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or THIS

The theais is divided into a''*? tar* whleh deal, not with the 

individual coc,pou/ids atudied in ©equenoe, but with HOBMI particular aspect 

of all of them* Thus Chapters 1 and II are an i^troduciion to tho 

ahamietry of the ocMtpounfo, Chapters 111 and I? deal solely with th* 

X-ray crystallography (data collection atrueture solution, a»d 

**«e*att«iit of techniques )9 a3ftd oan be re*<J by the«s«lva8. Chapters 

V and VI Ascribe indspena^ntly the results end interpretation of 

stniGturo dotoraination of two wte 01* oo®pomds? »itb«r r«li®n ossly 

on 1 and 11* ( It ha* bs«m in|>oeaibl  to separate the solving of the 

atructijre mid discusulon of mrolta in Chapter V }*

All th« tables arid dia^raas* wh«r« not iwluded in the body Qf 

tbft text, have been put in at the end of each chap tar, 1 hope that 

this will mak® it. easier to refer to them ooxitlmiaHy whilst keeping

the text intact* In ;>artioulajr Gtrucvura i'aotor^ &re oontalned in a 

chapter (VII)*

Since the relation of molecules to oaoh oth«r la

I have tried to showr this with ollnographic '3nwin^«s of the structures. 

These are to ^cale and are projections dotm th« vector «l':h direction 

dOfinesi -0.%f «»0.193*"«290f in a rlglit-han ,ed syatea, The crystal 

axes are not trr&nged eontsi*tentlyf partly because ef the differing 

shapes of unit eellst and partly to get the best view or the structure. 

The origin and *m& are alwaya labelled.

Reference^ ar® arranged on a ohapter baais. Tbe number refers

to the table of rererenoea at th« end of the ohapt^, urdeys otherwise
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The technique of £~r«*y diffraction haa bo*a u*ed to

investigate eoapouada which show o.-i«rge- transfer properties in 

tfce solid atat«u It ie ate own how the results of structure 

determination ean t under favourable condition*! give inforaatloa 

abetit chArge«»traaafer prooeasea*

Two @®te of coapouada he?e been studied 9 both of which 

contain fRetal«»chloriae bosids. The first i® & ®«ri«» of mixsd-valenoe 

cobalt hesaamine chlorocupr^tee in whleh th© «verA^« oxidatioa at«te 

ef the oopp«r «&K take any value between 1 *ad 2» fh» structure of 

the aia&le-v&lenoe (oopper (D) co»pouad t [ao(HH3)^J4Gu^lx7 waji 

eolved and data w«a also collected for a compound with Gu(I}/total Cu 

^^ 0«25» This wa® shown to have a structure to the ain<;le**rftl«&oe} 

oopper (i) ana copper (II) com pound® and probable arrangement© for 

the Ou(X) and Ju(Il) ions &r« presented* It ia showa that linear 

Cu~31*»Gu bri%a« ©r® alieoat oert ̂iy.ly preheat aa4 that these c&»a

account for ih«» obar^^-triin&f^r .s^ectr^* . a«w chlorocupreta 

" diaoovered 9 which baa
-^

second s©ri®3 contains a comason aation f £; *"    t (pq ) v

which is N v K*»t!irsothyl»* 9 4 f *bipyridyliun* Four aalt® of i » 

|N|CoCl. v pqPdCl , p^'^u.,Cl^ f and pqCv.Cl. have b@en «tudied t and
r *T *» vJ K, *T

their atructuroj1.* are diaeuaaed in terwe of ehorfe-tr^n^fer* It 

appears that short R-C1 contact®, as little a« 5«25 ? f ^^r® the main 

feature of the stracturee, and thaee are alraoat perpenuioular to the 

plase of the aromatie rin,$. There is also sorae evidence for aa 

attraction between the isitrogen and chlorine ato«a*
?h© cottpouad pq^eCl. f which containe radicals, has beea

to be isoatructural with pqCoCl, t and the eli^rge*tr&n©fer
2+ +. 

process ie discussed ia t«rfrss of pq aad |MJ * Electron deaaity

for thasa species support the hypothei>i^ t ia theae 

coor..ound£s the Kitro^ea atosi is aeoeoanrj for eharge-tranafer*

chloroeuprata ioa v (CuGl^) f wa® discover «d t and the

coordination of r;,«tal chloride an ion a is diacusaed*
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Sine* the argunents used to relate X-ray results to 

electronic procesaea depend on knowing the accuracy of structural 

parameters* «n analyst* of the precision of the®* parameter* *«*

undertaken. It was shown that the e*ti«*ted standard deviations are

useful criteria of accuracy*
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HfTRODCCTICm
4.

CHYr, kl STRUCTURE AMD BU8CTRQNIC FROCKS: SS

The study of charge-transfer in a crystal has the advantage 

that the geometrical relationship of the enVtieg involved is fired 

and can be found, and tliat there is no variation ndth time* In 

contract, the situation in a liquid fluctuates rapidly and at any 

moment ie made up of jna:iy different configuration? of unequal 

energies* Although for the complete description of charge-tra rfer 

in a solid the geometrical structure oust be known, X-ray analysis 

la of no direct benefit in the inveatig&tion of electronic processes* 

It can yield an average view of the electron density in a crystal, 

but this is a; yet too inaccurate to be described meaningfully in 

terras of changes in valence electron structure. An alternative 

approach was adopted.

life asmurae that charge-transfer processes in a crystal will change 

the electronic utruoture in a way that will distort the geometry of 

the eystetu. Since there is no way of predicting exactly what this 

geometry woula be in 'the ab&ence of charge-transfer, the identification 

of distortion murt be partly subjective. The risk in thir process is 

lessoned by investigating a series of Findlar compound* to see if they 

ali show the same effect. *uid if so, to interpret any variation. The 

variation of geonjetry of complexes with atomic number is a well-known 

method of invartigatin^ electronic properties (of. Reference 1). 

Besides the possible weakness of argument in this process, there is the 

difficulty that it is usually impossible to analyse accurately enough 

the forces in any crystal structure. Only in aa isoraorphous series of 

compounds is the variation of intermolecular forcee likely to be 

insignificant. The combination of other physical iseasureraents, such as 

conductivity or absorption spectra, with X-ray structures is often very 

helpful. •>* 
Char ge-tram? far ^ 

.^.Charge-transfer (C-T) can be loosely defined as the process:-



hv
, , . - - • A 4 B^=± A * 4 3 "

where A ana 3 (not necessarily neutral) may or may not be bonded. It 

is an oxidation-reduction process (usually revere^-u, .-hare the 

energy IP supplied by radiation, which when in the visible region 

results ia the oompounu being coloured. (In this definition can also 

be included partial electron transfer, or a ehangu in polarisation of 

a system. However, the crystals studied may involve oora^lete transfer 

piace A and B are known to be stable under moderate oonditionr. It 

is interesting that soae charge*transfer compounds are thought to have 

a grounu. state v»here A •»• 3 is tne main cooi'i^uratio^)

Though oxidation-reduction oust involve a change in electronic 

configuration, it is often more clearly visualised as involving 

something other than simple electron-transfer, ixedox. mechanicras have 

been widely studied in solution and, lor transition metal compounds, 

appear to take place by two or three main mechanisms. The terminology 

of these i* adopted for solid-state charge-tra;isfer» although it is 

clear that the crystalline state incases severe restrictions on atomic 

and possibly electronic movements.
i) (One) .electron-transfer is well-known in both inorganic and 

organic reactions, and aor-t of the systems investigated later involve 

oaiy unit chafes in formal oxidation state. The Jf'ranck-Condon 

principle implies that reaction will be efficient only if the changes 

in geometry are small* Thir process if often called "outer-sphere"^) 

a* it uses the outer valence orbitals and aairt often take place over 

relatively large distances* It is basically iadepaadent of the

co-ordination sphere, but can be helped ia certain c&ses by electron
V» ?

delocaliration onto ligands. An exaa^le of this is the IrCl?^ ... IrClT*
c 6

•yptem, where d*.localisation whicn helps electi'oa-transfer has been 

shown by solid state e.s.r, (3)» ^-r&y diffraction ca;. give little 

direct evidence of "outer-sphere" mechanisms, but may help to deduce 

the orientation of orbital* which might be involveL. 

ii.)_ Inner-sphere meohanlsa. If electron-transfer is *o elow that ligand



replacement is a faster process, oxidation is possible by atom- 

transfer, as in:-

3'5 J
Cl - (4-)

It is clear that only ligands capable of forming bridges can *>.ct, 

such as halogens (but n. t ammonia) and in charge-transfer, it is 

likely that intermediates involving bridge* will be iaportant.

The distinctiori between ini^tr- and outer-;phere mechanisms is 

often not clear-cut. For example, although the equilibrium:

. 1).

involves tto atom transfer, It in greatly catalysed in solution by 

Co(MH.)g or C«4 (5). This implies that ion-pair are inportant, ani
-i -4*

that polarisable species, such && Gs or K (&ee Ch&pter VI )( which ore 

normally thought of r relatively "inert") can -aid electron- transfer. 

In an ionic crystal where positive and negative charges alternate, this 

effect may *r@ll be significant* A reaction which ooeurs by both 

outer- and inner-sphere aiechcuiisias sliaultaneously is the oxidation of*

. The rate, above a certain" by Co(NH.)_x 
5 .. 5 5

2* to |coX(CN)_1 ^* 
.. L. 5J 

value, depends on X, but otheinriFe is constant (b)»

ill) Hydrogen-aton transfer. Inner-sphere reactions usually involve

atoms linked direotlj to the
ry'

. in the equilibrium oetwe n I?e

and Fe in aqueou; solution, the reaction is catalysed ouch more by 

hydroxyl than by chloride. This har led to the ;.ropocal ("J ) of the 

bridged state:

I /
Fe - 0 - K

/

ft

although this does not necessarily imply complete transfer. TChere 

hydrogen bonds are formed in the crystal to ligands (e.g. NH,, HJ^



or Cl) of transition taetals, this mechanism is a possibility, 

especially as hydrogen atoms may be labile in the crystal. 

^ tram fer in crstals

Although the precoediu^ discussion has beeu of reactions in 

solution, the principles should apply in a limited degree to charge- 

transfer equilibrium in crystals. Electron transfer involving 

large changes in geometry is helped in solution by theraal 

excitation and tbiE procecs i» therefore rather unlikely in the 

crystal (unless excited strte? are involved). Similarly distinct atom 

transfer is not possible and a bridged intermediate will be more 

likely to involve electronic rather than atomic movement* An inner- 

sphere mechanism can be written:

- C r. C>

A - X —— B ^=* A * ——— X*"* —— B ^=* A * - - B '

which need not involve appreciable movement of X.

To investigate charge- transfer in crystals, we choose a system 

where (i) and (iii) are of roughly comparable energies* It can then 

be assuraec. that the geosoetry of B is not energetically too unfavourable 

for the formation of B (or an excited state of B*). It is possible 

also that state (ii) might be of lower energy than (i) or (iii) and 

that its existence would be suggested by bond length considerations. 

(In crystallo graphic terms, it is rao^t unlikely that substantial 

amount r of (i) and (iii) exist in the same crystal, even in the 

presence of radiation*)
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frnn)Tg>
Metal-chlorine bonds were chosen as the common feature of all the 

compounds In which interaolecular (interionic) C-T was studied. The 

advantage* of th: irstly that jaetal-chlo; i in the 

absence of C-T) have been well investigated an ige in 

geometry is likely to be ?i nificant. Secondly, aetal-ohlorine- 

net&l bridges art! well-know, a and. the iaoieatiou potonti&l of chloride 

is low enough to suwv , t that t, could b« important. 

also roughly in the middle of the spectroche-ier.! sorior. suggesting

that its crystal field demands on transition L ion* will not be
"*«• 

too severe. (For exaa^li , ^Jth square pj. .j. twtrahedral UiCl!'
4 

ion* hcve bee i observed in crystals.) It ^.. .,-._iveV' ^iall f and

verr VJM-' ible co--- •" -ition number with (o \. " • u d ions 

auggertr that this geometry might be influenced by C-T effects. 

«iixed-val enc e
If a c, " ' : o ad t1aoen '• ? enoy et r ' " rtetal 

clone to each ot l lughly similar environ: , there ie 

of tea a C-T eouilibrium, which may li*,* close to centre. ?he whole 

crystal nd^ht appr.. ' r .ction intermediate and unueual 

fWHWtric s .r;nificant. ,

Moft ndxe -,. ., . imi.lar r 

fomtilae) or exist over only a siaall ranra of v,iricuJie etoichioiaetry. 

There 1; a ,.cc y-ion in the mixea-\ ^c cliloracuprate(I,Il) salts 

of cobalt(IIl)hc which appear to extend c between t'r e

formulae [MHB^] , Cufl)^! , ^ and (Igc) [v

Man^ » Co(MH 7 ;^^* or wr(NH ,)^ )• Then* appear to be no interaediate 

oompounae o* - ...;.w-. ,, -. jtry but well formed cryi-tr^ ..»* . ...^ 

chai't>w~ wA'tvvt.^A «r -^•"'••.r to >^« j. •,j* l«c..* - c**^ ,-.««...- —* . .... u^.^. -.;. ;„- -..cjs

The fonaulae of th- corapoundt aupear t" " definitely 

established (and are confirmed by v-ra ''lysi? ( S), :* V). 

