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Two proton-conducting organic–inorganic hybrid complexes
have been constructed by the self-assembly of protonated
water clusters, transition-metal aqua ions, [PMo12O40]3–

anions and isonicotinic acid N-oxide (HINO). Single-crystal
X-ray diffraction analyses at 293 K revealed that both com-
plexes presented exactly the same three-dimensional supra-
molecular framework built from non-covalent interactions.
Interestingly, the [PMo12O40]3– anions self-assembled into
poly-Keggin-anion chains in the supramolecular frame-

Introduction

Keggin-type heteropoly acids (HPAs) possessing a
unique discrete ionic structure, including heteropoly anions
and countercations (H+, H3O+, H5O2

+, etc.), are widely
known as proton-conducting electrolytes for low-tempera-
ture hydrogen/oxygen fuel cells.[1] However, the application
of HPAs is limited by the extreme sensitivity of their con-
ductivity to the relative humidity (RH) and temperature of
the surrounding atmosphere.[2] To overcome these prob-
lems, various attempts have been made to immobilize HPAs
in silica gel and to disperse this into an organically modified
electrolyte membrane and organic–inorganic hybrid mem-
branes.[3,4] In addition, to enable fast ionic conduction in
the hybrid materials, the molecular modification of organic
ligands to inorganic structures of HPAs has been continu-
ously investigated.[5] However, so far, there has been no re-
port of highly proton-conducting hybrid materials based on
transition-metal salts of HPAs. For a long time we focused
on the proton conductivity of organic–inorganic complexes
based on the transition-metal salts of HPAs dispersed in
self-ordered hydrogen-bonded networks. Salts crystallize
with fewer water molecules than the acids and are more
stable. The incorporation of salts into self-ordered hydro-
gen-bonded networks protects them from dehydration and
enhances their thermal stability. Moreover, each transition-
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works. Thermogravimetric analyses showed no weight loss
for either system in the temperature range of 20–100 °C,
which indicates that none of the water molecules in the unit
structure are easily lost below 100 °C. Surprisingly, the pro-
ton conductivities of 1 and 2 in the temperature range of 85–
100 °C under 98% relative humidity reached good proton
conductivities of 10–3 Scm–1. A possible mechanism for the
proton conduction in accord with experimental results is pro-
posed.

metal ion could form an ionized water cluster with a special
hydration number and a special structure. In the work re-
ported herein, we succeeded in constructing two proton-
conducting organic–inorganic hybrid complexes by the self-
assembly of protonated water clusters, transition-metal
aqua ions, [PMo12O40]3– anions and isonicotinic acid N-ox-
ide (HINO). Herein, we report their syntheses, crystal struc-
tures and proton conductivities as a function of tempera-
ture.

Results and Discussion

Complexes 1 and 2, {[M(H2O)8][H(H2O)2.5](HINO)4-
(PMo12O40)}n (M = Co for 1, M = Ni for 2), were synthe-
sized by the reaction of MHPMo12O40·nH2O and HINO at
room temperature. They were characterized by single-crys-
tal X-ray diffraction, infrared spectroscopy, TG and ele-
mental analyses. X-ray diffraction analyses at 293 K re-
vealed that both complexes crystallized in the orthorhombic
space group Pnnm, exhibited very similar unit cell param-
eters and presented exactly the same 3D supramolecular
frameworks built from non-covalent interactions between
HINO molecules, [M(H2O)8]2+ and H+(H2O)2.5 clusters
and [PMo12O40]3– anions. Interestingly, [PMo12O40]3–

anions self-assembled into poly-Keggin-anion chains in
supramolecular frameworks. For a clear structural descrip-
tion of both compounds, the same labelling was used.

