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The M(II1) transition metal hexacyanides Cs,LiM(CN), (M = Cr, 11) have been prepared, and their crystal structures deter- 
mined. Both salts are noncubic at room temperature and undergo a phase change to the cubic space group Fm3m at high 
temperatures. The final R values, for the high-temperature data, are 2.5 and 2.8% (149 and 179 observed reflections) for 
Cr(II1) and Ir(III), respectively. The unit cell dimensions area = 10.780 (2) and 10.720 ( 3 )  A for Cr(II1) and Ir(II1) at 108 
and 168", respectively. Comparison of the data obtained here and those obtained earlier for Cs,LiM(CN), (M = Mn, Fe, 
Co) salts shows significant M-C bond length decreases in proceeding from Cr(II1) to Co(II1) and from Ir(II1) to  Co(II1). 
The results are discussed in terms of trends in the M-CN (I and n bonding as a function of the metal. Trends in the posi- 
tional and thermal parameters are used to discuss the lattice instability for the Cr(II1) and Ir(II1) salts. 

Introduction 

the M-L u and n bonding in transition metal complexes 
which contain n-acceptor ligands. The primary goal in 
these studies has been to define clearly the role of the metal 
in M-L dn-pn* bonding. Infrared and Raman spectroscopy, 
combined with detailed vibrational analysis, has successfully 
been used to obtain experimental bonding parameters for 
simple binary carbonyl2 and mixed carbonyl-nitrosyl3 com- 
plexes. Vibrational spectroscopic techniques have also been 
extensively used to study transition metal-cyano complexes? 
Unfortunately, the ionic nature of cyano complexes pre- 
cludes the possibility of isolating and sampling these com- 
plexes in nonperturbing environments. It is not possible to 
observe all of the infrared-active fundamentals using aqueous 
solutions.' The strong intermolecular interactions present 
in crystalline solids are equally troublesome, as they perturb 
the internal modes of vibration, thereby obscuring the de- 
sired intramolecular forces.6 Vibrational analysis of crystal- 
line solids, where lattice modes and intermolecular interac- 
tions are included, shows promise.' However, studies of 
this type have not yet been applied to an isostructural series 
where the metal atom is varied. 

In a recent structural study of C S ~ L ~ M ( C N ) ~  (M = Mn, Fe, 
C O ) ~  we have been able to observe significant bond length 
changes which can be correlated with M-CN u- and n-bond- 
ing trends. The C S ~ L ~ M ( C N ) ~  salts are particularly amenable 
to a study of this type, since they are isostructural, all crys- 
tallizing in the high-symmetry space group Fm3m. Since 
they are isostructural, we do not expect differences in crys- 
tal packing, which may obscure the discussion of bonding 
using bonding length comparisons. 

Considerable interest has been focused on characterizing 
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Initial efforts extending this study to the Cr(II1) and Ir- 
(111) salts were not successful. The Cr(II1) salt exhibits 
very weak tetragonal reflections at  room temperature, which 
are consistent with the noncentric space group P4z212. Ef- 
forts to solve the structure of Cr(II1) in the tetragonal phase 
have not yet been successful. The Ir(II1) salt exhibits an 
Fm3m diffraction pattern at room temperature. However, 
a final difference Fourier shows residual electron density 
around the C and N positions. In addition, the Ir(II1) salt 
is not optically isotropic at room temperature. 

Both salts were observed to become optically isotropic at 
elevated temperatures. Preliminary crystallographic data in- 
dicated that at high temperatures, the Cr(II1) and Ir(II1) salts 
were isostructural with the manganese, iron, and cobalt ana- 
logs. The present study is concerned with the high-tempera- 
ture structures for C ~ ~ L i c r ( c N ) ~  and C S ~ L ~ I ~ ( C N ) ~ .  

Experimental Section 
The preparation of the dicesium lithium salts has been described 

The tripotassium salt K,Cr(CN), was obtained using the 
usual literature method9 and K,Ir(CN), was obtained commercially 
from Automergic Chemetals Co. Crystals were grown at room tem- 
perature by slow evaporation of aqueous solutions. 

