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Abstract 

Based upon the 115 K X-ray da ta  for Cs3CoCI 5 several 
valence-orbital refinements were carried out to eluci- 
date features of  chemical interest. They gave a 
t3"9i2)e4"2~2)'4s '°'4~3~ valence-electron configuration for the 
Co atom, when averaged to cubic symmetry.  There is a 
substantial  and impor tant  redistribution of  charge 
within all ions, which can be well represented by a thin 
spherical shell at a radius of  ca 1 . 5 0 A  from each 
nucleus, but not by any of  a number  of  other models of  
diffuse density. Deviat ion from cubic symmetry  for the 
Co atom is marked. The results are quite similar to 
those of  an earlier study on Cs2CoCl 4, and show the 
importance of  effects in the Cs . . .C I  bonds reminiscent 
of  covalency.  The relationship between those charge 
density results and the spin density distribution obtain- 
ed on the same compound  by polarized neutron 

* To whom correspondence should be addressed. 

0108-7681/89/030240-08503.00 

diffraction shows that  an advanced level of  theoretical  
t reatment  is required to account  for both experiments.  

1. Introduction 

This paper draws on the results of  the preceding paper  
(Figgis, Kucharski  & Reynolds,  1989a) for the charge 
distribution in Cs3CoCI 5, on the equivalent results for 
Cs2CoCI 4 (Figgis, Reynolds  & White,  1987), and on 
the experimental  spin density distribution for Cs3CoC15 
(Chandler ,  Figgis, Phillips, Reynolds  & Williams, 1982) 
to examine the bonding in the COC142 ion. 

Complementa ry  X-ray and polarized neutron dif- 
fraction (PND)  studies have been made on C s :  
K[Cr(CN6)] (Figgis, Forsy th  & Reynolds,  1987; Figgis 
& Reynolds,  1987), (NH3)4Ni(NO2) 2 (Figgis, Reynolds  
& Wright,  1983; Figgis, Reynolds  & Mason,  1983) and 
Co(pc)  (Williams, Figgis & Mason,  1981; Figgis, 
Kucharski  & Reynolds,  1989b) (pc=ph tha locyan ina to  
ion). Those systems, while having more chemical  

© 1989 International Union of Crystallography 
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Table 1. Valence parameters from refinement R3 on 
Cs3CoCI 5 compared with those for Cs2CoCI 4 

Parameter  Cs3CoCI 5 Cs2CoCl4* 
Cs(l) '4d' 10-1 (3) 9-6 (3) 

'5s)p" 7.3 (3) 7.2 (4) 
P,h,., 1.3 (1) 1.6 (2) Cs(l) 
r,,,~,, (A) 1.39 (6) 1.45 (7) 
Total charge +0.3 (2) +0.6 (2) 

Cs(2) '4d' 9.6 (3) 9.9 (2) 
'5s+p' 7.6 (2) 7.0 (6) 
P~ht.JI 1.6 (2) 0.6 (2) Cs(2) 
r,hc. (A) 1.27 (4) 1.60 (1) 
Total charge +0-2 (2) + 1-6 (2) 

Co( l ) 3d - t  2 3.9 (2) 3.3 (3) 
3d-e  4.2 (2) 4-0 (3) 
"4s+p" 0-4 (3) 1-2 (3) Co( I ) 
p,),~,,, -0 .3  (2) -0 .2  (3) 
r3a I. 11 (2) 1.05 (3) 
Total charge +0.9 (2) +0.7 (2) 

Cl(l) (sp)~ 2.07 (14) 
(sP)2 =(sp)t 
3p~ 2.31 (28) 
p,,~,,, 0.7 (2) 
r3, . (A) 0.92 (2) 
Total charge -0 .  I (2) 

Cl(2) (sp)~ 1.94 (7) 1.93 (8) Cl(2) 
(sp) z 1-74 (7) 1.86 (8) 
3p~ 3-41 (12) 3-40 (15) 
p,,~.,, 0.3 (I) 0.5 (1) 
r3~ , (,/t) 0-96 (1) 0.97 (1) 
Total charge -0 .4  (I) -0 .7  (1) 

* Figgis, Reynolds  & White (1987). Cl(l) 

interest, are more complex and thus more difficult to 
study from the standpoint of theory. Theoretical 
calculations to understand the experiments must, at 
least, take account of the effects of both electron 
correlation and of neighbouring ions in the crystal 
lattice. 

2. Constrained valence-orbital refinements 

The multipole refinements of the Cs2CoCI 4 data (Figgis, 
Reynolds & White, 1987) contained many redundant 
parameters yet were not sufficiently flexible to describe 
the rather localized nearest neighbour bonding features 
present in the Fourier maps. A highly constrained 
fourth-order valence-orbital model was found to ac- 
count for all but those local features but use few 
redundant parameters. 

