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The observed high resistance against compression of
the jp-brass structure may suggest that the bonding is
partly of covalent type. On the basis of the measure-
ments of several electronic properties, Menth (1967)
showed that the y phase in the copper—zinc system
should be regarded as a semimetal. If this inter-
pretation is correct, the force which holds the atomic
clusters firm will be a direct bonding between atoms. In
order to clarify the character of the bonding, however,
further investigation, both theoretical and experimental,
is necessary.

The assistance of Mr H. Harada in operating the
high-power X-ray generator RU-500 is greatly
acknowledged. The present work has partly been
supported by a Grant-in-Aid for Scientific Research.
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Abstract

The crystal structure of Cs;[Mo(CN),l. 2H,0 has been
determined by single-crystal X-ray diffraction. The
compound crystallizes in the monoclinic space group
P2,/m with two molecules in a unit cell of dimensions
a=28-682(6),b=14-198 (9),c=8-477(7)Aand =
117-91 (10)°. The final R value for all the observed
reflections was 0-039. The Mo atom is coordinated to
eight cyano groups in a geometric form which can be
best described as a 4,4-bicapped trigonal prism. The
mean Mo—C and C—N distances are 2-17 (2) and
1-14 (2) A respectively. Two distinct classes of Cs*
ions are present, having cubic and 4,4,4-tricapped
trigonal-prismatic environments respectively.

* To whom correspondence should be addressed.

0567-7408/80/081765-04801.00

Introduction

Cs;[Mo(CN),].2H,0 and Cs;{W(CN)gl.2H,0 (in
contrast to the other alkali-metal salts) can be used as
analytical primary standards as a result of their high
stability (Basson, Bok & Grobler, 1974).

The {M(CN),]"~ ions (M = Mo or W, and n = 3 or
4) are also of great spectroscopic and crystallographic
interest (Lippard, 1967). Various spectroscopic investi-
gations, of which the Mdssbauer studies have proved to
be the most successful (Clark, Gancedo, Maddock &
Williams, 1975), have been carried out to determine the
geometries of these ions in the solid state and in
solution, often with contradictory results. X-ray
crystallographic studies have provided examples of
dodecahedral (D,,) as well as square-antiprismatic
(D,,) configurations for [M(CN)gl" ions (Basson,
Bok & Leipoldt, 1970; Corden, Cunningham &

© 1980 International Union of Crystallography
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Eisenberg, 1970; Bok, Leipoldt & Basson, 1972; Laing,
Gafner, Griffith & Kiernan, 1979; Leipoldt, Basson &
Bok, 1979). The crystallographic data also show that
lattice factors play an important role in the stabilization
of the preferred polyhedron for a specific compound of
this type. Further structural studies will thus not only
help in elucidating these factors, but will also be of
great importance as a basis for the spectroscopic work
(Garner & Mabbs, 1979) on these compounds.

Experimental

Cs;[Mo(CN)gl.2H,0 and Cs,[W(CN),l.2H,0 were
prepared as previously described (Bok, Leipoldt &
Basson, 1975). Bright-yellow monoclinic crystals were
obtained after recrystallization from water. Since both
the crystals and the solution are sensitive to light, all
work was carried out in diffuse light. The crystals
slowly decompose in X-rays for exposure times longer
than 48 h. Table 1 contains the crystal data. Pre-
liminary investigations with the Weissenberg technique
yielded the space groups P2, or P2,/m, of which the
latter proved to be correct in the subsequent structure
determination.

Three-dimensional intensity data were recorded for
the Mo compound by means of a Philips four-circle
X-ray diffractometer using graphite-monochromated
Mo Ka radiation (4 = 0-7107 X) for @ values up to
23°. An almost spherical crystal (radius = 0:04 mm,
4R = 0-26) was used for the intensity data collection.
Three reflections were chosen as standards which were
remeasured after every 60 reflections. No decom-
position of the crystal was detected by way of this
procedure. The intensity collection comprised 1192
reflections, of which 987 were stronger than the
background and were only corrected for Lorentz and
polarization effects. The structure was solved utilizing
the XRAY 72 system of programs on a Univac 1100
computer.

A three-dimensional Patterson function gave the
coordinates of the Cs and Mo atoms. The coordinates
of all the other non-hydrogen atoms were then
determined from a three-dimensional Fourier analysis.
The positional and temperature parameters were
refined by means of a full-matrix least-squares pro-
gram. The final R value (using all the observed

Table 1. Crystallographic data

Cs,[Mo(CN)].2H,0  Cs,[W(CN),].2H,0

M, 738-86 826.87
a(A) 8682 (6) 8-70 (2)
b(A) 14-198 (9) 14-15 (4)
¢ (A) 8-477(7) 8.46 (2)
£ 117-91 (10) 117-90 (50)
D, (Mg m™) 2-65 2.98

D, (Mg m?) 2-65 2.95
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Table 2. Fractional atomic coordinates (x10%) with
corresponding Debye—Waller factors

The estimated standard deviations of the atomic coordinates (in
parentheses) refer to the last digits.