In the [M(H2O)8]2+ aqua complex (Figure 1, a), the M2+

ion is placed at the symmetry centre and located in an octa-
hedral coordination environment constructed of six water
molecules [two O(1W) centres, two O(2W) centres and two
O(3W) centres] with two O(4W) centres dangling outside
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of the coordination shell through short hydrogen-bonding
interactions with the coordination water molecule. Note
that two O(3W) centres are crystallographically disordered
into four symmetrical positions with each oxygen site half-
occupied and that two O(2W) centres are also crystallo-
graphically disordered into four symmetrical positions with
each oxygen site half-occupied. In the H+(H2O)2.5 unit (the
proton added to balance the charge)[6] (Figure 1, b), the
O(5W) atom with an occupancy of 50 % is placed in a sym-
metry centre and located in a tetragonal environment built
from two water molecules [O(6W) and O(7W) centres],
which are crystallographically disordered into two symmet-
rical positions with each oxygen site half-occupied, respec-
tively. The hydrogen-bonding distance between O(6W) and
O(7W) is 2.676(17) Å for 1 and 2.626 Å for 2. The existence
of these half-occupied oxygen sites of water molecules in
[M(H2O)8]2+ and H+(H2O)2.5 clusters may be conducive to
the formation of a hydrogen-bonding network and to pro-
ton transport along the hydrogen-bonding network.[7]

Figure 1. View of (a) the [M(H2O)8]2+ and (b) the H+(H2O)2.5 clus-
ters. Hydrogen atoms have been omitted for clarity. Selected bond
lengths [Å] for complex 1: Co(1)–O(1W) 2.105(7), Co(1)–O(2W)
2.035(9), Co(1)–O(3W) 2.095(10), O(4W)···O(3W) 2.59(2); for com-
plex 2: Ni(1)–O(1W) 2.046(9), Ni(1)–O(2W) 1.989(10), Ni(1)–
O(3W) 2.057(14), O(4W)···O(3W) 2.60(2).

Interestingly, HINO molecules are not bound to the M2+

ion, but remain outside of the coordination shell to form
hydrogen-bonded chains along the b axis (Figure 2). Two
oxygen atoms, O(15) (N–O) and O(17) (O–H), of each
HINO molecule are involved in the hydrogen-bonded
chains. As shown in Figure 3, these HINO hydrogen-
bonded chains are linked together by [M(H2O)8]2+ aqua
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complexes and small H+(H2O)2.5 clusters into a 3D cationic
network with large 1D channels through hydrogen bonds
between coordination water molecules O(2W) and oxygen
atoms O(15) of the HINO molecules, between water mole-
cules O(6W) and oxygen atoms O(15) of the HINO mole-
cules as well as through weak hydrogen bonds between co-
ordination water molecules and oxygen atoms of the HINO
molecules. Thus, all the O atoms of each HINO molecule
are involved in hydrogen bonds, creating a 3D supramolec-
ular assembly with 1D channels. Moreover, there are hydro-
gen-bonding interactions between water molecules O(7W)
in the H+(H2O)2.5 clusters and O(1W) centres of the
[M(H2O)8]2+ cluster. The section size of the channels based
on the M···M separations is around 10.3�16.0 �19.8 Å for
1 and 10.2 �15.9� 19.7 Å for 2 (these separations are equal
to three axial lengths, respectively), which indicates that
each pore could only accommodate a single Keggin anion.
Interestingly, the M···M separation bridged by the H+-
(H2O)2.5 clusters along the a axis is much shorter than the
other two separations along the b and c axes, and even
shorter than the diameter of the discrete [PMo12O40]3–

anion (ca. 10.4 Å), which results in each cavity being heavily
condensed along the a axis. In addition, the presence of
positively charged species, [M(H2O)8]2+ and H+(H2O)2.5

clusters, could attract the polyanions and as a result the
Keggin-type [PMo12O40]3– anions for charge compensation
are embedded in the voids of the 3D cationic framework

Figure 2. View of the 1D HINO chain along the b axis. Hydrogen
atoms have been omitted for clarity. Selected atom···atom distances
[Å] for complex 1: O(17)···O(15A) 2.62(2); for complex 2: O(17)···
O(15A) 2.59(2). Symmetry code, A: –x + 5/2, y – ½, –z + ½.

