
Effect of Ion Rigidity on Physical Properties of Ionic Liquids Studied
by Molecular Dynamics Simulation
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ABSTRACT: In this work, we have performed molecular dynamics
(MD) simulations to compare the structural and dynamical properties
of three ionic liquids (ILs), 1-ethyl-3-methyl-imidazolium tetrafluor-
borate ([EMI+][BF4

−]), 1,1′-dimethyl-4,4′-bipyridinium bis-
(tetrafluorborate) ([VIO2+][BF4

−]2), and 1,1′-dimethyl-4,4′-bipyridi-
nium bis(trifluoromethylsulfonyl)imide (bistriflimide in short)
([VIO2+][Tf2N

−]2), aiming to discover the influence of ion rigidity
on the physical properties of ILs. [VIO2+] is more rigid than [EMI+],
and [BF4

−] is more rigid than [Tf2N
−]. [VIO2+][BF4

−]2 has an anion
distribution different from the other two by the higher and sharper
peaks in the cation−anion radial distribution functions, reflecting a
close-packed local structure of anions around cations. [VIO2+][BF4

−]2
and [VIO2+][Tf2N

−]2 have similar dynamics much slower than
[EMI+][BF4

−], and [VIO2+][Tf2N
−]2 shows a more isotropic molecular distribution than [VIO2+][BF4

−]2 and [EMI+][BF4
−].

Additionally, we have simulated two modified viologen-based ILs to reinforce our interpretations. We conclude from the above
simulation results that the rigidity of anions influences the alignment of cations and that the rigidity of cations shows a large
obstacle to their rotational capacity. Moreover, we have observed a slower diffusion of [VIO2+][BF4

−]2 due to the electrostatic
correlations, which stabilizes the ion-cage effect.

1. INTRODUCTION

Coulombic fluids are liquids formed solely or mostly by
charged components.1 The classic examples of this kind of
fluids are molten salts, electrolytic solutions, and liquid metals.2

In recent years, a large number of organic salts with near-room-
temperature melting points have been developed.3−5 The study
of those novel compounds, usually called room-temperature
molten salts or simply ionic liquids (ILs), has become a very
active field due to their promising applications in industry.6,7

The pyridinium-based8 and imidazolium-based9 ILs were
synthesized around 1980s. Since then, a lot of experimental,
theoretical, and simulation works have been done to under-
stand their physical and chemical properties. However, due to
the great diversity of ILs, a lot of open questions still remain
unanswered. For instance, the key effects that govern the phase
behavior of ILs are not fully understood.
The 1,1′-dialkyl-4,4′-bipyridinium salts, usually known as

viologens, attract a lot of research interest because of their
interesting redox behavior.10,11 They can form viologen-based
ILs when combined with appropriate anions, which exhibit
liquid crystal (LC) mesophases with long cationic side chains
and flexible anions.12−15 These mesophases, known as ionic
liquid crystals (ILCs), are a special group of chemicals
combining the properties of both ILs and LCs. Besides several
ILs that have been found to exhibit a strong tendency of
ordering into a Smetic-A (SmA) structure,16−18 Bhowmik and

co-workers19,20 have made an interesting series of experiments
on symmetric viologen cations combined with inorganic and
organic anions and concluded that the use of the bis-
(trifluoromethylsulfonyl)imide (bistriflimide or Tf2N

−) anion
permits the appearance of stable ILC mesophases. Additional
experiments demonstrated that the ILC phases can be stabilized
in a wide range of temperatures when a moderate asymmetry of
the alkyl side chains is introduced.21 However, it has been
proved that the methylation of the pyridinium core suppresses
the ILC mesophase.22 Recently, the flexibility of alkyl chains or
anions was found to play a key role in forming the ILC
structure for viologen dimers.23,24 All of the experimental
studies done for viologen systems suggest a prominent role of
the intrinsic rigidity of viologens in the phase behavior.
Therefore, systematic theoretical studies of the structural and
dynamical properties of these liquids are necessary for a deep
understanding of their phase behavior and microscopic
properties.
Despite the above studies on viologen-based ILs, their basic

physical properties are still poorly understood. However, the
imidazolium-based ILs have been the subject of extensive
studies in recent years, and a much better understanding of
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their properties have already been established. Some experi-
ments have shown the importance of the cationic alkyl side-
chain length on their physical properties, such as diffusion
coefficient and mass density,25−27 dielectric constant,28

conductivity,29 and ILC mesophases.30−33 Molecular dynamics
(MD) simulations revealed the influence of the cationic side-
chain length on diffusion34 and structure,35 the long-range
ordering of ions,36 and the spatial37 and dynamic38 hetero-
geneities. Habasaki and Ngai39 showed that imidazolium-based
ILs have a strong tendency to behave as supercooled liquids.
Recently, a systematic study revealed that the intrinsic electric
field in ILs is only a little stronger than that in molecular liquids
and much weaker than that in inorganic molten salts.40

