129

Contribution from the Department of Applied Chemistry,
Faculty of Engineering, Keio University, Hiyoshi, Yokohama 223, Japan

Bonding Nature of Coordination Polymers, M,[Ir(CN),l,.xH,O"

H. Inoue, M. Wada, and S. Yanagisawa

Received May 20, 1972

The bonding nature of coordination polymers of the
tvpe M;[Ir(CN)s]: xH,O has been studied, where M
is Mn, Fe, Co, Ni, Cu or Zn. The X-ray powder
diffraction indicates that these compounds have a face-
centered cubic unit cell characteristic of Prussian blue
analogs. The lattice constats decrease with the inc-
rease of the crystal field stabilization energy of M"
in the octahedral weak field. In the infrared spectra
both C=N and Ir-C stretching bands are shifted to
the higher frequency side compared with those of
potassium hexacyanoiridate(II1). This shift is attri-
butable to the linkage structure Ir-C=N-M of cyanide
ligand. The absorption bands in the visible region
are assigned as the d-d transition of M" while those
in the ultraviolet region are attributed to the ligand
field transition of Ir'". Electronic spectra and ma-
gnetic data lead to the conclusion that M", coordinat-
ed by the nitrogen ends of cyanide ligands and water
molecules, is high spin state and carbon-coordinated
I is low spin state.

Introduction

There has been considerable interest in “coordinat-
ion polymers” containing cyanide ligands as bridged
group. Among these compounds are counted the
coordination polymers of the type Mi'[M"(CN)]
xH;O, where M! is Mn, Fe, Co, Ni, Cu or Zn and M"
is Co, Rh or Ir. The bonding nature of these series
of compounds is to resemble each other since the
central metal ion M'" has an identical electronic confi-
guration nd® (n = 3~5). However, most of the inve-
stigations have been concerned with M;[ Co(CN)slx
xH;O, though a few have been made on Ms[ Rh(CN)s ]z
xH;O and Mi[Ir(CN)s]»xH:0. As for M;[Co(CN)s1»
xH;O it was shown that it has a face-centered cubic
unit cell typical of Prussian blue analogs.? Further-
more, Ludi et al® have recently proposed new struc-
tural model for Mny[ Co(CN)s]: - xH20 and its relat-
ed compounds based on the structural model which
was reported on Prussian blue about 36 years ago by
Keggin and Miles* Besides these structural works
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Chim. Ital., 89, 2512 (1959).
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there have been many studies by electronic and infrat-
ed spectra’® In spite of these extensive studies on
M;3[Co(CN)]»xH,O hardly any reports on M;[Rh-
(CN)s]+xH,0 and Ms[Ir(CN)s]xxH;O have been made
except for the X-ray diffraction studies by Ferrari
et al’

It is the purpose of the present work to describe
the bonding nature of M;[Ir(CN)s]»xHO on the
basis of X-ray powder patterns, magnetic susceptibili-
ties, infrared and electronic spectra.

Experimental Sectian

Potassium hexacyanoiridate(I11) K;[IrCls] was
prepared by the following method: Potassium hexa-
chloroiridate(IIT) Ks[IrCls] synthesized according to
the literature’ was fused with potassium cyanide for
an hour at 200°C. The crude product obtained was
dissolved in water and the solution was filtered in
order to separate the iridium metal produced during
the fusion by the reduction. Then the filtrate was
concentrated to obtain crystals. A series of com-
pounds M;[Ir(CN)¢]»xH,O were precipitated by ad-
ding in excess a 0.02M solution of sulfate or chloride
of the divalent first row transition metal to a 0.02M
solution of Ki[Ir(CN)s]. The precipitates obtained
were filtered, washed with distilled water till chloride
or sulfate ions could not be detected in the {iltrate,
finally washed with alcohol, and dried to constant
weight over silica gel. The preparation of iron com-
pound was carried out in an atmosphere of hydrogen
in order to prevent partial oxidation of ferrous ion
and exposure to air was minimized in the whole ope-
rations. The metal contents of the compounds were
chacked by the usual method® and the water content
determined by the thermogravimetric analysis. The
results were as follows: Found: Mn, 14.4; Ir, 34.1;
H,0, 19.2%. Calcd for Mn;[Ir(CN)s]12H,0: Mn,
15.29; Ir, 35.67; H;O, 20.06%. Found: Fe, 13.8;
Ir, 29.3; H;O, 28.9%. Calcd for Fes[Ir(CN)slx
20H,0: Fe, 13.68; Ir, 31.40; H,0, 29.42%. Found:
Co, 15.3; Ir 32.4; H;O; 22.1%. Caled for Cos[Ir-
(CN)s1:15H.0: Co, 15.46; Ir, 33.61; H,O; 23.63%.