Analytical results fjt ».*» interrac.-.^«w« w.*..-,/— ̂ — -*•- --*-.~^~_ .„.._<->. — i 

deciding 'wo "bl ' "IP fox' the . ,hir ir because, 

in c°in£ front the co 7er(ll) compound v ' « fifth



copper atom is introduced for each ^roup of 4 o**6 -iial ones, 

originally suggested that this war not introduced until the ratio 

(cu(I)/tot&l Cu] y 0.5? Day and Culpin oentionea the alternative 

possibility ttttt it was introduced in proportion to the |Cu(X)/total Cul 

percentage. The inter tes can be described by the unwieldly

foronl&j [ am,!, (cu(Il),, Cu(l)\ Cl , where x IF the nole 
I 'j A "-x xin i<f + ^n - nx

fraction of |Cu(l)/total copperj (and is ucod to name the intermediates

As "Xy- Ctt(l)")» *i'^ *w - ..A-fjo/tatal July ii 4 for x = 0. ^ for 
*' ^ * ^ j *

x SB 1 , and is presumably a function of x, al .ight dapend

on the method of preparation. The situation it -.*,£ic«0s* in Figure II.1.,

whf3T© Cul^in's ana yses are shown and the formulation? of the

inter.. .. .. .... or- shown by lines (which n_u .. ,,,. _...i,

is sukgested in Chapter V). Mori FU- « v - . -,...r ,„.._ j..«j,"| _Cu_Cl. &s
L oj 2 2 9

an intermediate but there ao direct evidence for this.

Charge-transfer is very marked in these compounds as the 

compound*5 -*w u»*r .-al^ci. u;:ccpt within abvu, • . . ond points. The 

dependence of the intensity of the charge*transfer absor^i ;. j t on mole 

fraction Is shown in Flgire 1.1 a. (9 )* Tn« shape of the curve, which 

has no discontinuity jf slOi; , suggests that there are no diBcrote 

phases (althou...' 'lats r.- r- u c ~r -01*0 ill-defiaed), IMs ii alto 

true for le cry. u iductivity, . . b, ''he 

curves are not accurate enough to relate intensity of ab?or. t the 

parameter n (see Chap tor v). The crystals were m&do from the vei, dark 

mixture of GuCl aid GuGl? in id (which has been st, . by (10 j''^u ^.-.lt. 

and absorption 14-, 1) . -' 1" taay contain a . .•- 

mediate of the type:
- 2-"x

/cr
i . Cl - CiT

Gl_

(although no ev* "van for *'• ctual cc ' --. ^ Jie 

copper).
The syi:t_ . is very suitable for -ray analysis. The conpounds



crystallise in two space-groups (Fd5c for 0( + )^ Cu(l) .and ?d3 for 

100(->£ Cu(l)\ the latter being a suVgroup of the first, (Part II 

work (ll)). This means that there is no crystallographic necessity 

for any distinct phases and even the copper(ll) and copper(I) compounds 
are very similar. The chlorocuprate(ll) structure had been solved ( 8 ) 

and tho positions of the corresponding heavy atoms in the chlorocuprate(l) 

were identical (i^art II). Even though this had not been solved, its 

unusual stoichiometry could be explained satisfactorily in terms of 

space-group symmetry positions. The ohlorocuprate(l) was therefore 

investigated more completely and data was also collected for an 

intermediate.
Since there is a possibility that a mixed valeace compound rnigltbe 

sufficiently ordered to give a ruperletbica a similar compound for 
which this was likely was investigated as a parallel. Mixed lead(TT) 

and (IV) chlorides in HC1 solution give Coani£Pb(lI)(lV)Clg, which is 

probably [CoamJ] ^(TlJCl^FbCriOci^. ?he strong charge-transfer 

(although possibly aided by the eobalt(lTl)hexancninc ions) is probably 

outer-sphere but /-ray analysis could still show if the two typer- of 
octahedra are different and regularly ordered* 
Paraquat, compounds

The combination of A and A (as with the chlorocuprate(I,Il)) ir 

not the ™ly method of trying to cre-te a charge-transfer intermediate
«•

in a crystal. If A and B can be dhoson so that their ionisation 

potentials are fairly similnr, and if the change in lattice energy 

from AB to A B is small, then the equilibrium should be appreciable, 

loniffatiin potentials (which are not usually available) can be crudely 

paralleled by electrode potentials ana a particular suitable electron 

acceptor is paraquat, with an E.P. for reduction of 4-56 mV 03 )• 

Paraquat (pq *), or dimethyl viologen, is the N,N*-2f,4' dipyridylium 

dioation:-



which is easily reduced t--» the intense violet radical monooations

Me - H
» ' / \ V ./ .**)

laae (14*) has made many raits of paraquat with raetalohloride

Lex anions, of which the most interesting was pq?eCl , prepared 

from pqCl,, and FeCl^. This was blue and its absorption spectrum, 

Figure 1*2, showed itroag evidence of bands due both to pq and 

charge-transfer. (Thie diagram also shows charge-transfer in other 

paraquat halides.) There was also an e.s.r« signal whose g-value 

oculd be interpreted as arising from a combination of pq and FeCir"". 

Mossbi^uer spectra, however, showed that the percentage of tfeCl. 

was probably small. This strongly suggested Uu,t X-ray analysis of 

the structure nd^bt give some indication of the charge—transfer path.

A compound had also been prepared from Gu(l)Cl and pq010 which appeared
2+ 

froui e.s«r. evidence to contain Cu ions t~._ ..as veiy darkly coloured.

Thie coi'ld have cio^e connections with the other chiorocu. r te».

There la obviously charge-transfer betwee> paraquat and single 

halide ioms as shown by the spectra of th& cry, oalline

Figure 1.3» i'his implies tliat lid. anions would b -~rth invr-- 4-' — _.tl .-
"? •* o 

even when the cent ion (e.g., Co" , Pd *) is not • -'• ly

(The rinple halides have been investigated ol-ewhere (17)) 

(Paraquat IP, incidental ly, a well-known weed kill r which 

probably acts, in coti junction with chlorophyll, U> produce rL c Is. by 

a photochemical process. I'araquat chloride solution can be channel to 

radical aonooation by irradiation.)
oranic sys t eras

The movt&eut ji .--iec Irons hair so far been considered at to and 

from definite sites, although deloealis^tion of (4-) electrons is 

certainly possible eY*m in sinpie syeteaw. When the eleetron accepting

(or donating) power arisar froa ao specific atoa, but fro«; u ;...-i. 

as a whole, then & difiw*^..t aieol— *1. ~ .art t- ^ . -ulL.te:.i. he 

known examples of charge- transfer involving delocalised (r^o^
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•ytteras are the benzene-iodine conplex and the it - U complexes of 

flat arottatio molecule? . The latter has been described by th*j 

principle of "maxinnm overlap" of Tf-orbital* (|4-) and is

•JWBplified by the complex of copper oxinate and tetracyanobenzene 

(Chapter IV). X-ray structure analysis can give little information,

except the extent of TV- over lap. Sinoe delocali«?©d "H-systems
2— 

exist not only in paraquat but also in the metal anions (e.g., 1'dCl,

this sort jf overlap might be possible and would be suggested by 

part of the anion lying close and parallel to the paraquat ion.

The bens©ne-iadine syrtera and similar complexes have been shown 

(|5) to involve a specific donor/a^coptor-associated with the middle 

of an aromatic system. The benzene-bromine and bensene-CCl, complexes 

are perhaps the most pertinent a® they contain bonds with a terminal 

halogen directed nearly perpendicularly at the centre of the ring, and 

this can be called a-IT charge-transfer. Its geometric requirements 

are due to a combination of suitable orbital^, but It is difficult to 

predict which these will bet. Corresponding M - Cl — I ] fT-system 

arrangement** wou Id be evidence for this type •
Organic molecule' containing a donor atom (e.g., M, 0) can form 

charge-transfer oomplexes which do not depend on delocaliration (15). 

An example is (Me)JJ —— I ? , which can be written (Me)_ —> N^ 4 — I — Ic ~, 

where stability is due to the donor power of the oitrogea and the 

polariBability of the iodine. A similar ooacplex occurs »ith p- r : 'ine 

where no appreciable use of the "if-electrons is ?mde. (It ir possible 

that by back-donation th© lone-pair electrons on the iodine atom 

nearest to the nitrogen could interact with the ring TT-system.) 

Hassel (15) notes several very short N —— Cl (2.3^A) and 0 —- Cl 

(2,50A) dista , although some were appreciably longer (~>3.2A). 

Paraquat cannot be directly fitted into this scheme as it has no lone- 

pair t but the ll -electron density may be partially concentrated at the 

(positive) oitrogtin atoas:
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tfcis would allow the electron aeeeptiag/don&ting power to act 
through the nitrogen atom eren through originating fron the whole 
system. (A more rigorous basis for tide is described in Chapter VI 
froa theoretical and experimental calculations of the H -electron 

density in pq and pq *.)
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SET 07 THE ACCUaACRT OF X-Rjff STRUCTURES 

This geometrical method of investigating the electronic structure 

of compounds relief on the differences in bonds and angles of two 

structure? being significant. The estimation of errors in parameter*

actuates that error? In P , are random, which is still valid for
obs

reproducible errors provided they do not affect the parameter? 

pymteniatioally. This is reasonably true for most positional parameters 

derived froa dat«, -i moderate accuracy* The use of these ect: mated 

standard deviationi (e.a.l.'s) depends 3-1 their practical Justification, 

which is rarely, if ever, undertaken ar it involves repeated 

meaRurcEifcat of f^^ data and ref indent of paraiaetGrs • In particular 

it is interesting to know it different expertise a t«rs get results 

agreeing within thsir e«s*d«*s. '"Mr would involve tho duplication of 

the measurement of ooaplete three-dimensional data and is not usually 

attempted, 
Duplicate data froni a taolecular

Because of a alight misunderstanding, ?*VrigJvt and I determined 

the structure of copper oxinate*2tctracyanobenzene independently and 

simultaneously, I have analysed the differences between ihc tv/o 

structur s aad compared them with the e.s.d.'s (Chapter IV). 'he 

structure is included solely for the data comparison, etc. (though a 

paper on the chemistry ir» in the press (lv.8) and. it is hopod to laclude 

a reprint in this thesis)* 
of data collection

Photographic iDethodF of data collection can only compare with 

counter measurements if auoh tint and care is spent on them. The data 

collared above suggested that one-axis Weis&enberg photographic d&ta 

collection is & quick raethxl whose error i? accurately represented by 

ita e«t *d**B* Though very widely used (1M,0» little critioism of IU 

merits and demerits ha* been ;mde and I hope to have shown (Chapter III) 

that its uee with heavy atom compounds is worthwhile. In particular, 

the time saved (which IF valuable if a series o; o ipoundr ir> bei g 

investigated) '^utweighp the loss in accuracy,



IJtrrprg in bond? and angles
The systems studied provided a good "bar is for an empirical 

assessment of e.&»d.'a of bonds aad angles. A series of compounds 

was taken (from the literature and this thesij) involving oxina:e 

complexes in environiaentr where their bond lcn : and angles should 

be orystellographioally indistinguishable . A statistical comparison 

was made on the basis that bonds and angles are indaendent .
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densities and has a plot of bond order vs bond length. Both were 
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o-o
o° -1

-0

27
kK

IO
RK

I I I I I I J_ I

\l7
kK

l

0-
2 

0-
4 

0-
6 

0-
8 

1-
0 

M
ol

e 
fr

ac
tio

n 
C

u
1

FI
GU

RE
 

1. 
Ab

so
rp

tio
n 

in
te

ns
ity

 
an

d 
co

m
po

sit
io

n 
of

 
m

ix
ed

-v
ai

tn
c*

 c
kl

or
oc

up
ra

ifs
.

10

- £ P o I 
10 

' 2
U 1 

'

**
* 

x 
e

0 X 0 
0

X
 

«

8
o

> 
x x

£ 
| 

x
1- 

? i 
V

10
 

§1, (

" x 
o

—

X

1 
1 

I 
I 

1
3 

0-
2 

04
 

0-
6 

08
 

1-0
• M

ol
e 

fra
ct

io
n 

C
u'

FI
GU

KS
 

2. 
Co

nd
uc

tiv
iti

t*
 

of
 

m
ix

td
-v

ol
en

c*
 

ck
lo

ro
- 

cu
pr

m
te

*.
 

X 
—

 s
in

gl
e 

cr
ys

ta
ls,

 Q

b



f I

•

v 
\





.15.

PREPARATION AND PROPERTIES OF THE COMPOUNDS

COBALT HKXAMsUfliS CHLQfiQCUPRATES(I.Il)

(My Part II Thesis work IF indicated where necessary.)
These compound?; were originally prepared by Mori ( I ) who 

deduced the formula of the end compounds, Day ( 2. ) and later 
Gulpin (3 ) repeated the process and it was these crystals which 
were used in the rtruoture analysis. They obtained the same end 
compounds as Mori but Culpin mentioned the possibility of the 
compounds lying on the lower line in Figure II. 1 whereas Mori 
suggests the upper. The analytical results are clearly no use in 
differentiating these two cases and density raeasureoents (Part II) 
are hampered by inhomoge .eity of sample and the small variation of 
M*Wt. (1580 for 4Coam6Cud5 to 1537 for f Coan^j,-Cu-Cl ).

Cuplin also gave evidence that his method of preparation 
involving slow crystallisation from a hot solution, under N , gave a 
different analysis from Day's fast cooling* There is thus a 
possibility that the bulk sample produced is not homogeneous. It was 
clear however that individual crystals of the mixed-valence preparations 
contained copper(I) and oopper(Il) as they wer@ all darkly coloured or 
black. Single crystal rotation photographs (Part II) showed that crystalR 
taken from samples of 0 - 50" Cu(l) had space group Fd3c; crystals from 
sanples over QQ$ Cu(l) belonged to ?d3(a). A crystal from a 6?' C«(l) 
sample showed narked streaking of high angle reflections implying some 
disorder*

Day and Smith (4-) have recently stated that compound* with 
composition ^ $0' Cu(l) are in fact mixtures* Ihey give no new 
evidence for this and do not indicate whether the mixture is macroscopic 

or a solid solution* This is hard to reconcile with the X-ray evidence 
of the high percentage intermediates, whose individual crystals are 
definitely not in Fd3o.

