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SUM1 iARY

The objective of this investigation is to determine as

much as possible about the structures of compounds or groups of

compounds from a consideration of functions directly calculable

from the x-ray diffraction patterns of powdered samples of the

compounds. In partisular, the study of coordination compounds

and complex ions concerns the number and arrangement of ligands

about the central coordinated metal ion. The investigation in-

volves the preparation of techniques for showing that a compound

or group of compounds has a particular coordination arrangement

by considering and comparing the intensity distribution and radial

distribution curves obtained experimentally from the compounds

and by oomparing the curves obtained from observable data with

corresponding curves calculated from proposed molecular structures

Toward this end x-ray powder diffraction photographs

have been tdken of several series of compounds, the members of a

series involving slight changes from one compound to another

such as isomorphous substitution of the various elements or

slight modifications of the structures. These series include

MIIdipyridine dihalide where MII is a divalent transition metal

such as Mn, Fe, Co, Ni, Zn and the halide Br or C; a series

of cis and trans octahedral compounds such as (cobalt bis-ethyl-

enediamine dihalide) X-; a series of eight coordinated com-

pounds MIV bisdiarsine tetrachloride where MIV is Ti, V, Zr or

Hf, and diarsine is a ditertiary arsine chelate group; and a

series of compounds containing the complex ions (M IIIcC) a- or
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(M2lCl9 )8- where M is Cr, Mo or W.

Several computer programmes have been written to treat

these data and to aid in their interpretation. These include a

programme that calculates and sorts by their magnitude sin9 e/X2

and functions thereof for a given crystallographic unit cell and

the structure factor and functions thereof for a given structure.

This programme has been found to be of general usefulness in the

study of crystal structures. A programme has been written which

treats the one dimensional x-ray diffraction data in various ways

and calculates the Fcurier transform of the data, the radial dis-

tribution curve. This programme has been used in the preliminary

treatment of some of the data that has been collected.

In the course of this work, a certain amount of single

crystal x-ray diffraction work has been carried out. This in-

cludes the solution of the structure of titanium bisdiarsine

tetrachloride and its isomorphs. A preliminary paper has been

published (Nature, 192, 222 (1961); J. Chem. Soc. 1962, in

press) and fairly complete diffraction data has been collected

for a complete and accurate analysis of the structure. A large

amount of data for the compound potassium platinum bisacetyl-

acetone chloride K(-t(C6H0 2 )2C1) has been collected and a trial

structure based on the projection data proposed.
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1. The Problem

a) ITreamble. As outlined in our original proposal the object

of this investigation has been

"to develop the routine use in favourable cases of the radial dis-

tribution curve of electron density to determine a certain amount

of structural information about coordination compounds and complex

ions in the solid state and in solution. The proposal involves an

evaluation of the general usefulness of the method."

As will become clear in this report the work has involved

the use of both single crystal and powder techniques to establish

structures as quickly as possible and to enable comparisons to be

effected.

b) Desired information on the structure of compounds.

Given the number of ligands attached to a central metal atom (the

coordination number), there are three main kinds of information

concerning the structure of compounds of interest to us: (i) inter-

atomic distances, (ii) interatomic angles and (iii) molecular con-

formation. Thus, in the case of a complex of the general formula

MC12 .2pyridine, we first wish to know whether the metal atom is

four-coordinate or six-coordinate, in the latter instance via

halogen bridging forming an infinite polymeric structure. Given

that the compound is monomeri6 and hence four-coordinate, one

wishes to know whether the bonds are arranged so as to form a

square or a tetrahedron of atoms around the central metal atom.

There remains the need for data as to bond lengths so as to en-

able one to infer something about the nature of the bond, whether
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it is essentially ionic or covalent and if the latter, the degree

of double bonding if any; and finally the conformation of the

molecule or complex ion as a whole.

A wide range of physical methods have been developed and

applied to inorganic compounds during the past few years to enable

one to infer the structure of molecules. Traditional methods in-

volving thermodynamic activities of the substance dissolved in a

suitable solvent lead to molecular weights; similarly electrical

conductivity studies on solutions and melts yield complementary in-

formation. More recently one has seen the wide-spread application

of the measurement of infra-red, visible and ultraviolet spectra

for structural purposes as well as the use of electric dipole

moment and mbgnetic susceptibility measurements. Other spectral

techniques include nuclear magnetic resonance and electron spin

resonance methods. The definitive technique, however, and un-

fortunately the most time consuming, are the methods of x-ray

diffraction analysis. Where possible, the x-ray method must be

regarded as the final arbiter of structure.

The time taken for many single structures forces one

either to limit the number of structures which can be determined

in a given time or to look for modifications of standard x-ray

technique which will enable one to obtain a certain minimum of

essential structural information quickly. In the study of co-

ordination compounds, this minimum structural information would

be the coordination number and stereochemistry of the central

metal atom only with perhaps limited accuracy and without know-
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ledge of the other atoms present.

The physical techniques other than x-ray methods mentioned

above do indeed give a good deal of reliable information but

constantly one finds unexpected results when a full x-ray study

is made. Thus in 1939 1 it was generally assumed that in bivalent

nicke14 palladium and platinum compounds diamagnetism was diag-

nostic of a square co-planar four-coordinate metal II complex

whereas paramagnetism with two unpaired electron spins indicated

either an octahedral or a tetrahedral arrangement. It is now

known from x-ray diffraction studies that quite a number of dia-

magnetic nickel II compounds are in fact five-coordinate (for

example iiiBr 2 .Triarsine 2 which is square pyramidal) or, in the

case of Pd, six-coordinate (for example PdI2 .2Diarsine which is

tetragonally coordinated 3.) On the other hand, it was only re-

cently that tetrahedrally coordinated bivalent nickel was estab-

lished in the compounds NiBr2.2Ph8P 4 and (PhkeAs)2iiCl 5.