We have applied that same constrained valence- 
orbital model to the Cs3CoCI 5 data and called it 
refinement R3. It reduces the number of valence-related 
parameters from 37 to 22. Each Cs atom has spherical 
5p- and 4p-like populations, and a thin spherical shell of 
charge, cs Psh~,, at a radius rsh~,C" from the nucleus. The 
Co atom is constrained to cubic symmetry, with 3d e 
and 3dt2 and 4p functions, a variable 3d radius, and a 
shell population c~ Psh~, of radius 1-5 A,. The CI atoms 
have 3s/3p hybrid orbitals, (sp), directed along the bond 
to cobalt for C1(2) and along c for CI(1). The site 
symmetry population constraint (sP)! = (sP)2 applies 
for CI(1). In addition each CI atom has a 3p,, 

cl population and a Pshe, population at 1.5 A radius. 

Table 2. Valence parameters from refinement R4 
compared with the spin density experimental results for 

Cs3CoCI5 

Parameter  Charge Spin* 
'4d' 10.8 (2) 
'5s+p' 7.0 (3) 
P~hr, I '0 (1) 
rshel I (/~) 1.51 (7) 
Total charge +0.3 (2) 

'4d' 10-4 (2) 
"5s+p" 7-0 (2) 
P~hr,I 1.2 (1) 
r~hel I (A) 1.37 (5) 
Total charge +0.4 (I) 

3dx,. 1.37 (12) 0.86 (2) 
3d,: 1.20 (8) 1.00 (2) 
3d .  =3d~. =3d~. 
3d~ 1-96 (12) -0.2"1 (2) 
3dx,,.~ 2.12 (12) -0.01 (3) 
'4p~" -0 .  II (19) -0 .07  (3) 
"4p,." ='4p.," ='4px" 
'4p:" 0.65 (27) 0.20 (5) 
Mix (3d-4p) -0 .56  (120) 1.37 (14) 
r3a 1.077 (8) 0-961 (5) 
Total charge/spin +0-7 (2) 2-70 (2) 

(sp)~ 1.99 (8) 0.024 (9) 
(sp) 2 1.84 (7) 0-035 (5) 
3p,. 1-70 (7) 0-007 (7) 
3p: 1.87 (7) 0.012 (4) 
r~,p 0.94 ( I )  0.99 (4) 
Total charge/spin - 0 . 4  (2) 0.078 (6) 

(sp)j 2.23 (14) 
(sp)~ =(sp)~ 
3p, 2-72 (28) 
r3s n 0.91 (1) 
Total charge/spin -0 .2  (2) 

* Chandler  et al. (1982). 

The positional and thermal parameters were fixed at 
the values of refinement R 1 (previous paper) while the 
valence model and the nine experimental, scale, multiple- 
scattering and extinction parameters were varied, 
employing the data with I K I < 0.7 ,/k- 1. The results"of 
the refinement are listed in Table I. The fit is as good as 
for the full multipole model (R 1') and much better than 
for the spherical-atom refinement (R2) of the previous 
paper. The valence-model results are listed in Table 1, 
together with those from the Cs2CoCI 4 experiment for 
comparison. 

In analyzing the PND data on Cs3CoCI 5 a slightly 
different constrained valence model was used for the 
spin density on the CoCl 4 fragment (Chandler et al., 
1982). The 3d and 4p parameters on the Co atom were 
allowed the full non-cubic symmetry of the ~,2m site 
with a variable 3d radius, and a term describing 3d-4p 
orbital mixing was introduced with appropriate radial 
dependence and with the tetrahedral angular depen- 
dence of the y32 multipole. Each CI atom had all the 
symmetry-allowed 3s/3p hybrid orbitals. The z axis of 
C1(2) was in the ab plane perpendicular to the C1(2) 
mirror plane. There were no P~h~, populations. We used 
this model on the present Cs3CoCI 5 data to give 
refinement R4. The valence-parameter values are given 
in Table 2 together with those of the spin density 
analysis. They are very similar to those of refinement 
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R3. The experimental extinction parameters for refine- 
ments R3 and R4 are essentially unchanged from R 1. 