In the later X-ray analysis of a crystal from a 25 ' Cu(l) sample, 
no reliance was placed on this figure (Chapter V), but a substantial



.1(0

proportion of Cu(I) was assumed as the crystal was virtually black. 

The X-ray data suggest that this figure is, in fact, correct for 

the crystal studied*

PARAQUAT COMPOUNDS

Maofarlane (5) had prepared and kindly provided paraquat salts

of several metal halide anions, but of the chlorides only pqCoCl,A- 
had been prepared as crystals* Powder photographs (on a Quinier de

Wolff camera) showed that salts with anions Fed, , MnCl?~, 2nd,2' 
2- 4 4 4 

and CuCl, were very similar to pqCoCl, . Isomorphism appears to be

good whilst probably allowing some latitude in bonds and angles.

The ohloroferrate(II) was a dark blue hygroscopic powder 

unstable in air and giving small blue crystair when a methanolio 

solution was slowly evaporated* These were not single but oscillation 

and Weissenberg photographs had very similar pattern* to pqCoCl.. 

This was disappointing, especially a& the compound contains radicals. 

but the chlorooobaltate(XI) should have a very similar structure and 

this was undertaken* >

Pure ohloroouprates» There w*s evidence from the e.s*r. signal of the 

complex pqCl2 + CuCl that some eopper(Il) was present* However only a 

dark brown powder had been prepared and it looked as if some oxidation 

might have occurred and no good analysis was given. It was decided to 

try to prepare crystals of this compound, of the corresponding oopper(II) 

compounds, and, in view of the e.s.r. evidence, to attempt the 

preparation of mixed valence compounds.

A suitable solvent was half concentrated hydrochloric acid (which 

had also been used in the preparation of the mixed-valence cobalt 

hexammine ohlorooupratea). Paraquat dichloride recrystallised from 

ethanol was provided by I.C.I. Research Stateon. Jealots Kill, Berkshire* 

Analar oopper(l) chloride was used but as it war green it wa£ ground up 

with dil* HC1 saturated with SO , and then filtered. This reducing 

atomoshere was used whenever it was desired to prevent oxidation*
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Paraquat ohloroouprate ( I ) waft prepared by dissolving 1 mmole of 

paraquat di chloride in a saall aaount of aoid, heating and adding 

a hot saturated solution of copper ( I )ohloride (2 mraoles) in acid, 

all under nitrogen* The colour darkened immediately and the solution 

was left in a large amount of hot water to oool slowly* Beautiful 

thick black needles were formed which were relatively stable in air, 

but decomposed to oopper(I) oxide when washed with water and 

appeared liable to surface oxidation. The crystals are prisms using 

the {l1 6] faces and many have ercpty channels running down inside, the
fomula ( G -|^2^1L^Ctt2ClL Wa* EU£S« sted by C,HfN analysis and confirmed 

by density measurements and X-ray analysis*

Paraquat ohlorocupi ate ( II ) wae prepared by the same process, without 

the nitrogen, atonosphere using copper(II) chloride di hydrate. Large 

deep-red needles were produced which were green in reflected light
(of. Me2?*H2CuCl5 , see Chapter VI). The formula (^^^ 01 Wa8

proposed and confirmed as above* (N.3. The compound pqCuCl, 

(of* Wall work (b )) is formed only from non-aqueous solvents*) 

Possible mixed- valence compounds
In an attempt to oak® & mixed* valence crystal, the above method 

was employed with a 1:1 mixture of copper(I) and copper (II) halides. 

Crystals were produced but appeared identical to the copper (II) 

compound and gave similar zero-layer tfeis&enberg photographs. It was 

observed that crystals of the copper (I) compound, if exposed to air 

in the presence of their mother liquor eventually oxidised to the 

chlorocuprate(ll ), and the supernatant liquid became green. An attempt 

to find an intermediate in this process was unsuccessful, and it is 

probable that it involves only dissolution, oxidation and crystallisation. 

The difference between the oopper(l) and copper (II) compounds, as 

finally established by X-ray analysis (Chapter VI), is small but 

substantially larger than in the cobalt hexamraine series and is the 

likely reason for the inability to crystallise an intermediate. 

Moreover, the e.s.r. signal from crystals of the copper (I) compound was
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repeated and found to be very weak indeed which suggests no appreciable 

amount of Cu ions* (The original powder used may well have been 

substantially oxidised*) the single crystal oonduotivity along the 

needle axis was measured by M. Price and showed no photoconductivity, 

which Blight have been present , although the crystals were semiconducting* 

Other metal chloride salts

Crystals of other chlorides were made, including pqPdCl. , pqPtCl
^" *^

and pqPbCl, , the last by the method above (using PbCl ). Similar 

compounds with AgCl and Ag3r could not be prepared but a hot solution 

of Agl in KX solution when added to pql« solu ion gave dark red crystals 

on cooling which were not further investigated* The lead compound 

crystallised as long thin pale-yellow monoclinic needles whose cell 

dimensions were close to those of pqCoCl , and the density suggested
*fr

pqPbCl, * Further study was abandoned because the high absorption 

coefficient and heavy lead atom preclude accurate determination of the 

light atom positions,
, Crystals of pqPdCl, and pqPtCl were made by mixing oquimolar 

amounts of hot solutions of pqCl? and K MCI (M » l jd, Pt). Orange 

rhombs crystallised quickly from the solution and the colour suggests 

that not much charge transfer is occurring. The compound?, had virtually 

identical cell dimensions and were assumed to be ieomorphous* The 

formula was confirmed by density measurement and • tructurs analysis 

(Chapter VI). 
Paraquat radical oat ian

An attempt wae made to prepare crystals containing the paraquat 

radical ions-

Me - N' ;S — ( \ - Me or pq*

In the hope of producing a compound isostructural with the two
2+ 2- 

pq MX. types, singly charged tetrahedral and planar AX, species were
^ - ^~ 

usfid. These were BF and AuCl, , and charge- transfer should be strong

in the second oaso as the electrode potentials are similar* The
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radical monooatian was formed by reduction with magnesium metal of 

a degaseed aqueous solution of paraquat dichloride under nitrogen. 
A very dark-blue viscous solution was obtained, and this was passed 
into an aqueous solution of potassium fluoroborate • Many white 
crystal* of paraquat f luoroborate were obtained but there were some 
very thin (ru .005 «») dark-blue whiskers which night well contain 
3>qf* y but they were obviously too saall for any X-ray work. A 
siudlar operation using potassium chloroaurate(III) solution produced 
a dark-brown intractable sludge whieh was not further investigated.

mi
1* Mori, Bull* dim* SM. J«p«iii (1960) 985| J& (19^1) 1249
2. Day, P, i^hil. T}i«8iB, Oxford 19^.

% Culpin« Part IX Th&sls, Oitfcxrd 1963*
4* Bay *n^ Bffli^i* J.C.St (A) (19^7) 10^-5*
5*
6*
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.2.1.

• l".r •'...., . Hv ' ^ COLLECTION OF X-RAY DATA 

(Details of compounds are given in Table 111*1.)
: F - • •' -. / • - j •• , • . * • • > it,- . ' • • •

PHOTOGRAPHY

(a) ffelssenberg •..*-,

The accuracy of a structure determination is primarily dependent 

on the minimisation or corrections of errors in data collection and 

this is often limited by method and apparatus. The time spent on 

elimination of error* also increases rapidly with the precision 

obtained and is of doubtful value if there are appreciable 
approximations in the calculation of structure factors. For ouch of 

the following work only Cu&ot radiation (from rectifying but unstabilised 

generat6trar} was available and was used with non integrating cameras 

with visual estimation of Intensity, This usually leads to an 'R-faotor 1 

in the range 0*09 - 0.13 which imposes a severe restriction on the 

accuracy of light atom parameters ( <5T <£ 0,0?X). In addition no 

program for calculation of anisotropic temperature factors was easily 

available which alro limits the final accuracy attained* 
One-axis data

Becaufic of this and the nature of the compounds studied, data 

are not required with great accuracy and were collected from one-axis 

only (usually the a-axis). This technique speeds data collection by at 

least twice and is widely used though little Justification or criticism 

of it has been published* We therefore note the limitations of this 

method, particularly when compared to the use of data from two or more 

axes*

(i) Only-^SO^ of the copper sphere can be observed (if LA ^40 )./ max
(ii) Reflections on or near the rotation axis are unobservablo or

inaccurate. If, however, reflections with $ ^ 0*15 are excluded,

& .. less than 1 ^ of the copper sphere is lost.
(iii) The shape of reciprocal space observed is not spherical, but 

only circularly symmetrical in the a-direotion. Peak* which 

were originally spherical will be elongated along the a-axis.



(iv) Only one independent measurement of each reflection is made. 

(T) The interlayer soalef actors are not usually available.

The first three effects are relatively unimportant a* the main 

effect is to increase estimated standard deviations » particularly 

in the x-direction. An approximate formula (Cochran 12. ) gives Q" (r)OC 

(R-f actor )/( average Sin Q-g/X for the three axes). For the 

compounds studied, this lack of data increases e*s.d.'s by ^ 10'. 

It is noticeable that the e.a.d.'c along the x-axes are roughly this 

touch greater than for the other two (e.g., Figure IV «^. The distortion 

in Fourier syntheses is small, and is unimportant unless subsequently 

used to predict anisotropic vibration. Twp-axis data have about 65$ 

of the copper sphere in common, and two independent measurements of the 

same reflection will reduce its random error and some systematic error 

(e.g. » spot shape), as well a? checking the absence of large errors* 

Bat the time needed is at least doubled and lessens the fourth objection. 

It is more serious when data are very United and need as such accuracy 

as possible*
The absence of layer scalefaotors is more serious and although 

some scaling can be had from one or two second axis layers, the number 

of common reflections in small and a different method fas used. 

Approximate layer soalef actors were obtained from exposure times, which 

are inaccurate because of generator fluctuations, developing conditions 

and varying spot shape. They were sufficiently good, however, to locate 

all the atoms in the structures, and after each least-squares cycle the
r — O

function w^ k * *^ wae ^^i^*^* where k. are the scale­

faotors ( \ ).
Measurement of intensities

The contrasted reflections were estimated visually, and no spot- 

shape corrections (e.g., Q. ) were made as the integrated density was 

measured as far as possible* Large spots close to the axis were omitted 

( 3 ) and no correction for ̂  - Oc splitting was made . Originally 

interflla factors (in a fMtlm pack) were determined experimentally



giving for the four ooapound (Table III.1) «ero-layer factors of 2.7, 

2.6, 3*0, 2.9* As the value should be 2.93 (4-) for CuKoC there is 

a serious error in the first two which will give low values for large 

intensities. (This effect may well have been interpreted in many 

oofspounds as "extinction".) This is discussed in Chapter IV for the 

first compound. The error oeans that the intensity scale is 

effectively non-linear and is perhaps best minimised by making another 

or by using only a snail portion of it and taking the published 

transmission factor (f). A term f / must be used for higher 

layers. (This was done only for the last two compounds.)

Lorents and polarisation corrections were applied ( 5 ) but not 

those for absorption* The crystals', chosen were roughly cubical with 

pa< 2. There will be some errors because of this, but relative 

error between intensities is unlikely to average more than 101 ' and 

absolute error will be largely taken up by, teiaperature factors* 

(b) Precession method
This wae only used, with molybdenum radiation, for the data frora 

the 25:^ Cu(l) compound. This is face-centred cubic, a « 2' .88, and 

5 layers of data about the 011 axis, 3 about the 001 were collected, 

with up to three exposures of different times for each layer* Peak- 

heights were measured with a microdensitometer and assumed to be 

proportional to the integrated intensities. Lp corrections were 

applied and the many conmon reflections on different layers gave good 

layer scales. The final 'merging H-factor* for all common reflections 

(vide infra) was 0*14 for F2.

COUNTER METHODS

(a) Linear Piffrao tome ter
An early model of the Arndt-Phillips linear diffraotoraeter (fc ) 

was available for short periods (^j 2 weeks). It had Mainly been 

used for collecting data on protein crystals although some other data 

of rather low accuracy had been collected two years previously (13). 

Equi-inclination geometry was used which permits a Bragg angle of 30°
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in any direction. However, there appeared to be inaccuracies in 

the it-settings at u « 50°, probably due to wear on the slides* 

(i) Cobalt hexaraaine ohlorocuprate(l)
For this molybdenum radiation with balanced Zr/Sr filters (7 ) 

was used, although there appeared to bo little white radiation 

mleraeath the peak that was not proportional to the peak height* 

For systematic absences the count with the strontium filter was 

consistently larger (/v»20'r) than that with Zr, and an eapirical 

correction was made* Most reflections had an ^-spread of ̂ v?T°, but 

l|-° was finally used to allow for slight drifts in w, and the 

background was relatively low* The machine was easily set up to 

oadt all systeoatio absences and, between layers, reference reflections 

on the zero layer were remeasured* These showed no statistically 

significant variation with time, inlying stability of both crystal 

and equipment* Data processing included Lp corrections and 

rejection or reneasureaent of reflections with significantly different 

backgrounds, or sraalkfthan 3 s.d.'s of the total count.

As the system was cubic and 9 layers were collected, there was a 

useful check on the accuracy of measurement and also the layer scale- 

factors. The face-centering leads to two norvintersecting sets of 

data, one with all indices odd and the other with all indices even* 

Interlayer scalefactors can be compared within these set£ but not 

between them, and the only solution would be data collection about a 

diagonal axis (as in the precession photography). Assuming that both 

sets are on the e&ae scale, which is reasonable for counter data, 

soalefactors (k. ) from oonaaon reflections are as followsj-
Table III.2

Layer scalefactors for Cobalt hexammine ohlorocuprate (I) 
Layer (h) 01 23456 78 
Scale (kh ) 1.14 1.13 1.03 0.87 1.01 1.00 0.91 0.99 0.97

Table III.3 gives all "odd" reflections in the positive octant

with more than one raeasur&aent of I ?,,-,(? I (after soalef actori hkl I
applications. Comparison with If, (* I shows conclusively that in'
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P.., / P,.. and the Lane group ie ra3 (as opposed to m nlu. KnJ.

