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’ INTRODUCTION

Hydrogen-bonded interactions can play a vital role in defining
supramolecular assemblies both in solution and the solid state.1

Although the precise, predetermined, structural control of as-
semblies constructed using hydrogen-bonded interactions is still
far from reach in global sense, the local molecular orientations
determined by the intermolecular hydrogen-bonding interac-
tions are often predictable and are controlled by utilizing
functional groups of �OH, �NH2, �COOH and so on.1,2 On
the other hand, the arrangement of charged molecules in solid
state crystalline arrays are mainly dominated by the electrostatic
interaction between the cationic and the anionic species, so that
the gain of the lattice/Madelung energy can be maximized by the
system.3 In this category, polyoxometalate (POM) clusters show
a rich range of complex and interesting structures with a
bewildering variety of molecular-assemblies and motifs due to
the size and shape and possibility to adopt one of many possible
charge states.4 The charged states of the POM-based polyanions
can widely vary from [Mo6O19]

2�, [Mo7O24]
6�, [Mo8O26]

4�,
[Mo10O34]

8�, and [PMo12O40]
3�, to [Mo154O462H

þ
8(H2O)90]

20�,
which strongly affects the packing structures of POMs in the
crystals depending on the size and valence of counter-cations.4,5

Keggin-type molybdenum clusters of [XMo12O40] (X = S, P, Si,
As, etc.) have a spherical molecular structure with a diameter of

∼1 nm (Scheme 1), which are one of the appropriate candidates
to examine the POM assembly structures in solids. In the
[XMo12O40], two kinds of oxygen atoms (24 metal-bridging
Mo�Oa�Mo and 12 terminal ModOb) can contribute to the
intermolecular hydrogen-bonds, which can contribute to form a
variety of molecular-assembly structures in solids. Several

Scheme 1. Molecular Structures of PPD, TMPPD, and
[XMo12O40] (X = P and Si)a

aThe metal bridging Mo�Oa�Mo and terminal Mo = Ob oxygen sites
are shown in [XMo12O40].
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ABSTRACT: Hydrogen-bonded assemblies of the two-electron reduced mixed-valence
Keggin clusters [PMo12O40]

5� and [SiMo12O40]
6�were obtained by the one-pot electron-

transfer reactions between p-phenylenediamine (PPD) or 2,3,5,6-tetramethyl-PPD
(TMPPD) (donors) and Hþ

3[PMo12O40]
3� or Hþ

4[SiMo12O40]
4� (acceptors) in

CH3CN. The redox states of the [PMo12O40]
5� and [SiMo12O40]

6� clusters were
confirmed by the redox titrations and electronic absorption measurements. In
(HPPDþ)3(H

þ)2[PMo12O40]
5�(CH3CN)3�6 (1), the N�H ∼ O hydrogen-bonded

interactions between the monoprotonated HPPDþ (or diprotonated H2PPD2þ) and the [PMo12O40]
5� resulted in a windmill-like

assembly and hydrophilic one-dimensional channels are formed with a cross-sectional area of 0.065 nm2, and these are filled by the
CH3CN molecules. Also, the CH3CN molecules in salt 1 were removed by immersing the single crystals of 1 into H2O, CH3OH,
and C2H5OH solvents. In the compound, (HTMPPDþ)6[SiMo12O40]

6�(CH3CN)6 (2), the N�H ∼ O hydrogen-bonded
interactions between the monoprotonated HTMPPDþ molecules and the [SiMo12O40]

6� formed a “Saturn-ring”-like assembly.
Each Saturn-ring was arranged into an hexagonally packed array via hydrogen-bonded and π�stacking interactions of HTMPPDþ,
while the CH3CN solvent present in salt 2 are only found in the zero-dimensional isolated cavities.



6712 dx.doi.org/10.1021/ic200683e |Inorg. Chem. 2011, 50, 6711–6718

Inorganic Chemistry ARTICLE

attempts to construct one-, two-, and three-dimensional [XMo12-
O40] arrangements have been reported using the organic
molecules and transition metal (rare-earth metal) coordination
compounds.6�9

One route to access the multiple-charge states of the POMs is
via the stepwise reduction of the cluster via multiple electron-
transfer processes, which often generates a cluster with mixed-
valence electronic ground state.4 For example, the Keggin ion
[XMo12O40]

n� (n = 3 for X = P and n = 4 for X = Si) can adopt
charge states from n- to (nþ 3)- through themultistep reduction
processes,4 where for example, the one- and two-electron reduc-
tions of [PMo12O40]

3� generate one and two S = 1/2 spins on
[PMo12O40]

4� and [PMo12O40]
5�, respectively.4,10�12 Although

a large number of [PMo12O40]
n� and [SiMo12O40]

n� -based
crystalline assemblies have been previously characterized,6�8

those based upon the mixed-valence [PMo12O40]
5� and

[SiMo12O40]
6� clusters are limited,11,12 especially for the two-

electron reduced species.11,12 However these are interesting from
an electronic and self-assembly point of view since the assemblies
of two-electron reduced [XMo12O40]

