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The electronic states of quasi-one-dimensional (Q1D) materials
have played an important role in bringing about new physical
properties for the materials.1-4 In particular, many interesting
physical properties5-7 in Q1D halogen-bridged metal complexes
(hereafter abbreviated as MX-chains) are due to their unique charge-
ordering (CO) states.8 The CO states of Q1D materials can be
switched by external stimuli.5,9 The multistability of the CO states
originates from the competition or cooperation among several
factors, such as electron-phonon interactions, electron transfer,
Coulombic repulsion, etc.

Recently, Q1D halogen-bridged dinuclear metal complexes
(hereafter abbreviated as MMX-chains) have been extensively
studied as an extension to the MX-chain systems.10 On the basis
of theoretical calculations and experimental data, the electronic
states of the MMX-chains can be classified into the following four
CO states and are also known to be strongly correlated to the
position of the bridging halide ion.

(a) average-valence (AV) state
-M2.5+-M2.5+sXsM2.5+-M2.5+sX-

(b) charge-density-wave (CDW) state
· · ·M2+-M2+ · · · · · ·XsM3+-M3+sX · · ·

(c) charge-polarization (CP) state
· · ·M2+-M3+sX · · · · · ·M2+-M3+sX · · ·

(d) alternating charge-polarization (ACP) state
· · ·M2+-M3+sXsM3+-M2+ · · · · · ·X · · ·

The larger number of degrees of freedom of the electrons in the
MMX-chains than those in the MX-chains cause a larger variety
of CO states and smaller energy gaps among them.11 Each CO
state exhibits various physical properties. Therefore, MMX-chains
have the potential to be used as multifunctional switching materials.

Since all of the MMX-chains thus far synthesized are in one of
these four CO states without exception, new CO states in MMX-chains
are very important not only for producing switching materials but also
for bringing about new physical and chemical properties of low-
dimensional materials. In this communication, we report a new CO
state in MMX-chains with binary countercations, K2(H3NCH2CHMe-
CH2NH3)[Pt2(pop)4I] ·4H2O (pop ) P2H2O5

2-) (1).
MMX-chains synthesized to date are categorized into two ligand

systems: dithioacetate (dta), [M2(RCS2)4I] (M ) Ni, Pt; R ) alkyl
chain group)12 and diphosphite (pop), A4[Pt2(pop)4X] ·nH2O or
A′2[Pt2(pop)4X] ·nH2O (A ) alkali metal, alkyl ammonium, etc.;
A′ ) alkyldiammonium; X ) Cl, Br, and I).13 In order to develop
new CO states, we studied the pop system because its chain structure
can be controlled more easily than that of the dta system by
introducing various countercations. We synthesized 1 with two
different kinds of countercations (binary system). It should be noted

that all of the known MMX-chains with the pop ligand include
only one type of countercation (unitary system).

The crystal structure of 1 at 100 K is shown in Figure 1. Two
neighboring Pt2 units are bridged by an I- ion, forming a · · ·Pt-Pt-I-
Pt-Pt-I · · · linear-chain structure along the c-axis. Interestingly, there
are two different Pt-I-Pt distances (c + d: 5.7179(11) Å; a + b:
5.9254(11) Å), which induce a 2-fold periodicity along the chain. This
structural feature is characteristic of the ACP state, which has not been
observed in the pop system to the best of our knowledge. However,
the displacement of the bridging I- ions from the midpoint between
neighboring Pt2 units indicates that the CO state is not a simple ACP
state. Focusing on the Pt-I bond lengths, one Pt2 unit is coordinated
by neighboring I- ions with short Pt-I bond lengths (c: 2.7496(8) Å;
b: 2.7993(7) Å), whereas the other is coordinated by I- ions with a
long Pt · · · · I bond length (d: 2.9683(8) Å; a: 3.1261(8) Å). This
structural feature is characteristic of the CDW state, except that there
is only one Pt-I-Pt distance in compounds in a simple CDW state.
Therefore, the CO state of 1 was concluded to be a mixture of the
ACP and CDW states (ACP+CDW state), which has never been
synthesized or predicted theoretically to our knowledge. Schematic
representations of the structure in each CO state are shown in Figure
1. The positions of the bridging I- ions are three-dimensionally (3D)
ordered. The 2-fold periodicity along the c-axis with a 3D ordered
structure in 1 was verified by the strong superlattice reflections observed
in an X-ray oscillation photograph. The 3D ordered structure is very
rare, and the first example has been reported only recently.14 The
mechanisms which realize the 3D ordered ACP+CDW state are
uncertain. However, the polar orientation of H3NCH2CHMeCH2NH3