Monocationic and dicationic ILs41 were compared in MD
simulations, and significant structural differences were found for
long alkyl chains. All of the above suggest that abundant studies
on imidazolium-based ILs allow them a good choice of
counterparts for investigating viologen-based ILs.
The rigidity of molecules seems to play an important role in

forming ILC structures for both viologen-based and imidazo-
lium-based ILs. Since the imidazolium cation is relatively
flexible, the system is easier to be disordered and form the
liquid phase. When it is combined with a rigid anion (Cl−,
BF4

−, PF6
−, etc.), the ILC structure appears at appropriate

temperatures when the cationic side chain is sufficiently
long.30−33 In contrast, the liquid phase is more favorable
when it is combined with a flexible anion such as Tf2N

−.
However, the more rigid viologen cation cannot form ILC
phases when it is combined with a rigid anion, and the ILC
phases can be observed only when it is combined with a flexible
anion.
To obtain the preknowledge for understanding the micro-

scopic mechanism of the ILC phase formation of viologen-
based ILs and the influence of the molecular flexibility, we
present a detailed comparison between an imidazolium-based
IL, 1-ethyl-3-methyl-imidazolium tetraflourborate ([EMI+]-
[BF4

−]), and a viologen-based IL, 1,1′-dimethyl-4,4′-bipyridi-
nium bis(tetraflourborate), also called dimethyl-viologen
tetrafluorborate, ([VIO2+][BF4

−]2). The choice of the particular
anion tetrafluorborate was intended to have a very rigid anion
so that the cation flexibility can be clearly studied. Our
simulation results indicate that [VIO2+][BF4

−]2 has a much
slower dynamics than [EMI+][BF4

−] and that the former has a
different anion distribution around cation from the latter, which
can be attributed to the rigidity and the dicationic nature of the
viologen-based IL. In order to distinguish the effects of the
dicationicity and rigidity on molecular properties, further
simulations of two modified viologen-based ILs were
performed. In the first case, we have removed the constraint
which keeps the two rings in the VIO2+ cation in the same
plane, obtaining a flexible dication. The second case was an IL
with the cationic total charge reduced to +1. Those simulations
have shown a prominent role of the total charge of the cation
on structural and dynamical properties. The rigidity of cations
impacts principally on the mobility of the system and has only a
marginal effect on the pair correlation functions.
We have also explored the effect of the anionic rigidity by

performing an additional MD simulation of the 1,1′-dimethyl-
4,4′-bipyridinium bistriflimide IL, also called dimethyl viologen
bistriflimide ([VIO2+][Tf2N

−]2). Our results show that the
structural properties of [VIO2+][Tf2N

−]2 are completely
different from those with a rigid BF4

− anion. Moreover, the

dynamic properties of [VIO2+][Tf2N
−]2 are almost the same as

those of [VIO2+][BF4
−]2.

2. SIMULATION AND ANALYSIS METHODS
2.1. Molecular Model. A schematic representation of the

cations and the anions simulated in this work is drawn in Figure
1, where the two-ring structure is the viologen (VIO2+) cation,

and the one-ring structure is the imidazolium (EMI+) cation.
The tetraflourborate (BF4

−) anion has a tetrahedron structure,
while the cations are essentially planar molecules. The
bistriflimide (Tf2N

−) anion is very flexible adopting many
possible configurations.
The force field of EMI+ was taken from ref 42, which is based

on the AMBER force field.43 The force field of BF4
− was

developed by J. de Andrade and co-workers.44 The AMBER
force field43 was used to model the bonded and nonbonded
interactions of the VIO2+ cation. The standard one-config-
uration two-step fitting procedure RESP45 was used to
determine the partial charges consistent with the AMBER
force field as follows. The first step was using the Gaussian
package46 to obtain the ab initio optimized structure of the
cation at the B3LYP/6-31g* level. The next step was obtaining
the partial charges which best fit the electrostatic potential at
the points selected according to the Merz−Singh−Kollman
scheme at the HF/6-31g* level. The last step was calculating
the partial charges compatible with the AMBER force field by
the RESP package included in the AMBER tools software.47

The obtained partial charges for VIO2+ are summarized in
Table 1. The bonded and nonbonded parameters of the
[Tf2N

−] anion were taken from Liu and Maginn’s work,48 but
its partial charges were calculated with the RESP procedure
(Table 1) to be consistent with the partial charges of
bipirydinium. Despite the fact that the force field parameters
have been taken from different sources, they are all compatible
with the standard AMBER potential, so they should be
consistent with each other.

2.2. Simulation Methods. All our simulations were
performed with the GROMACS49 MD simulation package.
The periodic boundary condition (PBC) was applied to all
three dimensions of a cubic simulation box, and a 1.6 nm cutoff
was applied to the nonbonded interactions. The long-range
electrostatic interactions were handled with the particle mesh
Ewald (PME) method.50 The [EMI+][BF4

−] system contains
1024 ion pairs, [VIO2+][BF4

−]2 contains 512 cations and 1024
anions, and [VIO2+][Tf2N

−]2 contains 256 cations and 512
anions. To distinguish the effect of total charge and rigidity on

Figure 1. Molecular structures of the ions constituting the ILs studied
in this work.
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viologen-based ILs, the first modified IL system with 512
cations and 1024 anions has a flexible dication by artificially
switching off the improper torsion potential keeping the two
rings in the same plane. The second one contains 1024 anions
and the same number of [VIO+] cations whose partial charges
were artificially reduced by half.
In our study, we chose T = 500 K as one of the target

simulation temperatures since the experiment has demon-
strated51 that this temperature is well above the melting
temperature of [EMI+][BF4