(5) D.B. Brown and D.F. Shriver, [Inorg. Chem., 8, 37 (1969).
D.F. Shriver and D.B. Brown, ibid., 8, 42 (1969).
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(1961). A. Ferrari and M.E. Tani, ibid., 90, 1565 (1960).

(7) P. Haas and G. Brauer, Handbuch der Praparativen anorganiscen
Chemie, (1954), p. 1192.
(8) J. Kritil, Collection Czechosloy. Chem. Commun., 32, 4496
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Found: Ni, 14.1; Ir, 30.7; H,O, 26.1%. Calcd for Ni;-
[Ir(CN)]:18H,O: Ni, 14.71; 1Ir, 32.12; H0,
27.09%. Found: Cu, 17.7; Ir, 33.8; H,O, 16.6%.
Calcd for Cus[Ir(CN)s]2'10H,O: Cu, 17.86; Ir, 36.01;
H:O, 16.88%. Found: Zn, 17.5; Ir, 34.9; HO,
20.2%. Calcd for Zns[Ir(CN)s]12H,0: Zn, 17.68;
Ir, 34.67; H:O, 19.49%.

The X-ray diffraction powder patterns were obtain-
ed with a Rigaku-Denki X-ray diffractometer using
Cu Ka-radiation: 1.542A, at room temperature.
Densities of the polycrystalline samples were measur-
ed pycnometrically in redistilled toluene at 25.0°C
with great caution against the change of water content.
The samples under toluene were pumped in a
vacuum desiccator to remove adsorbed air® The
chemical composition of the samples was checked
again after the density measurements. The infrared
spectra were recorded in the range 350 to 4000 cm™!
by the KBr disk method with a Hitachi EPI-2 infrar-
ed spectrophotometer. The wavenumbers were cali-
brated with a polvstyrene film and believed accurate
to 3.5 cm~! in the NaCl region and 4.0 cm™! in the
KBr region, respectively. The diffuse reflection spec-
tra were measured with the Hitachi Perkin-Elmer
139 UV-VIS spectrophotometer equipped with the
standard integrating sphere- attachment using alumina
as a standard. The Kubelka-Munk function was
calculated from the reflectance data and plotted against
wavenumbers. The mull transmittance spectra were
obtained using mull suspension in liquid paraffin."
The magnetic susceptibilities were measured by the
Gouy method with Hg[Co(NCS),] (16.44 % 107° cgs
units at 20.0°C)"? as a standard at room temperature.
The diamagnetic correction were calculated with the
Pascal constants.”

Results and Discussion

Structure and Magnetic Moment. The X-ray dif-
fraction powder patterns have indicated that the com-
pounds of the type M;[Ir{(CN)],xH,O are isomor-
phous with M;[Co(CN)s]xH;O. Thus the crystals
of these compounds belong to space group Op’—Fmim
and have the face-centered cubic unit cell which is
commen to Prussian blue analogs. Ferrari et al.f
explained the structure of Ms[Ir(CN)]12H,0O in
terms of the original structural model first proposed
for Prussian blue by Keggin and Miles,* in which
the unit cell contains two formula units. However,
density measurements have revealed that the new
structural model recently proposed for the compound
of the type Mi;[Co(CN)]:-xH,O by Ludi et al?® is
also applicable to the series Ms[Ir(CN)s]»xH.O. In
this structural model the unit cell contains 1 1/3 for-

9(g) J.L. Culbertson and M.K. Weber, J. Am. Chem. Soc., 60, 2695
1938).
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tersience Pub., (1966), p. 257.

(11) B. Adell, Z. anorg., Chem., 275, 106 (1954). F.A. Cotton, D.
M.L.Goodgame, M. Goodgame and A. Sacco, J. Am. Chem. Soc., 83,
4157 (1961).

(12) B.N. Figgis and R.S. Nyholm, J. Chem. Soc., 4190 (1958).

