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Abstract: Three new proton conductors with simple struc-
tures based on isolated olyoxometalate anions as well as

protonated imidazole and benzimidazole, namely, NNU-6–
8, have been successfully prepared by hydrothermal reac-

tion. We could control the number of proton sources by
selecting different types and changing the charges of

POM anions. The single crystal sample of NNU-6 along a-
axis shows a highest proton conductivity of 1.91 V
10@2 S cm@1, which is two and three orders of magnitude

higher than that of 2.42 V 10@4 and 8.90 V 10@5 S cm@1

along b- and c-axes, respectively, due to the more unob-

structed H-bonding network and stronger p–p stacking
between benzimidazole rings as proton-transferring path-
way along a-axis than that along b and c axes. It is a

straightforward model to understand the metaphysical
proton-conducting process, and this is the first time to

put forward the idea that p–p stacking could assist
proton transfer and be in favor of proton conduction,
which has been demonstrated by calculating potential
energy surfaces of proton transfer between benzimidazole
molecules.

Proton-exchange membrane fuel cells (PEMFCs) as an impor-

tant branch of energy development have attracted a lot of at-
tention since they can convert chemicals into electricity with
water as the only byproduct. Proton-exchange membrane
(PEM) is the core component of PEMFCs.[1, 2] Up until now, per-
fluorinated proton exchange membrane with high proton con-

ductivity (10@2 S cm@1) is the only one (e.g. , Nafion) that has
been applied; however, high cost and the environmental risk

limit its application.[3] Hence, to explore low cost, environmen-

tal friendly and innovative PEM with high proton conductivity
remains a challenge.

The ideal proton conductor material should contain a large
number of mobile charge carriers (protons) and conducting

media; moreover, the available proton transfer pathways are

also extremely important. Since Keggin-type polyoxometalates
(POMs) (H3PMo12O40·29 H2O) as proton conductor was first re-

ported, the proton conductivity of POMs attracted increasing
attention due to its disjunctive ionic structure composed of

heteropolyanions and counter cations (H+ , H3O+ , H2O5
+ , etc.)

could exhibit extremely high proton mobility and the oxygen-

rich surface can supply more proton transfer sites in order to

construct unobstructed hydrogen bond network for preferable
proton transmission.[4–11] More recently, several groups have

turned their energy to POM-based complexes, which probably
integrate the functional characteristics of POMs and coordinat-

ed ligands to achieve synergistic effects and obtain more
favorable proton-conducting properties.[10, 12] Up until now,
some beautiful POM-based complexes with appreciable

proton conductivity have been reported, such as
(TMA)14H2[CeIII(H2O)6]{[CeIV

7CeIII
3O6(OH)6(CO3)(H2O)11]

[(P2W16O59)]3}·41 H2O, in which three dilacunary Dawson units of
[P2W16O59]12@ trapped the largest Ce cluster in all the Ln-con-
taining POM chemistry to date. However, the complicated
structure led to an elusive proton-conducting process,[10a] and

there are still many people confused about the relationship be-
tween crystal structure and proton-conducting property.
Hence, small functional guest molecules (e.g. , imidazole, tria-
zole, histamine, etc.) that could supply mobile protons were in-
troduced to decorate POMs in order to obtain crystallize mate-

rial with simple structure and desirable proton conductivity,
which should be employed to display the distinct proton-con-

ducting process and the relationship between structure and

property.[13] Consequently, some functional N-containing li-
gands were introduced to decorate POMs due to the protonat-

ed N-containing ligands could provide more mobile protons
and help constructing unimpeded proton-transfer passage.

Some compounds had been obtained and proton conductivi-
ties had been measured in detail, and the hydrogen-bonding
network has been exhibited; however, the clear proton-con-

ducting process and the relationship between proton conduc-
tivity and structure have not been analyzed systematically.[14]

Furthermore, in addition to H-bonding, whether or not
other weak interactions (such as p–p stacking) could be

used as the pathway for proton transfer has not yet been in-
vestigated.
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According to the above points, the crystal materials with
simple and well defined structure should be employed to ana-

lyse the proton-conducting process. Hence, we selected the
simplest Stranberg-type POMs and the commonest Keggin-

type POMs as well as small molecules of N-containing ligands
(imidazole and benzimidazole) as fundamental building units

for protonated N-containing ligands not only could supply
more mobile protons but also help to construct proton trans-

fer pathway. Moreover, these combinations may be able to

offset the instability of POM under high relative humidity con-
dition. In addition, it is easy to form stacking between benzimi-

dazole or imidazole rings. More importantly, we could control
the number of proton sources by selecting different types and

changing the charges of POM anions. Consequently, three new
proton conductors have been obtained, namely, [P2Mo5O23]

