and, in 
(51) 

NaCrS2 there is also an octahedral environment of sulphur 

atoms about sodi um . These observations are in agreement with 

Pauling's firs t rule, i n t erms of whi ch the r ad ius - ratio deter­

mines the co-ord i nat i on . The r ad ius-ratios (r+lr-) for various 

cations wi th oxygen, and sul phur ar e given in table 5 .1 with the 

ionic radi i in angs troms (co-or di nat i on number 6) given in paren­

thesis. 
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Table 5, Z 

02-(1 •40 ) s 2-(1 , 84) 

+ Na (0.95) 0 . 6fr o . s2* 

K+ (1. 33) 0.95 o . 72'<* 

Rb+(l.48) 1.06 0 , 81** 

+ Cs (1.69) L20 0 , 92** 

Tt +(l.44) 1.03 o . 78** 

*r+/r- values indi cate wher e octahedral arrangement s have 

been reported. 

** Indicate a cubic arrangemen t of an i ons abou t ca tion . 

Complexes of the other type are no t known . 

In both families of complexes the co-ordination polyhedra 

about the cations are joined by shared faces . As would be ex­

pected, both co-ordination polyhedra are distorted so as to i n­

crease the distance between adjacent cations as a consequence 

of the repulsion of the like charges. Because the cat i ons are 

singly charged, this effect is not suff ici ent to make t he s truc­

ture unstable (cf. Pauling's third rule). The shape and size 

of the co-ordination pol yhedron of sulphur a t oms about t he 

thallium atom may also be compared with situations i n other cry-
(51,52,53,54) . 

stals 

V. 3. GEOMETRY OF THE THIOUREA MOLECULE 

The dimensions of the thiourea molecules i n the i nves tigated 

complexes mentioned i n paragraph V,1 do not differ s i gni fi cant ly 

among thiourea molecules in the same complex, nor s i gnificantly 
(1) 

from those of thiourea itself, nor from tho s e of t hiourea i n 
(14) 

various covalently-bonded complexes The presence of a r e-

latively heavy metal atom in the struc t ure makes i t difficult to 
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validate small differences in environments. 

THE INFLUENCE OF THE ANION 

In the anion channel the size and chemical propert i es of 

the anion play an important part in the formation of the struc­

ture and also determines the space group. 

In the columns of the structures the ideal case is that the 

four-fold column axis should also be a crystallographic f our­

fold axiG with one column per tetragonal {100 } repeat di stance . 

In this case the channel between the columns also has tetragonal 

or cylindrical symmetry. Thi s s i tuation can occur only if the 

dimension of the anion fits the geometry of the channel exactly. 

This has so far only been encountered in the room temperature 

(17) 
structures of the l:4T £N03 and 1:8 Tt

2
so

4
- thiourea complexes 

The basic requirement for the occurrence of this structure type is 

that the equilibrium separations between cations and between 

anions in their linear chains must be the same whilst the anions 

extend sufficiently in the direction normal to the chai n to make 

close-packed· contacts ·with the walls of the retaining channel. 

In the T£N0
3

.4TU room temperature structure both cond i t i ons are 

satisfied, the latter due to the disc-like nature of the rotat i o­

nally disordered · flat nitrate groups. In the Tt
2
so

4
.8TU structure 

there are only half as many sulphate as thallous ions i n the pa­

rallel chains. The tetrahedral sulphate groups are not large 

enough to butress the walls of the channel, but few enough to fit 

linearly into the channel. With twice the number of sulphat e 

groups steric interference in a chain, with its pitch fixed by the 

equilibruim separation of thallous ions, would have occured. 

This situation· is encountered in the structures of the bro­

mide, iodide and perchlorate complexes. To match the pi tch of 

the cation chain these anions must take up a staggered arrange-
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ment whereby the tetragonal symmetry of the channel is destroyed . 

To accomodate such a staggered cha i n, adjacent co-ordination 

columns canno t maintain their identical orientations, bu t by only 

a small relative r otation, crea t e a channel, distorted away from 

cylindrical symmetry, into which t he anions can fit non-linearly . 

No relat ive displacement of the column is necessary to ensure 

contact between t he included anions and t he channel walls on all 

sides . The structures are still tetragonal, but now with two 

columns per (1 00) repeat dis tance . 

For elongated anions a parallel elongation of the cross-sec­

tion of the channel is r equired and column displacements occur . 

This leads to orthoromb ic symmetry and is exemplified by the CsF · 
(1 9) (20) 

4TU • 2H2o , CsC t·4TU TtC6H5C00 °4TU structures ,. In the 

fluor i de complex the included anion is the elongated F. 2Hz0 -

hydrogen bonded unit. A somewhat similar situation is encountered 

in the CsC t structure . I n this case, however, t he chloride is not 
0 

hydrogen bonded to the water in the channel (d(C t •.•• ,. O) 3 °2A) 

and the anhydrous complex can also exist with the same str ccure . 

