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X-ray diffraction data for a hexaamminecobalt(III) hexacyanochromate(III) single crystal were collected at 
80 K. The crystal is isomorphous with [Co(NH3) 6] [Co(CN)6]" space group R 3; ar = 7.372 (4) A, a = 97.93 
(3)°; Z = 1. The atom valence-scattering factors were refined to determine the electron populations and 
atomic parameters. The aspherical charge refinement shows that the valence-electron distributions of Co and 
Cr atoms outside the Ar core are related to the trigonal distortion of the complex ions. It also elucidates the 
difference between the bonding character of the metal-CN and metal-NH 3 bonds. The charges on Co and Cr 
are found to be largely neutralized. In addition, the net charges on an NH 3 molecule and a CN group are 
determined to be about +0.5 and -0 .7  e respectively. Consequently, in agreement with the traditional chemical 
picture, [Co(NH3) 6] and [Cr(CN)6] have charges of +3 and -3  e respectively. The same conclusion is drawn 
from a similar analysis of the room-temperature data for a [Co(NH3)6][Co(CN) J crystal; the charge on NH 3 
is again +0.5, but on a CN group in [Co(CN)6] 3- the charge is --0-3 e. 

Introduction 

In recent years a number of  molecular crystals, as well 
as simple crystals of  high symmetry such as NaC1 and 
diamond, have been investigated to determine electron 
distributions in solids by means of  X-ray diffraction 
and/or neutron diffraction (Coppens, 1975). In many 
of  their residual density maps, excess electrons are 
clearly observed in bond and lone-pair regions. 

As for metallo-organic crystals,  [Co(NHa)6]- 
[Co(CN)61 (hereafter abbreviated as [Col[Col 
was the first to be studied (Iwata & Saito, 1973). 
In the f'mal residual density maps of  this com- 
plex, an aspherical charge distribution around 
transition-metal atoms was found. In addition, excess 
electrons were observed in metal-ligand and C - N  

* Address for correspondence. 

bond regions. Since then, several types of  metal com- 
plexes have been examined in order to observe the 
aspherical distribution of  electrons by difference syn- 
theses (for example, F-Ni2SiO4: Marumo, Isobe, Saito, 
Yagi & Akimoto, 1974; F-Fe2SiO4: Marumo & Isobe, 
1974; Marumo & Saito, 1974; F-Co2SiO4: Marumo, 
Isobe & Akimoto, 1975; TiO2: Shintani, Sato & Saito, 
1975; an Rh complex: Miyamae, Sato & Saito, un- 
published; a low-symmetry Co complex: Maslen, 
Ridout & White, 1975; a Ti complex: Manohar & 
Schwarzenbach, 1974). The direct observation of  
asphericity in electron distributions in metal complexes 
enables us to understand the physical and chemical 
nature of  metal-ligand bonds, and of  transition-metal 
complexes themselves. 

Although the X-ray diffraction study of  the title 
compound [Co(NH3)6][Cr(CN)6] (hereafter abbre- 
viated as [Co][Cr]) was previously carried out at room 
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temperature (Iwata & Saito, unpublished), more ac- 
curate data are needed to demonstrate the electron 
redistributions caused by metal-ligand coordination. In 
the present study, the data were collected at 80 K to 
improve the accuracy. 

Experimental 

Crystals of  [Co][Cr] were grown by a diffusion 
method from aqueous solutions of  [Co(NH3) 6] Br a and 
K3[Cr(CN)6]. They are orange-red hexagonal prisms. 
A crystal specimen (1.58 x 10 -2 mm a in volume) was 
sealed in a thin-walled glass capillary and mounted on a 
Picker FACS-1 diffractometer at Buffalo. The crystal 
was cooled by a conduction-type cryostat, developed by 
Coppens et al. (1974), to 80 + 1 K with liquid nitrogen. 
Intensity data were collected with Mo Ka radiation. 
Experiments at 80 K were performed twice: the second 
data collection (II) was made for the same crystal 
specimen eight months after the first (I) was completed. 
A 0-20  step scan was employed; the scanning range 
was the calculated a~-a 2 separation plus 1.5 ° (2.3 °) 
for 20 < 45 ° (20 _> 45°). Some other experimental 
conditions are summarized in Table 1. The eighteen ex- 
tra standard reflexions were selected from each region 
of  sin 0//l and F 2 in order to check the intensity varia- 
tions more extensively. 

All 21 standard reflexions remained stable within 2% 
in data collection I, while in experiment II the inten- 
sities of  these reflexions began to drop, up to 10% at 
most, after the X-ray exposure for 1 week, because of 
radiation damage. The intensity drop was corrected as 
a function of  exposure time and sin 0//l, which was 
determined with about 500 duplicated reflexions ob- 
served both at the earlier and at the later stages of  experi- 
ment II. The intensity drop was independent of  the in- 
tensity itself. 

A total of  9760 reflexions were recorded and 

processed by the programs PROFILE (calculation of  
integrated intensities by determining the background 
region of  each reflexion profile by a computer analysis; 
Blessing, Coppens & Becket, 1974), DA TAPP (absorp- 
tion correction by numerical Gaussian integration; 
Coppens, Leiserowitz & Rabinovich, 1965; and scal- 
ing, including the correction for intensity drop by t h e  
radiation damage), and DSOR TH (averaging 
symmetry-related reflexions, adopting certain criteria to 
discard unreliable reflexions from averaging). 

Among the data of  experiment I, the agreement be- 
tween symmetry-related reflexions, R(F2), after correc- 
tion for absorption, was good enough to be considered 
within the statistical errors (less than 2 .3% for the 993 
strongest reflexions). The agreement between the data 
of  experiments I and II, after averaging symmetry- 
related reflexions, was 2.3% for 336 reflexions in the 
20_< 45 ° region, which ensures that data II would be 
good enough for further analysis. Data I and II were 
finally combined and averaged to yield 2156 indepen- 
dent reflexions, o f  which 90 had negative values of  Fo 2 
and were rejected from the subsequent analyses. 

The standard deviation of  each reflexion was es- 
timated from a comparison of  the agreement between 
symmetry-related reflexions, in addition to the statistical 
counting errors: 

[o(1')]2= I + B + [0.021'] 2 + [0"015(lcorr.- /')]2,(1) 

where I, B, and I '  are the total observed intensity, the 
background intensity, and the net integrated intensity 
(I' = I - B) respectively, and Icor~. is the integrated in- 
tensity after absorption correction. 