(13) L. Lewis and R.G. Wilkins, Modern Coordination Chemistry,
Intersience 1lnc., N.Y., (1960), p. 403.
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mula units (Figure 1): 4M at 4a (0,0,0), 22/3 Ir
statistically distributed at 4b (1/2,1/2,1/2) 16C and
16N at 24e (x 0, 0), 8 water molecules belonging to
the coordination octahedron of M situated close to the
empty nitrogen positions, and additional water mole-
cules distributed around 8c (1/4,1/4,1/4). The lat-
tice constants of Ms[Ir(CN)s]»xH,O vary with every
change of M, therein exists a regularity that they
decrease with the increase of the crystal field stabili-
zation energy of M™" in the octahedral weak field
(Figure 2). This suggests that the ion M™ is in the
weak crystal field and participates in coordination
bonding. The lattice constant of Cus[ Ir(CN)s].10HO
is unusually small as compared with those of the
other compounds of this series. This peculiarity of
copper compound is also observed in Ms[Co(CN)s].-
xH,O and M;[Rh(CN)]»xH,0"® which are isomor-
phous with M;[Ir(CN)s]xH:O. Based on the above
structural model, statistically four nitrogen ends of
cyanide ligands and two oxygen atoms of water mole-
cules coordinate to the copper ion to.form to a first
approximation an octahedral weak field. Although
the nitrogen end of cyanide ligand is located near

O @1 ON e@c
Figure 1. The unit cell of Mi[Ir(CN)].- xH.O.
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Figure 2. Lattice constants as compared with crystal field
stabilization energies (c.f.s.e.).
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Table I. Lattice constants, densities and magnetic moments of M;[Ir(CN).]..xH;O

Lattice constant Density Magnetic moment
Compound (A) p:ul: pelp ) pveff
(g/cm’) (g/cm’) (B.M.)
Mn,[Ir(CN)s]. . 12H,O 10.74+0.03 2,07 1.93 5.82
Fe;[ Ir(CN),]; . 20H,0 10.58 +0.04 222 2.29 5.65
Cos[ Ir(CN), ]: . 15H;0 10.51:+0.04 2.12 2.18 4.94
Ni;[Ir(CN)s]. . 18H,O 10.45+0.05 2.25 2.32 3.24
Cu,[lr(CN)ﬂz . 10H,O 10.36+0.04 2.15 2.13 1.92
Zn;[Ir(CN)s]: . 12H,O 10.51+0.03 2.10 2.11 diamagnetic

water in the spectrochemical series,” the symmetry
of environment of the copper ion is not octahedral in
an exact sense. Therefore, some distortion of the
octahedral symmetry, which cannot be observed
crystallographically at room temperature, probably
contributes to the exceptionally small lattice constant
in Cus[Ir(CN)]:10H,O. This point of view is con-
sistent with the fact that the d-d band (CE;—"Ty)
around 13.6 kK is split into two peaks.

The effective Bohr magneton per M of the formula
unit M;[Ir(CN)s]:xH,O was calculated from the ma-
gnetic susceptibility data and the results are summariz-
ed in Table I. The values obtained are in good
agreement with the assumption that M" is present as
a high spin complex in M;[Ir(CN);]rxH,O and Ir'™
as a low spin one, respectively. The magnetic mo-
ments and the dependence of the lattice constants on
the crystal field stabilization energy of the octahedral
weak field lead to the following conclusion: The
ion M!" coordinated by the nitrogen end of cyanide
ligands and the oxygen atoms of water molecules is
situated in the octahedral weak field and high spin
state and, on the contrary, the ion Ir™ coordinated
by the carbon ends of cyanide ligands is placed in
the octahedral strong field and low spin state.

<«—— Absorption
%

s+ {( " 2
IOOO” €00 500 400
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Figure 3. Infrared spectra of M;[Ir(CN)]: - xH;O.

A, Mn;[IT(CN)a]z; B, Fe;[ll'(CN)a)z; C, Co, Il‘(CN)o]z;
D, Ni;[Ir(CN)]:; E, Cws[Ir(CN)s];; F, Zns[Ir(CN)e]:;
G, K;[IT(CN)Q].

Infrared Spectra. The infrared spectra of M;[Ir-
(CN)]yxH,O are reproduced in Figure 3, where
the spectral pattern of Ks[ Ir(CN)s] is shown for com-
parison. Three fundamental modes of water molecu-
les were observed at ~ 3400 cm~! (symmetric), ~ 3635
cm~!(antisymmetric) and ~ 1610 cm~!(bending). The
rocking, wagging and metal-oxygen stretching bands
characteristic of coordinated water are expected to
be present in the far infrared region. However, such
absorption bands could not be identified definitely
in this region because they are usually very weak and
broad as pointed out in the aquo complexes of M.®
The strong C=N stretching bands typical of hexacya-
nometalate ions have been observed in the range
2168 to 2185 cm~!. These bands are shifted to the
higher frequency side by 38 ~55 ¢cm~! compared with
that of the parent complex Ki[Ir(CN)] (2130 cm™Y).
Furthermore, the magnitude of the shift is about the
same as that reported on Prussian blue analogs. The-
refore, it is concluded that the cyanide ligands of
M;i[Ir(CN)s]xH:O coordinate to the metal ions
through both carbon and nitrogen ends to form a
linkage structure Ir-C=N-M". Observation of the
C=N stretching vibration as a single sharp band
means that all the cyanide ligands of Ms[Ir(CN)s]:-
- xH;O are involved in bridge bonding. It is noticeable
that the C=N stretching frequency increases with
the lattice constant. This is consistent with the con-
cept that bridged cyanide group give a higher absorp-
tion frequency against terminal cyanide groups be-
cause the presence of a second metal atom M constra-
ins the motion of cyanide groups.!®