(it had been inpossible to establish this from earlier photography, 

and is a demonstration of counter data for the determination of space 

group.) The "merging R-factor", defined as R(a,b) *

where a and b are equivalent reflections, was 0*098; this is 

significantly less than for the precession data and for the data 

compared in Chapter IV* The same function for a » hkl, b = khl was 

touch higher, 0*36, although low enough to suggest that PJ^-I and P^vi 

are not completely independent*
The crystal was a near-perfect octahedron, and axial reflections 

(I * 0) showed a four-fold intensity variation with 360 rotation of 

fed* This was not more than 15^ which implies that absorption is small 

enough to be neglected ar to allow calculations fro,, crystal geometry. 

Because >f the inadequacy of the final structure solution (Chapter V) 

absorption corrections were not worthwhile* Finally, in the application 

of soalefactors and merging of common reflectionr ( I ), reflections

where |F2-?^| > 0.2(P2+F2 ) were rejected* a o a D
(11) Paraquat ohlorocuprateCll)

This data was coll to ted ,d.th CuKoc radiation (filtered) which 

limits the resolution to *. ^ 1.5'. This was only done because 

molybdenum radiation was not available* Only a week could be taken 

and a crystal had previously been aligned photographically ab^it a 

non-unique axis (a)* There was no time to remount it and, as there are 

no reflections with f « 0, there oay have been significant setting 

errors. Serious terrors were encountered on higher layers (u^ 25*) 

though this may well have been due to mechanical errors* As the 

baokgroup was small, this was partially overcome by increasing the 

^•soan range to 4ir and using a larger counter aperture. Even so, 

oost reflections on the highest layer (h a 4) had to be collected

manually and some were obviourly mic-pet (compared with F , ). Theoaic
data is admittedly very poor but it was able to produce a rough 

structure, chemically plausible, whose gross features were interesting 

and where time and energy were insufficient for a full photographic



tat«riination. . 
(b) 3~cirole diff rae toae tor

Data for CuOx2 «2TCNB were obtained by Wfight on a manually 

operated XRD-5 5-circle spectrogoniometer (140. It was his first 

experience of the machine and a few f . were very such less than 

P - or F . from photographs, and these reflectione were excluded. 

Reflections at the edge of the data (0~ 50 ) were also systematically 

weaker* CuKcx. radiation, with stationary-crystal technique ( $ ), 

eopirioal conversion to integrated intensities ( 9 ) and a scintillation 

counter with pulse-height discrimination was used*



DETERMINATION OF STRUCTURES

The usual criteria for a structure solution being satisfactory 

are those of chemical reasonability and the agreement of observed 

and calculated intensities* Disagreement (a poor 'R-factor') may be 

due to errors in measurement of data and also approximation (e.g.,

the use of U. ) in the calculation of structure factor?. When the iso
data may be inaccurate, chemical factors, such as interatomic 

distances or known geometry, are important.

The structures were all oentrosymmetric and were solved by 

PatterRon and heavy-atom techniques and also by postulating chemically 

reasonable structures* The heavy-atom method is particularly 

favourable if chlorine atoms can be located from the tatterson function 

as this usually removes any false symmetry. An indication of its 

power is shown in Figure 111,1 which represents, for 4 structure?, 

electron density in tho plane of the paraquat ion phased on all th« 

metal and chlorine atoms in each etructure.
With at least the metal 4 chlorine atoms located, full-matrix 

leaat squares refinement wa* carried out. The program (10) allowed 

only for Ui8o and a choice of 3 wei$iti?ig schemes. Unit weights were 

used initially until refinement was nearly complete and the:* weights

w, where \flr » y*/^obs unlefifi F* ^ Fob8 when w * 1 * P* wa* onofc en 80 

that 5_wA was approximately independent of F , , which worked well 

for photographic data so that systematic errors in A. are minimised. 

Convergence was rapid and refinement was stopped when parameter shifts 

were less than their e .s.d.'s. 

Determination of Individual Structures

There was a nice transition in the structure solution? from the 

mainly automatic Patterson and heavy atom methods to a chemical 

approach combined with the use of space-group positions. The outlines 

of the steps taken for each structure are described and summarised in 

Tables III, 4 - 7, as are final parameter?. Diagrams of the structures,



which may clarify their rolution, are given in Chapter VT. 

CuOz,..2TCNB was assumed to be in P1 with the copper atom at the
£tm*^mfm*~~

origin and structure factors dominated by its contribution. A map 

with all structure factors positive showed the 25 light e.toms well 

resolved with only two spurious peaks. Only 90^ of the final 
structure factors were negative which agrees well with theoretical 
predictions (e.g., Farthasarathy). 

Paraquat PdCl,, with only four molecule? for the 16-fold general
positions of the Patterson function showed all the necessary vectors

2«* 
for & square planar PdCl, ion at (a) and evidence, from Pd to light

o,
atom vectors, for a twisted pq ion at (b). This latter was verified 
by a Fourier synthesis, on Pd and Cl only, which gave the new electron 
density as in Figure III.1d. No evidence for the non-centrosyrametrio 

space-group Iba2 was seen. 
Paraquat CoCl, , in Pnab (dn alternative setting of Pbcn), aaint have

both ions on either a centre of symmetry or two-fold axis. The latter
2-» 

is the only real chemical possibility for CoCl, and the Patterson

function was interpreted to give the orientation and position of these 
tetrahedral species• A rubsequent Fourier synthesis is rhown in part 

in Figure HI *1 a where the paraquat ion is on a two-fold axis arid there 

are no significant spurious peaks. 
Paraquat Cu^Cl/-, in P21/n, was analysed with low resolution data
(d . « 1.5°) which means that all peaks are paorly defined. Beoaurc of min
this there were two possible solutions for the position of the copper 

aton from th® Patterson and vectors frora chlorine atoms were not 
reliably identified. The first solution wa? chemically unlikely and 

Fourier syntheses based on it did not show reasonable chlorine atomr. 

A map on the second position, however, ehowed two well-resolvod chlorine 

atoms and when these were introduced into the c.ilcuUtion, the third 
was clearly shown.

Calculated structure factors appeared encouraging at this stafce 

and another Fourier synthesis gave Figure III,1c, clearly a paraquat ion 

at low resolution. Final structure factor agreemeat wa? not good
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(R * 0,128) for counter data but there is little reason to doubt the 

structure and it is supported by chemical evidence (Chapter VI) • 

Some of the outer reflections on higher layers appeared to be ais-set

as P . was such lower than ? ., (these wer^ removed). The 
obs calo

temperature factors were lll-detorained due to the lack of data ?-nd 

sorae ware jupt negative, possibly due to absorption. Mo reliance is 

put on light atom bond lengths (and these are not listed) but the 

approximate pl&n&rity of the paraquat and the five-co-ordination of 

the copper atom are clear. It is most unlikely that a significantly 

different structure would be discovered by a more accurate 

determination. «... - , . ' ,. ••.. - . ..- ,. .. . • ... -. •..-, /. ;. 

fiaraquat Cu^Cl, crystallised in PkVn (unique oxlS c) which has 8 

general positions. Ait there are 4 foraula unite la the cell, the 

paraquat ion is likely to be at a centre of symmetry air possibly on 

ono of the two diads. Figure III. 2 shows the symmetry elements in 

PlfVn (and also pome of the false symmetry, narked *, which IP 

particular to this problem). The c lorine atoms probably lie in two 

sets of general positions*. -• .•••••;•- • ••••
The Patters on ftinetim hau large peaks only at J-jOf JJO (and 

ayBaetry-rel&ted p.'^dtl-'Mu) which strongly suggest that two or more 

speeial positions are occupied by the copper atoms. The cell dimensions 

(particularly the o-axis N and cheiaical considerations suggest a 

similarity with the l&et congou id whicli has chalnr parallel to the 

short axis (Chapter VI). Two independent chains of (CuCl") can be

made by placing 2 atoms in eaoh of iHK*) •tc. and ^}(b) etc. (both 
of symmetry IT) and the other 4 on the k screw at if*(c) etc. Assuming 

that th© largest Patters on peaks are copper-copper vectors, we have 

s •^•4. (N.3* The origin is taken &t T and ail calculations are done 

on this basis.)
Two infinite chains of edge- linked Cud, tetrahedra can be aadc by 

putting the 16 chlorine atoms in two sets of general positions 

(incidentally leaving no space for the paraquat ion on the diad axis). 

The placing of the chlorine atoms was very difficult, for, although the
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orientation of both sets of tetrahedra could be clearly f -*ind from 

the Cu-Cl and intramolecular C1-C1 vectors, there was no indication 

of their relative positions in the unit cell* In particular an 

isolated chain of edge linked (regular) tetrahedra involves both the 

symmetry elements U. and 4 which creates further ambiguity. The only 

definite key at this stage, the identification tad unravelling of 

the very large nuraber of interraolecular C1-C1 vectors , was quite 

impossible.
A Fourier synthesis on the copper atoms in useless as is shown 

by the false symmetry elements (*) in Figure III. 2. 'irstly there is 

a substructure with c 1 a c/2 so that copper atoms do not contribute 

to reflections with 1 = 2n + 1 . This would be true even if the z 

co-ordinate of (c) were not 1 but the fortuity of thir introduces a 

second problem in false mirror planes (normally n-glides) at t a 0, 

~ etc* and also a false face centering for the sub cell a f = V = a/ 2. 

Thtise three independent symmetry operators create ar. ambiguity of 

origin, at P or Q, but having made an arbitrary choice we automatically

define the J+2 ^^ **• C^ut not which tetrahedra lie on which .

The Patterson function P he/red two sets of chlorine atoms at 

translations of 0.093, Q,0£7* jt i etc « (denoted by (A)) and 6T 0,01 7f 

0,1 11 , £ KB) from copper atoms, making approximately regular 

tetrahedra, &t undefined positions. There are k pospible way? of 

arranging (A) and (B); two resulting from the ambiguity of which i* 

the 4« axis and this is doubled as there are two relative z-heights

1) ^or the pair. A trial-aad-error method of structure factors and 

least squares would be very time-con sunning, very potsibl/ unreliable 

and a different approach was adopted.
A Fourier synthesis was carried, out with the B r.et attached to 

the copper atoms on the k9 screw. This axis war chorea because tjfce 

chance value of s i leaves the false mirror p lanes unbroken 

(Position X in Figure III. 2). This map g&ve a clear Indication of the 

absolute s-co-ordinate of the A set and x-, y- parameters consistent 

with the Patters on. Both sets were Included in & least squares



refinement of all the atoms and gave good agreement, R ̂ 0*3* This 

solution, though seemingly correct, may not be the only one and the 

process was repeated with (A) used initially* Thi? map showed not 

only the atoms put in but '^lost* peaks closely related to the first 

solution*
Another Fourier synthesis, based on the firrt set of positions 

gave the electron density in Figure III*1b, a clearly resolved 

paraquat ion, which is additional indication of the correctness of the 

heavy atom positions* Kefineneat continued, but aay be slightly 

meaningless for the a-parameters of the aop^er\o) and chlorine atoras 

because of the strong local superftymmetry of the heavy atoms. The 

correlation aatrix (tee Chapter IV) was calculated ani showed no large 

covariances involving any positional parameters. The chlorine bridges 

appear to be fairly symmetric and this is quite acceptable* It had 

been hoped that the data, which appeared reasonably good, would have 

given better agreement (H » 0*119) but this might be due to error* in 

refinement*
This is the only compound solved from one-axis data that ha* a 

possible degeneracy of layer scales with heavy atom position, &» the 

other* have heavy atous fixed in this direction (a-axis). The copper 

atoms make a contribution of kf (1 + Oos2 TTls) to even layers 

implying that small errors in the rcale factors may be reflected in a

slightly wrong value of z. This function can be rewritten as
28-, oo» TTIs (where s *~> 0) and. errors are ^.ikely to be important only 

rcu n
if they are roughly similar to cos 1*

The cobalt hexaamine ohlorocupratQS (I) and (I.Il) cannot be discussed

without detailed comparison of their structures and the cht-aic&i

evidence* A separate Chapter (V) is devoted to thi&,

Results
The parameters of the paraquat coapounas are listed in Tables III, 

4» 5» 6, 7 which also give crystal data* The bond lengthr and arjgles 

in the paraquat rings are given in Figure III*3a,b,o (without



31.

and those of the anions in Chapter VI. Parameters, bonds and anglei 

of CuOxp.2TCNB are discussed In Chapter IV,
Scattering factors are those in BfTSRrtATJ.QNAJ- TABU5S Vol. II ( II ) 

and anomalous dispersion corrections have been applied where 

necessary. Where necessary, ionic scattering factors have been urod. 

Fourier syntheses in tetragonal s^ace groups were calculated in 

monooiinio sub-groups (e.g., P2/n) with structure factors for khl 

being included.

1* Hodder. D. Pkil. Thesis, Csrford 196? (to be published) 
2. Philips. Actft Crysit. 2 (1954) 746. 
3* «J«ff«ry ajid Whitakesr. Act* Cryst. j^ (1%5) %3«

'Jyedo. Aata Cryst. J^ (19^3) 1107.
5. F*out. (in IV.4).
6. Arndt and i fillips* Aeta Cryst. j^ (19^1) a07. 

7» Hosa* J, Opt. Soc, As. j^ (1923) 575* 435. 

8* Furu*». "Single Crystal Orienter i:anualw . &.E.C 

9» Alexander and Sadth. Aota Cryat. Jj> (19^2) 983.

IV.7.

