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a b s t r a c t

The ion-pairing interaction for the ionic liquids (ILs)-based polyoxometalate (POM) salts in the aqueous
solution is critical to the chemistry of the ILs-POM hybrid. Herein, for the first time, molecular dynamics
simulations have been performed to investigate the aqueous solutions of the representative a-PW12O40

3�

Keggin anion (PW3�), neutralized by three different types of alkyl-functionalized imidazole-typed IL
cations (1-alkyl-3-methylimidazolium cations, alkyl: n-ethyl, n-butyl, and n-octyl). The simulations
provide a direct visual observation on the aggregate morphology for the POM anions in aqueous solution.
Meanwhile, distinctive ion-pairing interaction mechanism and interfacial solvation behavior have been
revealed. Our simulation results indicate that the alkyl-functionalized imidazole cations can affect the
effective interaction between the charged POM anions, that is, the alkyl chain length in imidazolium
cation could be applied to regulate the aggregation behavior among the negative POM anions. The
unique ion-pairing phenomena can be ascribed to the variable modulating effects from neutralizing IL-
typed cations, which not only acts as the screening counterions of electrostatic repulsion, but also in-
duces the alkyl chain-anion interaction and overcomes the anion-anion repulsion.

© 2016 Published by Elsevier B.V.

1. Introduction

Polyoxometalates (POMs), also called isopolyanions/hetero-
polyanions, are an extremely diverse family of metal-oxygen clus-
ters composed of early transition metals in high oxidation states
(mainly VⅤ, MoⅥ, or WⅥ) [1]. They have several types of chemical
structures and the Keggin-type heteropolyanion is the most
representative POM salt because of its easy generation, strong
acidity, and thermal stability [2e4]. Due to the remarkably tunable
properties of POMs, there are widespread applications in catalysis,
medicine, as well as electronic and magnetic materials [2,5e7]. On
the other hand, ionic liquids (ILs) are known as a class of organic
salts, which melt at relatively low temperatures (<100 �C) [8e10].
Ionic liquids are generally used as novel reaction media because of
their unique properties [9,11].

Recently, the IL-based polyoxometalate salts, that pair the POM
anions and the functionalized IL cations, have gained considerable
attention [12e15]. The new hybrids improve the chemical and

physical properties of the POM unit without changing its structure.
Wang et al. [16] synthesized a series of POM-based salt catalysts by
combining Keggin POM-anions with IL-cations functionalized by
different alkyl groups. The POM-related ILs have high melting
temperature (above 250 �C), and thus they are not the conventional
ionic liquids [16]. They could be used as the homogeneous catalysts
with high catalytic efficiency and convenient recovery. It should be
noted that most of these POM-related catalytic reactions usually
occur in solution media [13,15,16], thus, it is very necessary to un-
derstand how these POM anions are solvated, and how these anions
interact with other ions, including with IL-cations, in solvation
mode. In general, the ion-pairing formation plays an important role
on the physicochemical properties in the POM chemistry [3,17].
Especially, the extent and geometry of ion pairing for the POMs and
their counterions might significantly influence the electron transfer
for catalytic reactions of the IL-based polyoxometalate salt catalysts
[18]. A detailed understanding of the ion pairing interaction and
aggregate morphology requires microscopic pictures of the POM
anions and their counterions in solution.

Molecular dynamics (MD) simulation has been proposed as a
useful tool to provide amolecular-level mechanism of solvation and* Corresponding author.
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ion pairing of POM anions in the presence of counterions [7,19].
Recent MD simulation [2] revealed that Keggin a-PW12O40

3� anions
can form oligomers through direct contact with hydrophilic coun-
terions. Brodbeck et al. [20] have simulated PW12O40

3� anions sur-
rounded by amphiphilic cationic dendrimers in trichloromethane
solution. Previous simulations have suggested that POM-POM
interaction can be counterion-dependent. However, to our best
knowledge, very few computational study [21] has been reported
for the ion-pairing interactions of the IL-based polyoxometalate
salts. Especially, the amphiphilic nature of alkyl-functionalized IL
cations might induce special ion-pairing interaction and lead to
unusual aggregation to POM anions.