[C7H7N2]6·H2O (NNU-6), [PMo12O40][C7H7N2]3·2 H2O (NNU-7) and

[PMo11.04V0.96O40][C3H5N2]4·H2O (NNU-8). They contain different
numbers of proton sources due to including different types

POM anions with different charges. These compounds all fea-
ture a simple structure. The powder sample of NNU-6 shows a

highest proton conductivity of 1.21 V 10@3 S cm@1 compared
with that for NNU-7 and NNU-8 (6.87 V 10@6 and 4.45 V

10@3 S cm@1, respectively), owing to the more proton sources in

NNU-6. Hence, the single crystal of NNU-6 was grown on a
millimetre scale and showed a highest proton conductivity of

1.91 V 10@2 S cm@1 along a-axis, which is two orders of magni-
tude higher than that of 2.42 V 10@4 and 8.90 V 10@5 S cm@1

along b- and c-axis, respectively. Herein, the syntheses, crystal
structures, proton conductivities as well as the relationship be-

tween crystallize structure and the different proton-conducting

performances along different axes are represented.
NNU-6 crystallizes in chiral space group P212121 (No. 19). It

features the simplest structure composed of the Stranberg-
type POMs of [P2Mo5O23]6@(P2Mo5), protonated benzimidazole

and dissociative H2O, which are connected to form a three- di-
mensional (3D) framework by hydrogen bonds and p–p stack-
ing among benzimidazole rings. The asymmetrical unit con-

tains one P2Mo5, six protonated benzimidazoles and one H2O
molecule (Figure 1). All building units are interconnected by
hydrogen bonding. Neighboring P2Mo5 groups are linked by
benzimidazole-4 (B-4), benzimidazole-5 (B-5) and the H2O via
N(7)@H(7)···O(7), N(8)@H(8)···O(19), N(9)@H(9)···O(22), N(10)@
H(10)···O(5), O(1W)@H(1WA)···O(14) and O(1W)@H(1WB)···O(18)

bonds to form a 1D {[P2Mo5O23][C7H7N2]2·H2O}4@anionic chain
along a-axis (Figure S3a and S3b). Both above neighboring
anionic chains are connected by benzimidazole-1 (B-1), benzi-

midazole-2 (B-2) and benzimidazole-3 (B-3) via N(1)@H(1)···O(3),
N(2)@H(2)···O(1W), N(3)@H(3)···O(20), N(4)@H(4)···O(1), N(5)@
H(5)···O(11) and N(6)@H(6)···O(2) bonds to form a {[P2Mo5O23]
[C7H7N2]5·H2O}@double chain down the a-axis, and crystal struc-

ture (Figure S3c and S3d). The average H···A and D···A distances

in the structure lie in the ranges of 1.761–2.508 a and 2.627–
3.035 a, respectively (Table S2). Moreover, there are p–p stack-

ing among B-1, B-2, B-3 rings along a-axis and B-4, B-5 rings
along b-axis (closest distance, 3.613 a) (Table S5), which makes

the connection between the building units become much
stronger and then a more stable compound.

Each P2Mo5 group is surrounded by six protonated benzimi-

dazoles and one H2O molecule with H-bonding. All benzimida-
zoles are two-connected nodes. B-2, B-3, B-4, B-5 and B-6 are

employed to connect two P2Mo5 groups, whereas B-1 connects
one P2Mo5 group and one H2O molecule. Bond valence calcula-

tions on NNU-6 gave values of 5.94–6.05 and 4.92–4.93 for Mo
and P atoms, indicating that they are in oxidation states of + 6

and + 5, respectively.[15]

Both NNU-7 and NNU-8 feature the simple structure,
too. The asymmetrical unit for NNU-7 contains two

Keggin-type POMs [PMo12O40]3@(PMo12), six protonated benzi-
midazoles and four H2O molecules, whereas the asymmetrical

unit for NNU-8 contains half a Keggin-type POM
[PMo11.04V0.96O40]4@(PMo11.04V0.96), two protonated imidazoles and

one H2O molecule (Figure 1). In NNU-7, POMs and protonated

benzimidazoles are connected to each other via H-bonding
and p–p stacking to form 2D layer structure, whereas in NNU-
8, OMs and protonated imidazoles are connected to form 3D
network (Tables S3, S4, S6 and S7, Figures S4 and S5 in the

Supporting Information).
It is imperative to measure the proton conductivities of the

three compounds due to the proton-rich N-containing ligands
and unobstructed H-bonding network. All proton conductivi-
ties were obtained from alternating current (AC) impedance

spectroscopy. The conductivity of powder samples of the com-
pounds were measured at 25 8C with different humidity to ex-

plore the varying regularity of the conductivity with the hu-
midity rising (Figure S9a). The results show that the conductivi-

ties rise from 10@8–10@9 S cm@1 at 40 % RH to 10@4–10@5 S cm@1

at 98 % RH, which indicates that the high humidity is a positive
factor for the conductivity as water molecules could supply

more mobile proton transfer sites.
The temperature dependence of the proton conductivities

for powder samples were measured in the temperature range
of 25–50 8C (Table 1, Figure S9b). With the increase of tempera-