Point

symmetry x y z B(A?Y
Mo m 3804 (2) 7500 2088 (2) 1.4 (1)
Cs(1) 1 0 5000 5000 3.4(1)
o(1) m 1192 (21) 2500 2383 (25) 5-0(6)
02 m 9841 (25) 2500 4873 (28) 4.8 (6)
C(l) m 3940 (23) 7500 4673 (25) 1.9(6)
C(2) m 6048 (27) 7500 1605 (26) 26 (6)
N(1) m 4005 (20) 7500 6066 (23) 2:7(5)
N(2) m 7212 (24) 7500 1315(25) 3-0(6)
Cs(2) 1 3241 (1) 4143 (0) 1533 (1) 2-8(1)
C@3) 1 5431 (17) 8665(10) 3567(18) 1.5(4)
C@4) 1 3181(17) 8458(10) —131(17) 1-8(4)
C(5) 1 1738 (18) 8457 (9) 1918 (18) 1.9(4)
NQ@3) 1 6247 (16) 9307 (10) 4309 (17) 3-1(4)
N(4) 1 2879 (17) 8992(9) -—1231(17) 3-3(4)
N(5) 1 740 (15) 8983 (9) 1863 (18) 3.0(4)

reflections and anisotropic temperature factors for all
the atoms) was 0-039. The final atomic and thermal
parameters are given in Table 2.*

Description of the structure and discussion

The Cs* ions in special positions (Table 2) are
approximately cubically surrounded by two O and six
N atoms. The Cs—O and Cs—N distances are given in
Table 3. The mean distance between the Cs* ion and
the eight surrounding atoms is 3-35(1) A. The

* Lists of structure factors and anisotropic thermal parameters
have been deposited with the British Library Lending Division as
Supplementary Publication No. SUP 35239 (11 pp.). Copies may
be obtained through The Executive Secretary, International Union
of Crystallography, 5 Abbey Square, Chester CH1 2HU, England.

Table 3. Interatomic distances (A) involving Cs* ions

Cube
Cs(1)-0(2)() 3.55(0) Cs(1)-N(3){1) 3-18(1)
Cs(1)-NS)III)  3.34(2) Cs(1)-N@)IV) 3.32(1)

4,4,4-Tricapped trigonal prism

Cs(2)-NQ2)(V) 3.25(Q2) Cs(2)-N(5)II)  3-53(1)
Cs(2)—N(D(D) 3.28(1) Cs(2)-NGYVD  3-31(D)
Cs(2)-0(1) 3.21(2) Cs(2)=N@)(VID) 3-50 (2)
Cs(2)-N@){III)  3-45(1) Cs(2)-N(3)aD 3-35(1)
Cs(2)-NQ@)III)  3.38(1)

Symmetry code (space group P2,/m)

(I) l—x, 1=y, 1—2 V) l—x, 1—y, —2z
(ID l—x, y—4 1—2 (vl —x, y—3% -2
(I1I) x, 31—y, z VI 1—-x, y—4% —2
(1v) X 3—pl+2z
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calculation of the best planes through the six faces of
the cube shows that the mean distance from the Cs™* ion
to these planes is 193 (2) A, and that the planes on
opposite sides are almost parallel to one another.

The Cs* ion in the general position is surrounded by
one O and eight N atoms. The polyhedron can best be
described as a 4,4,4-tricapped trigonal prism. The mean
distance between these nine atoms and the Cs* ion is
3:36 (1) A. The deviation of individual values from the
mean value (Table 3) and also the calculation of the
best planes through the surfaces of the polyhedron
show that the deviation from an ideal 4,4,4-tricapped
trigonal prism is not very great.