Several groups of compounds have been prepared recently

in these laboratories for which a certain amount of structural

information is required, in particular the arrangement of metal

atoms and their coordinated ligands, and for which an unambiguous

structure assignment has not been possible by the usual physical

chemical non diffraction methods. Several of these groups have

been partially examined by the techniques involved in this in-

vestigation.

A series of compounds of the form

(Ms(CHCOO)e(OH)2)Cl.8l 2 0 where k is iron III or chromium III
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and similar compounds have been prepared by Mr. A. Earnshaw and

the magnetic properties of these compounds cannot be understood

without knowledge of the atomic arrangement. A structure has

been predicted 6 but cannot be confirmed without a diffraction

study.

Many workers in these laboratories have, since 1950, pre-

pared a large number of compounds of the general form

(NX2.2Diarsine)Y, where M is a divalent metal, X a halide and Y

an anion and wish to know whether these compounds are cis or

trans octahedral complexes or perhaps tetragonally or otherwise

distorted from an octahedral arrangement of ligands.

Dr. B. Coffee has prepared a number of compounds which it

is thought contain metal - metal bonds. Among these are

(PheaPAu)s, (two forms), PhsP-Au-in(CO)a, (PhaPAu)2Fe(CO)* and

PhaAu-Co(CO),. Metal - metal bonds in inorganic compounds are

little understood, and not only is it difficult to prove the ex-

istence of such bonds without a diffrection study, but the inter-

atomic distances and angles need to be determined.

Dr. N. Gill has prepared a series of compounds of trans-

ition metals of the form '.AX2.2pyridine where X is a halide. The

possible arrangements of the ligands about the metal atom are

octahedral, tetragonal, square or tetrahedral. Theoretical pre-

dictions of the expected coordination have been made, and the

structures inferred from the absorption spectra and magnetic

susceptibilities of the compounds. The actual structures cannot

be known for sure without quantitative diffraction studies nor
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can correlations between the physical properties of the substances

with the atomic structure be made.

c) Information available from one dimensional diffraction data

The x-ray diffraction pattern of a crystalline powder, a gaseous,

liquid or amorphous material must have spherical symmetry, i.e.

it is a one dimensional function. Obviously one can obtain only

one dimensional structural information from such a diffraction

pattern, that is, only information about the distances between

atoms but not about their relative orientation except in so far

as this affects distances. The diffraction pattern can be ob-

tained photographically in a suitable camera or measured directly

with some sort of photon counter. The Fourier transform of the

data so obtained can be calculated with no assumptions about the

structure of the substance involved,* and in some cases, this

Fourier transform, or radial distribution curve, can be inter-

preted in terms of the atomic structure of the substance. We

shall use the term "intensity distribution curve" (IDC) to refer

to the diffraction pattern of a substance (in reciprocal space)

whether observed or calculated and the term "radial distribution

curve" (RDC) to refer to real space functions, whether derived

from the atomi. bructure or the Fourier transform of the ob-

served intensity distribution curve.

The radial distribution curve represents the average

environment of the average atom of the substance (where the aver-

Cf. p.1O for a modification of this point
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age refers to the electron density or atomic number of the atom)

and must be interpreted in terms of structure as such. Often the

number of structural parameters exceeds the number of data avail-

able, and a unique interpretation cannot be made. This is because

the structure involves orientation and distances whereas the RDC

gives information only about distances. None the less, if a

trial structural model can be proposed, the radial distribution

curve of the model can readily be calculated and compared with

that obtained from the observed diffraction data. If the two

curves agree well, the model is likely to be correct, or, alter-

natively, it may be possible'to.show that a proposed model or

groups of models does not agree with the observed data.

The radial distribution curve can be modified in various

ways; the intensity distribution burve may be divided by the

sum of the squares of the atomic scattering factors to produce

the average environment of the average atom in terms of atoms

instead of in terms of electron density. The sum of the squares

of the atomic scattering factors should be subtracted from in-

tensity distribution curve (equivalent to removing the origin

peak from the Patterson function) but this requires knowing the

absolute scale of the IDC.

The intensity distribution curve itself cannot be in-

terpreted in physical terms, but some investigators consider the

comparison of observed and calculated IDC's a more sensitive

test of the correctness of a proposed model than the comparison

of ADC's? 'e do not yet know if this is generally true.
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d) The application of one dimensional diffraction data to

coordination chemistry. The RDC is often difficult to

interpret. It represents the average environment of the average

atom in terms of atomic number and consequently in those problems

in which the atom of major interest has a large atomic number,

the RDC is weighted to show information about the heavy atom.

This is often the case in the study of coordination compounds.

Furthermore, often the ligands, e.g. arsenic, have a high atomic

number, and in these cases the metal-arsenic and arsenic-arsenic

interactions will appear strongly in the RDC. In addition, the

study of coordination compounds usually involves the study of

many similar compounds in which the coordinated metal atom is

changed, for example from Cr to Mo or 1, and/or where the lig-

ands are changed, for example from Cl to Br or I. In these

cases, by comparison of the RDC's from the several compounds,

the peaks corresponding to interactions between the atoms which

are changed and themselves and the other atoms will change,

allowing an unambiguous interpretition of these interactions.

In those cases where several compounds are available

are where the atoms of major interest are of high atomic number,

the application of the ADC method should readily give a goid

deal of stereochemical inform.tion. The information is not

definitive, that is, it is open to alternative interpreta.ions,

but the technique should in favourable cases be at least as

valuable as the indirect physical methods currently used. The

success of the general use of the methods, given suitable
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compounds, is the availability of an easily used procedure for

obtaining the data and treating it numerically.

