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Cs¢Cl3[Fe(CN)¢].H,0: a Mixed-Anion Salt
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Abstract

Hexacaesium trichloride hexacyanoferrate(III) monohy-
drate, CsgCl3[Fe(CN)g].H,O, is a novel type of com-
pound which contains two different anions. The crystal
structure consists of alternating layers, A {Cs*, Cl—,
[Fe(CN)s)*—, H,0} and B (Cs*, C17), stacked perpen-
dicularly to the b axis. The octahedral complex ion has
m point symmetry. The water molecules of solvation
are disordered and form hydrogen bonds (O—H- --Cl
and O—H- - -N) within layer A. The Cs* ions have co-
ordination numbers six to eight.

Comment

Potassium hexacyanoferrate(III), K;[Fe(CN)s], has been
studied extensively by different techniques because
of its interesting properties, such as the existence
of polytypes (Vannerberg, 1972; Figgis, Skelton &
White, 1978; Murgich & Oja, 1987; Murgich, 1994),
one-dimensional disorder (Murgich & Oja, 1987), the
possible existence of incommensuration in the low-
temperature phase (Murgich & Oja, 1987), etc. In
addition, the crystal and magnetic structures, phase
transitions and spectroscopic data of several mixed-
cation salts, such as Cs;M[Fe(CN)s] (M = Li, Na, K)
have been determined (Jones, Swanson & Kubas, 1974;
Fletcher & Gibb, 1977; Swanson, Lucas & Ryan, 1977;
Daul et al., 1988).

As a part of a study on the effects of different cations
on the structure and properties of hexacyanoferrates(III),
the preparation of the Cs3;[Fe(CN)g] salt was attempted,
following the synthesis of Garg & Goel (1970). Mi-
croscopic examination of the resultant product showed

©1995 International Union of Crystallography
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4(CgH321N4)6[M004].6H,0

two different types of crystals, orange—yellow prisms
and yellow needles, neither of which turned out to
be the target compound. A crystal structure determi-
nation of the orange—yellow prisms revealed that they
were Cs;K[Fe(CN)g], already studied by several authors
(Fletcher & Gibb, 1977; Herren & Ludi, 1979; Figgis,
Kucharski, Raynes & Reynolds, 1990). This paper re-
ports the structure of the mixed salt Cs¢Cl3[Fe(CN)gl.-
H,O that forms the yellow needles.

The crystal structure of the title compound contains
Cs*, ClI- and [Fe(CN)¢]*~ ions and disordered water
molecules of solvation. Some of the Cs* and Cl~ ions
lie on the mirror plane (y = }1, Wyckoff ¢ sites). Since
the N(1)C(1)FeC(2)N(2) axis of [Fe(CN)¢]*~ also lies
on the mirror plane, the octahedral complex has m
crystallographic point symmetry.

The average values of the Fe—C (1.941 ;\) and C—
N (1.15A) bond lengths are in good agreement with
the mean values of 1.937 and 1.146 A compiled by Or-
pen et al. (1989). All four independent Fe—C distances
are equal within three e.s.d.’s. The differences between
the C—N bond lengths are somewhat larger (up to five
e.s.d.’s), but probably not significant. The octahedral ge-
ometry of the [Fe(CN)g]>~ ion is moderately distorted.
All of the C—Fe—C and Fe—C—N angles are within
5° of 90 or 180°, but their values depart significantly
from the nominal values.

The O(lw) atom of the water molecule is close
(0.68 A) to the mirror plane and was given an occupancy
of 0.5, because both of the mirror-related positions are
mutually exclusive. The largest residual electron density
peak (1.4e A‘3) is located on the mirror plane between
the symmetry-related O(1w) atoms (the next largest peak
is of a magnitude similar to that of the most negative
peak).

The Cs* and CI~ ions are spherical and of similar
sizes, but the [Fe(CN)s]>~ ion has a more complex
shape, with six protruding arms, which may produce
voids in the crystal structure. The water molecule fills
one of these voids, which is somewhat larger than the
volume of the water molecule and allows disorder. The
actual disorder of the solvent molecules is caused by
their hydrogen bonding. One of the hydrogen bonds is to
CI(1), which lies on the mirror plane and is unique, but
the other one is directed to N(4), which has two equally
accessible mirror-related positions. The location of the
water molecule on either side of the mirror plane is
determined by this second hydrogen bond and therefore
a 50-50% distribution is expected.

Each of the four Cs* ions is surrounded by six
to eight negatively charged atoms (O, N and CI7).
The neighbouring atoms form irregular polyhedra, with
distances in the ranges 2.99-3.35 for Cs*---O, 3.17-
3.61 for Cs*---N and 3.41-3.75 A for Cs*- - -Cl~. These
values are within —6.3 to 10.7% of the sums of
the respective radii [C1™ and Cs* (CN = 6, 8) from
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Shannon (1976); Cs* (CN = 7) calculated according to
Pauling (1960); O and Cl from Bondi (1964)]. Most of
the Cs*.--N distances are larger than the sum of the
corresponding radii, indicating a rather weak interaction
between caesium and the complex ion.

