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ABSTRACT: The distinctive structural organization of
dicationic ionic liquids (DILs) with varying alkyl linkage
chain lengths is systematically investigated using classical
molecular dynamics (MD) simulations. In comparison with
their counterparts, monocationic ionic liquids (MILs) with free
alkyl chains, the DILs with short linkage chains exhibit almost
identical structural features regardless of anion types, whereas
the long-chain DILs display a relatively insignificant prepeak
and low heterogeneity order parameter (HOP), which are
accompanied by the less evident structural heterogeneity.
Moreover, the predominant role of anion type in the structure
of DILs was verified, similar to what is observed in MILs. Finally, the different nanoscale organizations in DILs and MILs are
rationalized by the relatively unfavorable straight and folded chain models proposed for the nanoaggregates in DILs and the
favorable micelle-like arrangement for those in MILs.

1. INTRODUCTION
Room-temperature ionic liquids (RTILs) are attracting rapidly
growing research interest due to their outstanding properties
and versatility. In spite of a remarkable increase in the number
of RTILs reported, a majority of RTILs under investigation are
monocationic ionic liquids (MILs), i.e., having monovalent
cations. It has been suggested that the physical and chemical
properties of RTILs are mainly determined by the anion due to
its diversity, whereas most cations are structurally similar and
thus exert less influence on RTIL properties.1 To expand the
diversity of the cation family, a series of imidazolium- and
pyrrolidinium-based geminal dicationic ionic liquids (DILs)2,3

with cations consisting of two identical imidazolium or
pyrrolidinium rings linked together by alkyl chains of different
lengths are studied. In contrast to cations in MILs, each
dication in DILs carries two positive unit charges, and it is
structurally symmetrical in most cases. Moreover, subsequent
studies reported that DILs, similar to MILs, can be used equally
well as catalysts,4−7 solvents,8 lubricants,9,10 and electro-
lytes,11,12 especially at high temperatures due to their high
stability.3

Although the structural and physicochemical properties of
MILs have been extensively studied13−16 and several studies on
DILs have been reported,17−20 the spatial heterogeneity of
DILs has yet to be fully explored. The nanoscale organization of
MILs has been comprehensively investigated using small-/wide-

angle X-ray scattering (SAXS/WAXS),21−23 small-angle neu-
tron scattering (SANS),24 and a variety of theoretical
simulations.25−27 The physical significance of the “prepeak”
or “first sharp diffraction peak (FSDP)” observed at the low-Q
range in the structure functions of MILs with long alkyl chains
from both experimental and theoretical work has been debated
for decades. Recently, partly as a result of simulation studies, a
consensus is emerging that the prepeak is a result of the
correlations between anions that are separated by the
aggregated long alkyl chains and thus corresponds to anion−
anion correlations beyond the first nearest-neighbor shell. The
intensity of the prepeak mostly depends on the types of anions
whose constituents usually have large X-ray form factors in
comparison to the cation alkyl chains.28 However, relevant
studies on this issue have not been reported for DILs. Does
linkage chain length impose the same influence on the
structural arrangement of DILs as the free alkyl chain in
MILs? Do DILs exhibit structural heterogeneity similar to that
observed in MILs? What role does the anion play in the
structure of DILs? Some answers have been obtained in
simulation studies by Ishida29 and Bodo et al.,30 in which they
reported that the increase of linkage chain length results in the
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emergence of a prepeak at low-Q range in the structure
function for DILs. However, the majority of the aforemen-
tioned issues are still inviting in-depth exploration.
In this work, a systematic study on DILs 1-alkyl-3-

dimethylimidazolium tetrafluoroborate [Cn(mim)2](BF4)2 (n
= 3, 6, 9, 12, 16) was performed using classical molecular
dynamics (MD) simulation. The effects of the linkage chain
length on the nanoscale organization of DILs were analyzed in
comparison with those of the free alkyl chain length in MILs.
The structural heterogeneities resulting from the assembly of
long linkage chains in DILs were derived and compared with
those formed by long alkyl tail chains in MILs. Moreover, the
BF4 anions were replaced with different alternatives (Br and
PF6) for short- and long-chain dications and monocations,
respectively, to study the influence of anion type on the
nanoscale ordering. On the basis of these insights, we propose
idealized structural models for nanoaggregates formed by the
alkyl chains of DILs and MILs that provide a basis for
understanding the dissimilarities in the nanoscale segregation of
DILs and MILs.