2. The facilities prepared for this investigation.

a) The collection of x-ray powder diffraction photographs.

dIe have been using a Yhilips 114.85 mm diameter camera and

x-ray generator with copper and chromium radiations for the col-

lection of the data. The camera, of the colliuator type, is very

easy to use. For the i<DC method, one does not went perticularly

high resolution in the photographs, but the signal to noise ratio

is very important. Ve have performed some experiments to see

whot c-n be done to raise the signal to noise ratio in this

experimental setup. The camera as it stands does not have a

very good signal to noise ratio; it cannot be evacuated and the

film is uncovered. The problem is often aggravated by the

existence of atoms which fluoresce in the most convenient radi-

ation, copper, and we have tried using chromium radiation in-

stead. The tube loading of a chromium tube is low and the

exposure times very long. In general photographs taken with

copper radiation are better even in the presence of atons which

fluoresce. We put black paper between the sample and the film

which absorbs the longer wavelength fluorescence radiation more

than the characteristic coherent radiation. In an attempt to

increase the signal to noise ratio we have designed modificati-

ons to the camera to allow it to be evacuated or filled with
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helium and to place the filter between the sample and the film

(as used at the Bell Laboratories, personal visit Aug. 1961).

The se modifications, however, have not been completed.

The use of direct x-ray photon counters has much to re-

commend it. Crystal monochromators can be used between the

sample and the detector and a pulse height analyser used with

a proportional or scintillation counter. These greatly increase

the signal to noise ratio of the experiment by decreasing the

detector bandwidth compared to the wide bandwidth of photographic

film. The geometry of the experimental setup can be controlled

and the determination of the absolute scale of the IDC more

easily made. Se are designing at present an automatic counter

for the collection of one dimensional diffraction data from

powders and liquids. The device would use Bragg-Bentano focus-

sing geometry and would automatically collect diffraction data

and prepare punched paper tape for the computer.

Lists of compounds for which photographic data have been

collected are given in part 3.

b) The measurement of such photographs and the preparation

of the data for treatment by the computer. We have been

using a Joyce-Loebl recording densitometer for the measurement

of the diffraction photographs. The densitometer has two mech-

anically linked tables, one holding the film and one the record-

ing paper. The ratio of their linear movement is 1, 2, 5, 10.

20 and 50 to 1; we generally use the ratio 2:1. The light

beam is split, one part travelling through condensors, the
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film a microscope (16 mm lens) and the other through an optical

density wedge. The two beams are sam];led by a chopper and the

difference signal drives a motor connected to a carriage carry-

ing the wedge and a pen. The film and recording paper can be

traversed by hand or generally by a motor; we use the slowest

speed. de have found that the pea record is most satisfactory

with the instrument control set feedback 5, motor speed 2, slit

width 30 mu, slit height 500 mu.

The instrument is not ideal for the measurement of the

photographs but we know of none better. The area of photograph

seen at any one time is small, so small that individual grains

in the film cause noise in the record curve. The slit width can-

not be made too wide or the space between diffraction lines can-

not be measured in complicated photographs. It is important to

measure the interline areas because they give a measure of the

background of the photograph.

We are using this instrument for the measurement of these

photographs, but these problems could be eliminated by the use

of a counter instrument as suggested in part 2 a).

c) The calculition of functions of the data: the radial

distribution curve. We have written and modified an

autocode programme for the University of London Mercury computer

to read the intensity data, correct it for Lorentz and polar-

ization factors, and to calculate a modified radial distrib-

ution curve. The programme calculates
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S

rDr) P/ 2sin(2e)sin6 e-Be2
rDr)- . 1c- 2(--27 sin(4%rs)lrcoS(2) fi ... 2

min atoms

where s (sine)/%

The programme does not determine the absolute scale of the data

nor subtract the intra atomic coherent scattering. The pro-

gramme is easily modified and a complete description of it is

given in Aippendix I.

d) The calculation of intensity distribution curves and

radial distribution curves Xor proposed structural models.

There are two ways of calculating the radial distribution curve

of a structural model. The first is to consider the model and

to sum the products of the atomic number (and to put in an ex-

ponential or other function for the atomic shape) for all atom

pairs (that is to do the calculation in real space) and the

other is to first calculate the diffraction pattern of the model

and then to calculate the Fourier transform of this diffraction

pattern as is done with the observed data. We have decided to

use the latter method. It has the advantage that the intensity

distribution curve is produced automatically during the course

of the calculation. In addition modifications to the radial

distribution curve and the handling of the electron density of

atoms are more easily accomplished by the usual crystallographic

techniques by going into reciprocal space and then back into

real space. To this end we have written a programme that cal-

culates the interplanar spacings for a given unit cell, sorts
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them according to the magnitude of sin 2 e and punches them and

functions of them. The programme wi1 also calculate the struct-

ure factor for a given structure and produce it and some functions

thereof. The IDC of a proposed molecular structure as distinc*

from a proposed crystal structure can be calculated by putting

the molecular structure in a large artificial unit cell. The

sebond part of this programme to calculate the RDC of the structu-

ral'model by doing a Fourier summation on the calculated IDC stored

in the comp~uter has not yet been written.

This programme has turned out to be of great value in

general single crystal investigations. The single crystal with

which one actually performs a diffraction experiment is not a

large sample of the gross substance available. Parti6ularly with

the unstable substances of current interest, the individual crystal

may be something other than the rest of the material avAlable with

which one has made p.ysical measurements. The method of ensuring

that the individual crystal used for a diffraction experiment is

to index a powder diffraction photograph taken with a representa-

tive sample of the substance in terms of the unit cell obtained

from the single crystal investigation and see if they correspond.

