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The Crystal Structure of Potassium Hexacyanochromate(III),

Ks[Cr(CN)q]
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The crystal structure of potassium hexa-
cyanochromate(III), K,;[Cr(CN),], has been
determined by single crystal X-ray methods.
K, [Cr(CN),] crystallizes with an OD structure
characterized by the OD groupoid symbol.

Pma(n)
{ca N3 (ny, N

The ordered orthorhombie form (MDO,) has a
unit cell with the dimensions a=8.5256(9) A,
b=10.6000(12) A, and ¢=13.6840(13) A, be-
longing to space group Pcan, with Z=4. Its
crystal structure has been solved from diffrac-
tometer data and refined by the method of
least squares to a final R value of 0.046 based on
694 independent reflections. The complex ion
has octahedral symmetry with Cr—C bond
lingths of 2.057(12) A, 2.075(7) A, and 2.100(10)

Much attention has been given in recent years
to o and = contributions to metal-ligand bonds
in transition metal cyanocomplexes. Correla-
tion of the bond lengths and geometries of the
complex ions and information concerning the
charges on the central metal atoms and ligands,
obtained from crystal structure studies and
X.-ray photoelectron spectra, with existing
semi-empirical molecular orbital calculations-*
ought to permit a determination of the relative
variations of these contributions. In connection
with such an investigation, in progress at this
department, the crystal structures of several
hexacyanides ®*-®* and monosubstituted hexa-
cyanides, e.g. pentacyanonitrosyls®*, have

* Temporary address: Department of Inorganic
Chemistry, University of Aarhus, DK-8000 Aarhus
C, Denmark.
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been studied. In the transition metal penta-
cyanonitrosyls, metal-cyanide =z bonding is
effectively prevented by the strong Me — n*
(NO) transfer, the strength of which varies in
a predictable way with Me.?~% 12 z Bonding
contributions to Me—CN bonds would, how-
ever, appear to be slight even in some hexa-
cyanides, and, in order to examine their varia-
tion more closely, hexacyanides of the same
transition metal atom with different formal
oxidation numbers % have been studied as
well as hexacyanides of different transition
metals.

Since the majority of transition metal
hexacyanides appear to crystallize with disor-
dered crystal structures, it has not until fairly
recently 1* been possible to determine their
structures by appropriate methods. Previous
crystallographic work has consisted mainly of
determinations of unit cell dimensions and
space groups (¢f. Ref. 7). The crystal structures
of K;[Me(CN),], where Me=Mn, Fe, and Co,
have recently been determined.?® To complete
this series for the first row of transition metals,
the crystal structures of K Cr(CN),] and
K,[V(CN),] were of interest. The crystal struc-
ture of the former is presented in this paper.
Attempts by Bennett and Nicholls * to prepare
the latter compound yielded, however,
K,[V(CN),].2H,0 whose crystal structure has
now been determined.'®!®

Attempts are now being made by the authors
to prepare suitable single crystals of K,[Cr-
(CN),], in order to be able to compare Cr(I1I)
with Cr(II) and [Cr(CN)]*- with other first row
[Mo(CN)J¢-.
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PREPARATION AND ANALYSIS

Potassium hexacyanochromate(III) was pre-
pared according to the method described by
Brauer.”” Crystals suitable for single crystal
X.-ray work were obtained by precipitating
K,[Cr(CN),] from aqueous solution with etha-
nol, instead of evaporating the solution, and
then recrystallizing the crude product twice
from aqueous solution.

The chromium content was determined
gravimetrically as PbCrO, by oxidation of the
compound to chromate = with boiling cone.
perchloric acid and subsequent precipitation
with an aqueous solution of lead nitrate. The
potassium content was determined by means
of atomic absorption spectroscopy using a
Perkin Elmer 403 spectrometer (Found: Cr
15.97; K 35.8. Cale. for K,[Cr(CN),]: Cr 15.98;
K 36.0).