The room-temperature data were collected on a 
Rigaku four-circle diffractometer at Hokkaido Univer- 
sity. Some experimental conditions are listed in Table 1 ; 
these are similar to those described for the 'data set 1' 
of  [Co] [Co] in a previous paper (Iwata & Saito, 1973). 

Lattice constants were determined from 30 auto- 
matically centred reflexions (42-< 20-< 51 °) at 80 K 

Table 1. Experimental conditions for  the two sets o f  data collection at 80 and 298 K 

Crystal size 

Radiation 
Scan method 

20max. 
Monochromator 
Rotation axis of the crystal 

Take-o ff angle 
Number of symmetry-related reflexions 

covered 
Standard reflexion/interval 

Total reflexions measured 
Independent reflexions (F 2 > 0) 

Experiment I Experiment II Experiment at 298 K 
at 80 K at 80 K 

Hexagonal prism, l0 faces, vol. Cylinder, r = 0-I05, I = 0-2 ram, 
= 1.58 x 10 -2 mm 3 vol. = 6.9 x l0 -3 mm 3 

Mo Ka Mo Ka Mo Ka 
0-20 step scan (every 0.03 ° in 20, 0-20 continuous scan (1 o min-1 in 20, 

l s at each step) 15 s at each background) 
45 ° 100 o 120 o 
/~-Filter (Zr) /LFilter (Nb) LiF(200) 
Nearly parallel Nearly parallel Nearly parallel 

to [111 ]rhomb. to [112]rhomb. to [111 ]rhomb. 
2.5 ° 3.5 ° 6 ° 
6 3 or 2 1 to 3 

Ordinary 3 / 5 0  Ordinary 2 / 5 0  Ordinary 2/50 
Extra 18/250 Extra 18/600 
2390 7370 2680 
336 2156 1815 
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and from 32 reflexions (43 -< 20 < 54 °) at 298 K, both 
with Mo Ka radiation. 

Crystallographic data are compared in Table 2. The 
space group was determined as for [Co] [Co] and con- 
forms to R 3. No structural change was found on 
cooling. 

The computations were carried out on four com- 
puters: the CDC 6400 at the State University of New 
York at Buffalo, the IBM 370-195 at Argonne 
National Laboratory, the HITAC 8900 at the Univer- 
sity of Tokyo, and the FACOM 230-48 at the Institute 
for Solid State Physics. The first was used for data 
processing of low-temperature data and preliminary 
refinements, and the other three were for the calcu- 
lations of further refinements, difference Fourier syn- 
theses, functional errors, etc. The last was also used for 
the refinement of the room-temperature data. 

Ref inement  

In structural refinement, the quantity A = 
E w(Fo 2 -  k2F~) 2 was minimized. The weight w was 
determined as w = 1/(LpAa2), where o 2 is defined by 
equation (1), and Lp and A are Lorentz-polarization 
and absorption factors respectively. The starting 
parameters were those of the isomorphous [Co] [Co] 
(Iwata & Saito, 1973). The valence-electron popula- 
tions and valence-form factors [defined by J(s/K), 
instead off(s),  where s = sin 0//1, and hc was allowed to 
vary], as well as the positional and thermal param- 
eters, a scale factor, and an extinction parameter, were 
refined by the least-squares program RA DIEL (Becker, 
Yang & Coppens, unpublished) which is a modified ver- 
sion of LINUS (Coppens & Hamilton, 1970). By 
definition, the value of the parameter K, i.e. less than or 
greater than 1.0, corresponds to an expansion or con- 
traction of the atomic charge cloud relative to the 
reference state. The net charge in the crystal was con- 
strained to be zero. 

Two initial sets of atomic form factors for metals 

Table 2. Crystal data for [Co(NH3) 6] [Cr(CN) 6] 

were tried. In set A, the Ar core was taken for the core 
electrons and 4s 2 + 3d" In = 7 (4) for Co(Cr)] for the 
valence electrons of the metals. The atomic form-factor 
table, which was calculated by Fukamachi (1971) from 
Hartree-Fock wave functions given by Clementi, was 
used. In set B, form factors for trivalent ions (M 3+) 
were taken for metal-core factors, and fM0-  fM3÷ for 
valence factors. International Tables for X-ray 
Crystallography (1974) was used in this case. In both 
sets A and B, the He core was considered to be the core 
for the electrons of the C and N atoms (from 
Fukamachi's table) and the hydrogen ls electron was 
treated as a valence electron (International Tables for 
X-ray Crystallography, 1974). The anomalous disper- 
sion terms for Co and Cr were taken from 
International Tables for X-ray Crystallography (1962). 

When a pair of parameters was strongly correlated 
(correlation coefficient > 0.8), they were refined alter- 
nately (not simultaneously) until they converged to 
their self-consistent values. The largest correlation (0.9) 
was found between the H temperature factor and the H 
K. 

It is necessary to refine n and population parameters 
etc. in a self-consistent way, since both the electron 
population parameters and atomic parameters depend 
on the atomic form factors employed. This is illustrated 
in Table 3 for the [Co] [Co] crystal where the bond 
lengths obtained by the traditional refinement (Iwata & 
Saito, 1973) are compared with those from the K refine- 
ment. After the K refinement, the bond lengths other 
than N - H  became closer to the more reasonable values 
obtained by the traditional method with high-20 data 
alone. The shorter N - H  distances were obtained when 
all data were used, both with and without the K refine- 
ments. 

Although the K refinement based on high-20 data 
alone was attempted, convergence was not reached 
because of a small contribution of the H form factor to 
the high-angle reflexions. 

An isotropic extinction correction was made. The 
smallest extinction factor y ( = F~o/b-~) was 0.85 for 
(232)hexag., which was 0.89 in the room-temperature 
case. 

F.W. 369.3, F(000) = 189, space group R3 ([C~a i, No. 148). 