−]. However, we cannot find in the
literature the melting point of [VIO2+][BF4

−]2. The experi-
ments20 have reported 638 K as the melting point of
dimethylviologen bis(iodide) and 405 K for viologen
bistriflimide. According to the empirical rule1 for the melting
temperature Tm of ILs Tm(I

−) > Tm(PF6
−) > Tm(BF4

−) >
Tm(Tf2N

−), Tm of [VIO2+][BF4
−]2 should fall in the range

between 405 and 638 K. Therefore, we chose the other target
simulation temperature to be T = 700 K, well above the melting
point of [VIO2+][BF4

−]2. The target temperature for [VIO2+]-
[Tf2N

−]2 is also T = 700 K in order to compare with
[VIO2+][BF4

−]2.
The simulated systems were equilibrated by a simulated

annealing procedure as follows. The initial random config-
uration went through a series of NPT simulations at a constant
pressure P = 100 atm and different temperatures from T = 2000
K down to 1500, 1000, 800, 600, and 500 K. At each
temperature, the system was simulated for 1 ns. The last
configuration was then equilibrated with a 1 ns NPT simulation
at P = 1 atm and T = 500 K to obtain the average simulation
volume V. After that, the system further went through another
simulated annealing procedure in the NVT ensemble with the
same temperature sequence and the determined V. The
equilibrated configuration finally went through the production
runs in the NVT ensemble at T = 500 and 700 K, respectively.
The simulation durations for [EMI+][BF4

−] at both temper-
atures and [VIO2+][BF4

−]2 at 700 K are 10 ns, and 20 ns for
[VIO2+][BF4

−]2 at 500 K to obtain reliable results for
dynamical properties.
2.3. Structural and Dynamic Analysis. Besides the radial

distribution function (RDF) and the spatial distribution
function (SDF), the orientational order parameter P2[θ(r)]
between cations, defined as

θ θ= ⟨ − ⟩ = ⟨ · − ⟩P r r r n[ ( )]
1
2

3cos [ ( )] 1
1
2

3[ ] 12
2

ref
2

(1)

was also calculated to quantify the structural properties. As
illustrated in Figure 2, θ is the angle between the normalized

reference vector rref and the vector n. The vector rref points
from the center-of-mass (COM) of a reference cation toward
the nitrogen atom bonded to the methyl group of an adjacent
cation. The unitary vector n is normal to the ring plane of the
adjacent cation, and r is the magnitude of the reference vector
rref. The orientational order parameter takes a value close to
zero if n are randomly distributed, and a finite value if n
collectively have a preferred direction. In our calculations, only
the ordering between cations was calculated because the anions
do not have any particular planes for defining the alignment
direction. Our orientational ordering parameter is close to the
rotational ordering parameter defined in ref 52.
The dynamical properties were quantified with the mean-

square displacement (MSD), the rotational autocorrelation
function (RACF), and the ion cage correlation function
(ICCF). The RACF quantifying the molecular rotational
dynamics is defined as

θ θ= ⟨ − ⟩ = ⟨ · − ⟩P r t tR R[ ( )]
1
2

3cos [ ( )] 1
1
2

3[ (0) ( )] 12
2 2

(2)

where θ is the angle between the normalized vector R(0)
pointing from one of the nitrogens to another one in the same
cation at time t = 0 (the red vector in Figure 2) and the same
vector R(t) at a later time t. The ICCF is defined as

=
⟨ ⟩

⟨ ⟩
S t

p p t
p

( )
(0) ( )

(0) (3)

where p(0) is unity if two counterions form a pair (distance less
than 1.2 nm) at time 0 and zero otherwise, p(t) is unity if two
counterions form a pair at time 0 and remain a pair
continuously until time t and zero otherwise, and <···> denotes
the ensemble average over all ion pairs.

3. RESULTS: STRUCTURAL PROPERTIES
3.1. Radial Distribution Functions. It can be seen from

Figure 3a that the maxima of g++(r) and g− −(r) for
[EMI+][BF4

−] coincide almost exactly with the minima of
g+ −(r) and the RDF oscillations extend until r = 2 nm,
indicating a high degree of molecular structural ordering. In
contrast, as shown in Figure 3b, for [VIO2+][BF4

−]2, the g++(r)
and g−−(r) maxima do not coincide with the g+ −(r) minima,
and the g−−(r) first peak is closer to the maximum of g+−(r). In
addition, the cation−cation RDF has the first peak at a larger
distance than the cation−anion RDF, and the RDFs oscillate

Table 1. Partial Charges for the Bipirydinium Cation and the
Bistriflimide Anion Calculated with the RESP Method

atom description partial charge

CA1 ring member bonded to N −0.013475
CA2 ring member not bonded to N −0.128711
CA3 ring member bonded to the other ring 0.105547
N in bipirydinium 0.111043
H4 bonded to CA1 0.221247
HA bonded to CA2 0.181887
CT methyl carbon −0.183761
H1 methyl hydrogen 0.148425
N in bistriflimide −0.584243
S in bistriflimide 0.782511
O in bistriflimide −0.448549
C in bistriflimide 0.158312
F in bistriflimide −0.083868

Figure 2. Illustration of the vectors involved in the definition of the
orientational order parameters for EMI+ (left) and VIO2+ (right).
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beyond r = 1.75 nm. The COM RDFs at T = 700 K, as shown
in Figure 3, are similar to the ones calculated for T = 500 K.