Interim tietial Tables for X-Hay Cryatallogrmphor. Kynooh

12. IV.2.

13« IV .22.
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Table III.1 

Compounds on which data was collected

Compound Method Radiation Resolution

MoKtX

MoK<x

(25% Cu1)

W CuKcx

Cli2ir2Hl4CoC14

C12N2H14PdCl4

C12N2H14CU2C16

C12N2H14CU2C14

V

W

L

W

^iiTf/^^W vIXl^^V

CuK«

CuKc<

CuKoC

OA

OA

&

OA

II Layer Scales

O.H46 Poly-axis

0.087+ Poly-axis

0.102 Refinement

0.117 Refinement

0.097 Refinement

0.126 Assumed 
	Uni-ty

O.t19 Refinement

Method L =- Linear difffac tometer P = precession camera
W = equi-inclination Weissenberg camera

Resolution F = full CuRx sphere, 
OA = one -axis data

= d . of 1 .54 £

Layer Scales Poly-axis = use of reflections common to two data sets
Refinement = Minimisation of 5"wA*~by scale factors



Table III. 3 

Intensities(F2 ) for (co(NH3 ) 6lcu Cl^, comparing with

Layer 
No.

hk 1 
kh 1

hk 3 
kh 3

hk 5 
kh 5
hk 7 
kh 7
hk 9 
kh 9
hk 11 
kh 11

hk 13 
kh 13
hk 15 
kh 15

hk 17 
kh 17

hk 19 
kh 19
hk 21 
kh 21

h k 

1 3

28 25

97 102 
125 1.24
203 190 
192
25 24 
15
20 16 
13 12
52 50 
57 56

53 
67 61
9 7 

10 7
6 9 
14 11
7 8 
7

h k 
1 5

125 
97

69 75

64 65 
32 29
16 14 
6 6

55 52 
43 42
14 13 
9 6
7 10 

16 20
10 13 
13 14
5 5 
8 13

h k 
1 7

192 215 
203
32 32 
64

77 105 
147 1.72
44 68 

101 122

33 31 
28 25
3 7 
9 11

26 30 
33 38

5 
7 6

1:8 
18 13

h k 
3 5

102 
124

230 221

84 83 
1411

7 6 
10

93 87 
104 118

18 
15 12
52 52 
42 35

39 39 
45 65
18 18 
12 12

h k 
3 7

141 134 
84

58 62 
27

34 35 
22 17
12 10 
16 18
20 23 
15 11
3 3
2 3
17 20 
23 31

9 
5

h k 
5 7
64 
28
83 

13*.

2

6 4

1

24 24 
12 9

3
2 2 
2 2

11 13 
21 25

10 9 
4 6
6 6 
4 4

The values are ( count x Lp~ x 0.1 x k, ) where t are layer scales, 
given in the text. n n
The numbers at the head of each column indicate the layer on which 

data was collected.
Horizontally related numbers in each "box" should agree, but 

vertically related ones (corresponding to reflection about (1101 ) 
need not. *• 5

(Estimated Standard Deviations are mainly between 1 and 2 )



Table III. 4.
Details of Paraquat CoCl4

Full Name: N,N'-dimethyl-4,4 f -bipyridy] 
Formula: C _N-H , CoCl, Spacegroup: 
Dimensions of crystal (mm): 0.18 x 0.1^ 
Cell parameters: a=7.70 b= 16.04 c=1 
Number of reflections: 926 (from a-ax: 
Parameters refined, including scales:

Final parameters (xlO4 )

Co
C1(1)
Cl(2)
N
C(2a)
C(2b)

C(3a)
C(3b)
C(4)
C(Me)

d(l)
^1*% f A \ 
\#^t\ • J

C1(1)

x/a
2500

747
1091

78
589
503

1529
1466
2000
-993

*X\1 } » 2
_ j-'jfc _ f*\ f** vO ** \'J*\

* CO - Cl(
• H * 3. 8J

(Tx
-

6
5

16
21
20
20
19
17
23 

tg&JL*
t *jt£.Tf

1} «

2y o
S

yA
2179
1364
3038
895
165

1630
161

1650
901
916

Co 
109.4°
1®6»5»

^y
2
2
2

7
9
8
8
8
7

10 

ton,
** i

111

Lium tetr 
; Pnab, : 
> x 0.14 
1 2. 40 (. 
Ls) F 
38 + 7 s

z/c
0

-990
1146
2636
3091
3108
4016
4046
4517
1675 

i
(1(2) a

aca) -
aw

achlor ocobaltate ( II ) 
No. 60. Z= 4 

JJLS 187 cm~1 (Cu
8)
inal R= 0.117 
cales.

<TZ Uiso "*
-

2
2
8

11
11
1,0
10

9

259
398
296
303
390
373
367
331
288

12 476 

2.28$

°U
8

10

9
26
33
32
31
29
27
38

i

o

' is - c(2*)



Table III. 5* 
Details of Paraquat

Full Name: NjN'-dimethyl-^V -bipyridylium tetrachloropalladate(ll) 
Formula: Spacegroup . j^, No . 72 . Z= 4

A
Dimensions of crystal (mm): 0.21 x 0.1? x 0.12 P* = 149 cm 
Cell parameters: a= 8.43 b= 13-50 c= 13.41 (£) 
Number of reflections: 595 (from a-axis) Final R= 0.097 
Parameters refined including scales: 20+7 scales

Final Parameters (xlO4 )

Pd
ci(D
01(2)
N
C(4)
0(3)
0(2)
C(lfe)

x/a
0

-2376
1351

0
0

4378
4404

0

<rx
-
6
5
-
-

17
17
-

yA
0

-850
1500
2398
4436
1076
2124
1266

6y

-

3
3

12
12

8
8

16

z/c
0
0
0

2500
2500
1693
1701
2500

<r u.
Z ISO
- 193
- 340
- 256 _
- 277
- 378
9 274
9 310
- 378

<rn
7

12
10
32
36
25
26
46

Bonds and .Vrydes in the

* Pd » 2
- ?a « a

Cl(2) • K • 3*73 I



Table III. 6.
Details of Paraquat Cu^Cl. ——————————j————2— ±

Pull Name: NjN'-dimethyl-^V-bipyridylium tetrachlorodicuprate(l) 
Formula: C42N2*LCu2C1L Spacegroup: P^/n , No.86. Z= 4 
Dimensions of crystal (mm.): 0.32 x 0.25 x 0.1? U = 96 cm" (CuKoO 
Cell Parameters: a= b= 16.28 e= 5.90 (Si) 
Number of reflections: 1H99 (from c-axis) Final R = 0.119 
Parameters refined, including scales: 40 + 6 scales.

Final Parameters (x104 )

Cud)
Cu(2)

Cu(3)
C1(1)
Cl(2)
N
C(4)
C(3a)
C(3b)
C(2a)
C(2b)
C(Me)

2500
2500
2500
3426
8617
9901
-15

-'445
9467
407
6435
7849

<5c

-

-

1

1

3
4
4
5
4
5
5

y/b 
2500
2500
7500
3164
2335
2007

424
1035
637
1815
573
138

•*

-
-

1
1

3
4
4
5
4

z/c 
2500
7500
-452

5031
-2102
2023
467
-554

2206
303

5 -2037

5 -2195

2 iso 
- 618 8
-

4
3
3

10
12
13
16
13
15
15

586

557
355
363
322
293
346
477
365
450
423

7
6
6
6

12
13
14
19
15
18
16



Table

Details of Paraquat Cu^Cl^

Full Name:- NyN'-dimethyl^^'-bipyridylium hexachlorodicuprate(ll) 

Formula: C1 2N2I|L.Cu2C16 Spacegroup: P21 /n- , No. 14. Z=2 
Dimensions of crystal(mm.): 0.27x0.20x0.1 5« U= 101 cm" 
Cell parameters: a= 6.29 b=10.74 c= 13.02 (£) ft= 98.65 
Number of reflections: 309 (from a-axis) Final R = 0.126 
Parameters refined, including scales: 44 * 1 scale.

Final Parameters (x104 )

Cu
ci(D
Cl(2)

Cl(3)
N

6(4)
C(3a)
C(3b)
C(2a)
C(2b)

C(Me)

x/a
2549
A435
9473
3378
263

4042

2605

8584
643

1713
8328

9
15
16
15
50
67
67
77
70
73
57

y/b 
564

4478
3433
1455
3743
4710
1144
40

3456
4595
3182

6
11
12
11

35
45
45
51
46
49
41

z/c 
443
3927
4621
1987
1306
280

4774
3654
237

1759
1846

5
8
9
9

28
38
36
42
38
36
30

Uiso 
80

-140
-42

-110

-110

88

37
64
-64
-35
-174

tfu
33
42
44
41
110
154
145
166
148
149
119



33.

8HUC

( A CG&pariivor. of various pwrmse'.-.erfi and their estimated errors
or



COMPARISON OF DATA AND PARAMETERS FROM SBIIUR STRUCTURES

Wright and I collected data, and solved the structure of, 

CuOx2 »2TCN3 independently, and, a? both of our methods of data 

collection are widely used, the data arid parameter? are compared in 

the light of their estimated standard deviations (p.s.d). This 

showed the use of one-axis data, still very widely used ( I }, to be 

a reasonable method in this case, even though layer scale factors were 

refined against the calculated structure. Very little has been 

published about the duplication of three-dimensional data collection 

for a particular compound and the comparison is usually not in terms 

of atomic parameters. The comparison appeared successful and was 

extended to an empirical investigation of the published e.s.d.'a for 

bonds and angles in similar structures. A rh ,rt description of the 

statistical method used is &iven so tiu*.t ihe notation is defined. It 

is clear that only the estimated precision is analysed and this 

cannot in any way appraise the accuracy of the answer. 

Statirtieg of X-ray Analysis (of 1, 1, 4 }

Counting statiitics (5 ) give a prediction of the uncertainty of 

an intensity measurement, but (although reasonable if F . is email) 

the actual disagreement with F , is usually several times greater ( 

This is due to reproducible errors in P . and F , (although these 

often cause random errors in tht parameters (p . ) if the problem is 

well-overdeierained; observations W^ parameters (n)). This 

consequence of the Central Limit Theorem allows u& to calculate an 

s.d., CT'(p1 ), for @aoh parameter by assuming that the difference 

(F . - F 1 ) ie random. The Q"(PJ ) will contain both truly random 

end reproducible errors (but not systematic errors which are absorbed 

by parameter shifts)*
An ertimate of O'Cp. ) is c.., a diagonal term from the inverse 

matrix, but if absolute weights art; not known, this is modified to

c YwA /(m - n), which holds only for a full-matrix treatment. If 
ii
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the off-diagonal terms of this matrix are non-zero, the parameters 
are not independent, and statistical analysis is difficult; this 
was not the case in the present work as is shown later* The second 
formulation for O' (p. ) was used and was determined from a full-matrix

(4-).
The probability of two aeasureiaentfi p.. and Pi?» with s.d.'s 

cy(pA1 ) and & (P12 )» b«in£ different is related to t± * A^/C^/^), 
where & t « p^ - pi2> and tf (fl^) * {^(v^ + ^^ia^ The 
probabilities that a randomly generated t. exceeds 1*645 » 2*33 or 3*00 
are 5» 1| 0*1^ respectively* This ure of t. is useful where only 
single parameters are to be compared, but for several independent t. 
their overall distribution oust be considered. In particular, for n 
random t., ]T t. ^n; the probabilities that it is substantially higher 
or lower are those for'X, (with n degrees of freedom) exceeding a 
particular mlue ( 3 ) •

If these probabilities are unallowably high or low, then tf (A *) 
must be an under** or overestimate of th^ actual uncertainty or 
reproduabllity. In particular, a low value of £.t- suggests appreciable 
reproducible error oomiaoa to both deteroin&tions (which aight be due to 
absorption, extinction, and particularly errors in P , , as the same 
method was used for ooth sets of data)* A high value is probably due to
an error being absorbed in parameter shifts and not being reflected in

.— 2 
CS(A>* )• A reasonable value of 2_t, may, of course, be made up of
equal amounts of these effects*
The duplicated structure determination of the complex copper oxinate 2TCNB

The structure was originally determined because it was hoped to 
study a series of similar compounds, and particularly to relate single- 

crystal spectra to the simple molecular geometry of the; triclinic 
system* The chemistry of the compound is not uninteresting and is 
described in a paper to be published (S )• If a preprint is available 
it is hoped to include this in the thesis, but the compound is included 
solely for the analysis of its X-ray data and parameters*



Data collection and treatre.it

The counter data collection ( 6 ) has already been described but 

•one extra details of the photographic method are given. Seven 

layer*, each consorting of two setting? 180 different in oi were taken 

about the ja-axis (nkl). The two settings on any one layer were 

exposed for equal times and assumed to be on the same scale as spots 

common to both appeared equal and this was confirmed by comparison 

with calculated structure factors. A sero layer photograph (hOl) was 

taken, but not used for layer scale factors, which were refined only 

after all atoms had been included and after every second round of 

least-squares*
Polarisation (ead Lorentz), but not absorption, corrections were 

made. Thia is justifiable *.s an axial reflection (X s 90°) on the 

diffract ometer showed about 6,~* variation with $• »Vright*s data 

(subscripted V) was refined to R ~ *102» subsequently improved by 

Oaloulation in Oxford where comparison with my data (M) suggested 

removal of some inaccurate reflections of high 9 • Both set® of data 

were then treat td Identically, with a full ncraal tnatrix and isotropic 

tesperature factors (except for assumed values for hydrogen atoms). 