80 K 
/.t(Mo Ka)(cm-~) 19.91 
Dm(g cm -3) 
D~ 1.580 

Rhombohedral setting 
a,(A) 7.372 (4) 
a(°) 97.93 (3) 
V(,~, 3) 387.9 (5) 
Z 1 

Hexagonal setting 
a(A) 11.122 (9) 
e 10.864 (9) 

298 K 
19.78 
1.573 (291 K) 
1.565 

7.394 (2) 
97.85 (2) 
391.7 (2) 
1 

11.148 (2) 
I0.919 (3) 

Table 3. Effects of K refinement on bond lengths (1~,) 
for [Co(NH3) 6] [Co(CN)6] 

K No K No K 
all data all data* sin 0/Jl > 0.6* 

Co-C 1.894 (1)/~ 1.900(1)A 1-894 (1)/k 
Co-N 1.973 (1) 1-968 (1) 1.972 (1) 
C-N 1.152 (1) 1.146 (1) 1.157 (2) 
N-Hay. 0.865 (2) 0.877 (10) 0.963 (55) 

Details of the effects of K refinement on the other parameters for 
ICo] [Co] are available on request. 

* Iwata & Saito (1973). 



62 THE E L E C T R O N  DISTRIBUTION IN [Co(NH3)6][Cr(CN)6] AT 80 K 

The final discrepancy indices are: 

R ( F ) =  Y-[F~ -- kF~l/r, IVol = 0 . 0 2 8 ,  
Rw( V) = [ ~ w(Po -kFe )2/~., WF~o] I/2 = 0 . 0 2 5 ,  
R ( F  2) = I2 I F~o - k2F 21/~ F~o = 0.034, and 
Rw( F 2) = [Z w( F~o - k2 F~ )2/Z wl~o] ~/2 = 0.049. 

The refinement procedure, by LINUS, for the room- 
temperature data was similar to those described for 
'data set 1' in a previous paper on [Col[Col (Iwata & 
Saito, 1973). Neither higher-angle refinement nor K 
refinement was performed since the data were not suf- 
ficiently accurate. The refinement was based on F and 
the final R(F) and Rw(F) were 0.048 and 0.039 
respectively.* 

Results and discussion 

Crystal and molecular structure 

The crystal consists of  [Co(NH3)6] 3+ and 
[Cr(CN)6] s- ions which are arranged in a rhombo- 
hedral cell in much the same way as those in the CsCI- 
type crystal. This is illustrated in Table 4. O f  the eight 
surrounding counter ions, six are connected to the cen- 
tral ion by hydrogen bonds (dotted lines). 

* A list of structure factors has been deposited with the British 
Library Lending Division as Supplementary Publication No. SUP 
32018 (47 pp.). Copies may be obtained through The Executive 
Secretary, International Union of Crystallography, 13 White Friars, 
Chester CH 1 1NZ, England. 

Table 5 shows the final atomic parameters at the two 
temperatures. All the parameters are based on the hex- 
agonal setting for the convenience of  comparison with 
the previous results. The atomic parameters at 80 K are 
independent of  the choice of  the assumed form factors 
A or B, except for the temperature factors of  Co. Table 
6 lists the molecular dimensions calculated from these 
parameters. All values are corrected for thermal motion 
(Cruickshank, 1956a). The room-temperature values 
are from the traditional refinement adopting the full 
data. As discussed above (Table 3), this causes inac- 
curacies in the final parameters at 298 K and is partly 
the reason why the values at the two temperatures are 
in poor agreement, even after thermal-vibration correc- 
tions (Table 6). Insufficient correction for thermal mo- 
tion, as well as the inaccuracy of  the room-temperature 
data, is also responsible for the discrepancy between 
the results at the two temperatures (especially for the 
C - N  bond length). 

The largest difference between parameters at the two 
temperatures appears in the hydrogen-bonding modes: 
on cooling to 80 K, the N . .  • N and N .  • • H distances 
contract by about 0.03 and 0.06,4, respectively, and the 
N H .  • • N angle increases by about 3 o from the room- 
temperature values. Although these differences result 
partly from the errors mentioned above, they may also 
be a consequence of  the real temperature effects which 
cause the contraction of  the lattice at low temperature. 
In Table 4, it is shown that the distortion of  the lattice 

Table 4. D&tortions of the crystal lattice and geometries of  the complex ions from cubic symmetry 

The columns (a) and (c) are based on the K refinement, and are averaged values of the results evaluated by the initial form-factor 
sets A and B; (b) is based on a traditional refinement. 

(a) 

[Co][Cr], 80 K 

1.024 (1) 
97.93 (3) ° 
29.42 (1) 

Unit-cell lattice 
a/c 
a 

Complex ions 
):(M-L) L = CN 

L = NH 3 

6(LML') L = CN 
L = NH 3 

I 
(b) 

[Co] [Cr], 298 K 

1.021 (1) 
97.85 (2) ° 
29.50(1) 

(c) 

[Co] [Col, 298 K 

1.014(1) 
97.65 (2) ° 
29.65 (2) 

(a9 
Regular cube or 
Oh coordination 

0.8165 
90 ° 
35.31 

35.15 (3) 
35.62 (3) 

90.16 (4) 
89.50 (3) 

35.62 (8) 
35.39 (I0) 

89.49 (13) 
89.85(13) 

35.12 (3) 
35.36 (3) 

90.22 (6) 
89.87 (6) 

35.31 

90 
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from cubic symmetry is the largest in [Co][Cr] at 
80 K. 

Another difference in the geometries at the two tem- 
peratures is found in the angle 6(LML'), the bond angle 
between the ligands L and L' related by the threefold 
axis. On cooling the crystal, the angle 6 changes in op- 
posite directions in [Cr(CN)6] 3- and [Co(NH3)6] 3+ 
(Tables 4 and 6); the [Cr(CN)6] 3- ion is compressed 
along the threefold axis, while [Co(NH3)6] 3+ is 
elongated in this direction at 80 K. The electron pop- 
ulations under such distortion will be discussed below. 
The geometry of  the [Co(NH3)6 ]3+ ion is very similar in 
[Co] [Col and [Co] [Cr] at room temperature (Table 4). 

Thermal motion 

The r.m.s, amplitudes of the atoms in the crystals are 
given in Table 7. The average values of  those deter- 
mined with form-factor sets A and B are given for 80 
K; the differences between these two sets of  values are 
within their standard deviations except for Co. The 
vibrational amplitudes decrease about 40% on cooling 
to 80 K. The fourth and seventh columns in Table 8 
give A (the definition is given in the table), which is a 
measure of rigidity of the complex ions. It also 
decreases by an order of  magnitude on cooling to 80 K. 

