
Molecular Electronics
DOI: 10.1002/anie.201406223

Electrical Network of Single-Crystalline Metal Oxide Nanoclusters
Wired by p-Molecules**
Ryo Tsunashima,* Yoshifumi Iwamoto, Yusuke Baba, Chisato Kato, Katsuya Ichihashi,
Sadafumi Nishihara, Katsuya Inoue, Katsuya Ishiguro, Yu-Fei Song, and Tomoyuki Akutagawa

Abstract: In a mixed-valence polyoxometalate, electrons are
usually delocalized within the cluster anion because of low
level of inter-cluster interaction. Herein, we report the structure
and electrical properties of a single crystal in which mixed-
valence polyoxometalates were electrically wired by cationic p-
molecules of tetrathiafulvalene substituted with pyridinium.
Electron-transport characteristics are suggested to represent
electron hopping through strong interactions between cluster
and cationic p-molecules.

Polyoxometalates (POMs) are anionic metal oxide mole-
cules. They are finite frameworks composed of a transition
metal M (assumed in this case to be Mo or W) bridged
through oxo ligands, which results in metal oxide nanoclusters
with the diversities of cluster morphology, size, and compo-
sition.[1] Since M exists at a high oxidation state of + 6 (MoVI

and WVI), the cluster anion is easily reduced, giving stable
mixed-valence states between MV and MVI. Usually, an added
electron (sometimes called a “blue electron” because it
imparts a blue color to the reduced POM cluster) is trapped in
a single cluster and delocalized over several M sites with low
activation energy.[2] Unique cluster shapes, for example,

wheel, lemon, cube, and capsule, with 1–5 nm cluster diam-
eters have attracted attention for establishing unprecedented
electrical properties for future molecular electronics. For
example, switching of the exchange interactions between two
electron spins have been proposed using the {PMo12O40(VO)2}
anion.[3] The anion consists of a mixed valence {PMo12O40}
Keggin unit capped with two vanadyl groups containing two
localized spins. Another example is the {(SO3)2Mo18O54}
anion, which shows a temperature-induced reversible elec-
tron-transfer transition within a single cluster.[4] Further
developments can be expected by concerted efforts between
materials design and exploration; however, an intrinsic issue
remains, that is, effecting electrical connections between
POM clusters in the crystalline solid. Electron systems are
strongly isolated within a single cluster because of low level of
inter-cluster interaction. As such, an electrical network of
POMs has only been achieved using a nanogap electrode.[5]

Herein, we focus on cationic p-conjugating molecules as
a means of facilitating electron transport through POM
clusters in a solid. Of the possible cationic p-conjugating
molecules, we employed an electron donor of tetrathiafulva-
lene (TTF)[6] substituted with pyridinium (TTFPyH), giving
cationic characteristics that enable the formation of a salt with
anionic POMs. Even though a variety of hybrids between
POMs and TTF analogies have been explored, the intermo-
lecular interactions between POM and TTF analogies have
usually been low. At present, electronic transport has only
been observed in a p-column constructed of a TTF moiety
with POM clusters almost electronically isolated from the
conduction column.[6e–h]

In contrast, herein we report the structure and
electrical properties of a single crystal of
(TTF+PyH+)2[PMoVMoVI

11O40]·nH2O (1), where n is the
number of crystalline water molecules associated with the
structure. In the crystal, protonated TTF+PyH+ ions form
salts with Mo-based Keggin clusters. As a result of the higher
electron withdrawing ability of [PMoVI

12O40]
3�, a redox reac-

tion between TTFPy and the cluster anion results in reduction
to a mixed-valence state of [PMoVMoVI

11O40]
4� and oxidation

to TTF+PyH+ in crystal 1. The TTF moiety did not employ the
p-column. Instead, extended interactions were observed
between TTF+PyH+ and [PMoVMoVI

11O40]
4� molecules with

alternative packing. Semiconducting behavior was observed
with an activation energy of approximately 0.4 eV, and
conduction was suggested to originate from electron hopping
in extended networks.

Figure 1 shows the packing structure of crystal 1. Oxidized
and protonated TTF+PyH+ molecules form a dimer structure
with intermolecular atomic S···S distances of 3.323(5) �
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(S1···S3) and 3.418(6) � (S2···S4), and the dimers were
isolated by the [PMoVMoVI

11O40]
4� cluster anion. Similar

dimers of eclipsed TTF stacks were observed for (TTF)Br,
and the highest intermolecular overlapping was expected
between TTF molecules in this form.[7] The
[PMoVMoVI

11O40]
4� cluster interacted with TTF+PyH+

through O···S and O···C interactions (Figure 1 b), and they
were categorized into three main types of interactions A, B,
and C (Figure 1 b–e). Type A represented an interaction along
the a�b + c direction and type B represented an interaction
along the a + b�c direction as a result of face-to-face and
side-by-side configurations between cluster and dimer,
respectively, forming two dimensional networks in the (011)
plane. In addition to these, intermolecular interaction was
observed between C2 and O3 (type C interaction), and these
interactions pillared a two dimensional sheet.