The infra-red spectrum, registered with a
Beckman IR 9 spectrophotometer, showed
complete agreement with that given by Jones.'®

OD STRUCTURE

Crystals of K4[Cr(CN),] were mounted along
the needle-axis which will, in the following,
be defined as the crystallographic a axis.
Rotation photographs taken about this axis
showed layer lines composed of discrete reflec-
tions for 4=~4.25 A and weak streaks corre-
sponding to a =24 =8.5 A. It was thus apparent
that K [Cr(CN),] crystallized with an OD
structure,’® <¢.e. a structure which can be
described in terms of ordered layers whose mode
of stacking is disordered. Weissenberg photo-
graphs of the weak layer lines showed that there
were intensity maxima on the streaks, the
majority of which had orthorhombic symmetry
while the remainder had monoclinic symmetry.
The orthorhombic intensity maxima corre-
sponded to a unit cell with the approximate
dimensions a=8.5 A, b=10.6 A and c=13.6 4,
the monoclinic maxima requiring an apparent
doubling of the c-axis, i.e. ¢=27.2 A.

If, as is usual in OD structures,!® the ¢ direc-
tion is assumed to be that of non-periodicity,
the conditions limiting reflection for K,[Cr-
(CN),] may be summarized:

(i) discrete reflections, hkl, for h=2H
diffuse streaks, hkl, for h==2H + 1, where
¢ can take any value

(ii) Hkl: H+1=2n
(iii) hkO: h+k=2n
(iv) ROL: h=2n

K,[Cr(CN),] thus crystallizes as a family of
structures characterized by the same OD
groupoid as that which characterizes the struc-
tures of K,[Mn(CN).],’ K;[Fe(CN),, and Kj,-
[Co(CN)],.*

As described in detail in Ref. 7, reflection
conditions (i) and (ii) indicate that the super-
position structure, corresponding to the family
reflections, Hkl, has an a axis of one-half 8.5 A
and is B face-centred with Bmmb and B2,mb
as possible space groups [¢f. also reflection
condition (iii)]. According to reflection con-
ditions (iii) and (iv), the minimum layer sym-
metry is P2a(n), but for the same reasons as
given in Ref. 7, i.e. the high symmetry of the
building units, the layer symmetry has here
been assumed to be Pma(n).

The B face-centring of the superposition
structure requires that one layer be _related to
the next by the translation —a/4+cn or
+a/4+co, where co is the unit vector perpen-
dicular to the layers in the direction of non-
periodicity 3 and c,=~6.8 A. This means that
the symmetry elements converting one layer,
L,, into the mnext, L,, can be expressed as
oalCa Mo (ng,1)] or 4,[ean, 3 (n7,1)], respec-
tively. These symmetry elements are illustrated
by means of asymmetric triangles in Fig. 1.

K,[Cr(CN),] may thus be said to crystallize
as a family of structures characterized by the
OD groupoid

Pma(n)
{ca Mg (”i,1)}

the symbol giving the total symmetry of any
pair of consecutive layers, L, and L,,,.
Successive layers may thus, alternatively,
be regarded as being related to one another by
the translation oca/4 where « can take the value
+1 or —1. As described in Ref. 7, there are
two ordered extreme structures, or ‘“structures
of maximum degree of order’’ (MDO),®* one
orthorhombic, MDO,, obtained by a zig-zag
stacking of layers, i.e. a=alternately —1 and,
+1 (¢f. Fig. 1), and the other monoclinic, MDO,
obtained by an oblique stacking of layers
(¢= +1or —1, only). The unit cell of the MDO,
structure has the approximate dimensions
a=8.5 A, b=10.6 A, and ¢=2¢,=13.6 A, the
space group being Pcan, while the unlt cell
of the MDO, structure »* is defined by amon
a, mon-.b, cm(m—a/4+co with f=107°, the
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Fig. 1 ._*Sehema,tic representation of the ordered orthorhombic structure of K,[Cr(CN),], space group

Pcan. ¢, is the unit vector perpendicular to the layers in the non-periodic direction, while « is a
factor which can take the value +1 or —1. Nofation: empty triangles: y, filled triangles: —y,

vertically shaded triangles: }—y, and horizontally shaded triangles: }+y.

space group being P2,/a. In principle, each
crystal of K,;[Cr(CN),] can exhibit a different
stacking sequence and thus be described in
terms of larger or smaller contributions from
the different MDO structures.

The fictitious superposition structure,
o(z,y,2), which is the same for all members of
the OD groupoid family, is related to the real
structure, go(z,y,2) by

é(x’y»z) = %[Q(x’y’z) + e(x'*' i,?/:z)]-

It has the approximate cell dimensions a=
4.25 A, b=10.6 A, and ¢=13.6 A and belongs
to space group Bmmb.