The high degree of ordering exhibited in [EMI+][BF4
−]

RDFs due to the requirement of local neutrality is similar to the

Figure 3. Radial distribution functions for the [EMI+][BF4
−] and [VIO+][BF4

−]2 ILs at P = 1 atm and T = 500 K (first row) or 700 K (second row).
The g++, g−−, and g+− are plotted by solid, dashed, and dot-dashed lines, respectively.

Figure 4. Comparisons between the cation−cation, cation−anion, and anion−anion RDFs in the first, second, and third rows, respectively. For all of
the panels, the [EMI+][BF4

−] RDFs are drawn in solid lines, and the [VIO2+][BF4
−]2 RDFs are in dashed lines. Panels a, c, and e show the results at

T = 500 K and b, d, and f for 700 K.
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ordering observed in halide molten salts such as sodium
chloride.53 However, the observed shift of its peaks is attributed
to the microscopic ordering of the counterions37 due to the
nonspherical charge distribution of [EMI+] and the size
difference between cations and anions. However, the cation−
cation and anion−anion RDFs of [VIO2+][BF4

−]2 do not
perfectly antiphase with the cation−anion RDF because the two
positive charges of [VIO2+] require more surrounding anions
than [EMI+] with a smaller mean distance.
The above RDFs are redrawn in Figure 4 to better compare

with each other. The cation−cation, cation−anion, and anion−
anion RDFs are arranged to be in the first, second, and third
rows, respectively, and the first column is at 500 K, and the
second column is at 700 K. In all of the plots, solid lines
correspond to [EMI+][BF4

−], and dashed lines are [VIO2+]-
[BF4

−]2. The [VIO2+][BF4
−]2 cation−cation RDFs have an

apparent shift to a larger distance with respect to [EMI+][BF4
−]

at both temperatures, which can be understood by the
difference in molecular size and shape. At T = 500 K, a small
bump appears at 0.45 nm for [EMI+][BF4

−] and at 0.6 nm for
[VIO2+][BF4

−]2. At T = 700 K in Figure 4b, the bump still
presents for the latter but disappears for the former. Similar
bumps in the cation−cation RDF were previously observed by
Yan and co-workers52 for the 1-ethyl-3-methyl-imidazolium
nitrate ([EMI+][NO3

−]) IL and were interpreted as the
consequence of the cation alignment.

The [VIO2+][BF4
−]2 IL has a sharper g+−(r) main peak than

[EMI+][BF4
−] at both temperatures. In addition, a small bump

presents at 0.7 nm before the first valley for [VIO2+][BF4
−]2.

Interestingly, this bump is at a position slightly utmost than the
bump formed in the cation−cation RDF, suggesting a
correlation between this bump and that observed in g++(r).
The g−−(r) for both ILs differ in the ordering of anions. As
shown in Figure 4e, the first peak of the [VIO2+][BF4

−]2
anion−anion RDF is located at a smaller distance and is higher
and sharper than [EMI+][BF4

−], indicating that the anions are
packed more closely due to the larger positive charges of
[VIO2+]. Consequently, the g−−(r) of [VIO2+][BF4

−]2 damps
faster than that of [EMI+][BF4

−]. The above RDF results
indicate that the dicationic nature of the methyl-viologen cation
results in closer-packed anions with a stronger correlation with
cations.
As described in the Introduction section, to distinguish the

effect of the rigidity and the dicationicity of [VIO2+], we further
simulated two artificially modified IL systems. The first one is a
viologen-based IL with the constraint keeping the two cationic
rings in the same plane turned off, and the second one has the
total partial charge of [VIO2+] rescaled to be +1. Both have
[BF4

−] as the anion. We present in Figure 5 the RDFs for the
first modified system compared with the RDFs of the original
system as well as the [EMIM+][BF4

−] system. The cationic
flexibility allows cations to come closer (panels a and b) and the

Figure 5. Comparison of the RDFs for the modified [VIO2+] [BF4
−]2 system with a flexible cation and the original system as well as the

[EMIM+][BF4
−] system. The left column shows the results at T = 500 K, and the right column is at T = 700 K. The top, middle, and bottom rows

present the cation−cation, cation−anion, and anion−anion RDFs, respectively.
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principal peak on the cation−anion RDF to slightly shift to a
shorter distance (panels c and d), but the anion−anion RDFs
remain unchanged (panels e and f). Figure 6 show the results

for the second modified system compared with the original
system. All RDFs shift to the right when the cationic partial
charge is reduced, indicating a reduction of ionic correlations

Figure 6. Comparison of the RDFs for the [VIO+] [BF4
−] system with the [VIO2+] [BF4

−]2 system. The left column shows the results at T = 500 K,
and the right column is at T = 700 K. The first, second, and third rows show cation−cation, cation−anion, and anion−anion RDFs, respectively.