In the benzoate structure the size and dimensions of the benzoate 

molecule also require elongation of the channel in a similar way 

as for the fluoride complex . A novel feature of these structures 

is that the amino ends of the thiourea molecul es which def i ne a 

specific channel do not occur al t ernately at different levels 

when considered cyclically . In all the ot her complexes with 

known structure, the anion pair within one asymmetric unit i s 

surrounded by eight thioureas lying alternat ely in the mirror 

planes at z=o,½_. This ensures close-packed contacts on all f our 

sides . The chl or i de ions, however, are too small to make simul­

taneous con~acts with eight close-packed thiourea molecules . I 

in close-packed contact on three sides the available space on 
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t he fourth side cannot accommodate two further chiourea molecules 

in t he alternating cyclic sequence . The closest they can get is 

t o pack ouc of phase and in contact only with chiourea molecules 

already i n con tact with the chloride ions . This results in an 

elongated channel resembling an e liptical cylinder . The chloride 

i ons are sicuated near one o the focal axes whilst the vicinity 

of the s econd focal axes is void and wich che sequence on this 

side di s turbed . Wacer mol ecules can diffuse into the void co 

res t ore close-packing chroughouc the structure. It is inceres ­

ting that the new environment of the chloride ions, established 

by t he i ntrusion of the water, can once more be described as a 

cyclic alternation of nitrogen or oxygen atoms between the levels 

z•o, ½. It becomes r eadily understood why recrystallization of 

the anhydrous mat eria l should occur in contact with moist air, 

but difficult to see why i ns tead of hydrated crystals of the com­

plex only t he components crystallize from aqueous or aqueous al­

cohl ic solutions . 

A quit e differ en t phenomenon in the benzoate complex is 

respons i ble f or t he non- appearance of the eight chiourea mole­

cules al t ernat ely at different evels when considered cyclic . 

The pol ar end of the benzoate molecule is surrounded by four 

thiourea mol ecule s in the same mirror plane . Two of the four 

thi ourea molecul es ar e strongly hydrogen bonded (as described 

in Chap t er IV) through the amino groups to the oxygens of the 

car boxyl gr oup . The ocher two could also be invol ed in weak 

hydr ogen bonding . The existence of the four thiou ea molecules 

i n t he same mirror plane is a result of mm symmetry of the car­

boxyl gr oup . The polar end of che benzoate molecule is not 

surrounded by any of che four othec amino groups left in the same 

level , but thes e four amino groups surrounded also a carboxyl 
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group in a mirror plane c/2 away and in the same way as described . 

As has been pointed out the thiourea mol ecules arrange them­

selves, within limits, in such a way as to define a close-packed 

anion channel. The way of packing of the anions in these channels 

explains why the nature of the cation and not chat of the anion 

determines the c spacings of the seri es of complexes o The a and 

b spacings on the other hand depend on the size of Lhe anion " 

V. 5. THE MADELUNG ENERGY OF IONIC THIOUREA COMPLEXES 

The non-exi stence of the Na+ and Li salt complexes, which 

is based on i onic radii alone, seems to be caused by unfavourable 

radius rat i os . But the exis t ence, as indicated in this thesis, 

of the complexT i 3P04 °6TU, which is still very similar in crystal 

habit to the crystals of the regular complexes, despite the ab­

sence of the tetragonal co-ordination columns, indicates that 

the ionic radi i ratios alone do not satisfactorily explain the 

phenomenon of the non-existence of the alkali salt complexes , 

Although radius ratios may thus demand a different geometry for 

the complexes of Na+ and Li + salts, they do not rule ou t their 

formation. From the energet i c point of view, however 9 it is 

clear that solid complexes can not be f ormed unless their lattice 

free energies are less than the sum of the lattice free energ ies 

of the components . The non-existence of the salt complexes mar­

ked negatively in tabl e 5. 2 should thus rel a te either to s ize 

or energy factors . 
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Na 

215 

180 

172 

162 

K 

190 

165 

158 

+ 

149 

+ 

Rb 

182 

160 

+ 

15 

+ 

145 

+ 

Cs 

173 

+ 

150 

+ 

146 

+ 

139 

+ 

Cohesive energies (kcal/mole) of the alkali halides 
(56) 

according to Ketelaar 

The+ sign indicates tha t the alkali halide thiourea 
(18) 

complexes have been prepar ed success fully Com-

plexes of the ocher alkali halides are not know o 

It has been demonstrated that cohesion in the chiourea com­

plexes of ionic salts is largely of electrostatic orig i n and 

that all the complexes have closely related structures, cheir 

Madelung constants likewise being very similar o Boeyens and 
(55) 

Gafner calculated the la t tice energies of these thiourea com-

plexes and found that all have latcice ener gies amounting to 

about 180 kcal/mole. With the contribution of the four thiourea 

molecules in the complex eliminated, one expects that only those 

ionic salts with lactice energ ies of less than abouc 160 · kcal / . 

mole can gain by forming 1:4 complexes wich thiourea . 