This can readily be done with the programme available. It sorts

the planes in the order in which they appear on the powder photo-

graph. de have used the programme to calculate spacings for the

compounds Ph8 P.u two forms, TiCl.2Diarsine, KPt(Ocac)2Cl,

Zr(acac)aCl, CuC2.2pyridine and bromine bisquinilin perchlorate.

Very little is known about this last very unstable compound, on
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which we have done some work, and of the two crystalline forms

found (one is sometning else) we were able to show that one form

is characteristic of the material as a whole. A complete descript-

ion of this programme is given in Appendix II.

e) The comparison of the radial distribution curves of sub-

stances with their known structures. Since the unique in-

terpretation of the experimentally determined :iDC is usually

difficult or im-nossible, a great deal of the success of the method

involves being able to suggest possible structures ond to test

these suggestions. The method of testing has been described in

part 1 b) and the calculations in part 2 d). Ve have, however,

found in the course of our investigations that some structural

data could be determined in particular cases quickly by a short

single crystal investigation or that the coordination state was

so unusual as to require us to make a single crystal investigation

in order to test our results. The experimental facilities avail-

able in the laboratory include an integrating Jeissenberg camera

and a Buerger precession camera. The major computer programmes

for single crystal work, a Fourier synthesis programme and a

least squares programme, are available by courtesy of O.S. i~ills

and J.S. :Rollett. ;e have written a few fairly minor programmes

to facilitate this work. These are

1) a programme that does a polynomial interpolation in a widely

spaced tabulated table of atomic scattering factors and produces

a table of f with variable intervals in sin e or sin 2e to be used

with our IDC programme (section 2 d) and Appendix II) and with
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±hllett's structure factor least squares programme.

2) a programme which produces the coordinates on a square grid

of any perspective view of any crystal structure.

3) two subroutines of general use which are used in our other

programmes.

a) a very fast sin and cos routine which determines both the

sin and cos of 2xX to 1 part in 1000 is about 3 msec, and

b) a similar fast programme which determines e" to 1 part

in 1000 in the range -9 x.

3. The compounds and groups of compounds considered and results

obtained.

a) Cis and trans octahedral compounds of transition metalz,

mostly of the form (Ik-X2 .2Diarsine)Y. A group of compounds

prepared by Professor S. Yamada and Mr. Gordon Rodley has been

partially studied. These compounds are generally octahedral

complexes of transition metals, primarily cobalt, which it is

thou ht exist in both the cis and trans forms. The differences

between the radial distribution curves of the cis and trans forms

of octahedral complexes are not great, yet it is thought by the

comparison of such curves from several compounds in which the

centrl metal atom and the ligands are substituted by atoms of

different atomic number, a blassification of the compounds as

to which are cis and which trans will be possible. Calculated
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trans-oAsCls

ci s-CoAs*C1.

trans-CoAs.Bre

II*

I

I!I
I1

Figure 1. Calculated point atom interactions (simple RDC's)

for cis and trans octahedral cobalt Diarsine complexes.
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]?oint atomic interactions (the simple form of the ADC) are shown

in figure 1, for the cis and trans forms of CoAs4 Q2 and 0o04Cls.

Powder diffraction photographs of these compounds have been made

as shown in table 1.

Tab-le 1. ''ower photographis available of

cis trans octahedral complex es.

Compound Radiation Intensity range Prepared by
available

(hours exposure)

cis (COD 2 C12 )Cl 4  Cu 1.5 - 6 SY

r 11 - 19

cis (CoD 2 Br2)ClO 4  Cr 6 - 16 SY

trans (CoD2 Cl2 )CIO4  Cu 1/3 - 5 SY

Cr 6

trans (CoD 2.Br 2 )C1O, Cu - 2 SY

Cr 16

trans (RhD2C12 )CIO, Cu - 2.5 SY

(.1iD Ci2 )Cl Cu 1/3 - 3 SY

(CoD2 Cl2 )Cl Cu GR

(CoD2 I2 )I Cu GR

(1iD 2Cl 2 )Cl Cu 2h GA

(2,hD2 C1 2 ) Cl Cu GR

(IrD2 Cl2 )Cl Cu 2 G,

(AUhD 2I2 )I Cu GA

(IrD2C1 2 )CI Cu GR
(insoluble)

IrD2C12)Br Cu GR
insoluble)
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Table 1 (Continued)

Compound Radiation Intensity range Prepared by
available

(hours exposure)

(CoD2 C12 ) Cu 4 GR

(NiD2 C12 ) Cu 2 GR
NiD2 (NOa)2 Cu 2 G.

I CoD2 (NO3 )2  Cu 2 GR

CoD2 (ClO) 2 typO A Cu 2 GR

NiD 2(ClO 4)2type Cu 2 GR

4 CoD 2 (C10) 2 type B Cu 2 GR

NiD2 (ClO+)2type B Cu 2 GR

FeD2 (ClO,)2  Cu 1 GR

cis (Coen2 Cl2 )Cl Cu 1/3 - 5 SY

trans (CoenCl2 )ClO, Cr 6 SY

D = Diarsine, (C6 H4)(&s(CHq)) 2

en = ethylenediamine

SY prepared by Professor S. Yamada

GR prepared by Mr. Gordon Rodley in these laboratories.

The statement of the isomer of the compound is that of Professor

Yqmada based upon a study of the absorption spectra of the

compounds. 13e hope to confirm or correct this assignment by

means of the present study; detailed measurements on these

photographs and the calculations of the radial distribution

curves are in progress.

