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This communication describes versatile vapochromic
behavior that is accompanied by a phase change between
charge-polarization (CP) and charge-density-wave (CDW)
states with increasing and decreasing temperature in [{NH3-
(CH2)5NH3}2][Pt2(pop)4I]�4H2O (pop = P2H2O5

2�) (1).

Recently, quasi-one-dimensional halogen-bridged mixed-
valence compounds (MX chains) have interesting physical
properties, such as intense and dichroic intervalence charge-
transfer bands, overtone progressions of resonance Raman
spectra, luminescence spectra with large Stokes-shifts, large
third-order nonlinear optical properties, midgap absorptions
attributable to solitons and polarons, one-dimensional model
compounds of high Tc copper oxide superconductors, etc.1

Theoretically, these MX chains are considered as Peierls–

Hubbard systems, in which the electron–phonon interaction
(S), the electron transfer (T), and the intra- and inter-site
Coulomb repulsion energies (U and V, respectively) compete
or cooperate with each other.2 Pt and Pd compounds take
charge-density-wave (CDW) or MII–MIV mixed-valence states
due to electron–phonon interactions (S). Therefore, these com-
plexes are Robin–Day class II type mixed-valence com-
pounds.3 On the other hand, Ni compounds take NiIII Mott–
Hubbard states due to strong electron-correlations (U). Very
strong antiferromagnetic interactions are observed among the
spins located on the NiIIIdz2 orbital through the pz orbitals of
bridging halogenide ions in these compounds.4 Therefore,
the Ni complexes are Robin–Day class III type compounds.
Recently, a gigantic third-order nonlinear optical susceptibility
(�10�4 esu) was observed for [NiIII(chxn)2Br]Br2 (chxn =
1R,2R-diaminocyclohexane).5

As an extension to MX chain systems, quasi-one-dimen-
sional halogen-bridged dinuclear Pt complexes (MMX chains)
have been reported.6,7 Theoretically, the mixed valency of the
MMX chain system that have a formal oxidation state of
PtIIPtIII can be classified into the following four groups and
is also known to be strongly correlated to the position of the
bridging halogenide ion.

(a) {Pt2:5þ{Pt2:5þ{X{Pt2:5þ{Pt2:5þ{X{

(average-valence (AV) state)

(b) ���Pt2þ{Pt2þ���X{Pt3þ{Pt3þ{X���
(charge-density-wave (CDW) state)

(c) ���Pt2þ{Pt3þ{X���Pt2þ{Pt3þ{X���
(charge-polarization (CP) state)

(d) ���Pt2þ{Pt3þ{X{Pt3þ{Pt2þ���X���
(alternating charge-polarization (ACP) state)

So far, two types of the MMX chains have been reported,
namely a dta-system6 and a pop-system.7 In the former com-
pounds, Pt–Pt dimer units are coordinated by four dithioacetate
(dta) derivatives, forming a lantern structure, and these units
are bridged by iodide ions to form neutral chains. The latter
compounds have chemical formulas of A4[Pt2(pop)4X]�nH2O
or A2

0[Pt2(pop)4X]�nH2O (pop = P2H2O5
2�; A ¼ K, Na, Li,

Cs, Rb, alkyl ammonium, etc.; A0 = alkyldiammonium; X ¼
Cl, Br, and I). We have synthesized more than 50 compounds
by substituting the cations and bridging halogens. Since the
I-bridged compounds have a large hybridization between the
p orbitals of bridging iodide ions and the d orbitals of platinum
ions, various oxidation states are stabilized. Actually, the oxi-
dation states of the iodo-bridged MMX compounds depend
on the inter-dimer Pt���Pt distances at the Pt–I–Pt geometry,
i.e., the compounds with the shortest, middle, and the longest
Pt���Pt (inter-dimer) distances belong to the AV, CDW, and CP
states, respectively. Recently, we have reported a pressure and
photo-induced phase change between the CP and CDW states
in [{(C2H5)2NH2}4][Pt2(pop)4I]�4H2O.

8 More recently, we
have reported vapochromic behavior that is accompanied by
a phase change between CP and CDW with increasing and
decreasing temperatures in [{NH3(CH2)4NH3}2][Pt2(pop)4I]�
4H2O.

9 In order for the dehydrated state (CDW state) to return
to the hydrated state (CP state) by decreasing the temperature,
enough humidity is needed or sometimes, the compound must
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be dipped into water. In this paper, we report more versatile
vapochromic behavior that is accompanied by a phase change
between CP and CDW states in 1, which has a larger cation.

Different views of the crystal structure, which was deter-
mined at 297K, are shown in Fig. 1. Two Pt atoms are linked
by four pop ligands to form a lantern-type [Pt2(pop)4] unit. The
two neighboring [Pt2(pop)4] units are bridged by iodide ions,
forming a Pt–Pt–I linear-chain structure along the c-axis. The
bridging iodide ions are disordered with half occupancies at
the distorted positions from the midpoints between neighbor-
ing Pt dinuclear units, which suggests that this compound is
in either the CP or CDW state. However, it is difficult to dis-
tinguish from X-ray structure analysis whether the ground state
of this compound is the CP state or CDW state, because the
displacement of iodide ions is not three-dimensionally ordered.
The Pt–Pt distance is 2.838 Å, which is intermediate between
the K4[Pt

II
2(pop)4]�2H2O (2.925 Å)10a and K4[Pt

III
2(pop)4I2]

(2.755 Å).10b The shorter and longer Pt–I distances are 2.732
and 4.126 Å, respectively. In comparison with [{NH3(CH2)4-
NH3}2][Pt2(pop)4I]�4H2O, the selected interatom distances
relevant to their electronic states are listed in Table 1. The elec-
tronic structure of the MMX chain system strongly depends
upon the Pt���Pt distance of the Pt–I–Pt geometry.8 In this com-
pound, this distance is 6.858 Å, which suggests that this com-
pound at 297K is in the CP state, i.e., PtII–PtIII–I���PtII–PtIII–
I. The counter cations NH3(CH2)5NH3

2þ are surrounded by

four Pt chains and hydrogen bonded to the pop ligands. Four
H2O molecules are also located in the inter-chain spaces.