Scale factor, extinction, and K parameters 

The effects of  the initial form factors on the scale 
factors, extinction factors, and K's, are examined for 

both [Co] [Cr] (80 K) and [Co] [Co] (298 K) in Table 
9. The effect on the scale factors is not significant 
(about 1% for both crystals). The scale factor for 

Table 6. lnteratomic distances (A) and bond 
angles (o) in [Co(NH3)6][Cr(CN) 6] 

All values are corrected for thermal vibrations. 
Symmetry-code superscript (i) ~ - y, ~ + x - y, ~ + z. 

298 K 
80 K 80 K Traditional 

f s e t  A f se t  B refinement 

Cr-C  2.071 (1) 2.071 (1) 2-080 (3) 
Co-N(2) 1-979 (1) 1-980 (1) 1.970 (3) 
C-N(1) 1.156(1) 1.157(1) 1.137(3) 
N(2)-H(1) 0.859 (11) 0.853 (12) 0.845 (62) 
N(2)-H(2) 0.864 (9) 0-860 (10) 0.816 (46) 
N(3)-H(3) 0.856 (8) 0.859 (9) 0.833 (40) 

C - C r - C *  90.16 (4) 90.15 (4) 89.49 (13) 
N(2)--Co-N(2)* 89-47 (3) 89-54 (3) 89.85 (13) 
C r - C - N ( 1 )  177.50 (4) 177.50 (5) 176.88 (14) 
Co-N(2)-H(1)  113.8 (7) 113.8 (8) 109.6 (33) 
Co-N(2)-H(2)  113.3 (6) 113.2 (7) 112.9 (30) 
Co-N(2)-H(3)  111-7(6) 112-0(6) 111-1 (13) 
H(1)-N(2)-H(2) 104-4 (10) 104-8 (10) 110-8 (40) 
H(1)-N(2)-H(3) 104.6 (9) 104.5 (10) 104.9 (39) 
H(2)-N(2)-H(3) 108.5 (8) 108.0 (9) 107.1 (40) 

Hydrogen bond: N(2)---H(3)... N(1) t 
N(2). . .  N(1)! 2.978 (2) 2.975 (2) 3.006 (4) 
H(3) . . .N(1)  i 2.138(9) 2.132(10) 2.197(71) 
N(2)--H(3)- - • N(1) i 166.8 (8) 167.1 (9) 163.8 (32) 

* The angle between atoms related by a threefold axis. 

Table 5. Final atomic coordinates (fractional) and thermal parameters with their e.s.d.'s (hexagonal setting) 
( x l 0  5) 

Anisotropic thermal parameters are of  the form exp[--(h2fll~ + k2f122 +12fl33 + 2hk~12 + 2hlf113 + 2klf123)], except for H atoms, which 
have the isotropic form exp(-B sin 2 0/,t2). The '(a)' rows zive the values at 80 K, with the form-factor set A ; '(b)' at 80 K, with the 
form-factor set B, both with RADIEL; and '(c)' at 298 K by a traditional refinement with LINUS. 

Cr (a) 0 0 0 143 (1) 143 (1) 104 (1) 71 (1) 0 0 
(b) 0 0 0 139 (1) 139 (1) 102 (1) 69 (1) 0 0 
(e) 0 0 0 393 (5) 393 (5) 298 (6) 197 (3) 0 0 

Co (a) 0 0 50000 113 (1) 113 (1) 98 (1) 56 (1) 0 0 
(b) 0 0 50000 121 (1) 121 (1) 105 (1) 60 (1) 0 0 
(e) 0 0 50000 329 (4) 329 (4) 261 (5) 165 (2) 0 0 

N(I) (a) 21536 (5) 25097 (5) 17358 (5) 434 (6) 230 (5) 276 (5) 136 (5) -112 (4) -52  
(b) 21536 (6) 25099 (5) 17361 (5) 439 (6) 234 (5) 278 (5) 138 (5) -113 (5) -53  
(c) 20843 (23) 24925 (20) 17486 (21) 1110 (26) 569 (17) 707 (17) 302 (18) -279  (17) -138 

C (a) 14074 (6) 16143 (6) 10967 (5) 254 (5) 209 (4) 173 (3) 116 (4) - 1 0  (3) 9 
(b) 14071 (6) 16140 (6) 10967 (5) 256 (5) 211 (4) 173 (4) 118 (4) - 9  (3) 10 
(e) 13784 (23) 16192 (24) 11074 (21) 612 (20) 465 (17) 415 (15) 242 (16) -54  (14) - I 0  

N(2) (a) 12713 (4) 15706 (5) 60602 (4) 181 (4) 167 (4) 153 (3) 62 (3) -15  (2) -23  
(b) 12714 (5) 15708 (5) 60602 (4) 183 (4) 170 (4) 156 (3) 64 (3) -15  (2) -23  
(¢) 12496 (21) 15693 (22) 60418 (19) 486 (16) 469 (16) 390 (13) 169 (13) -42  (12) -64  

x y z B 
H(1) (a) 9852 (83) 31416 (81) 62161 (80) 4.02 (16) 

(b) 9872 (86) 21419 (89) 62157 (81) 3.53 (24) 
(¢) 9253(468) 21007(452) 61340(385) 5-16(112) 

H(2) (a) 13971 (79) 13144 (85) 67760 (79) 3.27 (16) 
(b) 14013 (80) 13152 (86) 67738 (92) 2.81 (24) 
(e) 13965 (408) 13279 (421) 67004 (391) 3.64 (89) 

(4) 
(4) 
(14) 
(3) 
(3) 
(13) 
(2) 
(2) 
(12) 

x y z B 
H(3)(a) 20641 (90) 20670 (91) 57204 (85) 4-01 (17) 

(b) 20686 (107) 20681 (100) 57228 (85) 3.50 (25) 
(e) 20096 (444) 20492 (424) 57041 (373) 4.24 (99) 
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[Co] [Co l  determined previously by the tradi t ional  
method ( Iwata  & Saito, 1973) from the full da ta  is 
8 .959 (5), which is not significantly different  from the 
present result, but tha t  from high-20 data  is larger by 
about  2% than  the present values. It is general ly found 
tha t  the effect  o f  the choice o f  the form factors (,4 or 
B )  on a parameter  is significant only when the param- 
eter is s t rongly correlated with the other parameters .  
For  example,  since the scale factor  and the extinction 
parameter  in [Co] [Co] (with form-factor  set A), are 
correlated [the correlat ion coefficient (c.c.) is 0 .7] ,  the 