(nþ2)� have the potential
to form entirely different architectures from those of the
[XMo12O40]

n� because of the presence of stronger electrostatic
interactions. Although the electrostatic interactions are the
single most significant factor determining the structure of ionic
lattice, the simultaneous engineering of hydrogen-bonded
interaction between polyanions and organic cations should
allow the development of more intricate organic�inorganic
hybrids with the promise of enhanced and predetermined
properties.13 From these points of view, we selected p-pheny-
lenediamine (PPD) derivatives as organic cations with hydro-
gen-bonding ability. In addition, PPDs possess the abilities to
both accept protons and donate electrons, which will affect the
proton- and electron-transfer reactions upon combination with
the classical Keggin clusters of the type [PMo12O40]

3� and
[SiMo12O40]

4�.
The design of electrostatically assembled cluster architectures

to form functional materials using POMs has been achieved, for
example, in the area of small molecule absorption, as shown by
MOF-like architectures reported based on [XMo12O40]

n� with
metallo-macrocations,9 and the construction of such a porous
structure using the mixed-valence [PMo12O40]

4� and/or
[SiMo12O40]

5� assemblies have not been reported thus far, to
the best of our knowledge. Since some mixed-valence POMs
have paramagnetic ground states, magnetic MOFs have the
potential to demonstrate interesting molecular adsorption-de-
sorption properties associated with the paramagnetic aspects, in
addition to dielectric and optical responses. For instance, the
single-electron reduced [PMo12O40]

4� and [SiMo12O40]
5�

clusters have thermally activated S = 1/2 spin ground-state,
showing spin dynamics at temperatures above 60 K from the line-
width changes in the electron spin resonance spectra.14 The spin
dynamics within the two-electron reduced [PMo12O40]

5� and
[SiMo12O40]

6� are expected to be more complicated because of
the antiferromagnetic coupling of the two S = 1/2 spins on the
cluster.15 Herein, we report new hydrogen-bonding organic-
inorganic hybrids between the redox active organic cations of
PPDand/or 2,3,5,6-tetramethyl-PPD(TMPPD) and [PMo12O40]

5�

and/or [SiMo12O40]
6�. Since the [PMo12O40]

5� and [SiMo12-
O40]

6� clusters are highly symmetrical, highly symmetrical
hydrogen-bonded windmill-like and Saturn-ring-like assemblies
of (HPPDþ)3(H

þ)2[PMo12O40]
5�(CH3CN)3�6 (1) and

(HTMPPDþ)6[SiMo12O40]
6�(CH3CN)6 (2) (Scheme 1) were

observed (HPPDþ and HTMPPDþ were the monoprotonated
species of PPD and TMPPD).

’EXPERIMENTAL SECTION

Instruments, Materials, and Methods. The (n-Bu4N)3-
[PMo12O40]

3� and (n-Bu4N)4[SiMo12O40]
4� for the cyclic voltamme-

try (CV) were prepared by the cation exchange reaction according to the
literature.16 The redox potentials were measured in anhydrous CH3CN
with 0.1 M (n-Bu4N)(BF4) as a supporting electrolyte, using platinum
electrodes (working- and counter-electrode) and a saturated calomel
electrode (SCE) as reference electrode with a scan rate of 20 mV s�1.
The redox titrations of MoV in salts 1 and 2 were carried out using a
conductance cell of CT-57101B (TOAElectronics Ltd.). The salts 1 and
2 (∼10mg) were dissolved in dimethylformamide (DMF) - 1MH2SO4

solution, which were titrated by 0.01 N Ce(SO4)2 solution at 23 �C.
During the titration, the potential jumps from about 400 to about 1100
mV were monitored. Infrared (IR, 400�7600 cm�1) spectra measure-
ments were carried out on KBr disks using a Perkin-Elmer Spectrum
2000 spectrophotometer with a resolution of 4 cm�1. UV�vis�NIR
spectra (350�3200 nm) were measured on KBr disks using a Perkin-
Elmer lambda-19 spectrophotometer with a resolution of 8 nm.