The oxidation state of the TTF moiety in 1 was estimated
from bond-length considerations and confirmed by Fourier
transform infrared (FT-IR) spectra. Bond lengths of the TTF
moiety are usually a function of its oxidation state.[8] We
estimated the charge of the TTF moiety to approximately + 1

(Figure S4-2 in the Supporting Information), yielding
a TTF+PyH+ cation. The TTF moiety was oxidized and
formed a dimer structure. A similar radical dimer has been
observed for TTF.[7] Upon oxidation of TTF, the FT-IR peak
of the central C=C vibration has been shown to exhibit a shift
from 1530 to 1471 cm�1.[9] The C=C vibration in crystal 1 was
observed at 1472 cm�1, which was shifted from 1553 cm�1 by
TTFPy (Figure S2-2).

The corresponding electron acceptor was {PMo12}. The
temperature-dependent magnetic susceptibility showed para-
magnetic behavior where the Currie constant was found to be
0.364 emuK mol�1, which indicates the existence of a spin
(S = 1/2) on [PMoVMoVI

11O40]
4�. The composition and elec-

tronic state of 1 was deduced to be
(TTFPyH)2[PMoVMoVI

11O40] with several numbers of crys-
talline water molecules.

Figure 2 shows a plot of the temperature-dependent
conductivity measured in the range 170–330 K using single-
crystal material. The measurement was performed along
a direction that nearly corresponded to the two-dimensional
sheet of the (011) plane, that is, parallel to the a axis

(Figure S3-2 and S4-3). Ohmic current–voltage (I–V) charac-
teristics were observed at each measurement point, and the
conductivity showed semiconducting behavior. The electrical
conductivity at 300 K was 6.30 � 10�7 S cm�1. The value was
still lower than that observed for TTF–POM hybrids in which
the TTF moiety forms a p-conducting column (sRT>

10�4 Scm�1, characterized using single crystals).[6e–h] We note
that crystal 1 does not contain this column. TTFPy dimers
interacted only with [PMoVMoVI

11O40]
4� clusters through the

intermolecular interactions shown in Figure 1.

Figure 1. Molecular and packing structure of the single crystal of 1.
a) Structure in the (011) plane orange and green bands represent the
directions of interactions A and B, respectively. b) Intermolecular
interactions A–C of {PMo12} clusters. Orange, green, and blue arrows
represent the directions of interactions A, B, and C, respectively. These
interactions are also shown in detail in (c)–(e), respectively. Dashed
lines represent interactions where interatomic distances are shorter
than those that are the sum of van der Waals radii (interactions A–C
are colored). Interatomic distances [�]: for interaction A: O2···C11
3.10(2), O6···C9 2.98(2), O5···C5 3.004 (16), O1···S1 3.179(11), O1···S2
3.303(8). For interaction B: O4···S4 3.118(8), O18···S3 3.150(8),
O3···S3 3.264 (8), O3···C2 3.107(12), O2···S1 3.056(6). For interaction
C: O3···C2 3.076(16) O3*···C2 3.107(12).

Figure 2. a) Temperature dependence of the electrical conductivity
plotted with respect to T�1 measured using single crystals of 1.
b) Plots of I–V characteristics at 318 and 198 K. The temperature-
dependent electrical conductivity obeys Arrhenius type dependence
above 250 K with an activation energy of 0.42 eV.
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TTFPy interacted with the O atoms of [PMoVMoVI
11O40]

4�

through interactions A and B in the (011) plane. However,
the oxo ligands usually contributed to the occupied orbitals of
the cluster anions and their energy level is too low to form
a band-like electronic structure with TTFPy.[10] Therefore, the
only possible conduction mechanism in the single crystal is
thermally activated electron hopping though overlapping
orbitals. Conducting electrons travel in the single crystal by
hopping between the regular arrays of [PMoVMoVI

11O40]
4�

linked by the TTF+PyH+ dimers. The AC (alternative
current) conductivity (sAC) for hopping conduction is estab-
lished to obey a power law with respect to frequency, sAC =

Aws (where w and s are the angular frequency and exponent,
respectively), in the intermediate frequency range (kHz). The
exponent s is normally in the range of 0.6–1.[11] Crystal
1 exhibited a similar power law above 100 kHz with a slightly
smaller s value of 0.5, suggesting a hopping conduction
mechanism (Figure S3-5). Below 250 K, the conductivity
showed a deviation from the T�1 plot. Deviation from an
Arrhenius type behavior at low temperature has been
reported in nanoparticle assemblies with electron transport
often following a variable range hopping (VRH) behavior.[12]

For example, an electron-transport mechanism using Mott�s
VRH model has been reported for a nanoparticle assembly of
mixed-valence tungsten oxide.[13] Corresponding conductivity
measurements along the b + c axis resulted in a similar
conductivity and temperature dependence. Low anisotropic
conduction was considered to originate from possible electron
hopping along the b + c direction by interaction C.