Figure 3. Representative 3D hydrogen-bonded network constructed
of HINO molecules, [M(H2O)8]2+ and H+(H2O)2.5 clusters. Hydro-
gen atoms have been omitted for clarity. Selected atom···atom dis-
tances [Å] for complex 1: O(1W)···O(16A) 3.016(2), O(2W)···
O(16A) 2.948(2), O(3W)···O(15B) 2.928(2), O(7W)···O(1W)
2.979(3); for complex 2: O(1W)···O(16A) 2.940(2), O(2W)···O(16A)
2.955(3), O(3W)···O(15B) 2.914(2), O(7W)···O(1W) 2.983(3). Sym-
metry code, A: –x + 3/2, y + ½, –z + ½; B: –x + 1, –y – 1, –z.



Organic–Inorganic Hybrid Complexes

and connect to one another leading to poly-Keggin-anion
chains in the channel along the a axis (Figure 4). In the
polymeric polyanion, there are some short atom···atom sep-
arations of 2.99(2) Å, for example, O(7A)···O(8BB),
O(8A)···O(7BB), O(7AA)···O(8CB) and O(7CB)···O(8AA).

Figure 4. Representative 3D hydrogen-bonded network showing
[PMo12O40]3– anions self-assembled into poly-Keggin-anion chains
in asupramolecular framework along the a axis (top) and view of
the poly-anion chain along the a axis (bottom). Hydrogen atoms
have been omitted for clarity. Selected atom···atom distances [Å]
for complex 1: O(2W)···O(12A) 2.793(2), O(4W)···O(9) 2.918(2),
O(7W)···O(11) 3.130(3); for complex 2: O(2W)···O(12A) 2.796(2),
O(4W)···O(9) 2.921(2), O(7W)···O(11) 3.134(3). Symmetry code,
A: –x + 3/2, y + ½, –z + ½.

In the [PMo12O40]3– unit, the central P atom is sur-
rounded by a cube of eight oxygen atoms with each oxygen
site half-occupied. These eight oxygen atoms are all crystal-
lographically disordered and this case can be found in many
compounds.[6] In complex 1, the bond lengths of P–O and
Mo–O are 1.509(10)–1.536(7) and 1.649(6)–2.488(8) Å,
respectively. In complex 2, the bond lengths of P–O and
Mo–O are 1.515(12)–1.525(8) and 1.641(5)–2.470(11) Å,
respectively. The bond lengths of P–O and Mo–O in the
two complexes are comparable to those in the 3D porous
polyoxometallate-based organic–inorganic hybrid materials
with Keggin anions as guests.[6] In addition, the O–P–O
angles are in the range of 109.3(3)–109.9(5)° for 1 and
108.8(6)–109.7(4)° for 2. All these results indicate that the
[PMo12O40]3– units have a normal Keggin structure in the
polymeric polyanion chains. The poly-Keggin-type anions
play not only a charge-compensating role, but they can dra-
matically influence the overall solid-state architecture
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through their templating function, and the cationic frame-
work with special channels also influences the polymeriza-
tion of polyanions through its host function. In addition,
several hydrogen bonds exist between the poly-Keggin-
anion chain and the channel, for example, between the
water molecules O(2W) and O(4W) of the [M(H2O)8]2+

clusters and O(9) and O(12) centres of the polyanions as
well as between water molecules O(7W) in the H+(H2O)2.5

clusters and O(11) centres of the polyanions. As a result,
based on the self-assembly of HINO molecules, [M(H2O)8]2+

and H+(H2O)2.5 clusters, both complexes form 3D hydro-
gen-bonding networks with 1D channels along the a axis in
which poly-Keggin-anion chains are formed and stabilized
by electrostatic and hydrogen-bonding interactions, re-
sulting in [PMo12O40]3– anions not easily dissociated from
the hybrid networks. Moreover, the section sizes of the
channels along the b and c axes are so much larger than the
diameter of the [PMo12O40]3– anion (ca. 10.4 Å) that there
is enough space outside the poly-Keggin-anion chains to
admit some small species, such as water molecules or hy-
dronium ions, to transport along the channels. All these
results indicate that 1 and 2 are potentially new, good pro-
ton-conducting materials.