Crystals of both salts were examined optically as a function of 
temperature using a Zeiss polarizing microscope. The temperature 
of the crystals was controlled using a Mettler FP2 microthermal appa- 
ratus. The Cr(II1) compound was observed to become isotropic at 
a. 75". Crystals of the Cr(II1) salt which were twinned at room 
temperature were also studied. Interestingly, the room-temperature 
extinction patterns of twinned crystals were reproduced if the crys- 
tals were first heated above the phase change and then cooled to 
room temperature. This apparent memory persisted even when the 
crystals were annealed at 300" for 2 hr. 

The Cs,LiIr(CN), complex exhibits a rainbow pattern character- 
istic of a highly twinned (or strained) crystal. The iridium salt was 
found to  become optically isotropic at ca. 145'. Neither salt could 
be supercooled. 

Precession photographs (Mo Ka) at room temperature showed 
the Cr(II1) crystal to be tetragonal with systematic absences indica- 
ting the space group P4,2,2. The Ir(II1) salt exhibits cubic diffrac- 
tion at room temperature with absences indicating the space group 
Fm3m. In spite of the fact that none of the crystals were optically 
isotropic, we were unable to find a crystal of the Ir(II1) salt which 
exhibited Fm3m forbidden reflections. We were unable to grow a 
crystal of the Ir(II1) salt which was optically isotropic at room tem- 
perature either by annealing at high temperatures or by repeatedly 
going through the phase change. Precession photographs of Cs, LiCr- 
(CN), taken at 80' showed absences consistent with the space group 
Fm3m. Longexposure Precession photographs at this temperature 
showed no tetragonal reflections. 

The Cr(II1) and Ir(II1) crystals were aligned on an automatic 
Picker four-circle diffractometer, both at room temperature and at 
the temperature of interest for data collection (108 and 168", respec- 

(9) J. H. Bigelow, Inorg. Syn., 2, 203 (1946). 
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tively). The temperature of the crystal was controlled using a Nonius 
low-temperature cryostat which has been modified for use on the 
Picker diffractometer. The temperature (detected using an iron-con- 
stantan thermocouple positioned in the N, flow at the tip of the 
nozzle) could be controlled at +2". In each case, 1 2  reflections were 
centered and their setting angles used in a least-squares refinement 
of cell parameters and the orientation matrices. No constraints were 
imposed on the cells in the least-squares refinements. Within the lim- 
its of error, the refiied cells were found to be consistent with cubic 
symmetry, with the exception of Cr(II1) at room temperature where 
a tetragonal cell was confirmed. The systematic absences observed 
using Precession methods were checked by  collecting peak height da- 
ta for the primitive cubic cell out to  25" in 28 (peak counting for 10 
sec, background 2 secj for fr(II1) and Cr(II1) at high temperatures 
and for Ir(II1) at room temperatures. No Frn3m forbidden reflec- 
tions were observed. During these preliminary studies the crystals 
were repeatedly taken through the phase change. For the Cr(l[II) 
complex it was noted that the unique tetragonal axis was always or& 
ented the same when the crystal was allowed to cool to  room tem- 
perature. 

The room-temperature cell constants and their standard devia- 
tions for Cr(II1) and Ir(II1) are a = 7.600 (3), c = 10.778 (3), and 
Q = 10.653 (3) A, respectively. The high-temperature cell constants 
and their standard deviations are 10.780 (2) and 10.720 (3) A for 
Cr(II1) and Ir(III), respectively. It should be noted that the room- 
temperature tetragonal Cr(II1) cell is closely related to  the high- 
temperature cubic cell, both in intensity relationships and cell con- 
stants (for the tetragonal cell 3 a = 10.748 A). Mosaic structures 
of the crystals were checked by  w and 28 scans for several reflec- 
tions at those temperatures where data were collected. Peak widths 
at half-heights never exceeded 0.3". 