The electrical conductivity of 1 is still low at 10�7 S cm�1.
However, the value is higher by four orders of magnitude than
that of a tetrabutylammonium salt of [PMo12O40]

3�, which
exhibited a conductivity below the measurement range (i.e.,
a current at 1 V lower than 10 pA, corresponding to
a conductivity below 10�11 S cm�1). The strong interaction
between TTF+PyH+ and [PMoVMoVI

11O40]
4� is considered to

enhance the conductivity. In addition, a delocalized electron
in [PMoVMoVI

11O40]
4� would also contribute to the conduc-

tivity. Further details on the conduction mechanism are
currently under study and will be reported in the future.

In summary, single crystalline 1 was prepared by a redox-
driven assembly between TTFPy and [PMoVI

12O40]
3�. Regular

arrays of mixed-valence [PMoVMoVI
11O40]

4� nanoclusters
were observed in a single crystal, and they were electrically
wired by TTFPy+H+ dimers. The electrical conductivity of the
single crystal decreased toward low temperatures, while its
semiconducting characteristics obeyed an Arrhenius type
behavior above 250 K. The electron-transport characteristics
in the crystal were suggested to represent electron hopping
between [PMoVMoVI

11O40]
4� clusters and TTFPy+H+ dimers.

Usually, electrons are delocalized within a single POM cluster
in a bulk solid. However, our results show that interactions
with TTFPy+H+ molecules enable electron transport through
POM clusters. Further development is expected by consider-
ing a similar network structure using POM clusters that
exhibit electrical switching. In addition, we also note that the
assembly network structure of colloidal nanoparticles are
considered as promising candidates for future molecular
electronics applications.[12] Highly ordered networks are

expected using mixed-valence POMs, crystallizable nano-
particles, or quantum dots.

Experimental Section
TTFPy was synthesized according to the literature method.[14]

Commercially available Na3[PMo12O40] hydrate was used without
further purification. Single crystals of 1 were prepared by slow
diffusion. First, an aqueous solution of Na3[PMo12O40] (0.8 mL of
2.2 mm) was added into a glass tube, followed by the layering of
0.8 mL quantities of water/acetonitrile mixed solvent (1:1), followed
by the TTFPy solution (0.8 mL of 0.9 mm solution in acetonitrile).
After 5 days of slow diffusion, blue crystals of 1 were obtained. We
confirmed that at least two types of crystals were obtained having
different crystal structures of cuboid (majority) and plate-like shapes.
Elemental analysis (%) calcd for C22H16Mo12N2O40PS8: C 11.07, H
0.68, N, 1.17; found: C 11.60, H 1.14, N 1.26. FT-IR (KBr disc):
3495(br), 3098(m), 1632(m), 1603(w), 1523(w), 1506(w) 1472(w),
1354(w), 1243(w), 1057 (s), 955(s), 860(m), and 789(s) cm�1. UV/Vis-
NIR in KBr: absorption at 232, 318, 596, and 992 nm. The former two
bands originated from ligand to metal charge transfer (MLCT) in
{PMo12} and intramolecular transition in the TTFPyH molecule,
respectively. Bands at 596 and 992 nm can be attributed to the
intramolecular transition of oxidized TTFPyH[15] and intervalence
charge-transfer (IVCT) absorption of reduced [PMoVMoVI

11O40]
4�

clusters,[16] respectively. The band at 992 nm is considered to overlap
with that of an intra-dimer transition between TTF+.[7a]

Single-crystal X-ray diffraction analysis[17] was performed using
a Rigaku R-AXIS RAPID with graphite monochromated Cu-Ka

radiation. The data were collected at 120 K to a maximum 2q value of
65.0. The structure was determined by direct methods and expanded
using Fourier techniques. All calculations were performed using the
Crystal Structure crystallographic software package.

Electrical conductivity measurements were performed by DC
two probe measurement using single crystals of 1. Gold paste was
utilized for electrodes and electrical contacts were made using gold
wires. Temperature dependence and current-voltage (I–V) character-
istics were measured under vacuum using a commercially available
cryostat with a temperature control system over the range indicated in
the main text. The current was monitored with a Keithley 6517
electrometer, with a constant bias voltage ranging between �1 and
+ 1 V. Similar experiments for AC conductivity measurements
(HP 4194a) were performed using the same single crystal.

Magnetic measurements were performed using a Quantum
Design SQUID magnetometer. The temperature dependence of the
molar magnetic susceptibility was measured between 22 and 300 K in
an external field of 5000 Oe. Powder samples were fixed in
polyvinylidene chloride foils for measurements.
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