Unlike the crystals of K ;[Mn(CN),],” K,[Fe-
(CN)e]l, and XK;[Co(CN),,® the crystals of
K,[Cr(CN),] studied showed a predominance of
more or less discrete non-family reflections with
orthorhombic symmetry, the streaks joining
them being exceedingly weak. This indicates
the presence of large regions of MDO, type
structure.’® The intensity maxima with mono-

Table 1. X-Ray powder diffraction data for K[ Cr(CN),]. Guinier camera, CuKea, radiation (A=

1.54050 A).
hkl 10° sin? O, 10° sin? O, I Iops
(relative scale)
002 1261 1267 35 vVWw
022 3380 3379 1450 vvs
004 5078 5069 68 w
221 5689 5694 100 w
032 6022 6020 435 8
223 8233 8228 445 8
231 8338 8334 75 w
040 8444 8448 27 vw
042 9715 9716 10 vvw
233 10870 10869 45 w
241 12033 12030 175 m
400 13059 13060 53 w
422 16443 16439 91 w
404 18125 18129 12 vVWw
245 19629 19634 24 vw
008 20277 20278 50 w
2217 20904 20902 30 vw
462 33338 33336 24 vw
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clinic symmetry were so few in number that it
was not considered profitable to attempt to
determine the MDO, structure.

ACCURATE UNIT CELL DIMENSIONS

Powder photographs of K,[Cr(CN),] were
taken in a Guinier focusing camera with
CuKe, radiation, using lead nitrate as an
internal standard (a=17.8564 A).® Sin? 6
values were obtained from the measured s
values by means of the program PEPP 2
and eighteen family reflections were indexed
and used to refine the cell dimensions of the
MDO, structure with the program POWDER.?®
The following values were obtained (standard
deviations, X 10¢%, in parentheses): a = 8.5256(9)
A, 5=10.6000(12) A, and ¢=13.6840(13) A.
Observed and calculated sin? 6 values are listed
in Table 1. The calculated density corresponding
to a cell content of four formula units is 1.75 g
cm-3. The experimental density, as determined
by the method of flotation using bromoform
and carbon tetrachloride is 1.74 g cm-3.

DETERMINATION OF THE MDO,
STRUCTURE

A crystal of Ky[Cr(CN),] with the approxi-
mate dimensions 0.05x0.02x0.01 cm was
mounted along the a axis and the intensities
of the family reflections (hkl, h=2H) and the
streaks, hk{, at the reciprocal lattice points
corresponding to the unit cell of the MDO,
structure, were measured with an Arndt-
Phillips linear diffractometer at the Department
of Inorganic Chemistry, University of Aarhus.
MoK« radiation selected by a graphite mono-
chromator was employed, data being collected
for the layers Okl—10kl. Symmetry related
reflections were averaged and correction was
made for Lorentz and polarisation effects,
assuming the graphite monochromator to
behave as an ideal mosaic crystal, using the
program G4.22 A total of 694 independent
reflections for which F 2> 2.5 o(F?), according
to counting statistics, were regarded as being
observed and were used in the subsequent
calculations. No correction was made for
absorption (linear absorption coefficient for
K,[Cr(CN)] in MoK« radiation=19.3 cm-?).

A Patterson function and subsequent electron
density calculations based on the family reflec-

tions only, using the program FORDAP,2
confirmed that the superposition structure of
K,[Cr(CN)y] was isomorphous with those of
K,[Mn(CN),],” K [Fe(CN),],® and K4[Co(CN),].®
No attempt was made to refine the atomic and
thermal parameters of this structure.

A Patterson function based on the non-
family reflections (hkl, h=2H +1) only, was
then calculated. Since such a calculation ®
yields vectors between atoms within a single
layer, it was possible to obtain the positions
of the potassium atoms relative to chromium
and thus eliminate the other potential
relative positions afforded by the super-
position structure. The chromium atom, which
is situated at the origin of the superposi-
tion structure, was assigned the position Pcan,*
4c, with 2=1/8, y=0, and 2=1/4, and the two
potassium atoms were assigned a fourfold and
an eight-fold position in accordance with the
vectors obtained from the Patterson synthesis.
An electron density calculation using the signs
obtained with the chromium and potassium
atoms in these positions revealed the positions
of all the ligand atoms.