Figure 7. RDFs for [VIO2+][Tf2N
−]2 at T = 700 K (a) and comparisons of cation−cation (b), cation−anion (c), and anion−anion (d) RDFs

between [VIO2+][Tf2N
−]2 and [VIO2+][BF4

−]2.
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induced by electrostatic interactions. In particular, the first peak
of the anion−anion RDF shifts more than one Angstrom. From
the above results, we conclude that the rigidity of the [VIO2+]
cation has a marginal effect on the structural properties.
In order to explore the effect of anion flexibility, we have

additionally performed MD simulations for dimethylviologen
bistriflimide at T = 700 K. The COM-RDFs were employed to
quantify the structural properties. The COM-RDFs of
[VIO2+][BF4

−]2 and [VIO2+][Tf2N
−]2 are plotted in Figure

7a−d. We can see in Figure 7a that the main peak positions of
g++(r) and g−−(r) do not coincide with the first minimum
position of g+ −(r). A more detailed comparison shown in
Figure 7b indicates that the bump at around 0.45 nm presented
in the [VIO2+][BF4

−]2 cation−cation RDF disappears for
[VIO2+][Tf2N

−]2. In Figure 7c, we can see two essential
differences: the [VIO2+][BF4

−]2 cation−anion RDF has a
sharper main peak and a bump at around 0.7 nm. In Figure 7d,
we can see the shift to a larger distance of the anion−anion
RDF for [VIO2+][Tf2N

−]2. On the basis of those results, we
conclude that (1) the screening scheme for both ILs is similar;
(2) the cations of [VIO2+][Tf2N

−]2 no longer align; and that
(3) for [VIO2+][Tf2N

−]2, a similar anion structure shifts to a
larger distance due to the larger size of the bistriflimide anion.
3.2. Static Orientational Order Parameter. It was found

that the emergence of a bump in the cation−cation RDF may
relate to a certain rotational ordering.52 To understand the
bumps appearing in the RDFs, we have further calculated the
static orientational order parameter (SOP) P2[θ(r)] defined in
eq 1, whose results are shown in Figure 8. We can see that the

SOP has a significant peak at 0.45 nm for [EMI+] and at 0.6 nm
for [VIO2+] and otherwise is close to zero. According to the
SOP definition, the first peaks can be interpreted as the
alignment of the adjacent cationic ring planes. For both ILs, the
RDF bumps and the SOP peaks are at the same locations,
indicating that the bumps in the cation−cation RDFs come
from the ring alignment of adjacent cations.
Next, we present in Figure 9a−d an illustration of the cation

alignment. Figure 9a and b shows the snapshots in which
aligned cations are depicted as solid molecules and the rest as
transparent molecules. Figure 9c and d illustrates a pair of
viologen and imidazolium cations, respectively. We can see that
the distance between the center of mass of both cations is
smaller for aligned cations. In addition, we observe the anions
appearing beside the cationic rings rather than in between. This
kind of cationic alignment certainly serves as the precursor of a
crystal structure in these ILs.

The small bump at 0.7 nm in the [VIO2+][BF4
−]2 g+ −(r) is a

consequence of the fact that anions present at the side of
cationic rings. Interestingly, the g+−(r) of [EMI+][BF4

−] does
not present a bump between the first and second peaks because
the EMI+ cations allow anions to stay as close as inside the first
coordination shell.

3.3. Radial Distribution Functions between Anions
and Hydrogen Atoms. As described above, the most
important difference between the two studied IL systems is
the local ordering of the [BF4

−] anions. In order to obtain a
better understanding of the detailed microscopic molecular
structures, we have calculated the RDFs of anions with respect
to various cationic hydrogen atoms. As shown in the inset of
Figure 10a, for [EMI+][BF4

−], the hydrogen atoms are labeled
as H5, H4, H1, and HC. The H5 and H4 hydrogen atoms are
on the imidazolium ring, the H1 is in the methyl-group, and the
HC atom is associated with the ethyl chain. The RDFs shown
in Figure 10a indicate that the mean distance is almost identical
for the four hydrogen types, and a high concentration of anions
is around the H5 atom due to its relatively large partial charge.
In contrast, HC exhibits a lower mean peak, indicating a poor
affinity of anions with the ethyl groups.
However, the [VIO2+][BF4

−]2 ILs have three kinds of
hydrogen atoms: H4 and HA are bonded to the viologen rings,
and H1 is bonded to the external methyl groups. Figure 10b
shows the anion RDFs around the viologen hydrogens, whose
first peak positions are almost identical. In addition, the H1-BF4
and H4-BF4 RDFs have similar main peak heights higher than
the HA-BF4 RDF. The coincidence of the main peak positions
indicates that the anionic average shell takes an ellipsoidal
shape induced by the rod-like form of the viologen molecule.
However, the anions prefer to associate with the external part
of the VIO2+ rings. This preference can be understood by
taking into account the fact that most positive partial charges
concentrate on the external parts of the viologen cationic rings,
which attract anions to stay around this region most of the
time.