Filial difference maps showed nothing significant except marked 

anlsotropio thermal motion for the copper atoms. The residuals were 

K-y « .082, 1C « .102, neither including unmeasured reflections. It 

was found that all the phases were identical for the two structures

which is not RurprislJig as the weakest F . M were not ijieasured and the 

refinement was similar in each c&&e» 

Comparison of the de terminations

Comparl eons are made of the parameters, with individual t., (Table IV, 1) 

and some bonds and angles with individual t. for the oxinate rings only 

(Table IV, 2). Common structure factors are not listed, but P . w

and l Poalc -I mpt Published ( 8} and | Fobi M | *ith|Jfealc M | are in 

Table VII .1.
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Intensity data
The | F v I data cannot be compared unless they are on correct 

relative scales, but neither set involved any absolute scale 
determination. Two possible raeth df to determine the relative scales (K)

are to minimise a function of the sort T"ttJ ( I F , I ,.k. - KIP . I w\ , or 
On L_ V obsIM n | obslWj '

to tak« K a |JK% where these are the acale factors obtained from 
refinement. In the first ca?e, layer scales can be refined for F , and 
can be compared with those obtained from exposure tiiaes and the structure 
refinement •

The first method gives a merging R factor (Chapter III) for 
I PJ *° ! pu/l of °«°79 (0.148 for P2 ) and the second 0.09 (0.168 for F2).
I M I I u '
The parameter K refined to 1«03 GH/GW (where 1/G is used to put P . on
an absolute scale), ^his 3^ difference between the structures is ju^t 
compatible with the •.n.d.'s for GU (O.S1^) aid GW (0.6;^), but it wae 
found that the sealer have high covariance with the ten^eratur© factors 
of the copper atom. This high value rsay al?o result from an effect 
shown in Flair. TV.1 , which .howr plots of <^ob8/?obB^ , (^b 
^^ ^obs.^o IcW^ for Varlou? ranges of ?. The first suggests 
•trongly that | F , I Is systematically lower than |F I for high 
reflections, almost certainly due to the low film factors. Without the 
counter data, this might well have been ascribed to 'extinction 1 , and it 
is surprising to what an wttent the parameters are able to compensate for 
this effect (as the second curve shows). This cornp«asation appear? to 
lead to no systematic differences between the parameters obtained from 

both sets of data, with the possible exception of the temperature factor 

of the copper atom.
The layer scales determined for (F obg)M by 3 different raethods are 

listed in Table IV. 3.



Table IV. 3 
Values of k to be applied to (P

,

Layer Proa Exposure Times Prom (J^i-lii Teo/m |P . -

0-1.0 , 0.97 0.94

1 1.0 1.12 1*11

2 1 .0 0.93 0.91

3 1.0 0.96 0.96

k 1.0 1.22 1.25

5 1.0 0.81 0.88

The layer scales obtained frost exposure times are poor, but as

they are not wildly wrong, they can be refined against P , to givecaic
surprisingly good agreement with the third column. If we aseura*d 

that no layer acaling is necessary for the 3-circle data, then the 
method employed for one-axis photographic data is within the limits 
of acceptable error. Certainly a large amount f second-axis data 

would be needed to better this- agreement, 'his ;.s not a general 
justification of the process used, but suggests that it is valid if 

there is a heavy a/fcora whose position cannot affect layer scales. It 

raay well result in an incorrect temperature factor for this atoa, and 

precludes meaningful anlaotroplc refinement ( ). It is also likely 

to be invalid for more accurate determinations of parameters where 

vibration rsust be accurately analysed.
Parameters ot;

J£2 g
\ t,' were calculated for the four sets of parameters! :

x-j y-» *- co-ordinatas and isotro^ic tetaperature factors, U, and are 

given in "able IV .4.
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Table IV .4

for various paraaeters » L^P^jf - ^J^t A®

tf Probability that 'V *\ >t

25 x-oo-rdinates 10.0 0.99
25 y-co-ordinate 18«2 0.80
25 i-co-ordinates 30.9 0.20
25 U~paraaeters 32.3 O.t5
(t. for the copper atom was 8.8, which is very improbable, and may well
be doe to the high co variance between ' and U^ or the lack of ani so tropic
refinement.)

It is clear that there Is g >od correlation between the observed and 
estimated difference with the exception of x-co-ordi nates. This Is the 
•ids for which 6 layer scales were refined and it is possible that the 
numbers of degrees of freedom ehould be reduced frosa 25 to 19* ?h« 

probability that'X^^- 10.0 is only 0.80 which i; iaclg ;Ificant. Becatuse 
of the slightly lower resolution in the x-dirccti o , the e.e.d.*R of these
pai'ameters (M) are ^ 1 0^.gx'eater than for dher axes,.. Overastioation of

j£3 2 
these might account for lower t. values but even so 2_t. ^ 12 which is
still significantly low. The go.od agreement of the teciperature factors, 
depicted in Figure IV«3» iaplieR that X-ray absorption in the two crystals 
is roughly equivalent.

It is interesting to cornp ere the standard dev: ati ns of (p. )u and
1. M

(p.)ff . There is very good correlation (?i&ire IV .Z) end this is perhaps 

explained by Figure IV .4 where J^ t-tfL) for w^y atom (in X) is plotted
la W

against K^w •*• ^w)» ^ltj positional r.d. of an atom, estimated from a 

Fourier synthesis (2,), is proportional to the curvature of that atom, made 

up of experimental errors, form factor and temperature factor effects. 

Figure IV A suggerts that ^(r) ̂  0 when U » -0.03 and, if the scattering 

factor* for light atoms can be written a? (2. ):

f(i) a Z exp(- ps ) where s »

then
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> The validity of this analysis of e.s.d.'s har relied on neglect
of any oo variances f cov(p.p.), whioh are estiioated by the ofi'-diagonal-1 * 
terms o. . of the inverted normal matrix. The correlation matrix

-»1 I •I »1 (10), where N. . a o. ~ /N°ii °n wai? o&loulated for (M) data. The
leading diagonal oust b« unity but of the other 5151 tenar, few had
tl&nificant moduli. ^(£,1^) « 0.83, 21(0,1^) <v 0.2, N(UC|jfUi )'N> 0.15
and for the x - y - z - parameters of the sam@ atom, N(x.y. )*^> M(Z,C.
» 0.13 and ^(y.*,) IX'0.19, possibly correlated with the deviations of 
the axes from orthogonality* The remaining ^5000 terms contained only 
16 terms } 0.1 and thcsir average was '^ 0.02.

The analysis has supported th@ idea th&t e.s.d.'s for a well 
overdetermined structure (thr@e-diia@nsiv(ial) are raeaningiul and that 
iso tropic teoperaturo factor? have some significance. It would be 
risktf to extrapolate this to analyses of caich liigher accuracy. 
Previous. .ooaujariaQUj... o£ sets .of .data for a siagle confound

The afcove results &re intexest^ag m&inly because of the lack of 
similar published compiO'ifians . iMone of the f^w . sha^x mention rre 
exactly similar.

The reproduotivity of identical counter measurements from the same
crystal (CaF_) by different operators showed thest* could have"

R's" on P of 2 - 1^. uysteaatic errors in EJUa 6 coula lead 
to a A 3 of 0*3 (18)* i-revijur. experimeats on H&C1 showed that I? ! 
data came from the same population (l9)« No analysis of positional 
parameters could, of course, be done.

Photographs are also capable of high accuracy (10) but comparisons 
of good photographic data are rare. Two examples of relatively low 
accuracy are given.

Independent refinement of di-par*tanthracene from two one-axis 
set* of photographic data about different axes showed that within the 
(high) e.s.d.'s for bond lengths (Q.Q2X) and B*s (0.2»1 ) the two sets 
of data were consistent, although both were of limited resolution (11 ).

A comparison of two-axis CuKok photographic data and limited MoK
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data from one axis (collected on this linear dif fractometer) can be 

made from an analysis of a bromoterpenoid (SU). Two sets of 

parameter* were independently refined but not compared (wid both

R-factors were, xery high). Taking these values, we get for if?**** ? 
parameters:- ]£_t. for x- y- *- and B-parameters * 62, 282, ?5> 138.

The temperature factors might agree better if absorption corrections 

had been made as B was urually greater than B . Values of 62 and
UU MO

75 are Just allowable, but the e.e.d's along the rotation axis (y) 
are underestimated by a factor of at least 2. The data were much 
more limited in that diraction than for normal one-axia photographic 
data* It should b« noted that the analysis was for a non-centrosymmetric 
•pace-group and did not use a full matrix approximation*
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- If the e.s.d.'s of a structure are reliable, it is interesting 
tc compare its parameters with those of a related one, but this 
cannot be done directly except for isomorphour structures. However, 
a molecular entity of n stoaas can be defined by 3n-3 co-ordinates, 
with a suitable choice of axes. These parameters are usually the 
reported bonds acid angles, though these do not always have individual 
e.*.d.'s. An ideal set of structures for this is a series whose 
members each include a compound common to all, which ir in an identical 
chemical state throughout. Two exampleE of thir are molecular 
complexes with a common donor (zaetai oxinates) for which 8 reat nable 
structures are available and ionic compounds with a co:amon cation 
(paraquat) - 6 structures. If w© assume that the bond lengths and 
angles are unaffected by small changes in electronic configuration or 
molecular packing, then they should b& identical within the estimated 
error* The J^rence of tizeable distortions in compounds with 
non-crysta'-lofe-rapbic Byoroetry sug&eets that packing forces can often be 
neglected.

It ir often assumed that if in two structures no bond lengths 
differ by more than 3 e.s.d. f s, then the; e structure!? are identical. 
Although this argument can, with caution, be used for ,;, single bond, 
for assessing two structures as a whole, the deviations nust be taken 
together. It would b© bert to refer the&« to a common origin by

g §i a w(Ajr) , where A £ = r - r, and then to evaluate
t\ **

where t. a (Arj./(e.3.d. along the line a —)b). This is 

tedious and the rimpler compaxlson of bonds and angles has been made. 

Although the atoms are assumed independent of one another, it is 

impossible to choose bonds and angles to satisfy this. The analysis 

should however show whether the e.s.d.'r, of bonds and angles are of 

the correct order, or are useful for comparing structures. 

Metal oxinates

Apart from our detf rmination(s) of CuOx_.2TCNB f there are also 
reasonable (O.OO^^-Cc^H) determinations of the CX - and & - forms of



CuO*2 (u,ia) f CuOx-.pieryl aside (13), CuOXg.TCHQ (l4) and three 
palladium compounds, PdOx* (15) 9 PdO^.TCNB (lfc>) and PdOx.Chloranil 

It is assumed that all bonds and angles betweea light atoms
2+ 2+ will be unaffected by electronic effects even from Cu to Pd . As

the compounds are planar (all published structures obey two-dimensional 
Euclidean geometry) they can be defined by 2r» - 3 parameters, (19 if 
n • 1 )•

Those chosen are shown, along with the tabulated values (p. .),*«) 
i » 1— } 19, for each structure (J) in Table IV. S Also tabulated are
the respective weighted means, p., with standard deviations, ^ (p. ), for 
all copper structures, and similarly for palladium ones* These are

o
calculated from individual & (p. .) if these are given, ami t. . a .
22 2 — — * ^i/^ (p^j) + <5* (PA ) where A 4 j » ^ - Pj^^i where only an average

e.B.d., ^(p.), was published, /It. was take a as J^A .^/(^Cp^)) • 
Although p. are independent , an average <5 (p. ) was calculated as all 
the e.s.cU'r arc of the same order. None of the "U?. are linearly 
related to any combination of others, but are not independent ia relation 
to movement of atoms*

We consider only the three quest ion*:-
(a) Is any particular compound significantly different from the mean 
of the others with the same metal ^44 ^or any 3)?
(b) Are the mean parameters of the copper and palladium oxln&tes
different?
(o) Are the mean bond lengths of all ojdn&te structures compatible with
those calculated by Huckel theory (23)7

(a) Of the 8 compounds only CuOx2 *PA has large Ht. * This does 
not necessarily mean that the e«s*d. f s are too tmll and the effect 
may be due to the non-independence of pararaeters* (A large shift of 
C(9) alms could account for the two greaters deviations (in angles 18 
and 19))* In general, however, the results imply that the published 
».d**s are likely to be wrong by lesr than a factor of two in either 
direction, and can be usefully employed to compare structural features
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within this accuracy.
(b) Palladium and copper oxinatas have identical light-atom 

bond lengths anglee, which agrees with their similar electronic 
structures. (

(«) The average deviation of r_ from r is ~ 2<y(r,, ] which 
* Cu Hue Cu

is good considering the approximations in the J4*Q« calculation* ( Table IV»7«) 
Paraquat structures

All the paraquat structures, including the first three (2.4) 
were planar (except pqPdCl, ) and have 1 or 2 symmetry. Two questions 
were:-
(a) Are all the ions compatible with the mean and does this have rama 
symmetry? (It imist be at least sua2 or 2/\&)
(b) Can the bond lengths be interpreted in terat of vtilenco theory? 

The result? are shown in Table IV. 8, where mnm symtaetry in
assumed, and! imply that all structure: re compatible with this (as

E 2 t. ). The V-4 f , 4^3 and 3-2 bonds differ
significantly a id the ^-0 bond orders are confuted fro^i them usin, an 
en^irical curve (13). These can be cosqpared with those calculated in 
Chapter VI and show reasonable agreement,
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Table IV.1

Atomic co-ordinates and thermal parameters ( x 10 )
with estimated standard deviations

For each atom the upper value is P./w\, 
and hydrogen atoms are omitted.