These complexes are insoluble in water (see the UV spec-
tral analyses in the Supporting Information). Water reten-
tion in the hybrid at a high temperature is a key factor for
fast protonic conduction.[3,4] Thermogravimetric analyses
of the powders of the crystalline samples of the two com-
plexes under N2 (Figure 5) show no weight loss in the tem-
perature range of 20–100 °C, which indicates that all the

Figure 5. Perkin–Elmer thermogravimetric analyses of complexes 1
and 2 under N2.
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water molecules in the unit structure are involved in the
construction of the hydrogen-bonding network, consistent
with the results of the structural analysis, and are not easily
lost below 100 °C. This is not the behaviour observed in
proton conductors involving quasi-liquid water clusters
(which are generally loosely bonded in the structure), such
as the Nafion membrane[8,9] and pure tungstophosphoric
acid (PWA-26) or molybdophosphoric acid (PMA-26), as
well as many proton-conducting composite membranes
doped with HPAs.[1,2] Interestingly, the global frameworks
of the two complexes are retained when the water molecules
are lost at 200 °C (see the powder X-ray diffraction analyses
in the Supporting Information). All these results also indi-
cate that 1 and 2 are potentially good proton-conducting
materials.

The proton conductivities of 1 and 2 in the temperature
range of 25–100 °C were therefore evaluated by the ac im-
pedance method using a compacted pellet of the powdered
crystalline sample. At 25 °C, both complexes showed poor
proton conductivities of around 9.0 �10–9 S cm–1 under
35% RH, estimated from the Nyquist plots shown in the
Supporting Information, but their proton conductivities
reached around 3.8� 10–6 S cm–1 with a RH up to 98%. We
also measured their ionic conductivities up to 100 °C under
98 % RH. Surprisingly, both complexes showed good pro-
ton conductivities of (1.42–2.83)�10–3 Scm–1 in the tem-
perature range of 85–100 °C. These proton conductivities
are about two orders of magnitude lower than that of a
Nafion membrane, which shows conductivity of about
10–1 S cm–1 under the conditions described.[8,9]

Figure 6 shows the Arrhenius plots of the proton con-
ductivities of the complexes in the temperature range of 25–
100 °C under 98% RH. lnσT increases almost linearly with
temperature from 25 to 100 °C, and the corresponding acti-
vation energy (Ea) of conductivity was estimated to be
0.79 eV for 1 and 0.80 eV for 2 from Equation (1) in which
σ is the ionic conductivity, σ0 is the pre-exponential factor,
kB is the Boltzmann constant and T is the temperature.
Both Ea values are very high. The results show that the
general features of the changes in conductivities are dif-
ferent to those of a protonic conducting polymer membrane
such as Nafion, which has almost identical protonic con-
ductivity over a wide temperature range from ambient to
100 °C with an activation enthalpy of approximately
0.15 eV when it is fully humidified,[8,9] and are different to
those of PWA-26 or PMA-26, whose protonic conductivity
decreases with temperature from ambient to 60 °C.[1,2]

However, the title complexes have thermally activated pro-
tonic conductivities[2d,7b] from 25 to 100 °C; as the tempera-
ture increases, the proton conductivities increase on a loga-
rithmic scale even with almost saturated humidities. This is
probably due to the fact that the protons belong to proton-
ated water clusters and those originating from water mole-
cules need a thermally activated process for dissociation as
hydrated forms such as H+, H3O+ or other proton species
at a distance from [PMo12O40]3– clusters.[10]

σT = σ0exp(–Ea/kBT) (1)
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Figure 6. Arrhenius plots of the proton conductivities of complexes
1 and 2.