Figure 1. The asymmetric units of NNU-6, NNU-7 and NNU-8. Mo, P, C, N, H
and O atoms are drawn as pink, green, gray, blue, cyan and red circles, re-
spectively.
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ture, the optimized proton conductivity was observed to be
1.21 V 10@3 S cm@1 for NNU-6, which is three and one orders

higher than that of 6.87 V 10@6 S cm@1 and 4.45 V 10@4 S cm@1 for
NNU-7 and NNU-8, respectively. The reason is the structure of

NNU-6 bases on Stranberg-type POMs with six negative charg-

es, leading to more protonated benzimidazoles as proton
source in NNU-6 (Figure S9c). The activation energy was deter-

mined from least-squares fits of the slopes to obtain insight
into the proton-conduction mechanism (Figure S9d). At 98 %

RH, the yield activation energy values (Ea) are 0.24, 0.69 and
0.40 eV for NNU-6, NNU-7 and NNU-8, respectively.[16, 17] Ac-

cording to previous reports about proton-conducting mecha-

nism, the Ea in the range of 0.1–0.4 eV indicates the proton-
conducting behavior occurs through a Grotthuss mechanism

in NNU-6 and NNU-8, whereas the Ea in 0.5–0.9 eV exposes the
Vehicle mechanism is favorable for explaining the proton-con-

ducting process in NNU-7.[18] Moreover, the structural integrity
of the compounds was confirmed by the PXRD patterns before

and after impedance analyses. (Figure S1).

To better understand the pathway the proton transport oc-
curred, we selected NNU-6 as a model due to its highest

proton conductivity compared with NNU-7 and NNU-8. Hence,
we grew a large single crystal for NNU-6 to measure the con-

ductivities along different crystallographic axes at 25–50 8C and
98 % RH. Along all axes, the proton conductivities are tempera-

ture-dependent. At 50 8C and 98 % RH, the highest conductivi-

ty of 1.91 V 10@2 S cm@1 was obtained along a-axis, which is one
order of magnitude higher than that of the pellet sample (Fig-
ure 4 c). In the same conditions, the proton-conducting meas-

urements along b- and c-axis yielded a maximum conductivity
of 2.42 V 10@4 and 8.90 V 10@5 S cm@1, respectively, which are

two or three orders smaller than that obtained along the a-
axis (Figure 2 A–2 C). The large differences of proton conductiv-

ities should be attributed to the different proton-conducting
pathways along a-axis, b-axis and c-axis, which are closely re-

lated with different H-bonding networks and p–p stacking in-
teractions among benzimidazole rings within crystal structure.

To deeply investigate the proton-conducting process and

the relationship between the proton conductivities and the
crystal structure, the H-bonding network and p–p stacking

among benzimidazole rings in NNU-6 have been portrayed in
detail with the length of H-bonds shorter than 2.6 a and the

distance among benzimidazole rings in range of 3.613–4.528 a
(Table S2 and S5, Figure 3 A, 3B and 3C). Along a-axis, the H-
bonding could assist the proton to transfer smoothly along

the double chain stretching direction accompanying the high
proton conductivity along a-axis (Figure 3 B-1). Besides, p–p

stacking among B-1, B-2, B-3 rings along a-axis could also en-
courage the proton transfer, which would further improve the

proton conductivity along a-axis (Figure 3 C-1). Along b- and
c-axis, the proton-transferring in the 1D {[P2Mo5O23]

[C7H7N2]5·H2O}@double chain is unobstructed; however, the

proton could only transport along the sole pathway of
O(5)···H(12)-N(12)-N(11)-H(11)···O(7) between neighboring

double chains, resulting in the low proton-transferring efficien-
cy and the lower proton conductivities than that along a-axis

(Figure 3 B-2). Moreover, p–p stacking among B-4, B-5 rings
along b-axis could promote the proton transfer, resulting in

the higher proton conductivity along b-axis than that along c-

axis due to there are no p–p stacking among benzimidazole
rings but only H-bonding to deliver proton along c-axis for the

long N6@N7 distance of 9.13 a (Figure 3 C-2).
In addition, at 98 % RH, the activation energy values (Ea) for

the single crystal along a, b and c-axis were measured to 0.86,
0.75 and 0.53 eV, which indicate the proton-conducting behav-
ior occurs through a Vehicle mechanism (Figure S10), which

may be related with the little water adsorption capacity for
single-crystal sample (Figure S11). According to water adsorp-
tion measurement, the powder sample can absorb much more

Table 1. The proton conductivities at 50 8C and 98 % RH for samples.