Table  7. R.m.s. amplitudes (x  10 a ,~) of thermal motion 
along principal axes and their components (×104 ) 

along crystal axes 

Principal axes, R.m.s. amplitudes 
components along [Co][Crlt [Co][Crl [ColIColf 

crystal axes* 80 K 298 K 298 K 

Cr/Co(1) 651 1026 0 82 136 122 
414 -618 0 82 136 122 

0 0 921 79 134 120 

Co(2) 0 0 921 78 126 121 
888 910 0 74 125 118 

-512 527 0 74 125 118 

N(1) 836 166 -481 161 259 232 
268 -431 676 120 197 182 
554 930 399 98 153 139 

C 909 162 -335 111 179 161 
-501 -673 -681 103 154 147 

71 774 -522 96 148 136 

N(2) 520 -483 237 103 171 160 
536 311 -787 99 160 153 
721 865 415 83 135 122 

H(I)$ 219 256 248 
H(2)~ 196 215 244 
H(3)~ 218 232 236 

"Values from [Co][Cr] (at 80 K, with form-factor set A) 
are listed, since the orientation of the thermal ellipsoids is 
essentially the same for all cases. 

t Values from refinements based on form-factor sets A and B 
are averaged. 

:I: Hydrogen atoms were assumed to move isotropically. 

apparent  effect  o f  the form factor,  both on the scale 
factor  and on the extinction factor,  is larger in 
[Co] [Co] (298 K) than in [Co] ICr] (80 K) in which the 
c.c. is < 0.5 for both sets A and B. 

Fig. 1 shows the a tomic form factors for (a) Cr  and 

Table 9. Effects of  atomic form factors on various 

Scale factor 
Extinction 

parameter 
(Cr/Co(l)  
|Co(2) 

,~ ~N(1) 

parameters 
(a) (b) (c) (d) 

[Co] [Cr], 80 K [Co] [Co], 298 K 
fset  A fset  B fset  A fse t  B 

3.353 (3) 3.371 (4) 8.863 (8) 8.952 (5) 
1-12 (12) 1.25 (14) 0.85 (5) 1-06 (4) 

1.118(20) 1.118(31) 0-942(7) 1.028(12) 
1.003(12) 1.107(29) 1.075 (9) 0-973 (13) 
0.922 (4) 0.923 (3) 0.982 (2) 0.996 (2) 
1.044 (4) 1.022 (4) 1.087 (3) 1.064 (3) 
1.003(4) 0.997 (3) 0.966 (3) 0.993 (2) 
1.535(65) 1.444 (49) 1.557 (25) 1.331 (15) 

A3d) 

25- 

0 1 0 2 0 3 slnO/k 

Fig. 1. Improvement of the form factors, f(3d), by the ~c 
and population refinement for (a) Cr and (b) Co in 
[Co(NH3) 61 [Cr(CN)6]; the initial form factors: set A ( - - . - - )  
and set B ( ); factors modified by K and populations: from 
set A ( . . . )  and set B ( - - - ) .  

Table  8. Rigidity of  the complex ions 

Hydrogen atoms are eliminated from the summation and the rigid-body analysis. T: translational 
amplitudes; co: rotational amplitudes (Cruickshank, 1965b); averaged values of the results with 
form factor sets A and B are given for 80 K. 

[Cr(CN)6 ]3- 

[Co(NH3)6] 3- 

80 K 298 K 
T co A* T co A* 

0.088/~. 1.82 ° 0.55 x 10-2/~. 2 0.136/~. 3.04 ° 0.31 x I0-~/~, z 
0.088 1.96 0.136 3.10 
0.085 2.12 0.141 3.55 

0.076 1.79 0.70 x 10 -4 0.127 2.89 0.51 x 10 -3 
0.076 1.80 0.127 2.94 
0.080 2.14 0.128 3.52 

i~j u~'TT°bs" ITCalc.~2 
* A = r .  ,,t,-'~s - '-'~s s,  w = atomic weight. 

a t o m  
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(b) Co, before and after the K (Table 9) and population 
(Table 10) refinements, for both the initial form factors 
A and B. After the refinement, the modified form fac- 
tors agree with each other at sin 0//l > 0.15, indepen- 
dent of the choice of  the initial form factors. As for the 
lighter atoms, it is shown in Table 9 that the radial con- 
traction (K > 1) of  electron distribution takes place for 
C and H atoms on forming chemical bonds, while for 
both the nitrogens of the cyano and ammonia groups, 
the radial expansion (K < 1) occurs, in both [Co] [Cr] 
and [Col[Co].* The same trend was also observed 
elsewhere (Griffin & Coppens, 1975). 

In each crystal, the apparent effect of the initial form 
factors on a K value is again large when the ~c has a 
large correlation (c.c. > 0.7) with the corresponding 
population parameter. Qualitatively speaking, how- 
ever, the K refinement gives consistent features for the 
radial distribution of  electrons for all atoms, irrespec- 
tive of the initial form factors. 

Electron population 

Table 10 shows the effective charges on atoms and 
groups of  atoms, obtained by population refinement by 
RADIEL.  The effect of  atomic form factors is again 
large when a population parameter is strongly corre- 
lated with K (c.c. > 0.73). Thus, apart from quanti- 
tative details, the following general remarks can be 
drawn, independent of  the initial form factors: (i) Both 
crystals consist of  definite ionic species, [Co(NH3)6] 3+ 
and [M(CN)6] 3- [M = Cr or Co(I)]. (ii) The central 
metal atoms themselves are largely neutralized rather 
than +3 e (cf  Table 12). The results from direct in- 
tegration of electron densities in a sphere of  1.08 /~ 
[the minimum of radial electron distribution 4zrr2p(r) 
versus radius r] around the central metal atoms may be 
compared with those in Tables 10 and 12: namely, 23.0 

* The exception is found in Table 9, column (a) for N(2), where 
is slightly, but not significantly, larger than 1.0. 

for Cr and 26.0 for Co, i.e. both metals have a charge 
of + 1 e at 80 K (the corresponding values at 298 K are 
22.6 for Cr and 26.0 e for Co with r = 1.22 A, which 
is also determined as above). (iii) Consequently, the 
charge redistributions take place in the complex ions: 
CN is negatively charged (its negativity is larger in 
[Cr(CN)6 ]3- than in [Co(CN)6]3-), the polarization is 
C + - N  -, and N in [Cr(CN)6] 3- is again more negative 
than in [Co(CN)6]a-; NH3 has a positive charge of 
about +0.5 e in both crystals; the hydrogens are 
positively charged and the values (about +0.2 e) 
roughly agree with other results (Coppens, Pautler & 
Griffin, 1971; Griffin & Coppens, 1975). 