The crystal structure can be described as formed by
alternating layers, A and B, stacked along [010]. Layer
A (%) is formed by Cs(1), Cs(2), CI(1), [Fe(CN)]?~
and the water molecules, which are hydrogen bonded
to CI(1) and to the complex ion [through N(4)], while
layer B (%) is composed of Cs(3), Cs(4) and CI(2). If the
charge of the [Fe(CN)s]?~ ion is assumed to be localized
on the N atoms (i.e. a charge of —§ on each N), and
these atoms are assigned either to layer A [N(1), N(2)]
or B [N(3), N(4)], depending on their y coordinate, then
the charge sum for each layer is zero.
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Fig. 1. The crystal structure and atom-numbering scheme of the title
compound viewed down the ¢ axis. Displacement ellipsoids are
drawn at 50% probability.

Experimental

The title compound was obtained by the double decomposition
of a stoichiometric mixture of Agi[Fe(CN)s] and CsCl (Garg
& Goel, 1970). The insoluble Ag;[Fe(CN)s] was prepared
by reacting AgNOs and K;[Fe(CN)g]. It is thought that the
Cs:K[Fe(CN)s] salt obtained along with the title compound
came from unreacted K3[Fe(CN)s], which was retained by the

Data collection

Rigaku AFC-7S diffractom-
eter

w—20 scans

Absorption correction:
refined from AF
(DIFABS; Walker &
Stuart, 1983)
Tmin = 0.748, Thax =
1.000

3137 measured reflections

3137 independent reflections

Refinement

Refinement on F

R =0.0243

wR = 0.0276

§$=2188

2431 reflections

116 parameters

Weighting scheme based
on measured e.s.d.’s

357

2431 observed reflections
{1 > 30(D]

Omax = 27.50°

h=0— 24

k=0-—17

l==-12—-0

3 standard reflections
monitored every 150

reflections

intensity decay: 0.24%

(A/0)max = 0.0006

Apmax = 144 e A7°

Apmin = —0.83 ¢ A3

Extinction correction: none

Atomic scattering factors
from International Tables
for X-ray Crystallography
(1974, Vol. 1IV)

Table 1. Fractional atomic coordinates and isotropic or
equivalent isotropic displacement parameters (A*)

Uiso for O(1w); Ueq = (I/B)ZiZjUija;aj. a;.aj for other atoms.

Ag3[Fe(CN)s] precipitate.

Crystal data

CS{,C13[FC(CN)6].H20
M, =1133.76
Orthorhombic
Pnma

= 18.560 (3) A
b=133354) A

c=9.677(3) A _
V =2395.0(9) A’
Z=4

Dy = 3.144 Mg m™3

Mo Ka radiation

A =0.71069 A

Cell parameters from 25
reflections

0 = 15.5-19.6°
p=9.959 mm~'
T=295()K
Needle

0.30 x 0.18 x 0.14 mm
Yellow

x z Usiso/Ueq
Cs(1) 0.33360 (3) 1/4 —0.15765 (6) 0.0373(2)
Cs(2) 0.16600 (3) 1/4 —0.53558 (6) 0.0336 (1)
Cs(3) 0.21132(2) 0.46254 (3) 0.11326 (4) 0.0358 (1)
Cs(4) 0.46585 (2) 0.42461 (3) 0.21140 (4) 0.0374 (1)
Fe 0.05403 (5) 1/4 —0.1437 (1) 0.0221 (3)
CI(1) 0.3150 (1) 1/4 0.2023 (3) 0.0445 (7)
Cl1(2) 0.36862 (8) 0.4991 (1) —0.0741 (2) 0.0355 (4)
N(1) 0.0000 (4) 1/4 —0.4460 (7) 0.045 (2)
N(2) 0.0945 (4) 1/4 0.1673 (8) 0.042 (2)
N(@3) 0.1753 (3) 0.4023 (4) —0.2125(5) 0.044 (2)
N4) —0.0590 (3) 0.4098 (5) —0.0740 (7) 0.060 (2)
C(1) 0.0212 4) 1/4 —0.3336 (9) 0.033(2)
C(2) 0.0812 (4) 1/4 0.0491 (8) 0.027 (2)
C@3) 0.1281 (3) 0.3490 (4) —0.1867 (6) 0.028 (1)
C4) —0.0169 (3) 0.3524 (4) —0.0993 (6) 0.030 (1)
O(lw) 0.3205 (5) 0.1990 (8) 0.486 (1) 0.064 (3)

Table 2. Selected geometric parameters (A,°)

Fe—C(1)
Fe—C(2)
Fe—C(3)
Fe—C(4)

C(1)—Fe—C(3)
C(1)—Fe—C(4)
C(2)—Fe—C(3)
C(2)—Fe—C(4)
C(3)—Fe—C(3')
C(3)—Fe—C(4)
C(dy—Fe—C(4))

Table 3. Contact distances (;\)

Cs(1)- - -O(1w)
Cs(1)- - -N(1)
Cs(1)- - -NQ3)
Cs(l)- - -N3")
Cs(1)- - -Cl(1)
Cs(l)- - -Cl2)

1.936 (8) N(1)—C(1)
1.932(8) N(2)—C(2)
1.950 (6) N(3)—C(3)

1.945 (6) N(4)—C«)
91.1(2) C(1)y—Fe—C(2)
89.8(2) C(3)—Fe—C(4")
91.3(2) Fe—C(1)—N()
87.9(2) Fe—C(2)—N(2)
85.2(3) Fe—C(3)—N(@3)
92.8(2) Fe—C(4)—N(4)
89.2(3)

Symmetry code: (i) x, § — y, 2.