In table 5, 2 CsF is an exception , CsF represents a 

special case, however, since its complex has been obtained 
19) 

from aqueous medium only and is doubly hydrated 

hydrogen bonded anion (F •2Hz0-) . 

to give a 
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It appear s t hat: all the ionic t hiourea complexes have lactice 

energies of very near by t he s ame magnitude which is equal to the 

lattice ener gy of f our mol es of t hi ourea plus 16O~cal/mole . 

V. 6, THE HYDROGEN BOND IN THE I ONI C THIOUREA COMPLEX 

The role of t he hydrogen bond in both the phospha te and ben­

zoate . c0mplexes, che only t wo from all the complexes which have 

been investigat ed yet , i n which such hydrogen bonds becween the 

anions and the amino ends of t he t h i our ea wa s found , is a quite 

interesting phenomenon . 

The phosphat e i on, as descr i bed bef or e, occupi es a position 

more favourab l e f or hydrogen bondi ng o Bo th amino ends of the 

thiourea molecul e are i nvolved i n hydr ogen bonding wich the oxy­

gens of two neighbouring phosphate ions . This hydrogen bonds 

which are parallel t o t he a axi s but perpendicular t o the band 

o a~is are responsible for an i nc r ease in t he l ength of t he a 

axis in comparison wi th t he b axi s . In the direction parallel 

to the b axis and per pendi cular to t he a and c axis a decrease 

of the length of t he b axi s was caused by amino groups and oxy­

gen atoms at dif f er ent levels which sl i di ng slightly one over 

the other and whi ch could the r ef or e occupies closer-packing . 

No deviations from regul ari ty hav e been observed in the cation 

co-ordination pol yhedra due to hydrogen bonding . 

In the case of the benzoate complex t he anion and thus the 

carbo:icyl group appears in the same mi r r or plane as t he thiourea 

~olecules which means t hat either of t he two or both of the amino 

ends of the same thi ourea mo l ecule ar e i nvolved i n hydrogen bon­

ding with the oxygen a t om . 

As mentioned bef ore i n the cation co-or dination column , 

remarkable dev i ation f r om what has been obs erved before, was 

found . The only r easonable exp l anation for this deviation is 
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that it was caused by the hydrogen bond ing which reduced the 

dipole moment of the thiourea molecules with an equivalent r e­

duction in repulsion of the two sulphur atoms i n related posi­

tions in the same mirror plane . 

---000---



APPENDIX . 

A. INTER-FILM FACTOR PROGRAM 

The intensity measurements from the different films of each 

layer line ~re placed on the same relative scale by applying factors 

to the mea~urements from each film . These inter-film factors are 

obtained by taking the mean of the inter-film factors that can be 

calculated from the measured intensities for all che reflections , 

The intensity for each reflection is then given by the average of 

the values over all relevant films, after the film factors have 

been applied. A computer program, "FILMFACT", was written by J. 

Admiraal for use on an IBM 360/40 computer, and used to carry out 

this computation for each layer line. 

B. INTENSITY CORRECTIONS PROGRAM 

All the intensities were corrected by making use of the com­

puter pr9gram "CORRECT", writcen by E.G . Boonstra. 

C, fOURIER AND PATTERSON SYNTHESIS 

For the Patterson and Fourier synthes is all the measured in­

tensities were used in the calculations by means of the "CENTROSY" 

centrosymmetric Fourier program written by Gantzel and Hope (U . C.L ,A. ) 

and modified for use on the IBM 360/40 by Miss . J . Hewitt . 

D. REFINEMENT AND INTERATOMIC ANGLES AND DISTANCE DETERMINATIONS 

Refinement of the trial structure was done using the full- ma­

trix least squares program "ORFLS" of Busing, Martin and Levy and 
(35) 

atomic scattering factors as supplied by Hanson et al. 

Interatomic distances and bond angles with their estimated 

standard deviations were calculated by means of the functions and 

error computer program "ORFFE" of Busing, Martin and Levy. 

Alt;eration to "ORFLS" as well as "ORFFE" to allow their use on 

the IBM 360/40 computer of the C,S.I . R, , were made by H. Messerschmidt 

of IBM.(s .A . ) . 
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