Data were collected for both crystals at temperatures well above 
their respective phase changes [ 108" €or Cr(II1) and 168" for Ir- 
(III)] . One octant of data was collected for each crystal, using 
Mo Ka radiation, a 3.5" takeoff angle, and a single-crystal graphite 
monochromator. Data were collected to  70" in 28. A symmetric 
6-26 scan (l"/min) range of 2" (plus a1-cx2 dispersion) was used. 
The background was counted for 20 sec at each end of the scan 
range. Of the 183 and 180 reflections measured, totals of 140 and 
179 with intensity above 30 ( I  > 30(4) were observed and used in 
the structure determinations for Cr (108") and Ir (168"j, respectively. 
Here I is the intensity after background correction and o Q  = [ ( T  4- 
B )  -k (O.OlS(T- B ) ) Z ]  where Tis  the total count and B is the 
estimated background. The intensity of standard reflections, count- 
ed after every 25 reflections, showed no significant change during 
data collection for either of the data sets. The temperature fluctuat- 
ed by no more than 52' in either data collection experiment. 

Both data sets were corrected for Lorentz and polarization ef- 
fects, and absorption corrections were made using the Busing and 
Levy method" using Larson, Cromer, and Roof's version of 
Burnham's program." For the Cr(I11) and Ir(II1) crystals the calcu- 
lated transmission factors were in the ranges 0.441-0.376 and 0.152- 
0.052, respectively. 

Refinement of Structures 
Wolberg's structure" was used as a starting model for full-matrix 

least-squares refinements. The function minimized was Z:?v2(lFo I - 
lFc*l)2 where wz is the weight defined by l / u z ( F o )  and 

in which k is a scale factor, L p  is the Lorentz-polarization correction, 
g is the extinction coefficient," and F, is the structure factor calcu- 
lated irk the usual way. 

The structures were refined in the centric space group Fm3m to  
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unweighted R factors of 2.5 and 2.8% for Cr(1II) and Ir(III), respec- 
tively (here R = C (  IFo I - lF,l) / E IFo l~ Extinction coefficients, 
g, were included in the refinements, and anisotropic temperature pa- 
rameters were refined for C and N atoms. Neutral atom scattering 
 factor^'^ were used for all atoms, and the M and Cs atoms were cor- 
rected for anomalous dispersion." The final errors in an observa- 
tion of unit weight are 2.02 and 3.5 for Cr(II1) and Ir(IIIj, respec- 
tively. 

Final difference-Fourier maps show the usual residuals around 
the M and Cs atom positions. No significant electron density re- 
mained around the C and W atom positions. The €indl positional pa- 
rameters, temperature factors, and extinction coefficients are prc- 
sented in Table 1. 

Discussion 
The structures for the CszLi!a(Cr\r)6 salts are quite similar 

to  those found for Prussian Blue complexes." The hexa- 
cyanide moiety, M(CN)63-., occupies a site of Oh symmetry 
at the origin of the unit cell. while the Cs atoms occupy the 
tetrahedral holes at  ( I / d . ,  '/.t, l /4 )  and (3/4,  3/4,  3/4). The 
ki atom occupies the Oh site at ( l / z ,  "2, '/z) as does the 
M(H) atom in IW'P3[M11~4CW)612.XM20.16 

The interatomic distances for the Cr(II1) and Ir(TI1) salts 
are presented in Table 11, along with the corresponding val- 
ues found earlier for the Mn(lll), Fe(III), and Co(l1H) salts.' 
The MI-C bond lengths, after correction for thermal motion, 
are presented in Table III. 

The M-C bond lengths show a monotonic decrease in pro- 
ceeding from Cr through Co and a significant increase in 
proceeding from Go to Tr. The total M-C change in the ser- 
ies Cr though Co (0.160 ( 5 )  A) is large and significant, as 
are the successive bond length changes (Cr -+ Mn, 0.070 (6) 
A).s The Ir M-C bond length increase compared to Go is 
also large and significant (0.134 (1 1) A). 