Atomic and anisotropic thermal parameters
were then refined using the full matrix least
squares program LINUS % and assigning the
reflections unit weights. The atomic scattering
factors due to Cromer and Mann 22 were used
for all atoms. As is necessary in OD structures,
the family and non-family reflections were
assigned separate scale factors. No layer scale
factors were, however, refined. An isotropic ex-
tinction coefficient was refined assuming unit
path length for all reflections, a final g value of
4.1(5) x 10~ being obtained. During the refine-
ment, xe, was held fixed at 0.125 in order
to obtain convergence. If this parameter was
refined extremely large shifts were obtained
for 2o, and g, and the standard deviations
for all parameters were considerably larger than
when z., was fixed. This is probably because
the origin is not properly defined for the family
reflections unless either x¢, or xk, is fixed. As
expected, there were large correlations between
many of the x parameters.

A final R value of 0.046 was obtained (R=
0.037 for the 372 family reflections and R = 0.074

* Equipoints of general position of Pcan (con-
ventional setting,’®* No. 60, Pbcn): +(2,y,2; 3—
z, -y, $+7 3—=, $+9.%5 2.4, 1—2).

Acta Chem. Scand. A 28 (1974) No. 6




627

Structure of Kg[Cr(CN)gl

(€%)L500°0 (1%)0300°0 (¢2)9%00°0 (39)L9g0'0 (99)6020°0 (L¥)3610'0 (L)66¥%S0  (6)1€PP 0 (0T)61SH 0 r8 (gD
(9%)3000°0 ($%)0200°0 (0%)££00°0 (89)9620'0 (g9)L6g0'0 (89)31g0'0 (8)89¥%e'0 (01)99%0°0 (31)1L6Z°0 8 (3
(62)%000°0—  (99)L200°0—  (29)6900°0 (2€)0920°0 (L8)¥920°0 (¥8)60g00 (9)eg81'0  (9)1LLT'0 (LI)SPBIO 8 (1D
(1%)0800°0 (38)1100°0 (99)9600°0 (z7)L820°0 (¥9).890°0 (¥L)og¥0'0 (9)610%°0  (6)801F0 (3€)E29S0 P8 (8N
(19)1800'0—  (g9)ot10'0— (9%)¥110°0— (9%)69%0°0 (29)6390°0 (96)L320°0 (L)0s6€'0  (6).L980°0 (81)166£°0 P8 ()N
(og)Lg00°0 (68)9200'0—  (18)¥900°0 (ge)1680°0 (£¥9)8920°0 (Lg)8S¥0'0 (P)PL¥1°0  (L)0ELB O (83)¥SBI'0 8 (1N
(or)oo10'0—  (3€)8000°0 (89)¥L00°0 (8)8¢g0°0 (91)33L0'0  (L)6%20°0 (1)130S0  (£)623€2°0 (08)€9%9°0 r8  (a)dX
(31)0L00°0 0000°0 0000°0 (g1)80%0°0 (£1)3L800 (31)2€£20°0 00930 000070  (%)L629°0 % (1)
(L)2100°0 0000°0 0000°0 (8)egg0'0  (8)9930°0  (L)8910°0 0093°0 0000°0 09310 9% I
»nb nub :b anb nub nnb z \w x Smm EOG,Q

-sesoyyuered utr ueald e1s (;0I X ) siejewusred oY} JO SUOIIBIAGD PIBPUBIS POjBUIIGSe oY,
‘P(ND)IOIE 103 (sY) “*1) ‘sepngridure uoyeIqIA orenbs usow pue ‘sofpe [[00 oy} JO suorjoriy sB possordxe ‘S0JBUIPIO0D OIWIOTY °Z 219D,

Acta Chem. Scand. A 28 (1974) No. 6

o




628 Susan Jagner et al.

Table 3. Observed and calculated structure factors (x 10) for the MDO, structure of X,[Cr(CN),].
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for the 322 non-family reflections. The corre-
sponding R, values were 0.049, 0.044, and
0.093, respectively. The final ratio between
the scale factors for the non-family and family
reflections was 1.04, which is in accordance
with the observation that the structure of the
crystal studied closely approximated the MDO,
structure. An F,—F. Fourier synthesis, cal-
culated with the program JIMDAP, showed
a maximum electron density of 0.5 efAs.

Atomic and thermal parameters are listed in
Table 2 and observed and calculated structure
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factors in Table 3. Distances and angles within
the [Cr(CN)¢]*~ complex ion, as calculated by
the program ORRFE,? are given in Table 4.

