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Charge-Transfer Complexes
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Quasi-one-dimensional, halogen-bridged mixed-valence
compounds (MX chains) have recently attracted much
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attention because they show very interesting physical proper-
ties, such as intense and dichroic intervalence charge-transfer
bands, overtone progression of resonance-Raman spectra,
luminescence spectra with large Stokes shifts, large third-
order nonlinear optical properties, mid-gap absorptions
attributable to solitons and polarons, etc., and because they
are one-dimensional model compounds of high-critical-tem-
perature (7,) copper oxide superconductors.'””) Theoretically,
these MX chains are considered as Peierls—Hubbard systems
where the electron—phonon interaction (S), the electron
transfer (7), and the intra- and intersite Coulomb repulsion
energies (U and V, respectively) compete or cooperate with
each other.' Platinum and palladium compounds form
charge-density-wave (CDW) states or M"-M"" mixed-valence
states as a result of electron—phonon interactions (S), where
the bridging halogen atoms are displaced from the midpoint
between the two neighboring metal ions. Accordingly, the
half-filled metallic band splits into an occupied valence band
and an unoccupied conduction band with finite Peierls energy
gaps. Therefore, these compounds belong to class II in the
Robin-Day classification of mixed-valence complexes.!l In
these MX chain compounds the CDW amplitudes can be
tuned by varying the metal ions, bridging halogen atoms, in-
plane ligands, and counteranions."? Although more than 200
mixed-valence platinum compounds have been synthesized so
far, all these MX chain compounds have closed-shell or
nonmagnetic counteranions such as ClO, ", BF,", or halogen
ions. In this study we have succeeded in synthesizing the novel
Pt"-Pt"V mixed-valence complexes [{[Pt(en),][PtX,(en),]}]
[{(MX5)X3},]-12H,0 (M = Co**, Mn**, and Fe**; X = Cl” and
Br™; en =ethylenediamine) with magnetic counteranions. At
the same time, a unique packing motif as well as an interesting
adsorption—desorption of water molecules has been observed.
Herein, we describe the syntheses, crystal structures, ther-
mogravimetric analysis (TGA), temperature dependence of
X-ray powder-diffraction patterns, single-crystal reflectance
spectra, resonance-Raman spectra, and electron spin reso-
nance (ESR) spectra of these complexes.

Single-crystal X-ray structural determinations were car-
ried out for [{[Pt(en),][PtCl,(en),]};][{(MnCl;s)Cl;},]-12H,0.
Figure 1 shows two perspective views of this complex. The
planar {Pt(en),} units are bridged by halogen ions which are
disordered at positions away from the midpoints between two
neighboring Pt ions with half occupancies, thus forming linear
chain Pt"-Pt"Y mixed-valence structures (one of the distorted
Cl ions has been omitted for clarity). The Pt--Pt distance and
Pt"—Cl and Pt"--Cl bond lengths are 5.303 A, 2.325 A, and
2.978 A, respectively, while those in [{Pt(en),}{PtCl,(en),}]-
(ClO,), are 5.403 A, 2318 A, and 3.085 A, respectively.l"”!
Therefore, the degrees of distortions of the bridging halogen
atoms from the midpoints between two neighboring Pt ions,
defined as d(Pt"—Cl)/d(Pt"Cl), are 0.78 for the former
compound and 0.75 for the latter, thus indicating that the
oxidation state of the magnetic counteranion complex is
closer to Pt™, namely a Robin-Day class III complex, than
the ClO,” compound.!"! The magnetic MnCl; counterions
have a trigonal-bipyramidal structure. The Mn—Cl bond
lengths range from 2.457 A in the plane to 2.495 A along
the axis. The Cl; ions form a triangular structure, with a Cl---Cl
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Figure 1. Perspective views of the 3D packing of [{[Pt(en),]
[PtCl,y(en),]}s)[{(MnCl5)Cls},]-12H,0; H white, C black, N blue, O red,
Mn pink, Cl green, Pt gray. One of the disordered Cl ions has been
omitted for clarity. Dotted and broken lines represent hydrogen bonds
and Pt"--Cl interactions, respectively.

distance in this triangle of 6.051 A. These MCls and Cl; ions
stack alternately along the main Pt"-Pt"" chains. Hydrogen

bonds between the H atoms of the en ligands and the
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Cl atoms of MnCls are observed (H--Cl=2.526 A), as are
hydrogen bonds between these H atoms and the Cl atoms of
the Cl; unit (H-+Cl=2.471 A). As shown in Figure 1b, the Pt
chains and counteranions form hexagonal spaces, which are
filled with water molecules. Although only six water mole-
cules are observed in the crystal structure, the presence of 12
water molecules per molecular unit was confirmed by
thermogravimetric analysis (TGA) and elemental analysis
(see below). All 12 water molecules were observed in the
solid-state structure of [{[Pt(en),][PtBr,(en),]};][{(MnBrs)-
Br;},]-12H,0. A preliminary structure determination of
the other compounds was also carried out. Although they
have not been completely solved, their essential structures
are the same as that of [{[Pt(en),][PtCl,(en),]};][{(MnCls)-
Cl;},]-12H,0.