(CN), complexes and the M(1IE) ionic radii is presented in 
Figure 1 .I7 In the series Cr --z Co the M-C bond length is 
seen to decrease nearly twice as much as the M(1II) ionic ra- 
dii (ARMc = 0.160 (4) A, ARtyrcrII)= 0.090 A). Clearly an 
ionic bonding model, where the bond lengths are predicted 
from ionic radii, does not provide an adequate description of 
the bonding in these transition metal cyanides. This dispar- 
ity between ionic radii and the observed M-C .bond lengths 
is cxpected, since the ionic radii were obtained from corn- 
plexes where dn-pn* bonding was not possible.'7 

The comparison which should be made here is that be- 
tween the M-C bond lengths in cyano complexes (where 
dn-pn* bonding i s  important) and the corresponding bond 
lengths .for metai alkyls, where only M+-L u bonding i s  im- 
portant. This would provide a means of separating the M-C 
cr-b~nding contribution from that of the M-G n bonding. 
Unfortunately, accurate structural data for the desired 
metal alkyls (where the metal is in the 4-3 formal oxidation 
state) do not exist. 

In the absence of structural data for M-C o-bonded sys- 
tems, we have resorted to equating the changes in ionic radii 
to those M-C bond length changes which would be expected 
for o-bonded systems. In cyano complexes where dn-pn" 
bonding is unimportant (KCW etc.) the cyanide group is con- 
sidered a pseudohalide. Since the ionic radii are estimated 
from halides and oxides, it is reasonable to expect that 

A comparison of the M-C bond length changes in Cs,LiM- 
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Final Least-Squares Parameters for Cs,LiM(CN), 

M Za Pz PLic Ilc sc PMC g b PLX = PLY b 

C 0.1898 (4) 0.180 (5) 0*237 (3) 0.203 (9) 0.263 (1) 0.157 (1) 8 ( 1 )  X 

C 0.1853 (3) 0.164 (10) 0.216 (6) 0,145 (16) 0.232 (2) 0.144 ( 3 )  
{ N 0.2954 (4) 0.174 (5) 0.350 (4) 

Mn{ N 0.2926 (4) 0.166 (10) 0.327 (8) 

Fei N 0.2908 (3) 0.153 (8) 0.273 (6) 

co{ N 0.2881 (3) 0.145 (8) 0.242 (5) 

Ir N 0.2926 (12) 0.196 (12) 0.341 (11) 

C 0.1822 (3) 0.153 (8) o.188 0.167 (12) 0.216 (1) 0.131 (2) 

C 0.1797 (3) 0.145 (8) 0*16' (4) 0.170 (17) 0.205 (1) 0.121 (2) 

C 0.1868 (10) 0.180 (IO) 0.242 (7) 0.26 (3) 0.287 (1) 0.167 (1)  1.6 (2) X lo-' 

Li, Cs, and M occupy special positions I / * ,  a c and N atoms are in special position 24e: 0, 0, Z. Rms amplitude of vibration in A. 
' I 2  ; 'I4, 'I4, l4 ; and 0; 0, 0, iespectively. 

Table 11. Interatomic Distances (A) for Cs,LiM(CN), 
M 

Atoms Cr Mn Fe c o  II 
C-N 1.138 (6) 1.145 (6) 1.148 (5) 1.148 (5) 1.134 (16) 
M-C 2.046 (4) 1.976 (4) 1.926 (3) 1.886 (3) 2.003 (10) 
Li-N 2.206 (4) 2.212 (5) 2.212 (3) 2.213 (3) 2.223 (12) 
CS-N 3.842 (1) 3.798 (1) 3.762 (1) 3.733 (1) 3.817 (1) 
Cs-C 3.866 (1) 3.834 (1) 3.805 (1) 3.783 (1) 3.850 (1) 

Table 111. 
Motion Assuming Rigid-Body Motion for the Octahedrona 

M-C Bond Lengths (A) Corrected for Thermal 

M C  A(M-C) 
M Uncor cor Uncor Cor 
cr 2.046 2.058 

Mn 1.976 1.987 

Fe 1.926 1.934 

c o  1.886 1.892 

II 2.003 2.015 

0.070 0.071 

0.050 0.053 

0.040 0.042 

-0.117 -0.123 

a D. W. J. Cruickshank, Acta Crystallogr., 9, 757 (1956). 