Residual electron density maps 

Fig. 2(a) shows the (Fo - F ~ )  synthesis on a plane 
passing through a C o - N  bond and the threefold axis 
of the complex, with the atomic form-factor set A. The 
results with form-factor set B are similar. The four 
peaks around the Co atom are similar to those ob- 
served in [Col[Col (Iwata & Saito, 1973) and appear at 
chemically equivalent positions. Of  these peaks, two 
which lie on the threefold axis differ from the other 
two, both in peak heights and in peak positions (Table 
11). The similar map on a section through a C r - C N  
bond and the threefold axis is shown in Fig. 2(b). The 
four peaks near the Cr atom are here seen again (see 
Table 11). These peaks were supposed, in a previous 
paper (Iwata & Saito, 1973), to be due to the 
asphericity in 3d electron distributions. It is noted that 
their peak positions and peak heights are correlated 
with the trigonal distortions of the complex ions. In the 
[Cr(CN)6 ]3- complex ion at 80 K, for example, the 
angle 6 is greater than 90 ° (Table 4) and the two 
residual peaks on the threefold axis appear at a closer 
distance to Cr, with a larger peak height, than the other 
two; on the other hand, the opposite trend was observed 
in [Co(NH3)6] 3+, in the same crystal, where 6 is signifi- 
cantly smaller than 90 ° . Although the distances from 
the metals are less accurate because of  the limitation in 

Table 10. Electronic charges on atoms and groups 
[Co] [Cr], 80 K [Co] [Co], 298 K 

fset A fset B fset A fset B 
Cr/Co(1) +0.64 (9) e + 1.42 (9) e -0.99 (8) e -1.04 (7) e 
Co(2) -0.06 (8) +0.52 (9) +0.11 (8) -0.71 (8) 
N(1) -0.83 (3) -0-76 (3) -0.54 (2) -0.37 (2) 
C +0.18(2) -0-01 (2) +0.22 (2) +0.11 (2) 
N(2) -0.01 (4) -0.05 (4) -0.62(4) -0.16 (5) 
H(1) +0.14(3) +0.12(3) +0.35(3) +0.22(3) 
H(2) +0.22(2) +0.20(2) +0.38(3) +0.25(3) 
H(3) +0.20(2) +0.18(2) +0.36(2) +0.23(3) 

CN -0.65 (4) -0.77 (4) -0.32 (3) -0.26 (3) 
NH 3 +0.55 (6) +0.45 (6) +0.47 (6) +0.55 (7) 

[M(CN)tl* --3.25 (13) --3.22 (13) --2.91 (11) --2.60 (10) 
[Co(NH3)t] +3.25 (17) +3.22 (17) +2.93 (17) +2.61 (19) 

* M = Cr or Co(l) for hexacyanides. 

Table 11. Residual density peaks (e/~-3) around metal 
atoms 

[Col [Cr], 80 K lCol [Col, 298 K 
Peak Distance Peak Distance 

from metal height from metal height 
IM*(CN)6] 3- 
On threefold 0.84 0.30 A 0.76 0.39/~ 

axis (ag) 
On e~(t2o)y 0.67 0.57 0-59 0.49 

[Co(NH3)6] 3+ 
On threshold 0.72 0.44 0.67 0.49 

axis (ao) 
On eo(t2o)t 1.02 0.53 0.50 0.51 

* M = Cror Co(l). 
t The direction which is chemically equivalent to a9 (see 

Appendix). 
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resolution, such a correlation is also observed in the 
following examples: in the corresponding map of y- 
Fe~SiO 4 (Marumo & Isobe, 1974; Marumo & Saito, 
1974); in [Co][Co] after refinement by RADIEL 
(Tables 4 and 11) (the exception for the peak heights in 
[Co(NH3)6 ]~+ of this crystal may be caused by the 
small deviation of this ion from cubic symmetry, and 
by thermal smearing); and even in the less accurate 
maps of [Co][Cr] at room temperature (Fig. 3 and 
Table 4). 

The bonding electrons are clearly seen in the 
C o - N H  a, C r - C  and C - N  bonds. The last two peaks 
are elongated more than the first and may represent rr- 
bonding features which were also observed in 
[Col[Co]. The cross-sections perpendicular to these 
bonds at the mid-bond peaks are shown in Fig. 
4(a)-(c). The peaks in Fig. 4(b) and (c) are not as cir- 
cular as in (a), probably reflecting the difference in 
bond character. Fig. 4(d) shows the section parallel to 
the plane of Fig. 4(b) and (c) and through Cr. The four 
peaks in this figure roughly correspond to those in Fig. 
2(b), and their maxima are about 45 o off those in Fig. 
4(b) and (c), which has not yet been clearly interpreted. 

The standard deviation of electron density is 0.06 e 
,~,-~ at general positions and 0.2 e ,4, -a at metal sites 
(Cruickshank & Rollett, 1953). 
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Fig. 3. Fo - F~ map of  [Co] [Cr] at room temperature without the 
~ refinement: (a) the section through a C o - N  bond and the 
threefold axis; (b) the section through a Cr--CN bond and the 
threefold axis. Contours are at O. 1 e A -~ intervals. 
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Fig. 2. Fo -- Fc map of [Co(NHa)6][Cr(CN)6] at 80 K after the ~c 
refinement: (a) in a section through a Co--N bond and the 
threefold axis (1); (b) in a section through a C r - C N  bond and 
the threefold axis. Contours are at 0.1 e/~-3 intervals: negative 
contours ( . . . ) ;  zero contour ( - - . - - ) .  The crosses indicate the 
atom positions. 