Commercially available p-phenylenediamine (PPD) and 2,3,5,6-
tetramethyl-PPD (TMPPD) were purified by a vacuum sublimation
under the condition of 353 and 363 K at∼2 Pa, respectively, prior to use.
The (Hþ)3[PMo12O40]

3�
3 nH2O (n = 20) and (Hþ)4[SiMo12O40]

4�
3

nH2O (n= 20) purchased fromTokyoKasei Inc. and Sigma-Aldrich Inc.,
respectively, were used for the crystal growth without further purifica-
tion. The crystals were grown using a standard diffusion method in a
H-shaped cell (∼50mL, SugiyamagenCorporation). (Hþ)3[PMo12O40]

3�
3

nH2O (∼100 mg) or (Hþ)4[SiMo12O40]
4�

3 nH2O (∼100 mg) and
PPD (50 mg) or TMPPD (50 mg) were introduced into opposite sides
of the H-shaped cell (50 mL) and CH3CN (distilled prior to use) was
introduced into the diffusion cell slowly. After 10 days, single crystals
with a typical dimension of 0.5� 0.5� 0.4 mm3 were obtained as black-
blocks in the [XMo12O40] souse side. Yield of salts 1 and 2 were 22 and
21%, respectively. In the crystal growth of salt 2, a polymorph was
obtained as needle crystals, which have different crystal structure from
that of salt 2.17 The needle crystals were removed by hand-picking for
other experiments. The stoichiometries of the salts 1 and 2 were
determined by X-ray structural analysis and elemental analysis as
(HPPDþ)3(H

þ)2[PMo12O40]
5�(CH3CN)3�6 (1) and (HTMPPDþ)6-

[SiMo12O40]
6�(CH3CN)6 (2). Elemental analysis of salt 1: Calcd for

C28H44O40N11PMo12P: C, 14.26; H, 1.95; N, 6.53. Found. C, 14.25; H,
2.14; N, 6.16. Salt 2: Calcd for C72H120O40N18SiMo12: C, 28.29; H,
3.96; N, 8.25. Found. C, 27.74; H, 3.72; N, 8.10. The solvent number of
CH3CN molecules in salts 1 and 2 were determined by TG-DTA
measurement using a Rigaku Thermo Plus TG8120 with a scanning rate
of 5 K min�1 under N2 flow. These measurements showed an about 6
and 8% weight-loss of salts 1 and 2 by increasing of the temperatures up
to 400 K, which corresponds about 4 and 6 CH3CNmolecules in salts 1
and 2, respectively. Since the CH3CN molecules in salt 1 was easily
removed from the crystals (see TG analysis), the stoichiometry of
(HPPDþ)3(H

þ)2[PMo12O40]
5�(CH3CN)3�6 (1) was assumed in the

elemental and TG analyses. It should be noted that the mixed-proto-
nated foumula of (H2PPD2þ)2(HPPD

þ)[PMo12O40]
5�(CH3CN)3�6

was also consistent with the elemental and TG analyses.
Crystallography. Crystallographic data (Table 1) were collected

by a Rigaku Raxis-Rapid diffractometer using Mo�KR (λ = 0.71073 Å)
radiation from a graphite monochromator. Structure refinements were
performed using the full-matrix least-squares method on F2. Calculations
were performed using Crystal Structure software packages.18 Parameters
were refined using anisotropic temperature factors except for the
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hydrogen atoms, and these were refined using the riding model with a
fixed C�H distance of 0.95 Å.
Solvent Removal. Single crystals of salt 1were immersed intoH2O,

CH3OH, C2H5OH, hexane, CH2Cl2 (∼10 mL) for 2 min at 296 K. The
single crystals were collected by the filtration, then the IR spectra on KBr
pellets was measured. The nitrile stretching vibrational mode (νCN) was
monitored before and after immersing of the corresponding solvents.

’RESULTS AND DISCUSSION

Crystal Growth and Redox Properties. The p-phenylene-
diamine (PPD) derivatives have strong electron-donating and
proton accepting associated with the two amino (�NH2)
groups,19 which are good candidates to form the hydrogen-bonded
assemblies with the reduced [PMo12O40]

4� and [SiMo12O40]
5�

clusters. We already reported the crystal structures and magnetic
properties of (PPD)2([12]crown-4)4[PMo12O40]

4�, (PPD)4([15]-
crown-5)4[PMo12O40]

4�, and (PPD)3([18]crown-6)4[PMo12-
O40]

4� hybrids, in which the hydrogen-bonding interactions
between the protonated PPD and crown ethers were preferen-
tially observed.20 On the other hand, in the (Csþ)3([18]-
crown-6)3(H

þ)2[PMo12O40]
5� hybrid, the Csþ([18]crown-6)

assembly formed through the Csþ ∼ O interactions.12 Since the
oxygen atoms of crown ethers preferentially form supramolecular
assemblies with the cationic species and defines the hydrogen-
bonded interactions between the cation and the POM, the direct
reaction between PPD derivatives (PPD and tetramethyl-PPD)
and [PMo12O40]

3� or [SiMo12O40]
4� were carried out.