Figs. I-3 and 4-6* show respectively residual- and 
model-density maps based upon refinements R I' and 
R4, respectively, calculated in the same three planes as 
used in the preceding paper for the deformation 
densities. The residual density is defined in the usual 
way, as 

Pres(r)---- (2/V)~. i[F,b  s -- Fcalc(model RI')I 

x exp(27d I Kil.r) 

and the model density as 

pmoo(r) = (2/V)Yv[F~l~(model R4) - F~,~(sph. atom)] 

x exp(2r~i I Ksl .r) 

where the cell volume is V and the jth reflection has 
wavevector Ki. Fob ~ is the observed structure factor 
corrected for anomalous dispersion, with sign assigned 
from the model. F~a~(model R4) is the theoretical 
structure factor of the model R4, but with no 
anomalous dispersion. F~a~(sph. atom) is obtained from 
a calculation based upon 'free' Cs ÷, Co ~+ and CI- ions 
with the positional and thermal parameters of R4, again 
with no anomalous dispersion. 

The residual density is the observed density which is 
not accounted for by model R I', while the model 
density shows the valence changes implicit in model R4. 

* The model-density maps, Figs. 4-6, have been deposited with 
the British Library Document Supply Centre as Supplementary 
Publication No. SUP 51606 (4 pp.). Copies may be obtained 
through The Executive Secretary, International Union of Crystal- 
lography, 5 Abbey Square, Chester CH 1 2HU, England. 
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Fig. 1. Residual charge density map for the z = 0  plane of 
Cs3CoCI ~, containing CI(1) and Cs(2) based on refinement RI ' .  
The contour interval in this and subsequent maps is 0.2 e ,/k-~; 
solid lines for positive, dashed lines for negative density. The 
plane extends from x = 0  to 0.5 and from y = 0  to 0.5, 
downwards, the complete unique area in the plane. 

2. I. Radial  changes f o r  the ions 

The above refinements define species that are far 
from free ions. R5 and R6, listed in Table 3, explore 
constraints intermediate between refinements R2 
(spherical atom) and R4. In refinement R5 we allowed 
the valence-orbital populations to vary but used their 
theoretical radial functions. In refinement R6 we 
allowed both the atom charges and the valence-function 
radii to vary, but maintained spherical symmetry and 
included shell populations on the Cs atoms to give 
further flexibility in the radial-fitting procedure. 

A thin shell of charge at radius rshel I on each atom 
may not be the most appropriate model for very diffuse 
densities. We refined four other aspherical models of 
density to compare with refinement R4, and details are 
presented in Table 4. Each such model, except R8, 
required a uniform density throughout the cell and so 
affected F(000), whose value was unconstrained. 
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Fig. 2. Residual charge density map for the z = 0.25 plane of  
C%CoCls, containing C o ( l )  and Cs(1), with x and y defined as in 
Fig. 1. 
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Fig. 3. Residual charge density map for the (110) plane of  
Cs3CoCls, containing Co( l ) ,  Cs(2) and C1(2). 
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Table 3. Ionic charges in Cs3CoC15 

Values without e.s.d.'s in parentheses are assumed and fixed. 

Table 4. Results of refinements conducted to examine 
models of the very diffuse density in Cs3CoCI 5 

R6 R4 
R2 R5 (Aspherical) 

Cs(l) Charge + 1.0 +0.9 (2) +0.2 (2) +0.3 (2) 
'5s+p' 8.0 8.1 (2) 7.6 (2) 7.0 (3) 
P~hc, 0"0 0"0 1.1 (1) 1.0 (1) 

CS(2) Charge + 1.0 +0.9 (1) +0.4 (2) +0.4 (1) 
'5s+p' 8.0 8.1 (1) 7.2 (1) 7.0 (2) Population 
Pshell 0"0 0"0 1.4 (I) 1.2 (1) Cs(I) Charge 

'5s+p' 
Co(I) Charge +2.0 +2.1 (5) +0.7 (5) +0.7 (2) P~heH 

3d 7.0 6.8 (1) 7.7 (1) 7.8 (2) 
4p 0.0 0-2 (5) 0.6 (5) 0.4 (3) Cs(2) Charge 
rja 1.0 1.0 1.08 (1) 1.08 (I) '5s+p" 

Pshdl 
C1(2) Charge - 1 . 0  - 1 . 0  (1) - 0 . 4  (2) - 0 . 4  (2) 

r3p 1.0 1.0 0.94 (I) 0.94 (I) Co(I) Charge 
3d 

CI(I) Charge - 1 . 0  - 0 . 6  (1) - 0 . 2  (1) -0 .2  (2) 4p 
r3D 1.0 1.0 0.90 (2) 0.91 (1) r3a 

Agreement factors P'"~" 
R(/) 0.0216 0.0217 0.0149 0.0138 C1(2) Charge 
wR(1) 0.0233 0.0227 0.0177 0.0159 r3p 
R(F) 0.0100 0.0100 0.0078 0.0071 P~hell 
2 '2 1.010 0.993 0.780 0.709 