Another series of compounds is that of the fIX 2.2pyridine
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where X is C1, Br or I prepared by Dr. Naida Gill. C-ray powder

diffraction photographs have been taken of the compounds

Cr 1Py 2C12  vlnpy2Br2 C0oy2 12

!Vinpy 2 C12  Copy 2 .3r 2  Znjy 2 I2

Fepy 2Cl2 Cupy 2 Br2

Copy2 C12

Cupy2C12

Znpy2 C12

These compounds have b*; en classified into groups according as

the centrol metal atom is octahedrally, tetragonally or tetra-

hedrilly coordinated by consideration of the spectra and magnetic

susceptibility of the compounds end a qualitative judgement of

the x-ray diffraction -hotcgraphs. In order to make this classi-

fication as quantitative as possible we are measuring these

photographs and calculating the radial distribution curves from

them but this has not yet been done. The crystal structures of

some of these compounds are known, and so it is possible to

calculate the expected diffraction patterns and the theoretical

radijl distribution curves. The expected diffraction pattern

for one substance, CuC12.2pyridine has been calculjted and com-

pared with the photograph.

e) Compounds involving the complex ions of the form MXS-

and 1 2 8 . 6everal compounds which presumably contain

the complex ions ,V4 863 - and 14X93 - where i.i is Cr, Mo or W and

X is C1 or Br have been prepared by Mr. P.W. Smith. The
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compounds for which powder diffraction photographs are avail-

able are shown in'Table 2.

Table 2. The compounds containing MX8 or M2X98'

for which powder photographs are available.

Co mp ound prepared by

K3IdO2 Fq PVJS

(Ett4)3Cr2Cl9  D. Machin

(Ph3U~eAS) 2 (He 0)Mo 2 Clg PW

(Phj6As)2H 3 Oi~O2 Br9  PNVS

(PhAS) 2 He 0410 2 C19. nH{2O PWS
(Et.&N)3± 1o2C9 Pwis

ft4 ) 2 He Oi10Io 9Cl 9 PIS

(IieaHN)SM02Cl9 FINS

K3 9 2 Clg .INS

Cs8 'W2Cl 9PI

(Ph4,,s) 2 HsOW2 Cl 9  W

K3 1,0l Mo.l

Osa MoCle PRvs

PWVS

Cs3k~oBra Pis

The potassium hexachioro salts of R-h, Os, Re,

Pt, Ti and Pb PWVS

lie = methyl E~t = ethyl I-h = phenyl

FWS prepared by Peter W. Smith

The structure of KaVdaCig and of many similar compounds is
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known, 8 and consists of two octahedra of halogen atoms each

with a metal atom in the centre sharing one face. The structure

of the IMoC1 6 3- ion is unknown but presumably is an octahedral

arrangement of C1 atoms. Je have me3sured photographs and cal-
9

oulated the RDC lunction

rD(r) = I e e-i s2 sin(4nrs)
l+cos 2 (20)

where I is a measured intensity and s s for the compounds

(CH3H3N) 3 1V1oCl 6 , K3 'oCI6 , (CHP1 3 1) 3 140 2 'lq and (FPH+As) 2 H3 0' o 2 C19.

These ±2DC's are shown in figure 12, and it is seen that it is

quite possible with reasonable conviction to separate the four

curves into two groups, those containing .the complex ion
iiioCle- and those containing the complex ion

dlo 2 Cl)' - . we have not interpreted these curves in terms of the

atomic interactions involved nor calculated the theoretical

iDC's from either the known structure of K3 11,o2 C19 or from

hypothetical complex ion models. N)onetheless, the separation

of these curves has given us encouragement that these A{DC

methods will be applic 3ble and valuable in our study of the

stereochemistry of coordination compounds.

d) Bight-cc.ordinated compounds of the form .Xk.2Diarsine,

including the single crystal structure analysis of

TiCl4 .2Diarsine. Dr. Robin Clark in this laboratory

has prepared the compounas TiC1 4 .2Diarsine, ZrCl4 .2Diarsine,

HfC1 4.2Di.rsine, VC1 4.2Diorsine and TiBr4 .2Diarsine. le have

taken x-ray powder photographs of them and shown that the five

substances are isostructural. The powder pictures appeared



FT~ 1I 1 November 1961 25

i \

c- \
t /\f /

S/\

_o 
/ ",..

" "1 
i. 

1 
t 

1 
1-I

2K~LLt: ~ - C:~ rc~c~~i r~cJonr data fo~r
m;-. " L .. ..

'~ ~ ~~~~~~~~ 
.

, ,, 

13,<. .C ~ l



FTR 1, 1 November 1961 26

fairly simple (had rather few lines) and Dr. Clark was able to

grow some single crystals of TiCl.2Diarsine from nitrobenzene

sjlution. Therefore we decided that the structure might easily

by single crystal methods be analyzed. We were able to take

Veissenbcrg and precession camera single crystal diffraction

photographs of the (100) and (001) zones of the crystal.

The compound is tetragonal, space group I2m

a o = 9.26 .. , c o = 16.32 A, observed = 1.808 g/cc, 2.00

molecules per unit cell. The sharpened Patterson function 11

for these two zones was calculated and interpreted in terms of

the Ti, C1 and As atoms. The carbon atoms of the ring and the

methyl groups were placed according to stereochemicallyaccepted

values of the bond angles and bond lengths. Most of the atoms

are in special positions, of space group 142m, the Ti atoms

in 2 a 42m at 000 + B C, the As, Cl and 3 independent C atoms

of the ring in 8 1 m x,x,z; x,x~z; x,x,z; x,x,z + B C, and

the methyl groups in the general positions 16 j 1 x,y,z;

x,y,z; xy,tz; xyz; y,x,z; y,x,z; y,x,z; and y,x,z +

B C, 15 positional parameters. The structure was refined

with the (100) data (the (001) data is not a function of the z

coordinates) with the structure factor least squares computer

programme written by J.S. Rollett. After eight rounds of

least squares refinement the R factor for the 45 observed

planes of the (100) zone dropped from 18.4% to 6.8% and that

for the 57 planes of the (001) zone from 25.6% to 10.5%.
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The atomic coordinates at this stage in the refinement .arteetven

in "able 4.