DESCRIPTION OF THE STRUCTURE
AND DISCUSSION

A projection of a unit cell of Ky[Cr(CN),]
along [010], drawn by the program ORTEP,2
is shown in Fig. 2. By comparing Fig. 2 with
Fig. 1 it is seen that a layer of the OD structure
is composed of the two [Cr(CN),J*~ complex

Acta Chem. Scand. A 28 (1974) No. 6
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Table 4. Bond distances (4) and angles (°) within the [Cr(CN),]*~ complex ion. Standard deviations
of the distances (x 10%) and the angles are given in parentheses.

Distances

Cr—-C(1) 2.075(7) C(1)—N(1) 1.141(9)
Cr—-C(2) 2.057(12) C(2)—-N(2) 1.167(17)
Cr—-C(3) 2.100(10) C(3)—N(3) 1.099(22)
Angles

Cr—C(1)—N(1) 178.2(0.6) C(1)—Cr-C(3) 91.0(0.4)
Cr—C(2)—-N(2) 177.3(1.0) C(1)—-Cr—C(3) 90.0(0.4)
Cr—C(3)—N(3) 178.5(1.0) C(2)—Cr—-C(2) 88.9(0.5)
C(1)—Cr—-C(1) 179.9(0.8) C(2)—Cr—-C(3) 90.2(0.2)
C(1)—-Cr-C(2) 90.5(0.4) C(2)—Cr—-C(3) 179.0(0.5)
C(1)—-Cr—C(2) 89.5(0.4) C(3)—-Cr—-C(3) 90.7(0.5)

ions in the upper half (0<z<0.5) of the unit
cell, together with the four K(2) ions directly
above and below the K(1) and Cr atoms in the
¢ direction. The second layer, which is identical
with the first, is obtained from the latter by a
translation of —_(;/4 +7;,,, while the third layer
i__s> obggined from the second by the translation
aj4+c,.

As is apparent from Table 4, the [Cr(CN)]*-
ions are mnot significantly distorted from
octahedral symmetry. Although there is no
significant difference between them, the three
Cr — C bonds show a spread in length [2.057(12)
A, 2.075(7) A, and 2.100(10) A] similar to that
found for X;[(Mn(CN),], Ks[Fe(CN),], and
K,[Co(CN)]."»®* The mean Cr—C bond length,
2.0717(5) A, is in agreement with mean Cr—C
bond lengths found in Cd,[Cr(CN),],.2H,0
[2.047(19) A],» Mn,[Cr(CN),],.6H,0 [2.063(11)
A1,  and [Co(C,H,N,),][Cr(CN),NO].2H,0

[Cr—C, 2.033(7) A and Cr—C,, 2.075(14)
A1 A mean Cr—C bond length of 1.99(3) A
was found in [K,Cr(CN),NO].! This value repre-
sents, however, the mean including Cr—N(O),
since K, [Cr(CN),NO] crystallizes with an OD
structure and it was possible, at that time,
only to solve the superposition structure. The
cyanide bond lengths, which range from 1.099 —
1.167 A with a mean value of 1.136(7) A, are
also in agreement with C—N distances
found in other transition metal cyanocom-
plexes,5-11,16,28-35

Accompanying the increase in effective nu-
clear charge on the central metal atom from
chromium(III) to cobalt(III), there is a decrease
in Me—C bond length and an increase in the
Me—~C=N bending and Me—C stretching
frequencies, whereas the C==N stretching fre-
quencies and bond lengths are fairly constant
(¢f. Table 5). This would appear to indicate

Fig. 2. Stereoscopic projection of the unit cell of K [Cr(CN),] along [010]. The a axis is horizontal.

Acta Chem. Scand. A 28 (1974) No. 6
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Table 5. Infra-red data ** and bond distances (A) for some Me(III) hexacyanides.

Mean v, cm™! v, em? Mean vy cmt

Compound Me—C (A) (Me— C=N (Me—~C C=N (4) (C=N

bend) stretch stretch
K,[Cr(CN),] 2.084 458 339 1.144 2128
K,{Mn(CN),] 2.007 483 361 1.147 2112
K [Fe(CN),] 1.958 506 389 1.148 2118
K,[Co(CN),] 1.89¢ 564 416 1.158 2129

4 Present work.

that the n-bonding contribution to the Me—C
bond is very slight, which is in accordance with
molecular orbital calculations! on [Co(CN),]-.
Moreover, there is no significant difference
between the C=N distances in the Me(III)
hexaxyanides and those found in the corre-
sponding pentacyanonitrosyls, in which Me — C
n-bonding is regarded as being negligible.?~%1?
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