Refinement R7 corresponds to the model of a 
uniform density throughout the cell in addition to the 
normal atomic densities. For refinement R8 density 
corresponding to a Gaussian function with ( U  2) = 2/~2 
and with a refined population was subtracted from each 
atomic centre, with all populations equal. That is, at 
each atomic site a scatterer was added with form factor 

f(K) = p  exp(--8n2.2 1KI2), 

where K is the wavevector and p the population. 
In refinement R9 a uniform sphere of charge with the 

van der Waals radius was subtracted from each atom 
site (Cs + 1.7, C1- 1.8, Co 2+ 0-75 A). To compensate, 
uniform density throughout the cell of opposite sign was 
added. The models of refinements R8 and R9 differed 
from that of R7 in that extra density in the interstices 
between atoms was obtained at the expense of the 
atom-based contributions. 

The scattering factor associated with a uniform 
sphere of unit density and radius r,,, is 

,~ r ra 

fs0here = | 4~2[sin(2nrl K I)/(2nrl K I)]dr 
, /  0 

= [sin(2m" ml K I)--  (2nr ml K I) 

× cos(2zv" m I K I)]/2zr21 K I 3 

The model of R7 corresponds to the density of 
- 3 6  (8) e spread uniformly throughout the cell. That of 
R8 corresponds to 21 (5)e in the Gaussian functions. 
In the model of R9 - 2 2  (6)e are transferred from 
within the van der Waals radius to the interstices of the 
cell, which thus suffer a depletion of density. We note 
that the uniform density does not affect the data 
directly at all. We estimate it indirectly as follows. We 
assume the atomic core form factors are correct at the 

R3 = diffuse density in thin shells; R7 = diffuse density uniformly spread; 
R 8 = d i f f u s e  charge in Gaussian atom-centred sites of  ( U 2 ) = 2 , ~ d ;  
R9 = diffuse density uniformly spread, with an equal negative density inside 
atom-centred volumes of  van der Waals radius, i , e .  uniform density outside 
van der Waals radii; R 10 = diffuse density in thin shells and uniform outside 
van der Waals radii. 

CI(I) Charge 
P3p 
PshctJ 

Uniform density (e cell- ~) 
Atom-centred density (e) 

(shell. Gaussian, spheres) 

R3 R7 R8 R9 R10  
+0.3 (3) - 1.5 (3) - 2 . 4  (4) -2 .1  (3) -0 .5  (4) 
- 0 . 7  (3) 1.3 (3) 1-2 (4) 1.7 (2) 0.4 (3) 

1.3 (I) 0 0 0 0.6 (2) 

+0.2 (4) -1 .3  (3) -2 .5  (3) - I . 9  (3) -0 .4  (4) 
- 0 . 4  (2) 1.4 (3) !.4 (3) 1.7 (2) 0.5 (2) 

1-6 (2) 0 0 0 0-9 (2) 

+0.9 (3) +0.5 (3) +0.2 (3) +0. I (4) +0.6 (3) 
8.1 (3) 7.6(3) 7.6(3) 7.7(3) 8.1 (3) 
0.4 (3) 0.9 (3) 1. ! (4) 1.2 (3) 0.7 (2) 
1.11 (2) 1.03(1) 1.03(1) 1.06(I) 1.10(2) 

-0 .3  (2) 0 0 0 -0 .3  (2) 

-0 .4  (2) -1 .2  (2) -1 .3  (2) -0 .  I (2) -0 -5  (2) 
0.96(1) 0.97(1) 0.97(1) 1.06(2) 1.00 (1) 
0.7 (2) 0 0 0 0.2 (2) 

-0 .  l (3) -0 .8  (4) -0 .9  (4) +0.3 (4) -0 .2  (3) 
0-92 (2) 0.94 (2) 0.94 (2) 1-03 (2) 0.98 (2) 
0-3 (1) 0 0 0 - 0 . 2  (1) 

0 - 3 6  (8) 0 -55  (6) - 3 0  (5) 
24 (3) 0 +21 (5) +33 (6) + 18 (4) 

Agreement factors 
R(/) 0.0136 0.0154 0.0156 0.0150 0.0135 
wR(l) 0.0158 0.0181 0.0181 0.0181 0.0157 
R(F) 0.0070 0.0081 0.0081 0.0080 0.0070 
2 "2 0-703 0.798 0.801 0.804 0.699 

free-ion values. We estimate the valence charge by 
taking the ratio of valence-to-core charges predicted by 
the model at K - - 0 .  The difference of the formula 
charge from the sum of core and valence charges is then 
the required integrated uniform density. 