During the reaction the color of the solvent changed from
yellow to black-violet as the slow diffusion between (Hþ)n-
[XMo12O40]

n� (n= 3 for X = P and n= 4 for X = Si) and PPD (or
TMPPD) in CH3CN over 2�3 days proceeded, which then
finally resulted in the growth of black-colored single crystals of
salts (HPPDþ)3(H

þ)2[PMo12O40]
5�(CH3CN)3�6 (1) and

(HTMPPDþ)6[SiMo12O40]
6�(CH3CN)6 (2), which were ob-

tained as the two-electron reducedmixed-valence [XMo12O40]
(nþ2)�

salts. It should be noted that the two possible protonated states of
HPPDþ and H2PPD2þ were assumed in the formula of salt 1.
The redox potentials for the [PMo12O40]

3� (or [SiMo12O40]
4�)

and PPD (or TMPPD) were measured by cyclic voltammetry in
CH3CN at 296 K. Reversible two-step one-electron reduction of
[PMo12O40]

3� were observed at the half-wave reduction poten-
tials of Er1/2(1) =þ0.186 and Er1/2(2) =�0.251 V, respectively,
while those of [SiMo12O40]

4� were observed at Er1/2(1) =
�0.314 V and Er1/2(2) = �0.723 V (vs SCE, n-Bu4NBF4, Pt in
CH3CN). The electron accepting ability of [PMo12O40]

3� was
about 0.5 V higher than that of [SiMo12O40]

4� in CH3CN,
which was consistent with the previous results.20a,21 Since the
Er1/2(1) values of typical electron-acceptors of 7,7,8,8-tetaracya-
no-p-quinodimethane (TCNQ) was observed at E1/2(1) =
þ0.223 V, the electron accepting strengths of [PMo12O40]

3�

was almost similar to that of TCNQ. Also, the half-wave first
oxidation potentials [Eo1/2(1)] of PPD and TMPPD were
observed at þ0.299 and þ0.146 V, respectively, under the same
measurement conditions. The electron-donating ability of
TMPPD was about 0.15 V higher than that of PPD because of
the existence of electron-donating methyl groups.
The abilities of electron-transfer from PPD (or TMPPD) to

[PMo12O40]
3� (or [SiMo12O40]

4�) during the crystallization
were estimated from the difference of redox potentials between
Eo1/2(1) of PPD (or TMPPD) and Er1/2(1) of [PMo12O40]

3�

(or [SiMo12O40]
4�), ΔE = Eo1/2(1) � Er1/2(1).

22 The ΔE
values of salts 1 and 2 were 0.113 and 0.460 V, respectively.
From the theoretical V-shaped diagram by Torrance et al.,22a the
electronic ground states of donor�acceptor type charge transfer
(CT) complexes have been predicted as ionic or neutral from the
ΔE values. When theΔE was larger than about 0.3 V, the neutral
electronic ground state was preferable in the CT complex, while
the condition of ΔE < 0.3 V yielded the ionic electronic ground
state through the full charge transfer from the electron donor to the
electron acceptor. The ionic and neutral electronic ground states of
salts 1 and 2 were expected from theΔE values of 0.113 and 0.460
V, respectively. However, it has been reported that the reduction
potentials of [SiMo12O40]

4� were sensitive to the concentration of
the cationic species in CH3CN.

23 The one-electron reduction wave
of Er1/2(1) changed to the two-electron reduction one by adding
the cationic species such as Hþ, Liþ, Naþ, and so forth, with about
0.25 V anodic shift of the reduction potential,22 although such
potential shift was not detected in [PMo12O40]

3� species in
CH3CN. The anodic shift of E

r
1/2(1) of [SiMo12O40]

4� resulted
in the ionic electronic ground states of [SiMo12O40]

6� during the
crystallizations of salt 2 as in case of [PMo12O40]

5� in salt 1, which
have been confirmed by the redox titrations and electronic spectra.
Two-Electron Reduced [PMo12O40]

5� and [SiMo12O40]
6�

Compounds. The two-electron reduced mixed-valence [PMoV2-
MoVI10O40]

5� and [SiMoV2MoVI10O40]
6� were confirmed by

the redox titrations of salts 1 and 2 at 296 K. The redox titrations
(Figure 1a) allowed the determination of the number of MoV

ions within the cluster. However, the potential jumps that
occurred during the redox titration of salts 1 and 2 corresponded
to 8 and 14 electrons, respectively (Figure 1a). In these salts, the
electron donors PPD and TMPPD in acidic solution also
contribute to the redox titration as a consequence of PPD f
PPDþþ e�f PPD2þþ e� (or TMPPDf TMPPDþþ e�f
TMPPD2þ þ e�). However, the stoichiometries of (PPD)3-
[PMo12O40]

5� and (TMPPD)6[SiMo12O40]
6� are consistent

Table 1. Crystal Data, Data Collection, and Reduction
Parameters of Crystals 1 and 2 at 100 K

1 2

chemical formula C30H45O40N12PMo12 C72H120O40N18SiMo12
M.W. 2398.01 3057.20

space group R3 (no. 148) R3c(h) (no. 167)

a, Å 23.214(4) 28.649(3)

b, Å 10.184(3)

c, Å 4753(2) 20.480(3)