Cf Mn Fe co co I r  

Figure 1. Changes in the scaled M(II1) ionic radii'6 (0) and the 
M(II1)-C bond lengths for Cs, LiM(CN), (0) as a function of atomic 
number. Here the M(II1) ionic radii have been scaled to the Cr-C 
bond length for comparisons in the series and to the Co-C bond 
length for comparisons in the group. 

changes in M-X bond lengths ( te. ,  the M(II1) ionic radii) 
will provide good estimates of the expected changes result- 
ing from variations in M-CN u bonding. The major diffi- 
culty in such a comparison is the possible synergistic en- 
hancement of the M-C u bonding as a result of M-CN dn- 
pn* bonding trends within the transition series under dis- 
cussion. Thus, the correlation of M(II1) ionic radii and the 
M-C bond lengths presented in Figure 1 provides only a 
crude partition of M-CN u- and nbonding effects. 

The M-C bond length in the series Cr -+ Co is changing 
twice as fast as the M(II1) ionic radii. We conclude that 
changes in the M-CN n bonding (plus, perhaps, some syn- 
ergistic effects) are occurring about as fast as changes in 
M-CN u bonding. The nonlinear changes in M-C bond 
lengths in the series Cr -+ Co are interesting. The change in 
going from Cr to Mn (0.070 (6) .&) is significantly larger 
than that observed for Fe -+ Co (0.040 (4) A). 

While the change in M(II1) ionic radii is not linear (Figure 
I), it does not entirely account for the nonlinear change in 
M-C bond lengths in going across the series. 

The nonlinear change in M-C bond lengths could arise 
from two sources. 

(1) For a linear increase in bond order one expects a 
smaller decrease in the bond lengths as the bonds are short- 
ened (assuming a Badger rule type relationship between 
bond length, d ,  and force constant, K ,  d 0: l/@?Q. This 
is reflected in the slight nonlinearity of the change in M(II1) 
ionic radii in the series Cr + Co. Interestingly, if the change 
in M(II1) ionic radii in the Cr + Co series is doubled, the 
change in M-C bond lengths is nearly reproduced. 

(2) The nonlinear change in M-C bond lengths may re- 
sult from a nonlinear increase in dr-pn* bonding; that is, 
dn-pn* bonding increases more at the Cr end of the series 
than at the Co end. This is reasonable since the metal d or- 
bitals will be stabilized as Zee increases in the series Cr + 

Co. Since the metal d orbitals are lower in energy than the 
pn* levels on the CN- moiety, an increase in ZeB (a stabili- 
zation or decrease in energy of the d orbitals) results in a 
greater separation of the metal d orbitals and the px* level 
on CN-. Thus, dn-pn* overlap is decreased. In the series 
Cr -+ Co the increase in M-C bond order expected from an 
increase in the number of d electrons may be partially offset 
by a decrease in dn-pn* overlap. 

It is not possible to separate these two effects with the 
present data. However, it is our feeling that both the non- 
linear response in bond length as bond order is varied linear- 
ly and a possible nonlinear increase in dn-pn* as Zee in 
creases contribute to the observed trends in M-C bond 
lengths. 

Going down the cobalt group the change of ionic radii 
still reflects the change in M-C bond length for a u-bonded 
system. However, the change in ionic radii does not reflect 
the change in u-bond strength. However, the difference in 
M-C bond length and.M(II1) ionic radii still provides a meas- 
ure of the effect of changes in M-CN n bonding in the M-C 
bond length. The increase in M(II1) ionic radii in going 
from Co(II1) to Ir(II1) (0.205 A)'' is substantially larger 