Cu

0(1)

«1)

N(2)

R(3)

N(4)

ff(5)

C(1)

C(2)

C(3)

C(4)

C(5)

C(6)

C(7)

C(8)

The value of t|

x/« t9 \

0(0) 
0(0)

761 (6) . . 
758(8) °' 1

-502(7) n 2 -506(9) °' 2

7054(11) 0 2 7046(14) °* 2

7221(9) n , 7216(11) 0<1

3765(9) n . 3756(111) u *£f

3836(10) 3823(12) °''

-1144(10)^

-1240(11) Q Q 
-1242(13) °'°
-707(11) 0 0 -709(13)°*°

475(12) 456(15) 1-1

103lii^-°
11122(11) 1128(13) °' 1

662(12) °'4

15(9) . 1 0(11) 1 ' 1

the lower P±(M)

is tabulated for each parameter

y/b t^y)
efov
0(0)

-740(6) -746(7) °'5

2150(8) 1 *°

2417(10) 9 
241 0(1 3r'2

-2065(8) -2063(10)°'°

1754(8) 1743(10)°-7

6136(9) 0 . 6127(10)0 *4

3584(10) 3579(10)°' 1

5036(1,1) ? 
5049(lir^
4992(11.) 4976(12)1 '°

3204(12) 3189(13)°"'

1 677(1 1) 0 ? 1662(13)°* 7

277(10) Q<1

^(190?'5

2064(9) Q Q 2061(9) °*°

z/c t?

0(0)
0(0)

1184(4) . 7 1178(4) 1 ' 7

822(4) . Q 
814(4) n

5536(5) 9 , 
5549(7) *°
3788(4) 0 2 3791(5) °' 2

-0015(5) 0 Q -0022(6) u '^

1714(5) 0 0 1713(6) °'°

586(5) o , 591(5) °' 3

1307(5) , , 
1292(6) *:*
2222(6) 6 2233(6)1 '6

3464(6) 3463(7)°'°

3616(6) 3627(7) t *lf

2880(5) 0 g 2887(6) °'8

1926(5) 0 , 1930(5) °- 3

1758(4) 0 0 1759(5) °'°

U(iso)

402(7) 
323(5)

; (u)

77

439(13 
418(12)
366(14) 
375(13) 0.2

783( 
757(25)
577(18)

0.6

1.2

603(18) ft , 583(19) °' b

694(20) 619(20) 7 ' /f

477(19) , 0 425(17) 4 '°

520(20) •'•-

596(22) 
537(21 Y^
579(23) Q 6 604(23)°* 6

603(22) , 627(24)°'6

501(19) Q , 
520(20) U °
381 (17) 9 , 
M9(l7r°
370(17) 0 . 379(16)°' 1



Table IV.1 (contl

C(9)

C(10)

c<«)

0(12)

C(13)

C(14)

C(15)

C(16)

C(17)

C(18)

C(19)

^" *«

-72(10) -78(12) °* 1

5419(10) 5417(11) °'°

6028(9) 0 o 
6028(11,) °'°
6074(9) 0 . 6077(11) °' 1

5575(9) 0 1 5511(11) °* 1

4903(9) 0 6 
4913(11)
4855(9) 0 Q 
4841(11) '*
6606(10) n n 6605(12) °' u

6709(10) , 
6727(11) 10
4287(10) q 
4302(1t.) u^
4268(10) 4258(12) u '^

yA

3452(10) 
3453(11)
2591(10) 
2584(10)
2143(9) 
2147(10)
581(8) 
567(9)
435(9) 
440(9)

1893(9) 
1887(9)
3454(9) 
3473(9)
2283(9) 
2277(11)

1y)

0

0

0

1

0

0

2

0

-890(9) R 
-922(10) °
1792(9) 
t782(l!0)
4940(10) 
4957(10)

o

1

.0

•3

.1

.2

.2

.2

.2

.2

.7

.0

•5

z/c

2514(5) 
2516(6)
3378(5) 
3384(5)
3721 (4) 
3718(5)
3093(4) 
3094(5)
2120(5) 
2111(5)
1775(4) 
1773(5)
2407(4) 
2400(5)
4718(5) 
4737(6)
3472(5) 
3475(5)
786(5) 
771(5)

2036(5) 
2027(6)

t

0.

0.

0.

0.

1.

U

1

7

1

0

6

0.1

1.

6.

0.

4.

1.

0

2

3

3

4

U(iso)

484(19) 
475(18)
415(18) 
401(16)
375(17) 
394(16)
376(17) 
379(16)
384(17) 
392(16)
384(17) 
373(16)
396(17) 
390(16)
481(19) 
483(18)
450(17) 
413(19)
443(18) 
432(17)
485(20) 
451(18)

%»

0.1

0.3

0.7

0.0

0.1,

0.2

0.1

0.0

2.2

0.2

1.6

(u)



Table IV.2

Comparison of some bonds and angles from the two determinations (M,W)
of CUOXQ.2TCNB

(E.s.ds and A: of bonds are in units of 10~^& ; for angles,units of 0.1 )

BONDS w
1
2
3
4
5
6
7
8
9

10
11
t2

1i.311
t .405
1.364
1.405
1.411
1.336
1.393
1.397
1.423
1.421
1.319
1.368

11
13
13
13
14
15
15
13
12
1i2
10
10

1.328
1.412
1.323
1.423
1.415
1.321
1 .402
1.392
1.424
1.411
1.304
1.355

9
tt
12
11
12
12
12
11
10
10
8
9

' Ai
-1-17
+ 7
-41
+18
+ 4
-15
+ 9
- 5
+ 1
-10
-15
-13

t|

1.4
0.2
5.4
1.1
0.0
0.6
0.2
0.1
0.0
0.4
1.4
0.9

11.7

ANGLES
1
2
3
4
5
6
7

123.6
115.0
121.3
118.2
121 .6
116.6
125.1

7
8
9
8
8
8
8

123.7
114.8
120.8
1H8.5
121.9
116.4
125.8

6
7
8
7
6
6
6

+ t
- 2
- 5
+ 3
+ 3
- 2
+ 7

0.0
0.0
0.2
0.1
0.1
0.0
0.5

112.6
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2
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6
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6
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2
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CN
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1 
t3 1.

4
2.

9
0.
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1.

2
0.

4
10

.0 0.
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0.
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4.
5

0.
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2.
6

2.
3

10
3x

A
+ 

6
-1
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3
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.0

06
1.

32
2

1.
40

6
1.

35
2

1.
41

8
1.

40
3

1.
34

9
1.

42
0

1.
39

0
1.

42
3

1.
42

0
1.

31
8

1.
36

0

0.
4

1
2

2
.5

 
1
1
.5

-2

1
2
1
.4

11
18

.8
1

2
2

.7
11

7.
0

12
5.

0



Table IV.6

Comparison of Bonds and Angles in Palladium Oxinate and its complexes<A«
BONDS

1
2
3
4
5
6
7
8
9

10
111
12

bond
Z

of bonds
PdO

io2 x A
0

+ 2
+ 6
- 3
+ 4
+ 5
- 1
+ 4
+ 4
+ 2
- 2
- 1

t|

is in units
*a

t2
*

0.0
0.4
4.0
1.0
1.8
2.8
0.1
1.8
1.8
0.4
0.4
O.t
_____

14.6

of 10
PdOXjj

I02x^

- 2
+ 2
- 3
+ 2
- 7
- 2
•f 5
- 2
+ 1
- 1

0
+ 4

-2£ ;
.CA

4-21 ti
0.2
0.4
t.O
0.3
5-5
0.1
2.8
0.4
0.1
0.2
0.0
1.8

— _—

12.8

^ ij °f angles in units 0
PdOx., .TCNB

102 x^_\

0
- 3
- 4

0
+ 2
- 2
- 3
- 2
- 5
- 2
+ 2
- 2

t2
i

0.0
0.5
1.8
0.0
1.0
0.4
0.5
0.4
2.7
0.4
0.4
1.0

———

9.1

Mean (5
<r\s\Q 02

1.33
1.40
1.36
1.44
1.40
1.41
1.40
1.40
1.44
1.43
1.31
1.40

ANGLES toAc
1
2
3
4
5
6
7

0
-1.0
+3-3
-0.7
-0.3
+0.3
+0.7

0.0
0.3
3-2
0.1
0.0
0.0
0.1

+2.0
-1.0
-2.7
+1.3
-0.3
-0.7
-1.3

cr
-2.0
+2.0
-0.7
-0.7
-0.3
+0.3
+0.7

1.6
1.6
0.1
0.1
0.2
0.0
0.2

121.0
116.0
118.7
118.7
122.3
116.7
125.3

angle
3-7 5-0 3.8

18.3 17.8 t2.9



Table IV. 7

Comparison of Bonds and Angles in Copper Oxinates, 
Palladium Oxinates, and predictions from Httckel Theory

BONDS
1
2
3
4
5
6
7
8
9

10 
11i 
12

CuOxa (mean)

O.OOyX
1.322
1.406
1.352
1.418
1.403
1.349
1.420
1.390
1.423
1.420
1.318
1.360

0.1 
0.0 
0.1 
0.8 
0.0 
6.3 
0.7 
0.2
0.5 
0.2 
0.1 
3.0

12.0

>dOXa (mean) 
0.02 X

1.33
1.40
1.36
1.44
1.40
1.41
1.40
1.40
1.44
1.43
1.31
1.40

11Httckel calc 

(Ref. )
1.32
1.40
1.38
1.41
1.41
1.38
1.41
1.38
1.41
1.42

1.35

ANGLES
1
2
3
4
5
6
7

<" 0.4 
122.5 
115.2
121.4
118.8
122.7
117.0
125.0

0.2
0.5 
6.0 
0.0 
0.1 
0.0 
0.0

6.8

~ 1 .0
121.0
116.0
118
118
122
116

7
7
3
7

125.3

18.8
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Table V.2..

Final Parameters (rlO4 ) for fcoCNH,)^, CurCl -. 

(Referred to centrosymmetrio origin)

Co(l)
Co(2)
Cu(B)
Cu(A)
Cl(bridge)
Cl( terminal)
Cl( interstitial)

Va 

0
5000
2509
1250
1849
2777
3750

621
5350

°x

-

3
-

4
5
-

13
16

yA
0

5000
2509
1250
1849

713
3750
593
811

*'_
-
3
-
4
5
-

13
16

t/Q

0
5000
2509
1250
1849
-748
3750
-306
-269

<3~ U. O"TT z iso U
- 105 27
-

3
-

4
5
-

13
16

137
343
169
122

343
700
151
331

29
26
33
29
25

(constant)
67
86N(2)

The temperature factor of the interstitial chlorine atom was 
kept constant and its ocupation number was refined. This converged 
to about 0.45 atom per site. 
Other Details

Cell parameters; a= 21.80A Spacegroup; Fd3, No.203., origin at 3.
Z s 8 formula units Number of asymmetric units = 96.
Dimensions of crystal; Regular octahedron, side « 0.40 mm u. * 45cm (Mo)
Number of reflections; 457 Final R = 0.146
Bonds and angles not mentioned in text;

Co(l)-N(l) = 1.98 £ Co(2)-N(2) = 2.00 JJ 
N(l)-Co(l)-N(l) =89.6, 90.4° N('2)-Co(2)-N(2) = 89.1,90.6£

Cu(A)-Cu(B) * 4.72# Cu(B)-Cu(B) * 7.70 i

N.B. The structure factors calculated and tabulated in Chapter VII were
111 based on the non-centrosymmetric origin *t 9 3 Q* Their magnitudes are

unaltered but their phases are different.



Table V.3 

Parameters for

No unique solution can be given and both sets of parameters, 
obtained from methods (1) and (3) in the text, are given.

Final Parameters from Method d) (xlO4 )
	i/a yA z/c Uiso

Co, 000 173
Cu(B) 2500 2500 2500 487
Cl(axial) 1880 1880 1880 540
Cl(equatorial) 2500 760 -760 590
N 704 510 -299 216

From Method

Co 000 170
Cu(B) 2550 2550 2550 346
Cl(axial) 1880 1880 1880 523
Cl(equatorial) 2621 768 -756 346
N 707 51 1 -298 292
Cu(A) 1250 1250 1250 300(assumed)

The ooupancy of the CU(A) sites was refined and converged to a 
value of 0.12 per site. This is probably not significant.

Other Details
Cell parameter; a= 21 ,81J5 Spacegroup; Fd3o, No. 228. Z= 32 formula«, units. Origin at 3 for parameters, at 23 for S.F.s.
Number of reflections; 171 Final R = 0.122 (method(l)), 0.087 (method 
Bonds and angles from method (1):

Cu-Cl(ax) = 2.34 I Cu-Cl(eq) = 2.35# Co-N = 2.01 X
N-Co-N = 89.8, 90.2°
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0.72
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^0-(^
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QJ&
0-97
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Q-68

°4 *° V °-43

•o-w

N'

|OC

MQNQCAT10N

0-95

Q-7A

0-49

>• 1-07

• JTI.J
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TABULATION OP STRUCTURE FACTORS

The tables, except VII • 3«» are arranged in lines of constant 
h and k. These lines are vertical for the first five tables and 
horizontal for the last two. They are preceeded by *h k for that
line and consist of the triplet, IF, F _ . Values for F ,obs calc obs
have already been multiplied by the layer scales. The numbers given 
are in electrons multiplied by a factor to make the values more manage­ 
able and this factor is given for each table.

All the structures are centre symmetric, but the cobalthexammine 
chlorocuprates are referred to a non-centric origin for structure factor 
calculation. For these the phases, or information to calculate them, 
are given.

For table VIII .3 •> PqCUpCl, , the constant indices are *1 h
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Table VII. 6.