To clarify the desorption behavior of the water molecules
a TGA study was performed on [{[Pt(en),][PtCl,(en),]};]
[{(MnCls)Cl;3},]-12H,0 (Figure 2). Upon heating the sample
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Figure 2. TGA plots of [{[Pt(en)][PtCly(en)JH;[{(MnCl5)Cls},]- 12 H,0.

from 20 to 100°C, at a rate of 3°Cmin™", the sample weight
gradually decreased. This weight loss of approximately 8%
can be attributed to the loss of water molecules, and is in good
agreement with the desorption of 12 water molecules per
molecular unit (7.2%). After keeping the temperature at
100°C for 60 min, the sample was cooled down to 20°C at a
rate of 3°Cmin~'. The weight of the sample gradually
increased and became almost the same as that of the initial
sample. This result indicates that the 12 desorbed water
molecules can re-enter the crystals reversibly. We confirmed
this reversibility by repeating the process three times. The
weight loss during the first heating stage is a little larger than
those during the second and third stages. This can be
accounted for by desorption of impurities from the crystal
surface.

Temperature-dependent X-ray powder-diffraction pat-
terns were measured in order to confirm that the crystal
structure is maintained even in the absence of water
molecules. Figure 3 shows X-ray powder-diffraction patterns
of [{[Pt(en),][PtCl,(en),]}s][{(MnCls)Cl;},]-12H,0 at various
temperatures. The peaks of these patterns remain sharp and
their positions do not change during the heating and cooling
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Figure 3. Temperature dependence of the X-ray powder-diffraction pat-
terns in [{[Pt(en),][PtCl,(en),]}s][{(MnCls)Cls},)- 12 H,0.

processes, thus indicating that the crystal structure is sus-
tained even in the absence of water molecules.

The single-crystal reflectance spectra of [{[Pt(en),]
[PtClL(en),]}][{(MnCl;)CLL]-12H,0 and [{[Pt(en),]
[PtBr,(en),]}s][{(MBr5)Br;3},]- 12H,0 (M =Mn and Co) were
measured at room temperature. Their optical conductivities
obtained from the Kramers—Kronig transformation are shown
in Figure 4. The Cl- and Br-bridged compounds show
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Figure 4. Optical conductivity spectra of [{[Pt(en),][PtCl,(en),]}s]
[{(MnCl5)Cl;};]-12H,0 and [{[Pt(en),][PtCl;(en),]};]
[{(MnBr5)Br;},]-12H,0 (M=Mn and Co).

dichroic, intense bands at 2.50 eV and 1.95 eV, respectively.
These are attributable to the charge-transfer (CT) transition
from the Pt" species to the PtV species along the chain.
According to theoretical studies,'*'! the energy position of
the CT bands in mixed-valence compounds can be given by
28—U if T and V are neglected. The lower CT energy of the
Mn compound than the CIO, compound (2.72 eV) could be a
consequence of a decrease of S, thus indicating that the charge
delocalization of this compound is greater than that of the
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ClO, compound; this proposal is consistent with the X-ray
crystal structures. The CT energies of the Br-bridged com-
pounds are lower than those of the Cl-bridged compounds
because of their greater charge delocalization.

Overtone progressions attributable to the Pt"™V—X stretch-
ing modes are observed in the resonance-Raman spectra,
where the stretching modes of the Cl- and Br-bridged
compounds occur at about 310 cm™! (310.1 cm ™' for Mn and
Fe) and 175 cm™ (177.1 cm™" for Mn, 175.7 cm™! for Fe, and
175.7cm™" for Co), respectively. The lower value of the
stretching mode of [{[Pt(en),][PtCl,(en),]}s]
[{(MnCly)Cl3},]-12H,0 than that of the ClO, compound
(311.3cm™) could be the result of an increase in the
anharmonicity of the potential energy surface, thus indicating
that electronic delocalization of the Mn compound is greater
than that of the ClO, compound, as predicted in a previous
theoretical study." This fact is consistent with the crystal
structure and the optical-conductivity results.