3.4. Spatial Distribution Functions. The spatial distribu-
tion functions (SDFs) are shown in Figures 11a−d. We can
observe in Figure 11a a first coordination shell composed of
anions and surrounded by a second shell mainly formed by
cations, consistent with Figure 3a. In agreement with Figure
10a, the anions concentrate around H5 and H4. In Figure 11b,
the [BF4

−] SDF shows that the anion is surrounded mainly by
cations in the first coordination shell and that the second shell
is formed by anions. Because of the structural symmetry in the
[BF4

−] molecule, the average ionic distribution maintains a
quasi-spherical symmetry.
Figures 11c and d present the SDF for [VIO2+][BF4

−]2.
Figure 11c shows an inner shell of anions surrounded by a shell
of cations. A high occupation of anions is around the H4 atoms
at the outer side of the viologen rings, consistent with Figures
3c and 10b. In Figure 11d, we can see that a compact structure
composed of cations and anions surrounds the central anion, in
good agreement with Figures 3a,b and 4c,e.

3.5. Summary of Structural Properties. We have
observed that anions of [VIO2+][BF4

−]2 tend to form a close-
packed ordering due to the dicationic nature of the methyl-
viologen molecule but that the anions around [EMI+] have a
longer range correlation. The viologen molecule promotes a
close-packed local structure instead of the long-range ordering
found in the monocationic IL. This difference can be
understood by considering the competition between two

Figure 8. Static orientational order parameter16 P2[θ(r)] as a function
of the distance at T = 500 K. The result for [EMI+][BF4

−] is plotted
with a solid line, and the dashed line is for [VIO2+][BF4

−]2.
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factors: the inhomogeneous charge distribution of [EMI+]
prefers a loose structure of anions, and the large positive partial
charge taken by [VIO2+] promotes a compact structure of
anions around its two rings. A little bump appears in the
cation−cation RDFs of both ILs due to the alignment of cation
rings. The anion distributions around cations are also different
by another small bump before the first valley of the cation−
anion RDF for [VIO2+][BF4

−]2 due to the occupancy of anions
beside the aligned cations.
Our results for [EMI+][BF4

−] are analogous to the MD
results by Li and co-workers41 for monocationic imidazolium-
based ILs. However, several differences can be found for
[VIO2+][BF4

−]2 on the ordering of ions linked to the additional
interaction sites on the two viologen rings: eight rather than six
hydrogen bonding sites are on each cation. Another important
source of differences is the rigidity of the bypiridinium core in
contrast with the flexibility of di-imidazolium cations. Unlike
the imidazolium dications studied in ref 44, which can bend due
to the flexibility of the alkyl chain, the bipyridinium core cannot
bend; as a result, the viologen cations are difficult to rotate even
at high temperatures.

4. RESULTS: DYNAMICAL PROPERTIES

4.1. Mean Square Displacements. The calculated mean
square displacements (MSDs) at T = 500 and 700 K for the
two IL systems are presented in Figure 12a and b. In both
panels, bold lines are for [EMI+][BF4

−] and thin lines for
[VIO2+][BF4

−]2. Solid and dashed lines represent cations and
anions, respectively.
As expected, both systems exhibit a ballistic regime in a short

time followed by a plateau and finally a linear regime. Notice
that [BF4

−] has a slightly smaller MSD slope than [EMI+] at
both temperatures, in good agreement with the previous MD
results for imidazolium-based ILs.55 However, we can observe a
slower diffusivity for [VIO2+][BF4

−]2. As listed in Table 2, the
diffusion coefficient of [VIO2+][BF4

−]2 is about 2 orders of
magnitude less than [EMI+][BF4

−] at 500 K and 1 order of
magnitude at 700 K.
As shown in Figure 12b, the viologen cation decreases the

system mobility. Interestingly, anions diffuse slightly slower
than cations in [EMI+][BF4

−] but slightly faster in [VIO2+]-
[BF4

−]2. The modified systems first described in the
Introduction section were used again to probe the effect of
the rigidity and total charge on system dynamics. The

Figure 9. Illustration of the alignment of the imidazolium and viologen cations. (a and b) Randomly chosen snapshots in which aligned cations are
depicted as solid molecules and the rest of the system as transparent molecules. (c and d) A pair of viologen and imidazolium cations, respectively,
with the anions accommodated at the side of the cations.

Figure 10. Hydrogen-anion radial distribution functions for [EMI+][BF4
−] (a) and [VIO2+] [BF4

−]2 (b). The H1-BF4 RDFs are drawn with black
lines, H4-BF4 RDF red lines with circles, H5-BF4 RDF green lines with squares, and HC-BF4 RDF blue line with diamonds.
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comparison with the modified system with a flexible [VIO2+]
cation is shown in Figure 13a and b. The ion mobility increases
when the cation becomes flexible, demonstrating that cationic
rigidity greatly obstacles ion diffusion. In addition, the
dicationic nature of viologen also has a significant impact on
system diffusion. Figure 14a and b shows that the dicationic IL
is less mobile than the one with reduced charge, whose mobility
is very similar to that of the imidazolium-based IL.