Table 4. The atomic coordinates of TiClt.2Diarsine

.Atom x y z B

Ti 0 0 0 2.5

Cl 0.1794 0.1794 0.04487 2.72

As 0.1225 0.1225 0.1537 2.51

Cl 0. 3 0o . 0535 t.2415 5.0

C 2 O. 115, 0.1153 0.3118 3.1

C 5 0.0513 O.O513 6.3851 5.1

C 4 0.3275 0.1115 0.1415 3.7

por.sp:ctive drawing and views from several directions

of the molocula are shown in figure 3. It is seen tiiot the Ti

atom is eight coordinate, the first example of an eight coordin-

ated atom in the first long period of the periodic table.

The coordination polyhedron around the titanium atom is a

dodecahedron .w;ith eight vertices consisting of four equivalent

arsenic atoms end four equivalent cilorine aitoms. The arsenic
0

zatoms are 2.71 ± 0.02 , from the titanium atom and are at an

angle of 360 to thtj tetr.-gonal axis. The chlorine atoms are

0
2.46 ± 0.02 i, from the titanium atom and are at an angle of

750 to the tctragonjl axis.

The molecular symme'try of these compounds is the same

as that rej,orted for the comijex ion 'o(Cl)l 4 12. For this

symmetry a set of hybrid bond orbitals determined by 2acah 15

from d4 sp3 orbitals has one group of four with maximum strength

2.968 at an angle of 720 47' to the tetragonal axis and another
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0
a. b.

t~e3 a. three views of the coordination group of
TIIj2Diarsine. b. a perspective drawing of the .ole-
cule il.Di ie The carbon rings are represented
d~agr'amatically and the CHa grou1ps are not shown.

AI
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group of four with maximum strength 2.995 at an angle of 340 531

to the tetragonal axis.

The direction of the titanium-chlorine bond coincides

with that of the first group of these hybrid bond orbitals. The

angle between the direction of the titanium-arsenic bond and the

tetragonal axis (560), however, is 20 1arger than that of the

corresponding miximum strength haybrid orbital, while the neigh-

bouring csrbon'-carbon-arsenic 3ngle (1170) is 30 smaller than

the ideal trigonal angle of 1200. Y'hile barely significant,

this suggests that the stability of the molecule is sensitive

to the titanium-arsenic distance, and that the angular dis-

tortion necessary to obtain this distance is correspondingly dis-

tributed between these two angles.

Precession camera single crystal pictures covering

about 80I of the total available data within the copper sphere

have been taken and this data is being measured and processed

for a complete three dimensionel refinement of the crystal

structure. ii refinement programme (the treatment of atoms in

special positions causes complicitions in the least squares

matrices) has been provided by J.S. Rollett as a modification

to his general programme.

e) Five coordinated compounds including the single crystal

analysis of ihPt(ucac) 2Cl. In the course of our work

on compounds with unusual coordination numbers and in our

attempt to determine something about the stereochemistry by

ADC methods, we decided that we could not determine the
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structure of five coordinate complexes without being sure of

such a structure. Consequently we undertook the analysis of

the structure of KPt(acac)sC1 where acac is acetylacetome,

prepared by Dr. Ron Long. 1e collected single crystal dif-

fraction data from the three major zones of the crystal.

The crystal has space group 12/c, ao = 25.97 A,

b o = 13.73 t, c o = 7.70 A, j = 92.00, 8 molecules per unit

cell. The molecules are in general positions. The Patterson

functions for the three zones were calculated and the platinum

atom coordinates determined from them. The observed structure

factors phased on the platinum atom were used to calculate the

three Fourier projections. It was possible to place all the

other atms in the molecule from these Fouriers, and these

atomic coordinates were used in a least squares refinement of

the structure. At this stage of refinement the value of R

is 15.345 for 443 observed planes in the three projections

considered together. The atomic coordinates of the platinum

chlorine, potassium and oxygen atoms are listed in Table 5.
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Table 5. The coordinates of the platinum, chlorine,

potassium and oxygen atoms of the compound KPt(acac)2C1

as determined from the projections

£Mtom x y z

Ft 0.106 0. 171 0. 152

Cl 0.023 0.184 0.003

K 0.008 0.409 0.752

0 1 0.179 0.164 C.303

0 2 0.092 (.013 0.145

0 3 0.118 0.338 0.178

0 4 0.093 0. 163 0. 383

The molecular geometry of the platinum atom is that

of a tetragonal pyramid with a square base formed by atoms

01,02,03 and C1. Tc interatomic distances and angles for

this group of atoms are given in Table 6.

Table 6. Interatomic distances and angles for the

coordination group of KPt(acac)aCl

Pt - Cl 2.22 04 - t - 01 800

Pt - 01 2.00 C4 - Ft - 02 840

Pt - 02 2.20 04 - Pt - C5 910

it - 03 2.52 01 - it - 02 960

I t - 04 1.95 C'l - Pt - 05 850

Cl - Pt - 01 1750 CI - Yt - 02 850

02 - Pt - 03 17. °  Cl - Pt - 05 930

04- It - Cl 950
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Me consider that this structure is probably correct though

inaccurate at this stage and in order to ensure its correctness and

to obtain accurate values of the interatomic distances and angles

we have collected fairly complete three dimensional data out to

the copper limit using copper radiation and the 7eissenberg camera

and molybdenum radiation and the precession camera. This data in-

cludes the planes HKO to HK3, OKL to 3KL, HH+ 1L to HIE±3L and HIL

to H5L. 'V'e expect to have available about 3500 independent planes

for the accurate analysis of this structure. ge are measuring

these films, the Veissenberg by eye and the preuession photographs

on the Joyce-Loebl recording densitometer. This structure analysis

is being done in collaboration with Dr. R. Mason of Imperial Col-

lege, University of London.