Temperature-dependent (M =Co, X=Br) and angle-
dependent (M=Mn, X=Cl) ESR spectra are shown in
Figure 5. Polycrystalline samples of the Co salt were used. The
ESR spectra depend highly on the metal species, and their
intensity decreases with increasing temperature following the
Curie law. The nearly symmetrical line-shape for the Co salt
with a mean g value of about 4.9 indicates that the g factor is
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Figure 5. Temperature- and angle-dependence of the ESR spectra of
[{[Pt(en)JPEX, (en) II{(MXs)X:L.]- 12 H,0: 2) M = Co™, X=Br;
b) M=Mn**, X=Cl.
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nearly isotropic—the magnetic-field difference arising from
the anisotropic g values for polycrystalline samples is less than
the linewidth. In general, the free Co®* ion has a *F state (S =
%4) and the orbital triplet becomes the lowest state in the
cubic crystal-field symmetry. However, these degenerate
levels are split both by a lower symmetry of the crystal
field, such as tetragonal or trigonal, and spin—orbit coupling.
As a result, six Kramer’s doublets (S='/) are created and
each level can be represented by a “fictitious spin '4”.'*'7 In
this case, the inter-level mixing with the excited states lying
close to the ground-state Kramer’s doublet causes the large
g shift from the free-electron g value (2.0023); the broadening
of the spectrum as the temperature is raised is a consequence
of the shortening of the spin-lattice relaxation time (Fig-
ure 5a). In the case of the Mn salt the ESR spectrum is spread
over a wide magnetic-field range with several splittings; the
spectral shape is almost unchanged within the measured
temperature range. Such a situation may be caused by the
zero-field splitting of the high-spin Mn** ion (S =7/). We also
note that the total span of the signal splitting is a maximum at
0 and 180° from the chain axis, thus indicating that the axis of
the dipolar interaction coincides with the chain direction. The
ESR signals for the Co and Mn salts are ascribed to the
M sites, which confirms the successful synthesis of the 1D
electronic system with magnetic counteranions.

In summary, we have succeeded in synthesizing mixed-
valence Pt"-Pt"Y compounds with magnetic counteranions.
These magnetic MX; counterions (M = Mn**, Fe’*, Co™*; X =
Cl™, Br™) have an unusual trigonal-bipyramidal structure. The
complexes have hexagonal micropores, similar to zeolites,
which contain 12 water molecules per molecular unit. These
water molecules can be desorbed by heating the complexes to
100°C whilst maintaining the skeletal structure; they can be
adsorbed again by cooling to 20°C. The ESR spectra reflect
the variety of the spin species in the counteranions.

Experimental Section

The compounds were synthesized by adding 150 mg (0.76 mmol) of
MX, and 1.5 ml HX to an aqueous solution (1 ml) containing 100 mg
(0.26 mmol) [Pt(en),]X, and 120 mg (0.26 mmol) [PtX,(en),]X,.
Lustrous, needle-shaped crystals were obtained after a week. The
elemental analyses are as follows: calcd for C,;H,,Cl,,Mn,N,,0,,Pt;:
C 9.62, H 4.03, N 11.21; found: C 9.52, H 3.75, N 11.07; calcd for
C,,H 5 CL,Fe,N,,O,Pts: C 9.61, H 4.03, N 11.21; found: C 9.41, H
3.69, N 11.08; caled for C,,H,,,Br,,Mn,N,,0,,Pts: C 7.25, H 3.04, N
8.46; found: C 7.11, H 2.94, N 8.23; calcd for C,,H;,,Br,,Fe,N,,0,,Pts:
C 7.25, H 3.04, N 8.45; found: C 7.08, H 2.79, N 8.17; calcd for
C,,H,5Br,Co,N,,0,Pts: C 7.24, H 3.04, N 8.44; found: C 7.03, H
2.84, N 8.34.

X-ray crystallographic analyses of [{[Pt(en),][PtX,(en),]};]
[{(MX5)X3},]12H,0 (M = Co*, Mn**, and Fe’*; X=CI" and Br")
were performed with a Rigaku RAXIS-RAPID imaging plate
diffractometer equipped with graphite monochromated Moy, radia-
tion (1=0.7107A). Crystal data of [{[Pt(en),][PtX,(en),]};]
[{(MnCls)Cl3},]-6 H,O: C,,H,;5Cl,,Mn,N,,O4Pts, M, =2889.60, hexag-
onal, P6ymmc (no.194), T=156 +1K, a=16.0035(6), b=
16.0035(6), ¢=10.9333(5) A, y =120°, V=2424002) A%, Z=1,
Peaica =2.078, final R=0.030, wR=0.029, GOF=0.985 with >
3.000(1). CCDC-238001 contains the supplementary crystallographic
data for this paper. These data can be obtained free of charge at
www.ccdc.cam.ac.uk/conts/retrieving.html [or from the Cambridge
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Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ,
UK;; Fax: (4+44) 1223-336-033; E-mail: deposit@ccdc.cam.ac.ukTGA
was performed with a Rigaku DSC 8230L calorimeter. X-ray powder
diffraction measurements were recorded with a Rigaku RINT
Ultimall + DSC equipment. ESR spectra were measured with a
Bruker EMX spectrometer equipped with a gas-flow type cryostat
Oxford ESR 900.
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