Sample Direction Proton conductivity at 50 8C and
98 % RH [S cm@1]

powder sample NNU-6 1.21 V 10@3

NNU-7 6.87 V 10@6

NNU-8 4.45 V 10@4

NNU-6 single crystal along a-axis 1.92 V 10@2

along b-axis 2.42 V 10@4

along c-axis 8.90 V 10@5

Figure 2. Impedance spectrum for single crystal of NNU-6 at 98 %RH with different temperature along a-axis (A), b-axis (B) and c-axis (C).
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H2O molecules, which could be used as the sites for proton

transfer, hence, the activation energy for proton-transfer in the

powder sample is quite low at 0.24 eV. However, the single
crystal sample can only absorb few H2O molecules compared

to powder sample, resulting in fewer sites for proton transfer,
which leads to the higher activation energy for proton-con-

ducting in single crystal sample.
In the Vehicle mechanism, the difficulty of proton transfer

will determine the proton conduction ability. So we indirectly

evaluate the proton conductivity by the energy barrier (DE) of
proton transfer. The smaller the energy barrier is, the larger the

proton conductivity becomes. In order to investigate the
proton conduction via p–p stacking along the a-, b-, and c-axis

directions, three simplified imidazole stacking structures Ra, Rb,
and Rc were extracted from the crystal structure of NNU-6, as
shown in Figure 4. Ra and Rb have sandwich conformations,

while Rc is T-shaped. The rigid potential energy surfaces of
proton transfer between imidazole molecules were scanned by
modulating N@H bond distances and aN-H-N bond angles of
Ra, Rb, and Rc. Then, we located three proton-conductive path-

ways along the a-, b-, and c-axis directions. DFT calculations in-

dicate that the proton conduction along the a-axis direction

occurs via the transition state TSa with the minimum DE value

of 43.8 kcal mol@1, whereas the proton conduction along the b
and c-axis directions (via TSb and TSc) require much larger DE

values of 80.3 and 81.0 kcal mol@1, respectively. Note that both
Ra and Rb have the aromatic p–p stacking interaction, but the

proton conduction along the b-axis direction is more difficult
because Rb has a head-to-tail imidazole overlap region, in

which the proton conduction takes place less readily. In addi-

tion, although DE values of the proton conduction along the
b- and c-axis directions are similar, it can be expected that the

following H3 transfer from N6 to N7 in Pc should become very
difficult in view of long N6@N7 distance of 9.13 a. On the basis

of these results, the proton conduction ability of NNU-6 en-
hances as the direction of the axis changes in the order a>
b> c, in line with the experimental observation of the proton

conductivity. In a word, it is suggested that the aromatic p–p

stacking interaction caused by fully overlapping imidazole mol-
ecules significantly improves the proton conductivity.

In conclusion, we have successfully synthesized three new

proton conductors containing simple POMs and small proton-

Figure 3. The H-bonding and p–p stacking among benzimidazole rings in unit cell of NNU-6 (A); The H-bonding in unit cell (B, B-1 and B-2), and the H atoms
on C atoms were delete for clarity ; The p–p stacking among benzimidazole rings in unit cell (C, C-1 and C-2), and the H atoms in benzimidazole rings and
the B-6 (no participation in p–p stacking) were removed for clarity.

Figure 4. Scanning the potential energy surfaces of proton transfer along the a-, b-, and c- axis directions and energy profiles (DE, in kcal mol@1) of three
proton-conductive pathways calculated at the B3LYP-D3/6–311 + G(d,p) level in NNU-6.

Chem. Eur. J. 2018, 24, 2365 – 2369 www.chemeurj.org T 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim2368

Communication

http://www.chemeurj.org


ated N-containing ligands, namely, NNU-6, NNU-7 and NNU-8.
They all demonstrate that the protonated N-containing ligands

as counter cations embrace the isolated POMs by H-bonding
and p–p stacking. Also, NNU-6 as a model was used to explore

the proton-conducting pathway and process due to its struc-
ture containing more proton sources than NNU-7 and NNU-8.

The proton conductivity of the single crystal along a-axis is
one of the best POM-based materials with one of the highest

conductivity values reported previously, which is two and

three orders of magnitude higher than that along b- and c-
axis, respectively. The differences are the result of the proton-

transfer along the a-axis via H-bonding network and p–p

stacking among benzimidazole rings, which is much smoother

than that along the b-axis and c-axis. Furthermore, this is the
first time to put forward the idea that p–p stacking could
assist proton transfer and be in favor of proton conduction,

which has been demonstrated by calculating potential energy
surfaces of proton transfer between benzimidazole molecules.

The simple and legible crystal structure could potentially pro-
vide a convenient proton-conducting process, hopefully at-
tracting more research devoted to proton-conducting materi-
als.
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