V, Å3 4753(2) 14557(3)

Z 3 6

Dcalc, g cm
�1 2.513 2.092

T (K) 100 100

μ, cm�1 24.147 15.992

reflections measured 21692 75943

independent reflections 2410 3712

reflections used 1750 2755

Rint 0.0976 0.0444

R1
a 0.0524 0.0982

wR2(F
2)a 0.0816 0.0402

GOF 1.173 1.286

Fmax, e
� Å�3 2.27 3.43

Fmin �1.34 �3.32
a R = ∑||Fo| � |Fc||/∑|Fo| and Rw = {∑w(Fo

2 � Fc
2)2/∑w(Fo

2)2}1/2.
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with the 8 and 14 electrons respectively, that is, the oxidation
process of 3PPD þ 2MoV (8 electrons) and 6TMPPDþ 2MoV

(14 electrons), respectively.
The mixed-valence electronic states of [PMo12O40]

5� and
[SiMo12O40]

6� in salts 1 and 2 were confirmed by UV�vis�
NIR�IR spectra of the solid (Figure 1b), and the yellow-colored
(Hþ)3[PMo12O40]

3� did not show the d�d transition (blue line
in Figure 1b) because of the (4d)0 electronic state of the MoVI

ions. Also, the electronic absorptions at 32 and 46 � 103 cm�1

can be assigned to metal-ligand charge transfer electronic excita-
tion from the doubly occupied oxo-orbitals to unoccupied
d-orbitals of MoVI.24 On the other hand, the electronic spectra
of salts 1 and 2 show a broad absorption in the vis�NIR�IR
energy region, and the octahedral coordination of the six oxygen
atoms to a MoV ion split in an octahedral field, that is, the
d-orbitals are divided into t2g- and eg-orbitals, whose energy
separation is usually larger than 10 � 103 cm�1. Therefore, the
low energy electronic absorption in salts 1 and 2 at ∼8 �
103 cm�1 was assigned to the intervalence transition from the
MoV to MoVI ions through the Mo�O�Mo bond within the
cluster,24 and the bands at ∼12 and ∼18 � 103 cm�1 were
observed in the typical energy region of the d�d transitions of
MoV ion.
Vibrational Spectra of Salts 1 and 2. From the elemental

analysis and X-ray crystal structural analysis, the stoichiometries
of salts 1 and 2 were determined to be (HPPDþ)3(H

þ)2-
[PMo12O40]

5�(CH3CN)3�6 (1) and (HTMPPDþ)6[SiMo12-
O40]

6�(CH3CN)6 (2), respectively. To compensate the total
charge within the crystals, the PPD and TMPPD must be
protonated, and the vibrational spectra of salts 1 and 2 were
useful to confirm the protonated states of PPD and TMPPD
molecules; thus we evaluated the N�H stretching vibrational
modes (νN�H) and the N�H deformation modes (δN�H) of
-NH2 and -NH3

þ in salts 1 and 2 (see Supporting Information,
Figure S2). The νN�H modes of -NH2 and -NH3

þ have been
typically observed at 3500�3300 cm�1 and 3130�3030 cm�1,
respectively, while the δN�H modes of -NH2 and -NH3

þ were
observed at around 1650�1560 cm�1 and 1600 cm�1,
respectively.25 The νN�H modes of -NH2 group in salts 1 and
2 were observed as broad band around 3400 cm�1, while the
νN�Hmodes of -NH3

þ group of salts 1 and 2were confirmed as a
broad band with absorption maxima at 3052 and 2050 cm�1,
respectively. In the δN�H energy region, two δN�H bands in both
of the salts 1 and 2 were observed around 1630 and 1600 cm�1,
corresponding to the -NH2 and -NH3

þ groups, respectively.

Therefore, protonated PPDderivatives ofHPPDþ andHTMPPDþ

existed in salts 1 and 2 from the cation�anion ratio and the
crystal structures. Since the quantitative analysis for the amount
of monoprotonated HPPDþ and diprotonated H2PPD2þ was
difficult in IR spectra, we could not remove the crystal formula
of mixed-protonated (H2PPD2þ)(HPPDþ)3[PMo12O40]

5�

(CH3CN)3�6 instead of (HPPDþ)3(H
þ)2[PMo12O40]

5�

(CH3CN)3�6.
Thermal Stabilities of Salts 1 and2.Temperature dependent

thermogravity (TG) diagrams (Figure 2) revealed the thermal
stabilities of salts 1 and 2. Since the hydrogen-bonding ionic
structures between the PPD derivatives and [XMo12O40]