In this work, we selected the Keggin POM anion phospho-
tungstic acid (PW12O40

3�, denoted as PW3� for short) as a repre-
sentative polyoxoanion. Based on all-atomic MD simulation, we
characterized the solvation behavior of PW3� neutralized by three
different alkyl-functionalized imidazole-typed IL cations (1-ethyl-
3-methyl imidazole [C2mim]þ,1-butyl-3-methyl imidazole
[C4mim]þ and 1-octyl-3-methyl imidazole [C8mim]þ) in aqueous
solution. This study provided a comprehensive analysis of the ion
pairing interactions for the highly charged polyoxometalate anions
combined with the imidazolium cations in IL-based POM salt
systems.

2. Simulation methods

2.1. Potential models

The structures of the simulated PW3� anion and the three
[Cnmim]þ cations (n ¼ 2, 4, 8) have been illustrated in Fig. 1. In the
simulation system, the potential energy is described as the function
by a sum of bond, angle, dihedral deformation energies, and the
nonbonded interactions including electrostatic and van der Waals
potentials in the following Amber form, [2,5,22].
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where the potential parameters have their usual meanings. The van
der Waals (vdW) interactions between different particles were
calculated by the Lorentz-Berthelot mixing rule. The potential for
water was the SPC/E model [23]. The Keggin anions were treated as
rigid particles throughout this work. The all-atom force field

parameters of the PW12O40
3� anion were taken from the work by

L�opez et al. [24], which is based on the Amber force field and has
been extensively applied for the simulation POM anions [2,7]. The
Lennard-Jones (L-J) potential and atomic charges proposed by Liu
et al. [8] were used to model the alkyl-functionalized ionic liquid
(ILs) cations and this model is also based on the Amber force field
with modifications. In addition, the atomic charge for 1-octyl-3-
methyl-imidazole cation (denoted as [C8mim]þ) is from Li et al.
[25]. The corresponding L-J potential parameters and atomic
charges for PW12O40

3� anion and [Cnmim]þ cations (n ¼ 2,4,8) were
listed in Table S1 (supplementary materials).

2.2. Simulation details

TheMD simulations were first carried out in the canonical (NVT)
ensemble with temperature of 300K using the Lammps package
[26]. All the systems were simulated with periodic boundary con-
ditions, using a cutoff value of 12 Å for the non-bonded L-J in-
teractions. The electrostatic interactions were calculated using the
particle mesh Ewald summation method [27]. The whole ILs-based
POM complex structures were placed into the simulation cell. The
water molecules were randomly inserted into the cubic box. The
equations of motion were integrated with a time step of 1 fs. The
simulation trajectories of all the atoms were dumped with a time
interval of 1 ps for the subsequent analysis. The detailed system
information is listed in Table 1, wherein, different concentration
conditions were considered. The infinite dilution with only one
POM anion was labeled as 1-PW3�, and the other two concentra-
tions were labeled as 8-PW3� and 27-PW3�, respectively. Each
system was run for at least 30 ns. The statistical averages were
calculated during the last 5 ns from each simulation.

3. Results and discussion

3.1. Anion-anion interactions

Fig. 2 shows the radial distribution functions (RDFs, g(r)) be-
tween the PW3� anions with a well-defined peak at ca. 11 Å. On
account of the distance of 5.3 Å [24] between the central

Fig. 1. Schematic representation of the simulated PW3� anion (a-PW12O40
3�) and the three alkyl-functionalized imidazole-typed IL ([Cnmim]þ) cations (n ¼ 2,4,8) considered in this

work. The yellow balls correspond to the phosphorus, and the green balls correspond to the tungsten, and the terminal oxygen (Ot), type 1 bridging oxygen (Ob1) and type 2 bridging
oxygen (Ob2) have been specified in the POM structure. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 1
Characteristics of the simulated systems.

System Nsolute Nwater Box size/Å Time/ns

1-PW3� 1 PW3� 3 [C2mim]þ 7873 60.9 � 60.9 � 60.9 35
1 PW3� 3 [C4mim]þ 7841 61.0 � 61.0 � 61.0 35
1 PW3� 3 [C8mim]þ 7667 60.1 � 60.1 � 60.1 35

8-PW3� 8 PW3� 24 [C2mim]þ 24374 90.2 � 90.0 � 90.1 30
8 PW3� 24 [C4mim]þ 24306 90.1 � 90.0 � 90.0 30
8 PW3� 24 [C8mim]þ 24314 90.0 � 90.0 � 90.0 30

27-PW3� 27 PW3� 81 [C2mim]þ 24357 90.0 � 90.0 � 90.0 30
27 PW3� 81 [C4mim]þ 24300 90.0 � 90.0 � 90.0 30
27 PW3� 81 [C8mim]þ 24302 90.0 � 90.0 � 90.0 30
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