3.25(1) Cs(3)- - -N3"™)
3.248 (7) Cs(3)- - -N@"™)
3.611(6) Cs(3)- - -Cl(1)
3.611 (6) Cs(3)- - -Cl(2)
3.500 (3) Cs(3)- - -Cl(2*")
3.479(2) Cs(4)- - -N(1")

1.16 (1)
117 (D)
1.156 (7)
1.121(7)

176.8 (3)
177.8 (2)
178.5(7)
177.1.(7)
175.3(5)
178.4 (6)

3.244 (5)
3.322(6)
3.533(2)
3.471(2)
3.408 (2)
3.524 (5)
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Cs(1)- - -CI(2%) 3479(2)  Cs4)---NQ™) 3.535(6)
Cs(2)- - -O(1w) 2.99 (1) Cs(4)- - -N(3") 3.569 (6)
Cs(2)- - -N(1) 3.200(7) Cs(4)- - \N(4*) 3.544 (1)
Cs(2)- - -N(2“_') 3.167 () Cs(4)- - -N(@4"™) 3.489 (7)
Cs(2)- - -CI(1™M) 3752(2)  Cs(4)---Cl(D) 3.643 (2)
Cs(2)- - -CI(2") 3428(2)  Cs(@)---ClQ2) 3.446 (2)
Cs(2)- - -CI2"). 3428(2)  Cs(4)--CI2") 3.499 (2)
Cs(3)- - -0(1w") 3.35(1) O(1w)- - -N(4) 2.73 (1)
Cs(3)- - -N(2) 3.607(5)  Cl(D): - -O(Iw™) 3.10(1)*
Cs(3)- - -N(3) 3.321 (5)

Symmetry codes: (i) § +x, § —y, =} =z (i) x, § —y,z (i) x,y,z2— 1
(V) i—xl-yz— LV {—xy—}z—§5(vi) Fox 4y, i+
i) § —x,1 =y, § +z (viii) —x, | =y, =z (iX) § +x,} =y, } — =
K i+xyi -Gl —x1 -y —z i) xy, 1 +z

* Possible hydrogen bonds.

The systematic absences (0k/, k + I =2n + 1; hk0, h = 2n + 1)
were consistent with space groups Pn2;a (No. 33) and Pnma
(No. 62); the latter was chosen on the basis of the statistical
analysis of intensity distribution and confirmed by refinement.
The structure was solved by direct methods (SHELXS86;
Sheldrick, 1990). A Fourier difference map calculated after all
Cs, Cl, Fe, N and C atoms were located and refined showed
a residual electron density peak of 3.7eA~°, which was
assigned to a water molecule of solvation. This O atom was
refined isotropically, with an occupancy of 0.5 (see Comment).
No satisfactory positions for the corresponding H atoms could
be found.

Data collection: MSC/AFC Diffractometer Control Soft-
ware (Molecular Structure Corporation, 1993a). Cell refine-
ment: MSC/AFC Diffractometer Control Software. Data re-
duction: TEXSAN (Molecular Structure Corporation, 1993b).
Program(s) used to solve structure: SHELXS86. Program(s)
used to refine structure: TEXSAN. Software used to prepare
material for publication: TEXSAN.

The authors want to acknowledge the Venezuelan Na-
tional Research Council (CONICIT) for providing funds
for the purchase of the Rigaku AFC-7S diffractometer
(Project PI-092). The technical assistance of Mr José A.
Abanero is also gratefully acknowledged.

Lists of structure factors, anisotropic displacement parameters and
complete geometry have been deposited with the IUCr (Reference:
BR1089). Copies may be obtained through The Managing Editor,
International Union of Crystallography, 5 Abbey Square, Chester CH1
2HU, England.
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Abstract
The crystal structure of the title compound,
[MnCI(C,0HsN2)2(H,0)]C104, contains monomeric

[Mn(bpy)>CI(H,0)]* cations in which the Mn" ion is
surrounded by a pair of chelating bpy ligands
(bpy = 2,2'-bipyridine) [Mn—N 2.235 (3)-2.291 (3) A],
an aqua ligand [Mn—O 02.167 (3)A] and a chloro
ligand [Mn—Cl 2.447 (1) A] in a distorted octahedral
environment. Adjacent cations are linked into dimers by
pairs of Cl---O hydrogen bonds [Cl---O 3.137 (3) Al

Comment

Manganese complexes have attracted considerable inter-
est recently because of the frequent occurrence of
such metal centers in biological systems (Wieghardt,
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