f) The partial structure analyses of PhsPAuCHs. Dr. E. Coffee

has made some interesting compounds (6f. part 1 d)) of which the

oompound Ph3 PAuCH8 was thought to be (PhaPAu)2 with a .u-Au metal-

metal bond. This compound would be very suitable to treatment by

the ADC method if Au-itu bonds were present because of the high

atomic number of Au. Powder diffraction photographs were taken but

it was decided to see if single crystal techniques would not more

quickly give more accurate information. Single crystal pictures

were taken and the space group was determined as P21 212± ao=12.5 A,

bo=1O.1, Co=13.2 with four molecular units of PhsThuCHa per unit

cell. Since the general >osition of the non-centrosymmetric space

group P21 21 21 is fourfold, there is no way in which two Au atoms

could be closer to each other than one half of the shortest axis,

or 5 A, and consequently it was proved that the compound did not
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have a Au-Au bond.

The material from a second preparation :f what is now known

to be PheP~uCH8 was studied by powder and single crystal diffraction

techniques. This substance had a different crystal structure,

space group p2j/c, ao=8.6 A, bo=11.3 A, C=16 A, -ll5o, four mo-

lecular units of Ph8PAuCH per unit cell. This space group is

centrosymmetric with fourfold general position. Consequently, it

would be perfectly possible for a centrosymmetric dimerio molecule

with a metal-metal bond to exist in this crystal symmetry. The

(100) and (010) zones of data were collected from a single crystal

and the sharpened 11 Patterson functions calculated for these zones.

The Patterson functions were interpreted in terms of the Au and P

positions and these are listed in Table 7. The Au-Au distance is

about 5.2 A, clearly larger than could be considered a Au-Au metal-

metal bond. The compound (PhaPAu)s has yet to be prepared.

Table 7, Rough coordinates of the Au and P atoms in the 2t/c
formor PhAPAugga as determined from the Fattereon runc on

Atom x y z

Au 0.32 0.06 0.10
P 0.42 ? 0.07

4. Discussions. PaDers. meetings

A preliminary paper announcing the preparation and struct-

ure analysis of the compound TiCl*.2Diarsine and its isomorpha

entitled "Eight-co-ordinate Diarsine Complexes of Quadrivalent

Metal Halides" by R.J.H. Clark, Jack Lewis, R.S. Nyholm, Peter

Pauling and G.B. Robertson which gives the crystal structure of
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the compound in somewhat less detail than is given in this report

has been published in Nature, 192, 222 (1961).

Dr. Peter Pauling travelled to the United States in July

and August to attend the annual meeting of the American Crystal-

lographic Association in Boulder, Colorado July 31 to August 4

and to visit various laboratories. Transportation on the North

Atlantic was arranged by the European iesearch Office of the

United States Department of the Army.

Dr. Pauling gave two papers at the LOA meeting; the

first entitled "The Use of Aadial Distribution Curves in the

Stereochemical Study of Coordination Compounds" by Jean Dollimore,

Peter Pauling and G.B. Robertson stated the problem and the mode

of attack by the RDC method and announced the structure analyses

as presented in this report of the compounds TiCl*.2Diarsine and

KPt(acac)gCl.

The second paper was entitled "The Design of a Versatile

Instrument for the Automatic Collection of Three Dimensional

Single Crystal Diffraction Data" by Peter Pauling in which he

proposed the use of a small stored programme digital computer

as the control box in a system for the measurement of three di-

mensional single crystal diffraction data. The use of a com-

puter for such a purpose, the design of such systems, and the

present and future costs of such a system were presented in an

attempt to get the many people actively interested in this

problem to seriously consider the very great advantages of the

proposal.



FTR 1, 1 November 1961 35

Dr. Pauling visited the Ordnance Materials 4esearch

Laboratory, Watertown, Massachusetts. The work there by Dr.

I.JA "eiss on determining the radial distribution of electron

density of elements by measuring the diffraction pattern parallels

our own work though on a different level. His results and the

results of selfconsistent field calculations of wave functions

of elements by Drs. A.J. Freeman and R.E. Watson are and will be

used by us (and all other crystallographers) in our treatment

of one-dimensional diffraction data and in calculated structure

factors and IDC's.

Dr. Fauling visited Dr. Norman R. Gregory at the Univer-

sity of 4ashington, Seattle. Dr. Gregory is using one-dimen-

sional diffraction techniques in his study of phase transitions

in materials but uses more straightforward crystallographic

techniques than the RDC.

Professor G.A. Jeffrey, of the University cf Pittsburgh,

whom Dr. Pauling visited, wishes to apply one-dimensional

diffraction methods to his study of hydrates. This was discussed.

5. Administration including expenses

The experimental work has been directed by Professor

R.S. Nyholm and Dr. Peter Pauling. The crystallographic work has

been done by Mr. G.B. Robertson who has worked on the Contract

full-time, and the programmes for the computer have been written
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by i-Ars. J. Jolliyore, who has spent about 80,,i of her time on the

Contract work since 1 February 1961.

A summary of the expenditure of Contract funds is shown

below. There has been no expenditure on important property.

Expenditure

G.B. Robertson at 900 p.a. 1.11.60.-31.10.61. 900. 0.0.
Superannuation 90. 0.0.
National Insurance 30. 0.0.

Mrs. J. Dollimore at 58 p.m. 1.2.6l.-30.9.61. 464. 0.0.
at 450 p.a. Oct. 1961 37.10.0.