3. Results and discussion 

3.1. Density maps 

The residual maps of Figs. 1-3 from the multipole 
refinement R l' show a large reduction in the significant 
features relative to the deformation maps of the 
preceding paper, only part of the hole at the Cl(1) 
position remaining. The model difference density maps, 
Figs. 4 -6  (deposited), resemble the deformation den- 
sity fairly closely. 

3.2. Ionic deformation in the crystal and the 
refinements 

By comparing refinements R6 and R4 we see that the 
major improvement is not due to including asphericity 
in the electron distributions of atoms. By comparing 
refinements R2 and R5 we see that conventional 
valence populations have only a relatively small effect. 
The major improvement is seen in the comparison of 
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refinements R6 and R5. Allowing the shape of the 
valence form factors to vary has a strong effect. That is 
just what is predicted on the basis of the direct- 
summation analysis procedure of the preceding paper. 
Refinement R6 removes some of the Cs-atom valence- 
orbital populations and places them in thin shells at 
refined radii, constituting an approximation to the 
amount and radius of the changed density. Both 
changes are about equally effective in improving the 
goodness of fit. A real system, of course, would have a 
finite width and defined cross-sectional shape to the 
shell. 

To examine other approximations to the diffuse 
density at, or outside, the van der Waals radii we 
compare refinements R4 to RI0. From R5 and R6 we 
see that thin shells of charge can reduce 2 '2 by 0.21, an 
important improvement, but without shells a uniform 
density raises Z z by 0-09, as seen from R4 versus R7. 
Filling the interstices using Gaussian functions (R8) or 
a uniform density outside the van der Waals radius 
(R9) each increase 2'2 by ca 0.1 from R4. These 
approximations to the very diffuse density are not as 
effective as the shells. The models of R7 and R8 put 
density in the interstices, with the valence functions 
adjusted accordingly, and give similar results, whereas 
R4 puts density at the van der Waals radius to give a 
much better fit. The model of refinement R 10 combines 
shells together with a uniform density outside the van 
der Waals radius and confirms the picture, giving a 
marginally better fit than R4. The results of R10 give 
6 .4(9)e  in the thin shells and - 1 1 . 4 ( 2 3 ) e  in the 
interstitial region. The 6.4 (9)e in thin shells may be 
derived by simply summing the shell populations, 
noting that correlation reduces the apparent error. The 
interstitial density has a refined value of 
-0 .025 (5)e A -3. This gives the charge o f - 3 0  (6)e 
over the 1207 A 3 of the cell, 18 (4) e in the 744 A 3 van 
der Waals region and - 11 (2) e in the interstitial region. 
This reduction in density in the interstices, ca 
0.025 e A -3, should be viewed in the light of the density 
at the centre of such a place which could arise from 
close-packed Cs ÷ ions, ca 0.050 e A -3, as pointed out 
in the preceding paper. Although the thin-shell model is 
artificial, in fact it is effective and is not improved by 
any of our simple modifications to make it physically 
more reasonable. 

Examination of Table I shows that the ions in the 
two compounds Cs2CoCl 4 and Cs3CoCI 5 (R3) give 
remarkably similar results. The Cs atoms lose from 0.4 
to 1.0 (mean 0.7) electrons from the '5s + p' valence 
region and 0.6 to 1.6 (mean 1.3) electrons appear in 
the shell at 1.27 to 1.60 (mean 1.42)A from the 
nucleus. The '5s + p' electrons have a different radial 
dependence to the shell and they maximize at about half 
the van der Waals radius. It is well known that the 
density along an interionic vector such as M - X  does 
not change much between an M +...X- and an M °.. .X ° 

formulation of the bonding (Seiler & Dunitz, 1986). 
However, in the real crystal, our results indicate that the 
minimum in the density around the centre of the vector 
is shallower than either the free-ion or the free-atom 
superpositions predict, and this excess is obtained from 
nearer to each nucleus. The CI atoms, whether 'bonded' 
or 'non-bonded' show a similar phenomenon. In 
addition, the valence density is contracted from the 
free-ion theoretical value. 

As conventionally depicted, after hybridization 
('atom preparation'), covalent bonding in diatomic 
molecules produces little change close to either nucleus, 
a depletion of charge further along the internuclear 
vector, and an accumulation of charge in the mid-bond 
region (Kunze & Hall, 1986; Chandler, unpublished 
results). This is just what we observe in C%CoCI 5, on a 
reduced scale. The deformation density closely resem- 
bles that of conventional covalent bonding but, of 
course, the amount of charge shift, 0.1 to 0.15 e per 
bond, is much less. 