To study the effect of anion flexibility on system dynamics,
the MSDs of [VIO2+][BF4

−]2 and [VIO2+][Tf2N
−]2 have been

calculated and are presented in Figure 15. We can see that both
ILs have almost the same cationic MSDs but that [Tf2N

−]
anions diffuse slower than [BF4

−] due to their larger size.
Therefore, we conclude that replacing anion species does not
significantly alter the dynamic properties of viologen cations.

4.2. Rotational Autocorrelation Function. The cation
RACFs have been calculated according to eq 2 and are plotted
in Figure 16a and b. As shown in Figure 16a, the RACF at 500
K is slow for both cations. The imidazolium RACF requires
about 100 ps to relax, and the viologen RACF presents a large
plateau that extends about 5 orders of magnitude longer in time
than the imidazolium. The RACFs at 700 K, shown in Figure
16b, are faster than that at 500 K, but the viologen still requires
about 500 ps to relax. Therefore, we conclude that the [VIO2+]
cations are always more difficult to rotate than [EMI+] and that
the former prefer to remain aligned for a longer time than the
latter. The large difference in the RACFs can be understood by
the rigid rod-like form of the [VIO2+] cation which requires
that both pyridinium rings rotate simultaneously. In contrast,
the imidazolium cation only has to rotate a single ring.
Therefore, rigidity is vital in slowing down the rotational

Figure 11. Spatial distribution function for the ions at T = 500 K. The blue surface corresponds to the cation distribution, and yellow is anion
distribution. The first column shows the average distribution around cations, while the right column shows the accommodation around anions. Panel
a shows the inhomogeneous distribution of anions around the most charged hydrogens of the [EMI+] cation. In contrast, as shown in panel b, the
distribution around the anion is very symmetric. Panel c clearly shows that the anions concentrate around the two rings of [VIO2+]. Panel d shows a
closed packed distribution around the anion for [VIO2+][BF4

−]2. The images were created with VMD.54

Figure 12.MSDs for the imidazolium- and viologen-based ILs at (a) 500 K and (b) 700 K. Solid lines are for cations, and dashed lines are for anions.
The blue lines are for [EMI+][BF4

−], and the black lines are for [VIO2−][BF4
−]2.

Table 2. Diffusion Coefficients for [VIO2+][BF4
−]2 and

[EMI+][BF4
−]a

ion T (K) D (×10−5 cm2/s)

EMI+ 500 0.598 (±0.0366)
BF4

− (EMI+) 500 0.4732 (±0.0088)
VIO2+ 500 0.0064 (±0.0016)
BF4

− (VIO2+) 500 0.007 (±0.0013)
EMI+ 700 2.867 (±0.1198)
BF4

− (EMI+) 700 2.579 (±0.0047)
VIO2+ 700 0.4525 (±0.0049)
BF4

− (VIO2+) 700 0.5869 (±0.0107)
aThe first four rows are the results at T = 500 K, and the other four are
at T = 700 K.
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motion of the dimethyl-viologen cation inside a highly
structured ion cage.
4.3. Ion-Cage Lifetime. In order to quantify the long

lifetime of the ion cages, we have calculated the ion-cage

correlation (ICC) defined in eq 3. Figure 17a and b shows the
time dependence of the ICC for both ILs. In Figure 17a, we can
observe a very slow decay of the ICC at 500 K. For the
[EMI+][BF4

−] IL, the ICC relaxes in a time window of 3 ns, but
the [VIO2+][BF4

−]2 ions remain paired for more than 4 ns. A
similar scenario is observed in our simulations at T = 700 K
presented in Figure 17b, in which the relaxation of [EMI+]-
[BF4

−] is still faster than [VIO2+][BF4
−]2.

Our results suggest that using a dication instead of a
monocation has a great influence on the stability of the ion cage
because the stronger electrostatic interaction increases the
stability of ion pairs, and the rigidity of the bipyridinium cation
increases at a lower temperature. Clearly, a rigid large cation
stabilizes the ion cage due to the slower translational and
rotational diffusions, which leads to a long ion-pair lifetime
because the anions are effectively trapped between the cations.
Our results provide additional support to the importance of the
recently discovered ion-cage effect56 on the dynamic and
transport properties of ILs.

Figure 13. MSDs of the modified system with a flexible dication compared to the original system as well as [EMI+][BF4
−] at T = 500 K (a) and T =

700 K (b).

Figure 14. MSDs of the modified system with reduced cationic charges compared to the original system as well as [EMI+][BF4
−] at T = 500 K (a)

and T = 700 K (b).

Figure 15. MSDs of [VIO2+][Tf2N
−]2 and [VIO2+][BF4

−]2 ILs at T =
700 K.