A weak absorption band observed in the range 981
to 989 cm~! has been assigned to the combination,
vi(Eg)+wi(Fi),* of Ir(CN)¢~ on the basis of the
results of the normal coordinate analysis carried
out with K;[Ir(CN)] by Jones.” In the far
infrared region a strong absorption band assignable
to the Ir-CN bending vibration v; was observed around
530 cm~!. This bending vibration should be shifted
to the higher frequency side compared with that of
Ki[Ir(CN)s] on account of the linkage structure Ir-
C=N-M. However, only a little shift was, in reality,
observed as compared with 525 cm™! of K[ Ir(CN)],
an average of 531 and 518 cm~!, which are split into

(14) D.F. Shriver, S.A. Shriver, and S.E. Anderson, Inorg. Chem.,

4, 725 (1965).

(15) 1. Nakagawa and T. Shimanouchi Spectrochim. Acta, 20,
964).

D.A. Dows, A. Haim, and W.K. Wilmarth, J. Inorg. Nucl.
Chem., 21, 33 (1961).
(17) L.H. Jones, J. Chem. Phys., 41, 856 (1964).
(*) The number of frequencies is the same as that of Ref. 17,
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Table 1l. Observed absorption infrared frequencies for M;[Ir(CN).]..xH:O (in cm™)
H,O Ir(CN)¢-

Compound Vanu Veym Vbend Vo Vi Vs V2V
Mn,[Ir(CN)]. 3640 3390 1611 2177 530 456 983
Fe;[Ir(CN):], 3635 3377 1608 2190 530 476 981
Co;[lr(CN)e]‘h 3630 3380 1611 2183 531 471 989
Ni;[ Ie(CN)s ]. 3640 3400 1612 2183 532 478 986
Cu,[Ir(CN)ailz 3435 1606 2185 530 485 984
Zn;[Ir(CN):]: 3395 1608 2168 531 430 988
two peaks due to the site symmetry of the crystal. A —
relatively broad band which appears in the range 430
to 485 cm™! is attributable to the Ir-C stretching vi-
bration vs. This Ir-C stretching band is also shifted 3 -
to the higher frequency side compared with that of T g
K[ Ir(CN)s] (390 cm™!). The magnitude of the shift g 5
varies with the nature of M, but it is ncteworthy that s 2
the increasing order of Ir-C frequency is the same as g 8
that of the C=N stretching vibration except for the 2 a
iron ccmpound. This indicates that upon the forma- &
tion of linkage structure Ir-C=N-M the Ir-C stretching
frequency is strongly affected by kinematic coupling.

Electronic Spectra. The reflection and mull trans- Wavenumber kK
mittance spectra of M;[ Ir(CN)s]::xH,O are shown in ’
Figure 4, n. 3.
of 7 ’ .
AN Figure 4. The reflection spectra observed in the
= VAR N8 visible region are so similar to those of the correspon-
g B/ (e A | ding aquo complexes of M" that the d-d bands in this
e Of ’/ // q region are expected to be assigned in terms of the
B i~ ] = weak-field theory. According to the modified structu-
g T ! 2 ral model described in the preceding section, M™ is
5 i a
% —|~or II g
® LA -
Table lil. Electronic spectra of M;[Ir(CN)];.xH,0.
caoh N Band position ‘
o 20 30 20 Compound (kK) Assignment
Wavenumber, kX MHJ[IT(CN)e]z 27.5 lA,,—)’Tl,

. . R 36.0 —h‘T:.
Figure 4, n. 1. Reflection and mull transmittance spectra 418 —'T,
of Mg[ll‘(CN)o]: - xH,0. A, Mn;[ll‘(CN)s]z; B, Fe, FC;[II‘(CN)o]v 13.0 STZ —)’E'
(CN)G]Z; C, CO; IT(CN)(,]:; D, Ni][lr(CN)ﬁ]J; E, CUJ ) 270 charge-tr;nsfe;
(CN)]:s F, Zny[Ir(CN)s]-. 30.0 1AL —Ts

372 "

41.2 T,

o , Co,[ I(CN) ] 16.8 Ti'Asy(?)