Overheads 100. 0.0.

Materials 206. 0.0.

Computing 314.16.8.

2142. 6.8.
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Appendix I. Programme RDC 1

Callulation. The function

2sin(20)sinO eBs -

" ""- ........... ... .... ... ...sin(4%rs)

min 1+cosO(2e) .to (f())

where 8 = (sine)/ is calculated for each of the values r - 0 by
4r to rmax in A where E and B are preset constants and f(sq) are
atomicr m scattering factors

Input

n the number of atomic scattering factor tables to be
read up to a maximum of 14

A f1 fS the scattering factor tables, each tabulated at the
points 0(1)16(2)32(4)60/64 in sines for the wavelength
used and each preceded by a letter pair

' dr the interval in r in A desired

.the maximum value of r desiredmax
L number of answers printed per line

C a constant, unused at present

B the exponential term constant

11 a scale factor

title for the following data terminated by two figure shifts

M the number of heavy atom types for data following

a A the number of each type of atom in the structure sepa-
rated by two spaces from the letter pair indicating
the atom type

X Y F where X/F is e in degrees for the first value of the
data following and Y/F is the interval in e in degrees
for subsequent values of data

I 12 Is not more than 218 observed intensities terminated by
an asterisk on a line of its own.

Running Procedure

Autocode in, programme in, Halt hoot.

Data in TR, press key 9

To restart reading TITLE and data, ITB keys 9 and 1, put up

key 2, drop key 9.
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Appendix II. Programme One-Dimensional

Calculation. This programme generates values of the iiller in-

dices (hkl) and for each plane calculates the value of s2 where

s = (sinO)/% according to the given crystal system and cell con-

stants. The minimum and maximum values of S 2 to be considered may

be given. The values of s2 and their corresponding indices are

sorted into order of increasing magnitude in s2 and are punched

out with the indices and some further functions of s2 as desired.

If a crystal structure is given, structure factors and functions

thereof are calculated and produced as desired.

Input. 'ach item of input is one of a group which is introduced

by a DIRECTIVL on a line of its own and terminated by an asterisk

on a line of its own. The directive is one of the following

words:

TITLE, GROUP, LIiITS, C. LCULAL&, TUCTUR., SY .uZLRY, CE:TRO-

SY,!*14T2IC, iCkOITIOi3, FOR1,GFCTWS.

The information given with each directive is as follows:

TITL any title

GxdO'UP (compulsory) followed by one of the words

CUBIC, H..GONiL, i'XIGONiL, L TAGORAL, 00kT1iGO.HOMBIC, MOiOCLINIC

or Ti1ICLI1iIC on a line of its own followed by one of the letters

!-, F, I, A, B, C on a line of its own for the Bravais lattice

symbol followed by those necessary for the system of

a b c c 3 y the cell constants in A and degrees.

LIkITS (may appear twice) followed by one or more of

S,IN, 3JAX eabh followed by a number being the value of S for the
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minimum and ,aximum value of s to be considered (will be 0 and 1

respectively if not given).

CACI)L, 2 E (compulsory, may aj~pear twice) followed by one
or more of th, following each on a separate line

D calculate the interplanar spacings in A

1/D calculates the reciprocal of the interplanar
spacings

D2 c Acultes the square of the interplanar spacings

l/D2 calculates the reciprocal of the square of the
interplanar spacings

S calculates sine

S2 calculates (sine)g

S/X calculates (sin8)/X

$2/X2 calculates (sine) 2 /X2

T calculates e in degrees
2T calculates 20 in degrees

The letters S, S2, T and 2T must be followed by
sp sp and the value of X, CR LF.

STRUCTURE to be followed by the value of X on a line of

its own

CNLRO3YI. TIC (omit if not centrosymmetric)

POSITIONS (must occur if STRUCTUE occurs) followed by a
list of atoms and coordinates in the order

s1 sp X sp sp Yi o- sp Z sp sp B sp sp C CR LF

AB is a letter or letter pair describing atom type

Xis Y, and Z, are atomic coordinates

B i is thermal factor in 
e-B i 2

is multiplicity factor for atoms in special positions

CALCUL.,TE (must occur if STiOCTURE occurs) followed by one or

more of the following items each on a separate line
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F calculates the structure factor

I calculates the square of the structure factor

ILP calculates the squarc of the structure factor
times the Lorentz and polarization factors for
Debye-Scherrer cameras.
The item ILP must be followed by sp sp X OR LF.

"Yli!ZTRY folloved by X,Y,Z, and items of the form 2, -R,
a-+R, and a-2 each three on a line of its own,
where R is X,_Y or Z and . is a number either in
the form of a fraction (3/4) or a decimal (0.75).

FOGiQF.CO1OiS follo\;ved by thc f tables tabulated at
0(1)16(2)32(4)60/64 in sin 28 and each preceded

by a letter or letter pair. Tis list need only
be read in once, before the first set of data,
but it must include all atoms mentioned in
]0SITIONS. If a new set of date includes new
atoms, further f tables must be read in before
this data.

LI!IvITS followed on a line of its own.by :1'

FMIN, ILi±IiN or followed by sl sp the value of the limit, CR LF.
ILIZh~ If the calculated F, I or ILP is smaller than

the limiting value, the plane is not punched

Operating Prosedure Pig F in

Prograinme in with rT13 no keys~ends on a rather horrid hoot.

Data in TR, press key 9:after a successful calculation, warbles

six times on a variable note and comes to control hoot.

To re-enter programme, ITE key 8, Tap keys 1,2,8.to start fresh

press key 9;to read more f tables and new data, press key 8.

Spurious characters on tape

Will copy next 10 characters on tape and print B registers and

accumulator and hoot. 2cstart necessary