(nþ2)�

should be relatively stable, the weight-loss during the TG
analyses is dominated by the acetonitrile solvent. The weight-
loss of 7.8% in salt 2 was observed by increasing of the tempe-
rature up to 450 K, whose magnitude is consistent with the
presence of six CH3CNmolecules (calcd. 8.1%). The weight-loss
of salt 2 started around 350 K, indicating that the salt 2 was
thermally stable up to about 350 K. On the contrary, rapid
weight-loss of salt 1 occurred around room temperature, which
reached at about 6% around 450 K, and the weight-loss of ∼6%
was much smaller than that for six CH3CN molecules (10.2%),
indicating that two or three CH3CN molecules were already
removed from the salt 1 before the start of TGmeasurement, that
is, (HPPDþ)3(H

þ)2[PMo12O40]
5�(CH3CN)3�6, the magni-

tude of weight-loss for three CH3CN molecules (5.3%) was well
consistent with the experimental result. The difference of ther-
mal stabilities between the salts 1 and 2 can be explained by the
dimensionality of nanospaces in the crystal occupied by solvent
molecules (see Packing Structures). From the redox titration,
optical measurements, TG analysis, and X-ray crystal structural
analysis, the stoichiometries of salts 1 and 2 were assumed
as (HPPDþ)3(H

þ)2[PMo12O40]
5�(CH3CN)3�6 (1) and

(HTMPPDþ)6[SiMo12O40]
6�(CH3CN)6 (2), respectively.

Packing Structure. In salts 1 and 2, the formation ofR-Keggin
structures was observed which crystallized in the space group of
R3 and R3c for salts 1 and 2, respectively. The [PMo12O40]

5�

clusters are arranged hexagonally within the ab-plane (Figure 3a)
connected through hydrogen-bonded interactions to each other,
where the [PMo12O40]

5� clusters exists alternately above and
below in the ab-plane (Figure 3b). The infinite N�H ∼ O
hydrogen-bonding interactions between the [PMo12O40]

5� and
HPPDþ (or H2PPD2þ) effectively constructed the three-di-
mensional assembly structure of mixed-valence [PMo12O40]

5�.
The intercluster interaction between the [PMo12O40]

5� in the
ab-plane was negligible because of the long P�P distances
(dP�P) of 13.80 Å, while relatively short dP�P of 10.12 Å was

Figure 2. TG diagram of salts 1 and 2.
Figure 1. Electronic ground states of [PMo12O40]

5� and [SiMo12O40]
6�

in salts 1 and 2. (a) Redox titrations of salts 1 and 2 in DMF - 1MH2SO4

solution using Ce(III) ion at 296 K. (b) Solid state electronic spectra
of salts 1 and 2 in KBr pellets together with solution spectrum of
H3

þ[PMo12O40]
3� in CH3CN.
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observed along the c-axis (Figure 3c). Along the c-axis, each
[PMo12O40]

5� directly interacted through the interatomic
Oa�Ob distance of 3.009(9) Å.
The space filling representation of the (HPPDþ)3(H

þ)2-
[PMo12O40]

5� assembly shown in Figure 3b shows one-dimen-
sional triangular spaces which are elongated along the c-axis,
where the CH3CN solvent molecules are occupied. The cross-
sectional area of the nanospace was about 0.065 nm2, and its
surface is surrounded by the π-plane of HPPDþ and the terminal
ModOb oxygen atoms of [PMo12O40]

5�. From the TG experi-
ments, it was shown that the CH3CNmolecules are easily released
from the crystal, even at room temperature. The CH3CN mol-
ecules present in the one-dimensional channels are easily removed
by immersing the single crystals intoH2O,CH3OH, andC2H5OH
(see the section on Solvent Removal), suggesting that hydrophilic
molecular recognition environments are present in the crystal.
Figure 4 shows the packing structure of salt 2. The hydrogen-

bonding (HTMPPDþ)6[SiMo12O40]
6� assembly further

formed the π-stacking interaction between the TMPPD mol-
ecules. In the ab-plane, the hexagonal [SiMo12O40]

6� arrange-
ment was observed through the N2�H ∼ O hydrogen-bonded
interactions, that is, the hydrogen-bonding Saturn-ring-like as-
semblies of (TMPPD)6[SiMo12O40]

6� were further connected
infinitely within the ab-plane. The nearest-neighboring inter-
cluster Si�Si distance (dSi�Si) of 16.89 Å in the ab-plane
indicated the independent cluster arrangement, while the effec-
tive intercluster interaction of dSi�Si of 10.25 Å was observed
along the c-axis. Along the c-axis, the shortest Oa∼Ob distance of
3.060(8) Å was observed between the [SiMo12O40]

6� (see
Supporting Information, Figure S8), which distance was similar
to that in salt 1 (dO�O = 3.009 Å). The HTMPPDþ molecules
formed the π-stacking dimer with a mean interplanar distance of
3.3 Å (Figure 4c). Between the π-dimer stacks (Figure 4c), two
CH3CN molecules arranged in the antiparallel manner to cancel
the dipole moments. The CH3CN molecules surrounding by