19.8 —'T\(P)

29.8 ATy,

37.0 T,

: P 40.8 —)sz|
;:, i~ Ni;[1r(CN)]: 14.2 *Ap—'Ey(?)
= 5 16.4 —'T,(F)
° -a' 27.0 '—)JTll(P)
e < 30.0 lA;.—)’T;,
k5 2 37.0 Ty,
e H 41.6 —'T,
& Cu;[ 1 l‘(CN)s] 2 }g.g IE.—)ZT;‘
31.4 1A—Th

38.2 —)lTll

416 Ty

Zn;[lr(CN)a]z 27.8 lAu—)JT"

Wavenumber, kK 37.0 —'Ty;

Figure 4, n. 2. 41.6 —>'T;
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not placed in the octahedral field in an exact sense.
Nevertheless it is assumed that M" is situated to a
first approximation in the octahedral environment
made up of the nitrogen ends of cyanide ligands and
the oxygen atoms of water molecules since the former
is located near the latter in the spectrochemical
series. The d-d transitions of the visible region were
assigned on the basis of this assumption and the indi-
vidual assignments are summarized in Table III.
The ligand field splitting parameter 10Dq has keen
calculated 12,000 to 14,000 cm™! from the position
of the d-d transitions. These values arc slightly
larger than 10Dq=9,500~ 11,000 ¢cm~' estimated for
KNi[Co(CN)] by Shriver et al.* The above assign-
ments of the d-d transitions is based on the idea that
M" is situated in the octahedral weak field. This
point of view is in good agreement with the results
of the cffective Bohr magneton calculated per MM
of Mi[ 1r{(CN)]»xH,;O using the magnetic susceptibili-
ties at room temperature (Table I).

The absorption bands of the ultraviolet region can
be readly assigned on the basis of the fact that Ir™"
is situated in the octahedral strong ficld. The rela-
tively wecak band commonly observed for Ma[Ir-
(CN),]:'xH:0 in the range 28.0 to 31.5 kK is assigned
to the spin-forbidden transition 'A;z=>*Ti;. The strong
absorption bands observed around 36.5 and 41.5 kK
arc assigned to the spin-allowed transitions 'Ay—>'Tg
and 'A;;—>'Ty, respectively. The 10Dq value produc-
ed by the carbon ends of cyanide ligands can be
calculated from the energies of two spin-allowed
and spin-forbidden transitions. According to the
strong field theory for the d® electronic configuration,
the transition energies are related to the parameters
as follows:

E('Ai;~’T i) =10Dq—-3C
E('Ay>'T,)=10Dg—C

133
E('A~'T;,) = 10Dq +16B—C

where the B?/10Dq factor is ignored in view of the
large values of 10Dq and small values of B commonly
observed. The parameter 10Dq which is calculated
from the above Formula using the experimental data
listed in Table III ranges from 40.0 to 41.0 kK
(B=200~370 cm™! and C=3.6~4.0 kK). This value
is comparable with 10Dg= ~42.3 kK which was
estimated for the parent complex Ki[Ir(CN);] by
Alexander and Gray."

The iron compound Fes[ Ir(CN);]120H,O exhibits
an intense absorption band at 25 kK. This bhand
can bc assigned to the charge-transfer band of the
following type

STopFel +' A 1S, Fe't! 4 2E, Tt!!

which was first proposed for Prussian blue by Robin®
and later extended to Prussian blue analogs by Bra-
terman.” The iron compound-alone gives particularly
the above type of charge-transfer band in the lower
wavenumber region. This may be attributable to
the lower ionization potential from ferrous to ferric
ion as compared with that of the other ions from M"
to MM,

In summary, the coordination polymers of the type
Mi[Ir(CN)]rxH20 have a face-centered cubic unit
cell characteristic of the Prussian blue analogs. In
thesc compounds the carbon ends of cyanide ligands
coordinatc strongly to Ir™'" to form a strong ligand
field, whercas the nitrogen ends do weakly to MU
together with water molecules to form a weak ligand
field. Thereby the cyanide ligand plays a role of
bridged groups in these coordination polymers.

(18) ).J. Alcxander and H.B. Gray, Coordin, Chem. Rev., 2, 29
(1967).

(19) M.B. Robin, Inorg. Chem., 1, 337 (1962).

(20) P.S. Braterman, J. Chem. Soc. (A), 1471 (1966).
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