Raman spectroscopy is a useful method to determine the
oxidation states of these compounds because the CP and
CDW states afford a singlet (�(PtII–PtIII)) and doublet (�(PtII–
PtII) and �(PtIII–PtIII)) stretching modes, respectively. Figure 2
shows the polarized Raman spectra of 1 in ambient humidity at
297 and 308K. At 297K, a singlet Raman peak is observed at
98 cm�1. This peak is attributed to the PtII–PtIII stretching
mode. A weak peak is also observed at 114.5 cm�1, which is
attributed to the PtIII–I stretching mode. Therefore, the ground
state of this compound at 297K is determined to be the CP
state, which is consistent with that predicted from the phase di-
agram based on the Pt���Pt distances at the Pt–I–Pt geometry.
At 308K, on the other hand, the main signals consist of two
components, which are assigned to the stretching modes of
the PtII–PtII (86.4 cm�1) and PtIII–PtIII (93.9 cm�1). Therefore,
the oxidation state of 1 at 308K is assigned as the CDW state.

Because there is a marked color change in the crystal upon
the CP-to-CDW phase change, polarized reflectivity spectra
were measured. Figures 3a and 3b show the polarized reflec-
tivity spectra and optical conductivity spectra, which were
obtained by Kramers–Kronig transformation of the reflectivity
spectra, respectively, at 297 and 308K. In the optical conduc-
tivity spectrum at 297K, an intense peak is observed at
2.24 eV. Yamamoto has theoretically showed that the lowest
CT band in the CP phase can be assigned to intra-dimer CT
transition.11 Therefore, this peak is assigned to intra-dimer
CT transition.

Upon increasing the temperature, the color of the single-
crystal discontinuously changed from lustrous yellow to red
(Fig. 3, insets). In the optical conductivity spectrum obtained
at 308K, an intense band is observed at 1.14 eV. Because the
compounds, for which a CT band is observed between 1.0 and

Fig. 1. Perspective views of the 3D packing of 1. H atoms
have been omitted for clarity.

Table 1. Comparison of the Interatomic Distances along
Chains (Å)

A0 Pt–Pt Pt–I Pt���I Pt–I–Pt

NH3(CH2)4NH3
2þ 2.8374(9) 2.722(2) 4.249(2) 6.971

NH3(CH2)5NH3
2þ 2.838(1) 2.732(2) 4.126(2) 6.858

Fig. 2. Polarized Raman spectra for the polarization of
z(x; x)z(x k c-axis) at 297 and 308K.
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1.5 eV usually, are in a CDW state, the electronic state of 1 is
assigned to the CDW state, which is consistent with the result
from Raman spectroscopy. Therefore, this band is attributed to
the inter-dimer transition from PtII to PtIII species through the
bridging iodide anions.

In order to determine the mechanism for the phase change,
we performed a thermogravimetric analysis (TGA). At 350K,
the compound lost 4.91% weight, which corresponds to four
H2O molecules per formula unit (5.25%). Furthermore, from
the phase diagram in Fig. S2, it is expected that the Pt–I–
Pt distance decreased to ca. 6.0 Å in the dehydrated state
(ECT ¼ 1:14 eV). Yamamoto theoretically determined that de-
creasing the Pt–I–Pt distance stabilizes the CDW state, which
is consistent with the phase diagram and Raman spectroscopy.
Therefore, vapochromic behavior is accompanied by a phase
change between CP and CDW states similar to [{NH3(CH2)4-
NH3}2][Pt2(pop)4I]�4H2O.

9 Single-crystal X-ray structure
determination at 350K was unsuccessful. Therefore, X-ray
powder diffraction measurements were made both at 297 and
350K. The X-ray powder pattern at 350K is different from
that at 297K. In other words, the crystal structure at 350K is
different from that at 297K. The vapochromic behavior in 1
occurred easily just by varying temperature in the atmosphere
repeatedly, while that in [{NH3(CH2)4NH3}2][Pt2(pop)4I]�
4H2O occurred under saturated humidity atmosphere, in water,
when changing from dehydrated state to hydrated state. The
more versatile vapochromic behavior of the complex com-
pared to that for [{NH3(CH2)4NH3}2][Pt2(pop)4I]�4H2O is
reasonably explained by considering the difference in the
inter-chain spaces (1, 6:8 �A� 1:7 �A; [{NH3(CH2)4NH3}2][Pt2-
(pop)4I]�4H2O, 3:3 �A� 1:6 �A). Also, the cell volume of 1
(1850.5(8) Å3) is larger than that of [{NH3(CH2)4NH3}2]-
[Pt2(pop)4I]�4H2O (1747.5(2) Å3).

This work was partly supported by a Grant-in-Aid for
Creative Scientific Research from the Ministry of Education,
Culture, Sports, Science and Technology.

Supporting Information

Experimental details, crystallographic information file (CIF),
TGA result, and XRD patterns of 1. This material is available free
of charge on the web at: http://www.csj.jp/journals/bcsj/.
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Fig. 3. (a) Polarized reflectivity and (b) optical conductivi-
ty spectra with polarization of light parallel to the c-axis in
1 at 297 and 308K. The insets in (a) show the correspond-
ing microscope images for the single crystal taken in
reflection mode.
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