The mechanism of proton conduction of 1 and 2 is,
therefore, expected to be similar to that of the vehicle
mechanism,[11] that is, the direct diffusion of additional pro-
tons with water molecules. In addition, the existence of hy-
drogen-bonding networks suggests that proton conduction
in the two complexes includes some other process such as
the proton transport of additional protons along hydrogen-
bonding networks (Grotthus mechanism).[12] The fact that
the two complexes exhibit good proton conductivities in the
temperature range of 85–100 °C is indicative of a high car-
rier concentration based on a thermally activated process
as well as the existence of hydrogen-bonding networks.
Moreover, there is the possibility of hydrolysis of the com-
plexes when they are held at 100 °C with a RH higher than
98 % (100%, or condensed water that attacks the metal
centres). The powder X-ray diffraction data in the Support-
ing Information suggest that the powder samples after the
proton-conductive measurement have the same supramolec-
ular frameworks as those of complexes 1 and 2.

Interestingly, for complexes 1 and 2, although the M2+

ion is different, they have the same 3D hydrogen-bonded
networks and similar proton conductivities, which suggests
that Co2+ and Ni2+ ions could form similar transition-metal
aqua ions and that the origin of proton conduction in these
complexes is based on the self-ordered hydrogen-bonding
structures and the poly-Keggin-anion chains.

Conclusions
Two good proton-conducting organic/inorganic com-

plexes have been constructed by introducing Keggin-type
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polyanions as countercations and templates into the 3D cat-
ionic hydrogen-bonded networks formed by mixed ionized
water clusters and HINO molecules. The organic–inorganic
hybrid matrix changed the environment around the transi-
tion-metal salts of HPAs and influenced the formation of
poly-Keggin anions within the resultant structure. Thus, the
synthesis of these complexes provides a new route to in-
creasing the stability and proton conductivity of organic–
inorganic hybrid materials based on the salts of HPAs at
high temperature, as well as the complexes themselves poss-
ibly being a new type of proton-conducting additive in pro-
ton-exchange composite membranes for use under dry and/
or elevated temperature conditions in a fuel cell.

Experimental Section
General: All organic solvents and materials used for syntheses were
of reagent grade and used without further purification. α-
H3PMo12O40·6H2O was prepared according to a literature
method[13] and characterized by IR spectroscopy and TG analysis.
HINO was synthesized according to a literature method and char-
acterized by IR spectroscopy.[14] Elemental analyses (C, H and N)
were performed with a Perkin–Elmer 240C analyser. IR spectra
were recorded with a VECTOR 22 Bruker spectrophotometer with
KBr pellets in the 400–4000 cm–1 region at room temperature.
Thermogravimetric analyses were performed with a Perkin–Elmer
thermal analyser under nitrogen at a heating rate of 10 °Cmin–1.
For the electrical conductivity study, the powdered crystalline sam-
ples were compressed to 0.7–1.0 mm in thickness and 12.0 mm in
diameter under a pressure of 12–14 MPa. Alternating current (ac)
impedance spectroscopy was performed with a chi660b (Shanghai
chenhua) electrochemical impedance analyser with copper elec-
trodes[15] (the purity of Cu was higher than 99.8%) over the fre-
quency range of 105 to 10 Hz. Samples were placed in a tempera-
ture/humidity controlled chamber (GT-TH-64Z, Dongwan Gao-
tian Corp.) The conductivity was calculated from σ = (1/R)� (h/S)
in which R is the resistance, h is the thickness and S is the area of
the tablet.