2+

ions (Figure S2, Supporting Information) may play a role in this
mechanism.
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Figure 1. Crystal structure of 1 (red, O; orange, P; purple, I; yellow, Pt)
and schematic chain structure in ACP+CDW (1), ACP and CDW states.
The countercations, lattice water, and hydrogen atoms are omitted for clarity.
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Raman spectroscopy is the powerful tool for investigating the
electronic states of MX-chains, MMX-chains, and other mixed
valence compounds.13b,c,15 Polarized Raman spectra of 1 at 30 K
and room temperature (Figure 2) were measured to confirm the
CO state in 1. On the basis of previous reports,16 the two strong
signals at 84 and 103 cm-1 were assigned to be the stretching mode
ν (Pt-Pt) of the Pt2 unit, indicating that there are two different Pt2

units. A relatively weak band was also observed at ∼124 cm-1,
although it was not observed at room temperature because of low
resolution. This band was assigned to the Pt-I stretching mode,
which is activated by the displacement of I- ions from the midpoint
between the neighboring Pt2 units. These findings are consistent
with the crystal structure of 1 discussed above. Therefore, 1 was
thought to be in an ACP+CDW state. Because the Raman peak
did not shift, the ACP+CDW state is stable from room temperature
to at least ∼30 K.

31P MAS NMR spectroscopy was performed in order to clarify
the CO state of 1. According to previous work reported by Kimura
et al.,17 the 31P chemical shift (δ) depends on the crystal field around
the P atom and the paramagnetic shift, δP, which is larger for P
atoms coordinated to Pt ions in a low oxidation state. Therefore,
31P MAS NMR spectroscopy can provide information about not
only the environment of the P atoms but also the charges of the Pt
ions. In addition, the coupling constant (J) between 31P and 195Pt (I
) 1/2, natural abundance ) 33.8%) also yields information about
the oxidation state of the Pt ions.18 The value of J for a
four-coordinated Pt2+ complex is larger than that of the six-
coordinated Pt3+ complex. Figure 3 shows a 31P MAS NMR
spectrum of 1 at room temperature. Four intense peaks were
observed and attributed to four inequivalent P atoms (A-D), which
is consistent with the crystal structure. The other small peaks were
assigned to be satellites due to the coupling between 31P and 195Pt.
Chemical shifts (δ) and coupling constants (J) for
K4[Pt2(pop)4] ·2H2O, K4[Pt2(pop)4I2], and 1 are listed in Table 1.
K4[Pt2(pop)4] ·2H2O and K4[Pt2(pop)4I2] were regarded as Pt2+ and
Pt3+ complexes, respectively. According to the δ and J values,

which are related to the charges of the Pt ions as mentioned above,
the oxidation state of the Pt ion coordinated by P atoms A and B
is lower than that of the Pt ion coordinated by P atoms C and D.
The differences in the δ and J values of 1 and K4[Pt2(pop)4] ·2H2O
or K4[Pt2(pop)4I2] indicate that 1 is a Robin-Day class II mixed-
valence compound.8a The slight difference between the δ values
(3-5 ppm) of the P atoms is due to the difference between the
charges of Pt ions and the differences in the crystal fields around
the P atoms. Therefore, the 31P MAS NMR spectrum supports the
presence of a new ACP+CDW CO state.

Further measurements to estimate the accurate charges of each
Pt atom are now in progress.
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Figure 2. Polarized Raman spectra for the polarization of z(x,x)z (x | c
axis) at 30 K and room temperature (r.t.). Two strong signals attributed to
the stretching mode ν (Pt-Pt) and weak band at around 124 cm-1 attributed
to the stretching mode ν (Pt-I) are observed.

Figure 3. 31P MAS NMR spectrum of 1 in the solid state. Satellite lines
on the both sides of the peak are due to the coupling between 31P and 125Pt.
Four groups of peaks (A to D) are assigned to four kinds of P atom.

Table 1. 31P Chemical Shifts (δ) and Coupling Constants (J) of
Pt2+, Pt3+ Complexes and Compound 1

δ/ppm J (Pt-P)/kHz

K4[Pt2(pop)4] ·2H2Oa 65 ( 2.0 3.4 ( 0.1
K4[Pt2(pop)4I2]b 22.01 2.20
compound 1c 51.83 (B) 24.11 (D) 3.05 (B) 2.34 (D)

56.85 (A) 27.52 (C) 3.05 (A) 2.45 (C)

a See ref 17. b See Figure S3, Supporting Information. c A to D
present each P atom in Figure 3.
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