I x x  - _  

(c) (d) 

Fig. 4. Fo - F ~  maps of  [Col ICr] at 80 K after the ~c refinement, 
on sections (a) perpendicular to a Co--N bond and through the 
mid-bond peak (0-46 A from N) (the approximate radius of  the 
circle, r I from the bond (X) to the zero contour], is about 0.5 A); 
(b) perpendicular to a C r - C  bond and through the bond peak 
(0.62 A from C, r , ~ 0 . 7  A); (c) perpendicular to a C - N  bond 
and through the peak maximum (at the mid-point) of  the bond 
(r-~ 0.55 A)" (d) perpendicular to a C r - C  bond and through a 
Cr atom site. Contours are at 0.05 e A -3 intervals for (a)-(c)  and 
0.2 e A -3 for (d). 
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Aspherical charge refinement 

The aspherical charge refinement was carried out to ex- 
amine the deformation of  the electron distributions 
around metals. To perform the analysis the following 
assumptions were made: (i) The parameters of  the 
metals are not correlated with those o f  lighter atoms 
{this is true for [Col[Col; however, in [Co][Crl, the Cr 
population parameter is correlated with that of  N(1) 
(c.c. = - 0 . 6 1 ) } ,  then all the parameters o f  the lighter 
atoms and the temperature factors o f  metals are fixed 
at the values obtained by RADIEL,  with the form- 
factor set A. (ii) The metal valence electrons outside the 
Ar core are all regarded as 3d electrons, and their form 
factors are expressed as a linear combination of  scat- 
tering factors ( f j )  o f  trigonally distorted 3d orbitals ( j ) ,  
each multiplied by the population parameter (n j) which 
is to be determined by this analysis; AF was fitted as 
A F =  E n j f j  by the least-squares refinement (see Ap- 
pendix), where AF=Fobs.-F(light atoms)-F(meta l  
cores). 

In the present analysis, 195 and 375 reflexions with a 
large absolute value o f  AF were used for [Col[Cr] 
(80 K) and [Col[Col (298 K) respectively. The 3d 
form factors for the ag, eg(t2g) and eg(eg)* components 
under a trigonal field are given in the Appendix 
[equations (A3)-(A5)] in terms of  the angular coor- 
dinates o f  the scattering vector of  each reflexion and 

* The parentages of an octahedral field are given in parentheses 
to differentiate the two types of eo orbitals in a trigonal 
environment. 

the ( j , ) ' s ,  the expectation value of  the nth Bessel func- 
tion, which are tabulated in International Tables for X- 
ray Crystallography (1974). The ( j , ) ' s  for 3d elec- 
trons of  neutral Co and Cr were used, since some pop- 
ulation parameters with unreasonably negative values 
were obtained i f  ( j , ) ' s  for trivalent ions were used. 

The aspherical population parameters thus obtained 
are given in Table 12. Although the standard deviations 
are large, because only a small number of  reflexions 
were used at this stage where the lighter atoms are not 
taken into consideration, the following remarks may be 
made, from the results in Table 12, on the differences 
between N H  3 and CN, and between Co and Cr, and, in 
addition, on the temperature effects. 

The dependence on the ligands and on the metals 

It is notable that when the ligand is CN (shown in the 
upper part of  Table 12), the electron population, 
n[eg(eg)], in the eg(eg) orbital, is smaller than that expec- 
ted for the spherically symmetric distribution in the 
neutral atoms {n°[eg(eg)] = 2.4 [40%] and 3.6 [40%] 
for Cr ° and Co O respectively}. On the other hand, when 
NH 3 is the ligand (shown in the lower part of  Table 12), 
n[eg(eg)] is found to be larger than that expected for 
CoO. * 

The ligand dependence of  n[eg(t2g)], and of  n(t2g), the 
sum of  n(ao) and n[eo(t2o)], in percentage, is opposite to 
that of  n[eo(eg)].* I f  the electron population is com- 
pared with n°(t29) of  trivalent ions in an Oh field, it is 

* See footnote to Table 12. 

Table 12. Valence electron population on metal atoms 
The number of electrons with their standard deviations are in parentheses, percentages in square brackets. The atoms in the upper 
part of the table are coordinated by (CN) 6, and those in the lower part, by (NH3) 6. Values in the columns 'M °' are obtained by 
dividing the number of valence electrons (6 for Cr and 9 for Co) outside the Ar core in free metals into 1:2:2 (spherical). 

Cr/Co(1) 

[Co] [Cr], 80 K [Co] [Co], 298 K 

a~ 0.97 (58)) 
[17.7%]| 

eo(t2g ) 2.35 (82) 
[43.0] 

eo(eg) 2.15 (115) 
[39.3] 

Total 5.47 (153) 
Charge +0.53 e 

Co(2) ag 1.34 (65) )  
[15.0] 

eg(t2g) 2-98 (102) [ 
[33.3] 1 

eg(eg) 4.64 (147)* 
I51.81 

Total 8.96 (177) 
Charge +0.04 e 

3.32 
I60.7%1 

4.32 
[48.31 

Cr  o 

1.2 
[20%] 

2.4 
[40l 

2.4 
[40] 

6.0 
0.0e 
Co O 
1.8 

[201 
3.6 

[40] 
3.6 

[40] 
9.0 
0.0e 

C o  0 

1.90(31) ) 1.8 
3.6 [20.3%]~ 6.18" [20%1 

[60%] 4.28 (47)'1 [65.9%] 3.6 
[45.6] ] [40] 

5.4 
I60%1 

3.20(63) 3.6 
[34.1] [40] 

9.38 (84) 9.0 
--0.38 e 0.0 e 

C o  o 

1.79 (30)) 1.8 ) 
5.4 [18.9]~ 5.03 120]j 5.4 

[60] 3.24 (47) i [53.0] 3.6 [60] 
[34.1] ) [40] 

4.46 (63)* 3.6 
[47-0] [40] 