Complex 1: The hereropolyacid cobalt salts were prepared by neu-
tralization of the acid α-H3PMo12O40·6H2O (120 mg, 0.06 mmol)
and adding CoCl2·6H2O (15 mg, 0.06 mmol) dissolved in water
(4 mL). The solution was heated at 80 °C in a water bath. Yellow
crystals were formed by cooling the saturated solution and allowing
it to slowly evaporate at room temperature. They were charac-
terized by IR spectroscopy. A mixture of the resulting heteropoly
acid cobalt salts (60 mg, 0.03 mmol) and HINO (17 mg,
0.12 mmol) was dissolved in enough acetonitrile/water (1:1, v/v)
solution. Finally, the solution was filtered and left to evaporate
at room temperature. Red crystals appeared 4–5 d later and were
collected and dried in air after quickly being washed with water;
yield 51.6 mg, 86%, based on α-H3PMo12O40·6H2O. IR (KBr disk):
four characteristic vibrations resulting from heteropoly anions with
the Keggin structure: ν̃: 803 ν(Mo–Oc), 878 ν(Mo–Ob), 961
ν(Mo=Ot), 1065 ν(P–Oa); and other vibrations resulting from the
HINO molecules: 3326 ν(O–H), 1697 ν(C=O), 1618 ν(C=C), 1204
ν(N–O), 1168 δ(C–H, in plane) cm–1. C24H42CoMo12N4O62.5P
(2627.8): calcd. C 10.97, H 1.61, N 2.13; found C 10.91, H 1.64, N
2.17.

Complex 2: Complex 2 was prepared in the same way as 1, except
by using NiCl2·6H2O (15 mg, 0.06 mmol) in place of CoCl2·6H2O;
yield 51.0 mg, 85%, based on α-H3PMo12O40·6H2O. IR (KBr disk):
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four characteristic vibrations resulting from heteropoly anions with
the Keggin structure: ν̃ = 802 ν(Mo–Oc), 879 ν(Mo–Ob), 961
ν(Mo=Ot), 1064 ν(P–Oa); and other vibrations resulting from the
HINO molecules: 3326 ν(O–H), 1696 ν(C=O), 1618 ν(C=C), 1203
ν(N–O), 1169 δ(C–H, in plane) cm–1. C24H42N4O62.5NiMo12P
(2627.58): calcd. C 10.97, H 1.61, N, 2.13; found C 10.90; H 1.64,
N 2.19.

Crystal Structure Determination: Intensity data for complexes 1 and
2 were collected with a Siemens SMART-CCD diffractometer with
graphite-monochromated Mo-Kα radiation (λ = 0.71073 Å) using
the SMART and SAINT programs.[16] The structures were solved
by direct methods and refined on F2 by using full-matrix least-
squares methods with SHELXTL.[17] For 1 and 2, all non-hydrogen
atoms except solvent water molecules were refined anisotropically.
Hydrogen atoms of organic molecules were localized in their calcu-
lated positions and refined using a riding model. Hydrogen atoms
of coordinated water molecules and solvent water molecules were
not treated. The crystal parameters, data collection and refinement
results for the two complexes are summarized in Table 1.

Table 1. Crystal data and structure refinement for complexes 1 and
2.

1 2

Chemical formula C24H42CoMo12N4O62.5P C24H42NiMo12N4O62.5P
Formula mass 2627.8 2627.58
Crystal system orthorhombic orthorhombic
Space group Pnnm Pnnm
a [Å] 10.2757(11) 10.204(6)
b [Å] 16.0203(17) 15.868(9)
c [Å] 19.855(2) 19.707(12)
α [°] 90.00 90.00
V [Å3] 3268.6(6) 3191(3)
Z 2 2
Density [gcm–3] 2.670 2.735
μ [mm–1] 2.621 2.720
F(000) 2520 2522
T [K] 293(2) 293(2)
Independent reflections 2507 2181
Rint 0.0887 0.0827
Goodness-of-fit on F 0.948 1.092
R1 [I�2σ(I)] 0.0409 0.0433
wR2 [I�2σ(I)] 0.1282 0.1233

CCDC-795509 (for 1) and -795510 (for 2) contain the supplemen-
tary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.

Supporting Information (see footnote on the first page of this arti-
cle): Crystal data of two complexes, the Nyquist plots for two com-
plexes at 25–100 °C under 98 % relative humidity, the UV spectra
and the powder X-ray difraction data.
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