The main feature of this crystal structure is the
coordination polyhedron of the [Mo(CN),] group,
which can be described as a C,, (mm) 4,4-bicapped
trigonal prism — a geometrical form which was not
previously established for octacyanometallate com-
plexes. Previous methods employed for establishing the
type of polyhedron for discrete eight-coordinated
moieties were either based on visual inspection of a
good model or calculation of the angle between the
interpenetrating trapezoidal planes for the dodeca-
hedron or square antiprism. These angles ought to be
90 and 77-4° for the ideal D,; and D,; models
respectively (Lippard & Russ, 1968). The experi-
mental value of 85.-3° for Cs;[Mo(CN),].2H,0 is
about halfway, but nearer to the dodecahedron’s value
with the result that a description of a distorted
dodecahedron could fit the [Mo(CN)gl group. How-
ever, any distortion of the ideal dodecahedron leading
to either the bicapped trigonal prism or square
antiprism involves a twisting of the above-mentioned
trapezoidal planes leading to nonplanarity. The method
of Muetterties & Guggenberger (1974) utilized this
distortion in the form of a shape parameter (¢) to
describe the ideal angle ¢ for different eight-coordinate
geometries. This coupled with another shape param-
eter, J, as the dihedral angle between certain shape-
determining faces, gives an almost unique method of
describing the specific type of polyhedron at hand.
Calculations performed on published structures of
cyano complexes by the above-mentioned authors
together with those of bis(triethylammonium) dihydro-
nium octacyanomolybdate(IV) (Leipoldt, Basson &
Bok, 1979) and the present structure are given in Table
4. The MLy polyhedron in the aforementioned struc-
ture can thus be regarded as halfway between a
dodecahedron and a bicapped trigonal prism, com-
pared with Na;[W(CN),].4H,0 (Bok, Leipoldt &
Basson, 1970) which is between a square antiprism and
a bicapped trigonal prism.

The bonding angle (a) between the capping ligands
and the central atom as well as the angle § between the
six prism ligands (D, structure) and the threefold axis
of the prism were found to vary between a = 120°, § =
45° for a d° to a = 140°, 8 = 49° for a d* metal ion in
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Fig. 1. Projection of the structure along [001]). Triangles of cyano
N atoms indicate base planes of a trigonal prism. Dotted lines:
O---0 hydrogen bonding; dashed lines: cubic arrangement for
Cs(1); dash—dotted lines: 4,4,4-tricapped trigonal prism for
Cs(2).

Table 4. Ideal and observed shape parameters for
[M(CN)gl"= ions

Complex 6(°) 0 (°)
Dodecahedron 29.5,29-5,29.5,29-5 0-0
4,4-Bicapped trigonal 0-0,21-8,48-2,48.2 14-1

prism
Square antiprism 0-0, 0-0,52.4,52-4 24.5
H,[W(CN),].6H,0 0-0, 2.9,48-7,48-7 22.7
Na,[W(CN),l.4H,0 2-7, 9-6,45.7,48.2  18.5,19.3
H,(W(CN),].4HCI.12H,0  5-2, 5-2,46-3,52-5 22.0
[NBu?][Mo(CN),l 29-4,29-4,33-1,33-1 1-0
[NH(C,H,),],[H;0], 17-3,22-6, 38.9, 38-9 9.2

[Mo(CN),]

Cs;[Mo(CN)gl.2H,0 0.0,22.7,47-4,48-5 17-5

an ideal bicapped trigonal-prismatic environment (Bur-
dett, Hoffmann & Fay, 1978). The only constraint for
these limits was that the six prism ligands maintained
their D,, structure. We calculated an average 6 =
46-4° and a = 124.7 (7)° for Cs;[Mo(CN)gl.2H,0
with its d! metal ion. These compare well with the
above-mentioned enlargement in angles in going from
d® to d? ions. The most striking distortion of the
Mo(CN), polyhedron is the angle of 13-4° between the
two symmetry-equivalent (mirror reflection) C(3)—
C(4)—C(5) triangular planes (Fig. 1). It is also
evidenced by the longer interatomic distance of
3.31(2) A for C(3)—C(3)(III) compared to 2-72 (2) A
for both the C(4) and C(5) sets respectively. The same
phenomenon is also reflected in the C(3)—Mo—
C(3)(III) angle of 100-3 (5)°, compared to 77-4 (5)
and 76-3 (5)° for C(4) and C(5) respectively. This
distortion indicates a shearing away of the two cyano



1768

ligands situated between the capping ligands which
could eventually lead to a square-antiprismatic environ-
ment. The opening up of these ligands is checked by
strong Coulombic interactions with Cs(2)* ions of
3.38 (1) and 3-35 (1) A respectively (Table 3).

The average Mo—C and C=N bond distances and
Mo—C=N angles (Table 5) compare well with those of
other octacyano complexes. There is also no observed
lengthening in the metal—capping-ligand bond dis-
tances, as suggested by Burdett, Hoffmann & Fay
(1978). Equal M—CN bond distances were also found
in K,[IMo(CN),].2H,0 (Hoard, Hamor & Glick,
1968) in spite of permissible distinction between M—A
and M—B bond classes in an ideal D,; model. There is
also a parallelism between the latter structure and the
present one concerning the immediate environment of
the N atoms. In both compounds water molecules are
used to fill the coordination spheres of the two
symmetry classes of cations whilst H,O—N separations
range upwards from 3-04 A. This is in contrast to the
remaining known crystal structures of octacyano
complexes where H,0O molecules are strongly hydrogen
bonded to cyano ligands.