TMPPDmolecules could not be easily released from the crystals,
which was consistent with higher thermal stability of salt 2 than
that of salt 1.
Hydrogen-Bonding Assemblies in Salts 1 and 2. The

hydrogen-bonding assemblies in salts 1 and 2 were characterized
by the X-ray crystal structural analyses. In the Keggin cluster, two
kinds of oxygen atoms (24 metal-bridging Mo�Oa�Mo and 12
terminal ModOb in Scheme 1) can contribute to the intermo-
lecular hydrogen-bonds. It has been reported that the acidic
protons in (Hþ)3[PMo12O40]

3� cluster were located at the
bridging Mo�Oa�Mo oxygen atomic sites from the Electron
Nuclear Double Resonance (ENDOR)-NMR and density func-
tional theory (DFT) calculations,26 suggesting that the Oa oxygen
atoms have higher hydrogen-bonding ability than that of Ob ones.

Figure 3. Packing structure of salt 1. (a) Unit cell viewed along the c-axis. (b) Space filling representation of the assembly, where the one-dimensional
channels elongated along the c-axis. The CH3CNmolecules were omitted to clarify the figure. (c) One-dimensional [PMo12O40]

5� arrangement along
the c-axis, where the shortest Oa ∼ Ob distance of 3.009(9) Å was observed.

Figure 4. Packing structure of salt 2. (a) Unit cell viewed along the c-axis. The CH3CN molecules are omitted to clarify the figure. (b) Space filling
representation of (TMPPD)6[SiMo12O40]

6� assembly viewed along the c-axis. (c) One-dimensional [SiMo12O40]
6� arrangement along the c-axis were

connected by theN�H∼Ohydrogen-bonding and theπ�π stacking interactions. Between theπ-dimer of TMPPDmolecules, twoCH3CNmolecules
existed in the antiparallel arrangement.

Figure 5. Hydrogen-bonding PPD � [PMo12O40]
5� assembly in salt 1.

(a, b) Windmill-like (PPD)6[PMo12O40]
5� assembly. (c, d) Hydrogen-

bonding sites between the nitrogen atom of PPD and the bridging Oa and
terminal Ob oxygen atoms of [PMo12O40]

5�. Blue, red, brown, and gray
spheres are nitrogen, oxygen, molybdenum, and carbon atoms, respectively.
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Figures 5a and 5b show the hydrogen-bonded (PPD)6-
[PMo12O40]

5� assembly in salt 1. The [PMo12O40]
5� cluster

was surrounded by the six protonated PPD molecules (HPPDþ

or H2PPD2þ), forming a windmill-like assembly and six PPD
molecules arranged alternately at the upper and lower position of
[PMo12O40]

5� through the N�H ∼ O hydrogen-bonding
interactions (Figure 5a and Figure 5b). The dihedral angle of
the nearest-neighboring mean π-planes of PPD was 60 degrees,
and the interacting nitrogen atom of PPD exists at a central
position of four bridging Mo�Oa�Mo oxygen atoms (Figure 5c),
where the N�Oa distances of 2.894(8), 2.905(6), 3.073(6), and
3.078(9) Å were about 1 Å shorter than the N�Ob distance of
3.95 Å (Figure 5d), suggesting that dominant intermolecular
interactions occurred at the N ∼ Oa hydrogen-bonds. From the
charge-state of [PMo12O40]

5� and stoichiometry of salt 1, five
protons are necessary to compensate the total charge of the
crystal. To distinguish between the �NH2 and �NH3

þ sites of
PPD was quite difficult because of the crystal symmetry of the
equivalent nitrogen atomic sites of PPD. Two possible proto-
nated states of PPD in salt 1 were (HPPDþ)3(H

þ)2[PMo12-
O40]

5� and (H2PPD2þ)2(HPPD
þ)[PMo12O40]

5�, in which
the average structure of N�Hþ ∼ O and N�H ∼ O hydrogen
bonding interactions was observed in the X-ray crystal structural
analysis.
The molecular-assembly of (HTMPDþ)6[SiMo12O40]

6� in
salt 2 was constructed from six N�H ∼ O hydrogen bonding
interactions between the oxygen atoms of [SiMo12O40]

6� and
nitrogen atoms of TMPD (Figure 6a and Figure 6b). The
π-planes of HTMPPDþ were parallel to each other, forming a
Saturn-ring-like molecular-assembly. In salt 2, one HTMPPDþ

molecule was the crystallographically independent unit, where
two nitrogen atoms (N1 and N2) had a different hydrogen-
bonding environment (site-I and site-II). The hydrogen-bonds
at the site-I and site-II corresponded to the N1�H∼O and the
N2�H ∼ O interactions, respectively, and the site-I was
observed around the [SiMo12O40]

6� cluster. The hydrogen-
bonding at site-II connected each Saturn-ring infinitely within
the ab-plane (see Figure 4a). In the site-I, the N1�Oa distance of
3.084 Å was slightly shorter than the N1�Ob distance of 3.163 Å.
On the other hand, since the N2�Oa distances of 2.783(12),
2.835(12), 2.993(9), and 3.061(7) Å in site-IIweremuch shorter
than the N2�Ob distance of 4.049(10) Å (the hydrogen-bond-
ing at Ob site is of negligible magnitude).