The Co atom, in contrast, shows an expansion of the 
valence functions in real space in both compounds. The 
3d radii expand by 11(2) and 5(3)%, and quite large 
'4s + p' populations, 0-4(3) and 1.2(3)e, respectively, 
appear in Cs2CoCI 4 and C%CoCI 5. This change also 
suggests a marked electronic interaction of the Co atom 
with its four C1(2) neighbours - in other words 
'bonding' or covalence. However, the small 'shell' 
population contrasts with the other ions. Perhaps it 
reflects the small, relatively unpolarizable nature of 
transition-metal ions in general and the opportunity to 
use '4s/p' orbitals instead of the 'shell'. 

The use of valence functions enables consistent 
estimates of charges to be made from experiment to 
experiment although the absolute values are not reliable 
since a model is required to partition the continuous 
electron density. We see values for the Cs atom of +0.2 
to + 1.6 (mean 1.3) units, the Co atom +0.9 to +0.7 in 
Cs2CoCI 4 and Cs3CoC! 5, respectively, the 'bonded' CI 
atom - 0 . 4  and -0 .7 ,  and the 'non-bonded' CI atom (in 
Cs3CoCI 5) -0 .1  units. These values are intermediate 
between the ideal ionic figure and the zero of the atomic 
case, as is generally found. The 'non-bonded" CI atom is 
far from the ionic value indicating that 'non-bonded' 
interactions substantially perturb the total charge 
density. Comparison of the CoCI 4 fragment with 
free-ion COC142- calculations must be of limited value. 

3.3. Anisotropy in the charge density 

In Cs3CoCI 5 the Cs atoms appear to have no large 
anisotropy in the charge density distribution, in contrast 
to the case of Cs2CoCI,. The structure of Cs3CoC15 
leads us to expect no anisotropy for Cs(1), but the 
result for Cs(2) is surprising. The four shortest 
Cs(2)-CI distances of the eight are all on one side of 
the Cs(2) atom, and we might expect an appreciable 
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value for the (10) dipolar multipole coefficient. In 
contrast, the polarization of CI(1) appears to be 
quadrupolar in symmetry; refinement R 1 and the direct 
analysis both show a large (20) multipole coefficient, 
and R3 the corresponding low apparent p,, population. 
This reduction of the valence density in the crystal ab 
plane is just what would be expected from the four short 
Cs(2)-CI(1) contacts in that plane, compared with the 
two longer out-of-plane CI(1)-Cs(1) contacts. 

In the C o f l  4 fragment we see that the anisotropy in 
the Co 3d density is appreciable, although that was not 
apparent in the deformation density maps or direct 
analysis. The configuration deduced, t3"gt2~e 4"2c21, is 
similar to that found for Cs2CoCI 4, t3"3~31e 4"°~3~, but 
differs from the spherical ion t~'2e 2"8 prediction. 

C1(2) has a larger apparent (sp)~ population than for 
p,~ or (sp)2. (sp), points at the Co atom, so the result is 
expected in the absence of covalent transfer of charge. 
The interionic effects compress the C1(2) valence 
density, just as for the other 'non-bonded' ions, while 
the Co-C1(2) bond should cause an expansion of (sp)~ 
just as for the Co 3d orbitals. An average (sp) or C1(2) 
radius, given the correlation of anisotropy in popula- 
tions and change in radius, could lead to an increase in 
the observed (sp)~ population, as found in both 
Cs2CoCI 4 and Cs3CoCI 5. Covalent charge transfer 
from C1(2) to Co, if any, complicates this picture, as 
discussed below. 

3.4. Covalence and bonding in the CoCI~- ion 

3.4.1. Cs2CoCI 4 charge density. In Cs2CoCI 4 (Figgis, 
Reynolds & White, 1987) a major feature of the 
difference density is a large 4(s/p)-based density on the 
Co atom along with a small increase in the Co 3d-t2 
population and decrease in the populations on the CI 
atoms. As well as these covalence effects there are 
substantial interionic influences which affect apparent 
Cl-atom charges, the apparent ratio of n to a donation 
for chlorine, and the radial dependence of the chlorine 
valence functions, as shown by large shell populations. 

3.4.2. Cs3CoCI 5 spin density. The spin density dis- 
tribution for the COC142- ion in Cs3CoC % has been 
interpreted with a similar bonding explanation to the 
Cs2CoCI 4 charge density study (Chandler et al., 1982). 
The three spins are concentrated mainly in the Co 3d-t2 
orbitals defined by the crystal field of the tetrahedral 
anion. Spin appears on the C1 atoms by the donation of 
charge into the Co 3d-t  2 orbitals, with a donation 
dominating n. The a/n donation ratio is much better 
defined and much less affected by interionic effects than 
for the X-ray experiments. There is a substantial Co 4p 
component in the molecular orbitals since there is 
mixing in of 4p and 3d orbitals in the tetrahedral 
stereochemistry of the anion. The 3d-e orbitals of the 
Co atom show evidence of spin polarization in their 
apparent negative populations. 