(18) Unfortunately the ionic radius of Ir(II1) has not been firmly 
established, the value quoted being based o n  analysis of powder pat- 
tern intensities. 
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than the increase in M-C bond length (0.1 17 (1 1) A). If 
the ionic radius of Ir(II1) is to be believed and the assump- 
tion that the radius change from Co to Ir reflects the change 
in u bonding is valid, then this structure provides evidence 
for substantial increase in dn-pn* bonding proceeding down 
the cobalt group. This is reasonable, since the drr orbitals 
for Ir(II1) are assumed to be closer in energy to the CN- rr* 
orbitals than are those of Co I11 . Vibrational studies have, 

crease in both u- and n-bonding effects for the transition 
metal cyanides as well as for the  carbonyl^.^^^ 

The C-N bond lengths for all of the CS,L~M(CN)~ com- 
plexes are the same within the limits of error. The appar- 
ent shortening of the C-N bond lengths for the Cr(II1) and 
Ir(II1) salts results from excessive thermal motion of the N 
atoms. Because of this relative inaccuracy of the CN dis- 
tance, it is not possible to make a definitive statement con- 
cerning trends in C-N bonding. As was stated earlier,' the 
absence of a change in the C-N bond lengths tends to sup- 
port the suggestion2' that the M-CN u- and nbonding 
changes have offsetting effects on the C-N bond strength. 

motion (the mean-square amplitudes of vibration are given 
in Table 11). In all five structures the Cs atom nearest 
neighbor distances (Cs-N) are significantly larger than the 
combined atomic radii (3.24 A).21 The Li-N bond lengths, 
on the other hand, are all comparable to the combined Li 
and N atomic radii (2.1 A).21 Assuming the usual coulom- 
bic interaction potential, the large size of the Cs hole results 
in a weaker Cs+-CN- interaction and high Cs thermal motion. 
This abnormally weak interaction also accounts for the high 
N thermal motion perpendicular to the Li-N bond. The 
large Cs hole also results in lattice instability for the cubic 
phase; as the lattice constant increases, the cubic lattice be- 
comes unstable with respect to movement of the Cs atom 
and rearrangement of the M(CN6)3- moieties to reduce the 
Cs hole size. 

increase in Cs thermal motion, perpendicular mean ampli- 

however, been interpretedlg* $ 1  ' in terms of simultaneous in- 

The Cs,LiM(CN), structures exhibit high Cs atom thermal 

In this connection, it is interesting to note the monotonic 

(19) L. H. Jones, J. Chem. Phys., 41, 866 (1964). 
(20) L. H. Jones, Inorg. Chem., 2 ,  777 (1963). 
(21) J. C. Slater, J.  Chem. Phys,, 41, 3199 (1964). 

tudes for N and C atoms, and lattice size in proceeding from 
Co to Mn (Table I). Since the C-N and Li-N bond lengths 
do not change, changes in the lattice constant and the Cs 
hole sizes are determined by the M-C bond length changes. 
As the M-C bond lengths increase in going from Co to Mn, 
the Cs hole sizes also increase. At some point between Cr- 
(111) and Mn(III), the holes become too large and the lattice 
relaxes to the more stable tetragonal phase. Interestingly, 
the monotonic change in thermal motion does not hold in 
going from Mn to Cr if the rms amplitudes of vibration ob- 
served for Cs,LiCr(CN), at 108' are corrected to room tern- 
perature (assuming a classical dependence, (a2)  = kTC where 
C is the compliance constant22). This anomaly is not clearly 
understood. I t  is anticipated that the Mn(II1) + Co(II1) 
salts will also exhibit phase changes below room tempera- 
ture. 

The Cs2LiCr(CN), Fm3m -+f'42212 phase change is in- 
triguing in that the crystal remains single as it goes to the 
lower symmetry phase and the direction of the tetragonal 
axis is always the same. Work is under way to characterize 
these unusual phase changes. 

The following conclusions were reached with regard to 
M-CN u and n bonding. (1) The M-CN rr bonding is in- 
creasing at about the same rate as M-CN (T bonding in the 
series Cr -+ Co. (2) There is evidence for substantial increase 
in M-CN n bonding in going down the cobalt group. (3) 
The M-C bond lengths in the series Cr + Co are changing 
more rapidly at the Cr(II1) end of the series. 
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