2. SIMULATION METHODS
The force field used for dicationic [Cn(mim)2](X)2 (n = 3, 6, 9,
12, 16 and X = Br, BF4, PF6) was adapted from the all-atom
force field developed by Yegagegi et al.,31 which has been
validated and used to predict the densities of DILs with high
accuracy compared with experimental data.3 The force field for
monocationic [Cnmim][X] (n = 3, 6, 9 and X = Br, BF4, PF6)
was taken from the study by Lopes’s group.32 All the hydrogen
bonds were constrained during the simulation using the LINCS
algorithm,33 and a 1.1 nm cutoff was used for van der Waals
interactions. Long-range electrostatic interactions were pro-
cessed using the particle mesh Ewald (PME) method.34

Periodic boundary condition (PBC) was applied in three
dimensions. All simulations were performed using the MD
package Gromacs.35 A simulation box consisting of ∼1000 ion
pairs at low density was initialized at 800 K for 1 ns, followed
by a 6 ns equilibration at 450 K in the isobaric−isothermal
ensemble. Due to the high melting point (∼400 K)3 of
[Cn(mim)2](X)2, all the simulations were performed at 450 K
rather than room temperature to ensure that all ionic liquids are
in the liquid phase. The equilibrated box size is in the 8−10 nm
range, which is sufficiently large to accurately represent the low-
Q peaks above 0.15 Å−1 in the structure function. A 2 ns
production run generated at 1 bar and 450 K was used for
further analysis. The total static structure factors were
calculated using the following equation.36

∑
∑

∫χ χ πρ

χ
=

−
αβ

α β α β αβ

α
α α

S Q

f Q f Q g r r r

f Q

( )

( ) ( )4 [ ( ) 1] d

[ ( )]

r Qr
Qr0

2 sin( )

2

c

(1)

where χα and χβ are the fraction of atom species α and β; Q is
the wave vector; f(Q) is the form factor of the atom species;
gαβ(r) is the correlation function of atom species α and β; and rc
is the integration cutoff which equals one-half of the simulation
box.
The heterogeneity order parameter (HOP) was calculated as

well to quantify the effect of the increased alkyl chain on the

spatial heterogeneity of DILs and MILs. The following
equation is used for the HOP calculation37,38
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where NS is the total number of sites in the system; rij is the
distance between site i and j corrected by periodic boundary
conditions; and σ = L/NS

1/3 with L being the length of the cubic
simulation box. From eq 2, it is indicated that the value of h
increases as the spatial heterogeneity is enhanced because the
tighter packing of sites results in the smaller rij, which leads to a
larger h.

3. RESULTS AND DISCUSSION
The calculated total static structure factors for DILs
[Cn(mim)2](BF4)2 are shown in Figure 1, based on which

two findings should be noted. First of all, the intensity of the
peak at approximately 1.4 Å−1 increases with the elongation of
the linkage chain length and shifts to low-Q range. According to
previous studies of MILs,39−41 the peak located at 1.4 Å−1 is
mainly due to the interaction between co-ions, that is, cation−
cation or anion−anion interactions. The chain-length-depend-
ent increase of the peak intensity implies a strengthened
correlation between co-ions, and the peak shift toward the low-
Q range corresponds to the increased distance between co-ions.
The partial structure factors shown in Figure 2 reveal that the
peak located at 1.4 Å−1 in Figure 1 mainly results from the
cation−cation correlations (Figure 2a), which displays the
enhanced peak intensity as well as shifted peak positions toward
low-Q as the linkage chain length increases from C3 to C16. By
focusing on subcomponents (i.e., the head and chain in the
dication) of the cation−cation correlation as shown in Figure
2e,f, we see that the increased intensity of the peak at 1.4 Å−1 is
dominated by the linkage chain−chain correlations (Figure 2f).
The enhanced chain−chain interaction is also confirmed by the
radial distribution functions (RDFs) of linkage chains shown in
Figure S1d in the Supporting Information (SI), where, in
contrast to the ring−ring, ring−anion, and anion−anion RDFs,
the first peak of the chain−chain RDF increases significantly
with increasing linkage chain length. The other phenomenon
noticed at the low-Q range is the rise of the prepeak located at

Figure 1. Total static structure factor for dicationic [Cn(mim)2](BF4)2
(n = 3, 6, 9, 12, 16).