Comparison with the Cs2CoC14 charge density 
results showed that the bonding is not described well by 
simple spin-paired molecular-orbital theory. For exam- 
ple, the decrease in the Co 3d-t  2 spin population is not 
nearly as large as the increase in the charge population. 
Changes in 3d radii and 4sip populations, amongst 
other things, point to the importance of spin polariza- 
tion in the PND data. Spin polarization is a 
manifestation of electron-electron correlation. Theoret- 
ical ab-initio calculations should include such cor- 
relation but rarely do. The connection between spin and 
charge densities is complex, so spin and charge density 
data cannot be interpreted together using single-multi- 
pole models with simple relationships between charge 
and spin populations and with common radii for the 
valence functions. A fuller discussion of this point 
would be appropriate only in a more theoretical paper. 
However, we can note that Deeth, Figgis & Ogden 
(1988) in their unrestricted Xa calculation show for the 
COC14 z- ion, in their Table 1, that spin-up and 
spin-down orbitals cannot be grouped in pairs with 
similar covalence parameters. If the covalence and 
other properties in the up-spin system are not obviously 
related to those in the down-spin system then it follows 
that the sum and difference - that is the charge and spin 
densities - are also unrelated. If that relation is lost in 
an approximate calculation then further refinement to 
the 'exact' wave function is unlikely to recover the 
position. 

3.4.3. Cs3CoC% charge density. The present charge 
density analysis of the Cs3CoCI 5 data confirms the 
earlier conclusions. The Co-C1 bonding involves a 
large Co-atom 4p population, increased 3d-t2 and 
unchanged 3d-e populations, and a decreased Cl-atom 
population. The '4p' population may be slightly less and 
the 3d-t2 population rather more than those for the 
Cs2CoC14 case. However, using the spin density results 
on the same compound, we observe that charge 
transfers are significantly larger than spin transfers, 
confirming the importance of spin polarization within 
the anion. The chlorine n/a donation ratio again appears 
to suffer from interionic effects. Such ligand polariza- 
tion by intermolecular influences has been shown more 
clearly in charge density studies on two compounds 
containing the Cr(CN)63- ion (Figgis, Reynolds & 
White, 1987; Figgis & Reynolds, 1985). 

The Co-atom 3d radial expansion, 8(1)%, is sig- 
nificantly larger than for the spin density case, 
-3.9(5)%. Spin polarization of the filled 3d-e orbitals 
tends to reduce the apparent radius of the spin 
distribution, but the difference may also be a mani- 
festation of a 'differential nephelauxetic effect' in which 
the 'non-bonded' 3d-e orbitals have a larger radius 
than the 'bonded' t 2 orbitals (Craig & Magnusson, 
1958). 

3.4.4. Deviations from cubic symmetry. The observed 
small distortion from cubic symmetry of the atomic 
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positions in the CoC1 a fragment has not produced 
significant changes in calculated deformation and spin 
densities (Phillips & Chandler, unpublished results). 
However, both the observed spin and charge densities 
have significant components of symmetry lower than 
cubic. The 3dxy charge population in Table 2 is higher 
than that of the dxz.y ~ pair, but the spin populations are 
in the reverse order, suggesting that the molecular 
orbital involving 3dx v has a smaller coefficient than 
those involving 3dxz.y 2. The 4pz population is large in 
both charge and spin studies, but those of 4px. v are 
negligible. By symmetry only the 4pz orbital can mix 
with 3dxy. There seems to be a consistent picture in 
which the mixing of 3dxy with 4p~ is much greater than 
that of 3dx~.v ~ with 4px. v. 

This can be interpreted using an energy-level scheme 
derived by a ligand-field component of tetragonal 
symmetry acting on the cubic symmetry levels, as 
shown in Fig. 7. The sign of the tetragonal distortion 
brings 3dxy and 4pz closer and moves 3dx~.~ ~ and 4px. v 
further apart in energy. The net effect is, as required, to 
give larger mixing of 3dxy with 4p, than of 3dx~.y~ with 
4p~.y. This energy-level scheme has also been deduced 
experimentally directly from optical spectroscopy (Van 
Stapele, Beljers, Bongers & Zijlstra, 1966). The ob- 
served crystal environment is obviously tetragonally 
distorted from cubic symmetry. However, it is not 
possible to define the magnitude, or even the sign, of the 
splitting of the Co-atom energy levels from simple 
arguments. 