9.49 (84) 9-0 
-0.49 e 0.0e 

* The number of electrons in the t2g or e9 orbitals is larger than 6 or 4 respectively, which may result from the assumption that all the 
electrons outside the Ar core are regarded as 3d electrons. The hybridization of 3d with 4s and 4p orbitals possibly plays a certain role. 
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also found that n(t29 ) is larger, in CN coordination, 
than that of Cr 3+ or Co 3+, while it is smaller, in NH 3 
coordination, than that expected for Co 3÷ [n°(t2g)= 3.0 
for Cr 3+ and 6.0 for Co3+]. * 

The order of all these population numbers is 
consistent with the order of the energy gaps 
Ae = e(eg) - e(hg) between higher eg and lower tEg or- 
bitals of the complex ions in an octahedral field 
{A~'[Co(CN)6] > Ac[Cr (CN)6]  > Ac[Co(NH3)6] ;  
Jorgensen, 1962}. Furthermore, since the eg(eg) orbital 
has its maximum along the metal-ligand bond and it 
forms cr bonds with both the CN and NH 3 ligands, the 
larger n[eg(eg)] may possibly be related to a greater o 
character in the Co--NH 3 bond, compared with the 
M--CN bond. On the other hand, since ag and eg(ho) 
orbitals have rr character and form rr bonds with CN, 
n(tEg) might also be related to the degree of n- character 
in CN coordination, and to the difference in the 
charges of CN's in the two kinds of hexacyanides 
(Table 10). 

n(ag) and  the significance o f  the results 

If the angle o(LML') is significantly smaller than 
90 ° , it is expected that the population along the three- 
fold axis [n(a~)] would be smaller than that in a free 
atom. This seems to be the case, at least for 
[Co(NH3)6 ]3+ at 80 K (Tables 4 and 12), and is consis- 
tent with the residual density maps [Fig. 2(a) and Table 
11]. 

It is also noted that when the population parameters 
(n's) were treated as independent parameters, the 
approximate ratio of 1:2 : 2 was obtained for the n's of 
ag, eo(t2o), and eo(e,). These observations may support 
the positivity of the results of Table 12, although the 
present analysis contains many approximations and 
errors. 
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* See footnote to Table 12. 

APPENDIX 

For the analysis of the trigonal distortions of the elec- 
tron distribution, the threefold axis of the crystal is 
taken as the z-(quantization) axis. In this coordinate 
system, the 3d orbitals of the central metals in a C3; en- 
vironment are given in terms of d,, (m = +2, + 1, 0) as 
follows: 

ag • do 

[ V'(2/3)d2 - x / (1 /3 ) a  
eo(t2o) " i 

(x/(E/3)d_2 + V'(1/a)dl 

/x/(1/3)d2 + X/(2/3)d_l 
eo(eo): / 

I,x/(1/3)d_2 - V'(2/3) dl 

1 ~ : t2g[Oh]  

(,41) 

" egl Oj, ] 

where W = d,. = R(r)/rY'2"(O,cp), and R(r)  and 
Y~'= O~'(cos 0)~,.(~0) are the radial parts of the 3d 
orbitals and the spherical harmonics respectively. The 
orbital correlation between the C3~ and O environ- 
ments is given in equation (A 1). The eo(e,) orbitals have 
their maxima along the metal-ligand bonds and have o 
character, with a higher orbital energy than the ao and 
eg(b,) orbitals, which have rt character and avoid the 
ligands. The ao orbital has a maximum along z. The 
form factor: 

exp (ikr) Wk dx, I k l =  4rt sin 0//l = k, 

can be obtained as 

(A2) 

fJk = ~" E i"(j',  )~k O~,"(cos fl) 
1 1 = 0  n l = - - n  

x e x p ( i m y ) V 2 ( 2 n  + 1) C~(ljmj, Ikmk) 

by using the expansion 

exp (ikr) = 4zr ~, Z i~/~(kr)O~'(cos 0) 
I1 = 0  I r l = - - n  

× ~*(~)o~' (cos /~)~(y) ,  

where the relations, 
2 n  

f~*,(j)(g,) ~,,,,~) (q,) ~*(~p) d~p = I / V ~ ,  
0 

foT'6;'*( os o) O~(k) (cos 0) O,"*(cos 0) sin 0 dO 
O 

= x/(2n + 1)/2 C"(ljmj, t, mk), 
7~ 

f Rk(r)j ,(kr) dr = (J.)jk, and m =mk -- rnj, 
O 

are used, and j , ( k r )  is the nth Bessel function and 0,~p 
and fl, y are the angular coordinates of  r and k respec- 
tively. 

The values of C"(l~ m j, l, m~,) are tabulated by Con- 
don & Shortley (1935). Since we are concerned with 3d 
electrons, lj = lk = 2. By using equations (A 1) and (A2), 
the following expressions can be obtained: 

f (ao )  =f0.0 = (Jo) + 5/7(1 -- 3 cos 2 fl) (J2) 

+ 9/28(35 cos 4 fl - 30 cos 2 fl + 3)(..]4) , (A3) 
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f[eg(t2g)] = (J0) - 5/14(1 - 3 COS 2 fl)(.~> 

-- 1/28(35 cos 4 / ~ -  30 cos2/~ + 3)(j4) 

+ 5 /x /2  cos ~ sin3/~ sin 3y(j4),  (A4) 

f[eo(eo)] = (J0) - 1/8(35 cos 4 fl 

- 30 cos 2/~ + 3)(j4) 

- -  5/x /2  cos/~ sin 3/~ sin 3v(j4). (A5) 

In the aspherical population analysis, AF[= Fobs.--F 
(light atoms) - F (metal cores)] is fitted as AF = E nJ j ,  
for j = ag, eg(hg) and eg(eo), where nj is to be deter- 
mined by the least-squares method and can be called 
the electron population parameter (occupation number) 
of  the orbitalj. 

As can be easily seen, the average form factor, 
f =  1/5{f(ag) + 2f[eg(t2g)] + 2f[eo(eo)]} = (Jo), is 
spherically symmetric. The smooth curve of  the 
average factor f ,  and the aspherical form factors for 
each orbital for some arbitrarily chosen reflexions, are 
shown in Fig. 5 for Cr 3d electrons (80 K), to illustrate 
the extent of the asphericity. 
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Fig. 5. The atomic form factor for Cr ° 3d at 80 K. Smooth curve: 
the average spherical factor; ©: ag factor; 0: eg(t2g) factor; +: 
eg(e.~) factor, obtained from equations (A 3)-(A 5). 
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