Figure 16. Rotational autocorrelation function for the cations of [VIO2+][BF4
−]2 (solid lines) and [EMI+][BF4

−] (dashed lines) at T = 500 K (a)
and 700 K (b).
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4.4. Summary of Dynamical Properties. We have
observed that all the dynamical correlation functions of
[VIO2+][BF4

−]2 present a slower relaxation than [EMI+][BF4
−]

at both T = 500 and 700 K. The MSD shows that
[EMI+][BF4

−] has a faster diffusion and that its anions diffuse
slower than the cations. For [VIO2+][BF4

−]2, both cations and
anions present a very slow mobility. At 700 K, the diffusion
increases for both ILs, but [VIO2+][BF4

−]2 is still slower.
The RACF shows that the rotational diffusion of [VIO2+]-

[BF4
−]2 is very difficult at both temperatures due to the rigidity

of the viologen cation. We have shown that the slowing down
of the dynamical properties can be understood by the long-
living ion-cage effect, which is more significant for [VIO2+]-
[BF4

−]2. On the basis of the structural differences previously
described, we can conclude that the slowing down of the
[VIO2+][BF4

−]2 diffusion (translational and rotational) can be
understood by the dicationic nature and the rigidity of the
[VIO2+] cation. Of course, the large size difference between the
cation and the anion also contribute to the difference in
diffusion since the long-distance electrostatic interactions allow
small molecules to diffuse in available spaces, but the large rod-
like viologen cation has no enough space to easily move, and
the combination of electrostatic and nonoverlapping inter-
actions reduce the possibility of an efficient diffusion in this
system. Nevertheless, a more important factor is the two
positive charges on the methyl-viologen cation which force the
anions to be close-packed with the cations to maintain an
efficient local neutrality, and they are hard to diffuse. In
addition, the close-packed local structure slows down the
cationic diffusion because the ion cage surrounding the cations
has a longer lifetime.
Finally, the rigidity of the viologen cations does not permit

the anions to move in an efficient way and thus slows down the
diffusion of all ions in the system. In addition, the rigidity is a
prominent obstacle for the rotational diffusion of the viologen
cation, which requires the two rings to rotate together.

5. CONCLUSIONS

In this work, MD simulations were employed to perform a
systematic comparison between the monocationic IL [EMI+]-
[BF4

−], the dicationic IL [VIO2+][BF4
−]2, and [VIO2+]-

[Tf2N
−]2 to study the influence of molecular flexibility on the

structural and dynamical properties of ILs. For the structural
properties, the RDFs and SDFs reveal that the local ordering of
anions is different. The anions in [VIO2+][BF4

−]2 are close
packed and highly correlated to the viologen rings, in particular
to the external part of the cation. For the cations in both ILs,
the orientational order parameter P2[(r)] shows a strong
tendency of parallel alignment, corresponding to the bumps in

the cation−cation RDFs of [EMI+][BF4
−] and [VIO2+][BF4

−]2,
which, along with the close-packed structures, might be a
precursor toward crystallization. The bumps disappear for
[VIO2+][Tf2N

−]2 because the [Tf2N
−] anions have a larger

exclusive volume and introduce a larger degree of disordering
due to their flexibility. Our results can also explain the drastic
decrease of the melting temperature when rigid anions, such as
halides, are replaced by bistriflimide anions.
The dynamics of [VIO2+][BF4

−]2 is slower than [EMI+]-
[BF4

−], even at high temperatures. Besides the general slowing
down in diffusion, we have also found that, for [VIO2+][BF4

−]2,
the anions are always more mobile than the cations, which is
not the case for [EMI+][BF4

−]. The cationic dynamics is not
affected by different anions. Moreover, we have found that the
ion cage of [VIO2+][BF4

−]2 is more stable, responsible for the
main differences between the dynamic behavior of both ILs.
The stability of the ion-cage can be attributed to the dicationic
nature and the rigidity of the [VIO2+] cation.
We have identified two factors responsible for the main

differences between both ILs. The first reason is the dicationic
versus the monocationic nature of the cations. The two charges
in the methyl-viologen molecule promote a higher correlation
between its rings and the anions. This strong correlation is due
to the tendency of Coulombic fluids to establish local neutrality
on average. Consequently, the viologen cation always requires
two anions to compensate its positive two charges, promoting a
stronger and close-packed local structure. The second reason is
the rigidity of the bipyridinium cation compared with the
flexible imidazolium molecule.57 The flexibility plays a
fundamental role in the rotational motion and the alignment
of cations. The usage of a more flexible anion, such as
[VIO2+][Tf2N

−]2, destroys the cation alignment and makes the
isotropic phase more favorable
We further verified our interpretations by simulating two

modified viologen-based ILs. The results for the first one with
the rigidity of the viologen cation turned off indicate that the
introduction of flexibility only slightly affects the structural
properties but significantly increases the system mobility. The
results for the second one with the total cationic charge
reduced from +2 to +1 indicate that the cationic charge has a
great influence on both structural and dynamical properties: the
intermolecular structure becomes looser, and the system
diffusion increases, both of which can be attributed to the
decrease of attractive electrostatic interaction between cations
and anions.
Finally, we would like to emphasize the fact that the rigid and

dicationic nature of [VIO2+] has a significant impact on the
phase behavior of corresponding ILs. Despite the fact that we
have studied both ILs in the liquid phase, it is natural to

Figure 17. Ion-cage correlation function for [EMI+][BF4
−] (dashed lines) and [VIO2+][BF4

−]2 (solid lines) at (a) 500 K and (b) 700 K.
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conceive that the strong correlations of anions and the
tendency of cations to align are indicative of a higher preference
of the crystalline structure for [VIO2+][BF4

−]2 than [EMI+]-
[BF4

−] because the two charged cationic rings promote a
strong correlation and a spatial ordering of the anions.
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