Observed and Calculated Structure Factors for pqCu^Cl^ (see p.28 )
*0,0;l=< ,2,4,6,8;(58,72)(24,38)(23,19)(30,-27)
*0,1;l=1to8;(42,53)(30,-22)(32,26)(46,36)(lO,-8)(25,-20)(45,-40)(4,4)
*0,2;l=Oto8;f51,66)(4,l)(4l,39)(37,28)(21,-15)(24,-2l)(l7,-12)(3l,-26) 

(4,4)
*0,3;l=1to8;(6 f 7)(t3,-14)(l6,-l4)(8,-ii)(40,-32)(49,-49)(l2,lO)(32,32)
*0,4;l=Oto6;(38,-33)(liO,8)(4,l)(35,-29)(25,-20)(59,-59)(l3,-14)
*0,5;l=1to6;(i2,-8)(7,8)(5,9)(59,-6D(7,-6)(51,-55)
*0,6;l=Oto5;(22,20)(l8,l8)(l2,-13)(20,-23)(H,1l)(40,-34)
*0,7;l=i;(24,-28)
*1,-7;l=0to3;(l6,-i8)(l4,-l6)(2,4)(l6,i4)
*1,-6jl=1to5j(l3,15)d5,-l6)(31,33)(2,2)(l4,12)
*1,-5;l=Oto5;(36,47)(3,-7)(45,49)(37,-36)(5,0)(8,-7)
*1,-4;l=1to7;(42,5l)(23,-2^l)(45,47)(20,-40)(3,-5)(22,20)(29,-24)
*1,-3;l=1to7;(32,24)(52,58)(26,-27)(24,20)(22,-22)(l2,10)(l8,l8)
*1,-2;l=ito8;(33,36)(52,-56)(36,-27)(8,5)(3,-2)(7,-9)(37,-34)(6,-7)
*1,-1;l=Oto8;(31,35)(l3,-12)(l5,H)(7,2)(25,-l6)(43,-40)(20,-l7) 

(37,-3l)(l2,1l)
*1,0;l«1to8;(4,-2)(47,-48)(37,-3l)(28,-24)(45,-40)(64,-66)(l9,15)(l2,1l)
*1,1;l=Oto8;(36,-48)(i9,-13)(4,-3)(40,-35)(45,-38)(65,-68)(25,-23) (66,-69)(36,-3l)
*1,2;l=1to7;(lO,-8)(8,6)(l3,8)(49,-47)(35,-26)(52,-50)(23,2i)
*1,3;l=Oto7;(4,2)(44,44)(7,-10)(lO,-7)(l7,-13)(26,-20)(3,4)(l2,-8)
*1,4;l=1to4;(36,-38)(29,25)(A4,^3)(4,8)
*1,5;l*0to4;(35,-36)(l8,l6)(48,-50)(54,53)(l8,-13)
*1,6;l=1;(55,-59)
*2,-3;l=1to75(l2,-l3)(44,-46)(48,-52)(35,-34)(30,-30)(54,-56)(l5,14)
*2,-2;l=Oto8;(31,-34)(35>-36)(l1,-10)(31,-27)(39,-35)(46,-4i)(i9,-l8) 

(50,-51)(35,33)
*2,-1;l=1to8;(4,-6)(3,4)(5,2)(l4,-14)(43,-38)(24,-2l)(30,28)(2l,-17)
*2,0;l=2to8;(3,-3)(24,l6)(37,-34)(l3,10)(l5,-1l)(l4,13)(42,42)
*2,1;l=1to7;(31,-35)(46,47)(48,-50)(lO,1l)(l,0)(44,40)(5,-l)
*2,2;l«Oto7;(l6,-23)(34,34)(53,-59)(63,68)(29,-2l)(44,38)(7,4)(lA-,12)



Table VII.6.(cont.)

*2,3;l=ito5;(36,-33)(20,-l9)(38,-37)(3l,3l)(3,2)
*2,4;l=0to$;(l9,-19)(l,2)(l9,-13)(51,5l)(l2,10)(l6,14)
*2,5;l=1to3;d3,1l)(l7,19)(34,36)
*2,6;1=0,1;(4,-2)(15,18)
*3,-5;l=Oto6;(l3,-8)(33,-35)(l5,-15)d3,-14)(l9,-23)(7,-8)(2,-5)
*3,-4;l=1to7;(6,-7)(l,-l)(l,l)(23,20)(31,-34MlO,7)(20,22)
*3,-35l=Oto7;(l7,-23)(21,22)(2,0)(28,27)(37,-36)(38,33)d7,-l6)(33,32)
*3,-2;l=1to7;(l8,-2l)(42f42)(34,-3l)(20,-l6)(35,-30)(56,6l)(l2,10)
*3,-1;l=2to7;(50,-4i)(55,48)(29,-2l)(43,37)(3,-2)(29,25)
*3,05l=1to7;(20,13)(24,2l)(28,-24)(24,23)(9,-6)(3,-l)(5,-5)
*3,1;l=0to6;(30,35)(l4,10)(3,6)(48,46)(26,l8)(l7,15)(5,3)
*3,2;l=1to6;(4l, 49)(22,20)(38,36)(50,52)(4,5)(21,-19)
*3,3;l=Oto6;(H9,l6)(9,1l)(47,56)(33,35)(29,26)(21,20)(2,-2)
*3,4;l=1to4;(lO,lO)(27,32)(36,4l)(H,12)
*3,5;1=0,1;(4,2)(19,26)
*4,-4;l=2to6;(6,-8)(l4,14)(l4,-l6)(25,22)(9,-10)
*4,-2;l=1to7;(l1,10)(27,24)(21,2l)(20,l6)(l1,1t)(6,-8)(9,5)
*4,-1;l=:1to7;(64,67)(l9,l6)(28,2l)(42,39)(l3,13)(28,-28)(l6,-14)
*4,0;l=Oto75(22,29)(4,-4)(52,47)(35,3l)(l4,12)lO,10)(l1,-1l)(l3,-l6)
*4,1;l=1to6;(4,4)(21,19)(32,27)(H,7)(l4,-l6)(l5,-t3)
*4,2;l=:Oto6;(lt,-15)(l6,23)(8,10)(l2,-1l)(6,5)(38,-34)(3,-2)
*4,3;l=1to5;(2,4)(9,-9)(4,3)(42,-44)(l9,20)
*4,4;l=Oto3;d3,-17)(3,6)lO,-t2)(24,-26)
*4,5;1=U(12,17)

The F values are 0.5* absolute value in electrons.



Table VII .1. 

Structure Factors ( xO.1 ) for Cobalthexammine Chlorocuprate(l).

The calculated values are based on the parameters in Table V.2. 
but related to a non-centr©symmetric origin at i 1 1. The phase can 
be calculated from the relationship:

(X.= (x+2)V4 * ^72 , where the sign is given below, 
and x= h+k+1 (mod 4). The table is arranged as:

*h,k;(l,F . , P _ ).(1,P . ,P , ) 0 ^ ' obs calc'1 v ' obs* calc 2

*0,0;(8,18,25)(12,109,-98)(16, 117,111 )(24,29,24)(28,^,-40)(
*0,2;(6,33,32)(10,33,16)(14,34,25)(18,10,13)
*0,4;(4,1l8,l66)(8,73,-73)(l2,124,128)(l6,79,-76)(20,59,62)(24,33,-32) 

(28,35,35)(32,15,-16)
*0,6;(8,13,11)
*0,8;f4,77,-83)(8,142,l85)(l2,76,-74)(l6,68,70)(20,66,-65)(24,54,55) 

(28, 11, -1:2)
*0,10;(2,28,-13)(6,53,75)(t4,14,-7)(l8,t2,-6)(22,19,l7)(26,l8,22)
*0,12;(4,137,135)(8,79,-85)(l2,77,79)(l6,39,-35)(20,43,M)(24,26,-23)
*0,14;(2,37,38)(10,16,-14)(14,22,22)(18,18,22)
*0,16;(4,76,-69)(8,67,67)(12,41,-43)(16,54,59)(20,27,-25)(24,23,20)

*0,20;(4,36,-3V)(8,56,66)(12,25,-23)(16,21,16)
*0,22;(6,l5,14)(lO,26,28)(l8,11,-7)
*0,24;(4,36,-3O(8,56,66)(12,25,-23)(16,21,16)
*0,26;(10,13,2)
*0,28;(4, 34,31 )(12,43,30)(16,19,-21)
*0,32;(4,14,-14)
*1,1;(9,34,30)(11,15,-12)(13,36,-28)(15,28,25)(17,22,-25)(19,12,12)
*1,3;(3,19,-27)(5,37,30)(7,52,46)(9,18,19)(11,16,-13)(13,27,-21)

(Ii5,28,-2l)(l7,11,l0)(l9,11, :7)(21,11,l0) 
^,55(3,42, -42)(5,31,-29)(7,29,37)(9,14,-15)(11, 26,21 )(13,13,-

^

*l;(3,l3,-5)(5,23,-20)(7,38,Wfl)(9,l7,2l)(l1,l8,-20)(l3,27,30) 
' '(15,23,24)



Table VII.7.(conQ
*1,13;(3,28 t 24)(5,10,0)(7,l8,-10)(9,14,10)(n,20,-4)(l5,11.,12)(l7,20,-22)
*1.15;(3,30,26)(5,15,18)(7.11,-10)(9,14,-5)(11,15,-3)03,13,16) (15,19,-28)(i7,13,-3)

*1,25;(7,16,15)
*2,2;(4,41,42)(6,26,27)(12,11,11)(14,26,-23)(16,3,29)(22,25,24)
*2,4;(6,35,35)(8,57,-67)(l2,29,28)(i4,14> 15)(l6,i5,14)(l8,22,22) (22,12,9)(28,11,-15)
*2,6;(6,35,32)(8,31,36)(12,23,27)(14,24,-22)(24,12,12)
*2,8;(V,44,16)(6,22,8)(10,54,63)(12,11,5)(22,12,5)
*2,10;(4,17,19)(8,39,29)(12,22,4)(14,15,17)(20,19,19)
*2,12;(4,22,-11)(6> 16,5)(10,32,40)(1A-,11,7)
*2,14;(6,26,-27)(10,14,13)(12,15,19)(18,15,14)

*2,20;(6,13,12)(10,12,2) *2,22;(4,14,14)
*2,24;(6,12,11) *2,30;(6,14,-14)
*3,3;(3,53,56)(9,15,-12)(17> 16,-11 ! )(19,15,12)(23,20,20)
*3,5;(5,57,55)(7,35,9)(9,10,4)(ll,36,-30)(l3,l6,-l5)(l5,28,-28) 

(19,24,7X21,16,21)
*3,7;(5,45,-47)(9,29,-3l)(l1,23,20)(l3,12,0)(l$,l8,22)(l9,l6,-7)

*3,13;(5,l4,8)(7,l6,-i8)(9,l4,19)(l3,l6,15)d9,12,-3)
*3,15;(5,24,-16)(9,9,5)(11, 20,14)

*3,19;(5,28,27)(7,20,18)(9,18,-14) *3,21 ;(1 .11 ,,,
*4,4;(4,104,-1l6)(6,70,7l)(8,123,15l)(lO,30,-25)(l2,8l.-8l)(i4,48.-49)

(16,81,83)(18,37,37)(20,$1 r43)(22,10.9)(24,43,43)(28,l9,-19)
*4,6;(6,13,5)(8,26,22)(lO,23,l2)(l2 > 43,-48)(l4,14,l6)(l6,11,-1t)

(20,16,19)
*4,8;(6,29,-30)(8,l03,-110)(lO,1l,15)(l2.83,90)(l4,l8,1l)(l6,47,-48)

(l8,lO,12)(20,63,6l)(22,15,-13)(24,29,-28)(28,22,27)
*4,10;(6,32,36)(10,28,27)(12,11, 11)(14,20,22)
*4,12;(6,30,-30)(8,85,94)(l2,63,-6l)(l4,25,12)(l6,65,66)(l8,22,-25) 

(20,30, -30)(24,35,35)(26,12,11)(28,27, -20)



Table VII.7.(oont.)

*^14;(6,l6,l6)(8,20,-l6)(lO,l6,8)(l2,37,43X20,15,-20)(24,10,-7)
*4,l6;(6,10,-6)(8,46,-44)(l2,65,67)(l6,42,-4l)(l8,12,-1l)(20,34,36) 

(24,20,-20)
*4,18;(12,19,-14)(20,11,8)
*4,20;(8,6l,58)(l2,30,-30)(l4,13.-7)(l6,36,38)(20,26,-24)(24,22,22)
*4,22;(8,14,7)(l2,11,-5) *4,28;(8,22,26)(t2,22,-22)
*4,24;(8,30,-30)(12,33,35X16,20,-19)(20,21,22)

*5,5;(5,22,24)(9,10,7)(lt,35,-3l)(l3,27,-27)

*5',9;(9,26,ll8)(ii,26,27)(l7',13',-9)

*5',13;(11,22,27)(15',10,12)(

*6,6;(6,14,-19)(8,28,28)(10,18,-18)(12,19,20)(14,25,20)(16,12,11)
*6,8;(14,16,18)(16,15,-15)(18,23,27)(24,9,9)
*6,10; 8 f 23,28)(lO,11,9)(l2,19,21)(16,20,13)(
*6,12; ,10,16,-11) (12,21,20) (14,11,10) (16,16,16) (18,13,14)

*6)l6||8|l3!9)(lO,28,32)(l2,11,-5)(l4,10,lO)(l8,lO,-7)
*6,18; 12,10,6)(14,12,-11) *6,20;(10,17,19)(12,10,-12)

*7,7;(7,41,40(13,28,^-27^

9 *7,13;(9!20)24)(11,15,-14)(13,18,18)

*7!l7;(9',i9ilO)(ll,12^-6)"' i7,l9;(9,l6,-20)(n,i8,20)

*8,8;(8,83,90)(l2,50,-52)(l6,66,7l)(20,27,-25)(24,22,22)(28,22,-24)
*8,10; 14,19,16)(18,27,30)
*8,12; 12,78,80)(16,51,-51)(20,40,46) *8,14;(10,26,32)
*8,16; 12,51,-46)(l4,12,lO)(l6,47,44)(20,27,-28)
*8,18; 10,20,17) *8,20;(12,41,43)(16,28,-28)(20,20,22)
*8,22;(10,12,-12)(14,12,13)(18,10,12)
*8,24;(12,24,-25)(14,11,-7)(16,31,36)(20,15,-12)