4. Conclusions 

The charge density experiment on Cs3CoC15 can be 
consistently interpreted together with the previous study 

40 40 
4Pg¢ 

" ~ 40, 

on C s 2 C o C l  4 and the spin density results only if we 
consider at least three separate factors of comparable 
size: (1) the covalence of the Co-C1 bond, (2) the 
deformations caused by the interionic 'crystal' effects, 
and (3) the effect of electron-electron correlation on the 
wavefunction for the CoC14 unit. 

The C s 2 C o C I  4 and CsaCoC1 s charge density results 
agree well at the various ions. The differences between 
the two salts may possibly be crystal-environment 
effects. The Co-C1 bond involves mainly o donation 
from the C1 atoms, with a zc component, into metal 
3 d - t  2 and 4p orbitals. The t2 orbitals gain 0.6(2), the e 
and 4p orbitais 0.7(3)e, averaged over the figures for 
the two compounds. Substantial spin polarization, 
caused by electron-electron correlation, reduces the 
corresponding spin transfers, both expected and 
observed. 

There is a substantial tetragonai component seen in 
both the charge and spin distributions within the CoC14 
fragment, which may be accounted for by a large 
3dxy/4pz mixing. The sign of the distortion agrees with 
spectroscopic results. Theoretical calculations by ab- 
initio methods give much lower covalent transfers for 
both charge and spin (Figgis, Reynolds & White, 
1987), although recent approximate calculations are 
more encouraging (Deeth et al., 1988). 

The 'non-bonded' interionic interactions, mainly 
between Cs and C1 atoms, cause substantial changes to 
the radial distributions of the atoms. Caesium-based 
and chlorine-based density is removed from outer 
valence regions, ca 0.5 to 1.5/~ from the nuclei, and 
concentrated at around 1.5 A, near the van der Waals 
radius, and appears to be related to weak covalent 
bonding. The large effects observed here, but apparent- 
ly not in studies of the lighter alkali-metal salts, may 
well be due to the high electric polarizability and 
hyperpolarizability of heavy elements (Mahan, 
1980a,b; McEachran, Stauffer & Greita, 1979). 

The authors are grateful to the Australian Research 
Grants Scheme for financial support. 
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Fig. 7. Schematic diagram for the splitting of the 3d and 4p orbitals 
of the Co atom in the CoCl 2- ion resulting from Co.. .Cl and 
Cs...CI interactions in Cs3CoCI v 
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Abstract 

The crystal structures of hydroxyapatites, synthesized at 
different degrees of lead substitution for calcium (20, 45 
and 80% Pb atoms) by solid-state reaction at 1173 K, 
have been investigated by X-ray powder-pattern fitting. 
The disagreement factors (Rwp) are 5.9, 6.0 
and 6-6% for Pb20, Pb45 and Pb80, respectively. The 
site-occupancy factors of Pb atoms indicate a clear 
preference of lead for site (2) of the apatite structure, 
which may be responsible for the observed deviations of 
the c-axis dimension from Vegard's law. An increasing 
shift of the OH group above or below the center of the 
Pb(2) triangles has been observed with increasing lead 
content. The JCPDS file Nos. for Pb20, Pb45 and Pb80 
are 40-1497, 40-1496 and 40-1495, respectively. 

Introduction 

The structure of hydroxyapatite (HA) can easily 
accommodate a great variety of substituents, both 
anionic and cationic (Lang, 1981; LeGeros & LeGeros, 
1984). Among the cations which can be incorporated in 
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the HA structure, only cadmium, strontium and lead 
are known to replace calcium over the whole range of 
composition. The a- and c-axis dimensions of both 
strontium-calcium apatites and cadmium-calcium 
apatites vary linearly with composition according to 
Vegard's law (Heijligers, Driessens & Verbeeck, 1979; 
Bigi, Gazzano, Ripamonti, Foresti & Roveri, 1986). 
Lead can substitute for calcium in the HA structure 
over the whole range of composition causing an 
enlargement of the unit cell. Although in earlier papers 
(Muller, 1947; Narasaraju, Singh & Rao, 1972; Rao, 
1976) the lattice parameters of lead-calcium hydroxy- 
apatite were reported to vary linearly with the composi- 
tion, more recently deviations of the c parameter from 
Vegard's law have been observed (Engel, Krieg & Reif, 
1975; Verbeeck, Lassuyt, Heijligers, Driessens & 
Vrolijk, 1981; Andres-Verges, Higes-Rolando, 
Valenzuela-Calahorro & GonzaJez-Diaz, 1983). The 
observed deviations from Vegard's law have been 
attributed to a possible preference of the Pb 2+ ion for 
site (2) of the apatite structure, on the basis of the 
cation distribution deduced from the relative intensities 
of suitable reflections in the powder diffractogram 
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