From the crystal stoichiometry and vibrational spectra, the
protonated state of HTMPPDþ should be reasonable ones in
(HTMPPDþ)6[SiMo12O40]

6�(CH3CN)6. We evaluated the
N�C bond distances of TMPPD to distinguish the type of
C-NH2 and C-NH3

þ bonds. It has been reported that the
C�NH3

þ bond length for the ammonium site is longer than
the C�NH2 one for the amino site.12 Since the N1�C1 =
1.395(9) Å of TMPPD (site-I) was about 0.5 Å longer than the
N2�C4 = 1.443(9) Å (site-II), the NH3

þ ∼ O and NH2 ∼ O
hydrogen-bonding sites could be safely assigned to the site-I and
site-II, respectively. Therefore, six ionic�NH3

þ∼O hydrogen-
bonding interactions around the [SiMo12O40]

6� formed the
Saturn-ring-like assembly to reduce the electrostatic interactions.
Solvent Remove from Salt 1. The one-dimensional channels

of salt 1 were occupied by CH3CN molecules, whose removal in
H2O, CH3OH, C2H5OH, CH2Cl2, and hexane was evaluated at
296 K. The solvent removal was monitored by vibrational
spectra. Although the overall spectral features were the same
before and after immersing of the single crystals into the solvent,
the nitrile stretching mode (νCN) of CH3CN disappeared by the
immersion of the single crystals into CH3OH (ii), H2O (iii), and
C2H5OH (iv in Figure 7), indicating the removal of CH3CN.
When the crystals were immersed into CH2Cl2 (v) and hexane
(vi), the νCN modes remained unchanged, suggesting no solvent

Figure 6. Hydrogen-bonding TMPD � [SiMo12O40]
6� assembly in salt 2. (a, b) Hydrogen-bonding Saturn-ring-like (TMPPD)6[SiMo12O40]

6�

assembly, where the hydrogen atoms were omitted in figure. Two kinds of hydrogen-bonding interactions ofN1∼Oa andN2∼Oawere defined as site-I
(c and d) and site-II (e and f), respectively. Blue, red, brown, and gray spheres are nitrogen, oxygen, molybdenum, and carbon atom, respectively.

Figure 7. Vibrational spectra of salt 1 in the frequency range from
2300�2200 in KBr pellets. The spectra of (i) initial state of salt 1 and
after immersion of the single crystals into (ii) CH3OH, (iii) H2O, (iv)
C2H5OH, (v) CH2Cl2, and (vi) hexane.
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removal reaction. Since the one-dimensional channel sur-
rounded by PPD molecules and terminal ModOb oxygen atoms
formed the hydrophilic channel, small size polar molecules such
as H2O and CH3OH were responsible for the solvent remove
reaction. Such phenomena were not detected in salt 2, and is
consistent with high thermal stability of salt 2 in the TG analysis.

’CONCLUSIONS

The electron-transfer and proton-transfer reactions between
the electron-donor (proton-acceptor) of PPD derivatives and the
electron-acceptor (proton-donor) of (Hþ)3[XMo12O40]

n� (n =
3 for X =P and n = 4 for X = Si) in the crystallization solvent
(CH3CN) resulted in new mixed-valence salts of (HPPDþ)3-
(Hþ)2[PMo12O40]

5�(CH3CN)3�6 (1) and (HTMPDþ)6-
[SiMo12O40]

6�(CH3CN)6 (2). The electrostatic and hydro-
gen-bonding interactions between the PPD (or TMPPD) and
[PMo12O40]

5� (or [SiMo12O40]
6�) play an important role to

construct the molecular assemblies of windmill-like and Saturn-
ring-like structures in salts 1 and 2. The electronic ground states
of two-electron reduced [PMo12O40]

5� and [SiMo12O40]
6�

were confirmed by the redox titration and electronic spectra
and the one-dimensional channel structure surrounding the PPD
molecules in salt 1, which was occupied by the CH3CN
molecules. The initial CH3CN was removable by immersing of
the single crystals into theH2O, CH3OH, andC2H5OH solvents.
Further, the CH3CN molecules in salt 2 existed in the isolated
zero-dimensional crystalline nanospaces, showing a high thermal
stability, and the construction of unique two- or three-dimen-
sional molecular-assemblies, utilizing the electron-rich mixed-
valence Keggin cluster, have potential to form novel electrical
and magnetic materials responsive to the outer chemical stimuli
such as molecular sorption and desorption.
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