Although the water molecules are not bound by
strong hydrogen bonds [the shortest distance which can
be considered as a hydrogen bond is between O(1) and
0O(2), i.e. 2-86 (4) A], the compactness of the structure
and the ion—dipole interaction between the Cs* ion and
the water molecule [the mean Cs—O distance is
3.38(2) A] cause the water molecules to be held very
firmly. This is confirmed by the relatively small
temperature factors (see Table 2) of the O atoms.

The Cs(2)* and [Mo(CN)y]*~ ions with their
tricapped and bicapped trigonal prisms respectively are
stacked upon one another along [010]. These polyhedra
each share the common triangular plane of the D,,
prism with one another. The stacking is such that each
[Mo(CN)gl*~ ion is followed by two successive Cs
polyhedra along [010]. The cubic arrangement of

Table 5. Bond distances (A) and angles (°) within the
[Mo(CN),]*- ions

A-B-C A-B B-C (A—B-C
Mo—C(1)-N(1) 2-14 (2) 1-16 (3) 179:7 (16)
Mo—C(2)—-N(2) 2:17(3) 1-15(4) 178-7 (16)
Mo—C(3)-N(3) 2-16 (1) 1-15(2) 177-4 (11)
Mo—C(4)-N(4) 2:17(1) 1-13(2) 176-7 (13)
Mo—C(5)-N(5) 2:20(2) 1-13 (2) 176-5 (12)

Mean 2:17(2) 1-14 (2) 177-8 (14)

THE STRUCTURE OF TRICAESIUM OCTACYANOMOLYBDATE(V) DIHYDRATE

Cs(1)* ions serves as a link-up between the mentioned
polyhedra along [100].

This crystal structure determination confirms that
the compounds crystallize in a very compact structure.
This was to be expected as a result of the high density
of the compounds and the fact that they are very stable
against loss of water of crystallization.

The question as to the preferred type of coor-
dination polyhedron for a specific octacyano complex
appears to depend on the immediate physical environ-
ment of the ion rather than on electronic- or ligand-
repulsion effects. It seems that the resultant packing of
the counter cation in relation to its size and coor-
dination number determine the closest approach to a
somewhat flexible stereochemical M(CN), arrange-
ment.

We would like to thank Dr G. Gafner of the South
African CSIR for the data collection and the South
African CSIR for financial assistance.

References

BassoN, S. S, Bok, L. D. C. & GROBLER, S. R. (1974). Z.
Anal. Chem. 268, 287-288.

BassoN, S. S., Bok, L. D. C. & LetpoLpT, J. G. (1970). Acta
Cryst. B26, 1209-1216.

Bok, L. D. C., LEIPOLDT, J. G. & BASSON, S. S. (1970). Acta
Cryst. B26, 684—692.

Bok, L. D. C., LEIPOLDT, J. G. & Basson, S. S. (1972). Z.
Anorg. Allg. Chem. 392, 303-315,

Bok, L. D. C., LerpoLDT, J. G. & BassoN, S. S. (1975). Z.
Anorg. Allg. Chem. 415, 81-83.

BURDETT, J. K., HOFFMANN, R. & Fay, R. C. (1978). Inorg.
Chem. 17, 2553-2568.

CLARK, M. G., GANCEDO, J. R.,, MADDOCK, A. G. &
WiLLiAMS, A. F. (1975). J. Chem. Soc. Dalton Trans. pp.
120-124.

CoRrDEN, B. J.,, CUNNINGHAM, J. A. & EISENBERG, R.
(1970). Inorg. Chem. 9, 356-362.

GARNER, C. D. & MaBss, F. E. (1979). J. Inorg. Nucl.
Chem. 414, 1125-1127.

HoARD, J. L., HAMOR, T. A. & GLICK, M. D. (1968). J. Am.
Chem. Soc. 90, 3177-3184.

LAING, M., GAFNER, G., GRIFFITH, W, P. & KIERNAN, P. M.
(1979). Inorg. Chim. Acta, 33, L119.

LepoLpT, J. G., Basson, S. S. & Bok, L. D. C. (1979).
Inorg. Chim. Acta, 44, 1L.99-L101.

LiPPARD, S. J. (1967). Prog. Inorg. Chem. 8, 109-193.

LipparD, S. J. & Russ, B. J. (1968). Inorg. Chem. 7,
1686—1688.

MUETTERTIES, E. L. & GUGGENBERGER, L. J. (1974). J. Am.
Chem. Soc. 96, 1748—1756.