The Journal of Physical Chemistry C Article

dx.doi.org/10.1021/jp406381g | J. Phys. Chem. C 2013, 117, 18251−1825718252



0.3 Å−1 as the chain length increases, which is similar to that
observed in MILs with long alkyl tails.23,39,40,42−44

Figure 2c verifies that the presence of a prepeak is mainly
attributed to the anion−anion correlation, similar to the
conclusion drawn from studies on MILs.28,45 Although Figure
2f presents the enhanced chain−chain interactions as chain
length increases, the chain−chain interactions do not
contribute to the increased prepeak intensity directly. Never-
theless, the increased alkyl chains occupy more space, which
leads to the enhanced anion−anion correlations and eventually
the presence of the prepreak. Moreover, the aggregate
composed of long linkage chains is shown in the snapshots
of Figure 3, suggesting that DILs as well as MILs manifest
enhanced structural heterogeneity with the elongation of chain
length. On the basis of the above findings, it seems fair to
conclude that the increased linkage chain in DILs plays a similar
role as the alkyl chain in MILs. However, there are significant
dissimilarities in the nanoscale structure between DILs and
MILs as the elongation of the chain length. On the basis of
visual inspection of Figure 3, it is apparent that the aggregate
sizes formed in MILs ([C6mim][BF4] and [C8mim][BF4]) are
larger than those in DILs ([C12(mim)2](BF4)2 and
[C16(mim)2](BF4)2). It is worthwhile to note that in this
work, to compare chain length effects on the structural
segregation of DILs and MILs in a rigorous way, MILs with
varying alkyl tail lengths are chosen, where each alkyl tail chain

length corresponds to one-half of the linkage chain length in
DILs (i.e., [Cnmim][BF4] (n = 3, 6, 8) versus [Cn(mim)2]-
(BF4)2 (n = 6, 12, 16)).
To quantify the spatial heterogeneity observed in Figure 3,

the HOPs for both DILs and MILs were calculated and shown
in Figure 4. According to the study by Voth’s group,37 the HOP

value for homogenously distributed ideal particles is ∼15.74. All
the HOPs shown in Figure 4 are above 15.74, indicating the
heterogeneous system for both DILs and MILs. Moreover, the
HOP value increases with the elongation of the alkyl chain
length in both DILs and MILs, indicating the increased
structural segregation as chain length increases. This trend is in
agreement with previous reports on MILs.37,38 Nevertheless,
the alkyl chains of MILs exhibit much larger HOP values
compared with those in DILs, implying the higher degree of
alkyl chain aggregation in MILs, which is evident by visual
inspection of the snapshots shown in Figure 3. In addition, it is

Figure 2. Structure functions of [Cn(mim)2](BF4)2 (n = 3, 6, 9, 12,
16) contributed by cation−cation (a), cation−anion (b), and anion−
anion (c) correlations and the cation head−head (d), head−chain (e),
and chain−chain (f) subcomponents of cation−cation correlations for
[Cn(mim)2](BF4)2.

Figure 3. Snapshot of MD simulation of bulk dicationic [Cn(mim)2](BF4)2 (n = 3, 6, 9, 12, 16) and monocationic [Cnmim][BF4] (n = 3, 6, 8).
Cation head represents the imidazolium ring with its connected methyl group, and the remainder is classified as the chain.

Figure 4. Heterogeneity order parameter (HOP) for alkyl chains
(green), head groups (blue), and anions (red) of DILs (solid circles)
and MILs (solid triangles) as a function of chain length (NC, the
number of −CH2 in alkyl chain). The solid circles with black dash lines
are HOP values of DILs with NC = N/2 (N = 6, 12, 16; N is the
number of −CH2 in the alkyl chain of DILs). The carbon atom in the
end of the alkyl tail chain of MILs and the carbon atoms in the middle
of the linkage chain for DILs represent the alkyl chain site (for the
even-numbered DILs, the site is defined as the center of mass of the
two central carbon atoms in an alkyl linkage chain); the center of mass
of head groups and anions were used to denote the anion sites and
head sites, respectively.
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noteworthy that the alkyl chains of MILs display the highest
HOP values compared with anions and head groups, whereas in
DILs, the head groups exhibit the largest HOP, which
underscores the fundamental structural differences between
DILs and MILs. However, on average, the HOPs for DILs are
dramatically lower than those of MILs.
To understand the different heterogeneities between DILs

and MILs, the structural discrepancy between DILs and MILs is
also analyzed through their total static structure functions
shown in Figure 5. It is observed that for short-chain dicationic
[C6(mim)2](BF4)2 and monocationic [C3mim][BF4], almost
the identical structure functions are present, both of which
exhibit only one peak located at 1.4 Å−1. The similarity is also
found in their partial structure functions shown in Figure S2 (a
and b) (Supporting Information). For chain lengths in the
medium range ([C12(mim)2](BF4)2 versus [C6mim][BF4]), the
discrepancy in prepeaks at 0.3 Å−1 is evident; monocationic
[C6mim][BF4] displays a noticeable prepeak above the
baseline, whereas the corresponding prepeak in the structure
function of dicationic [C12(mim)2](BF4)2 is much less
pronounced. Previous studies by Bodo30 and Ishida et al.29

claimed very similar structure factors between MILs and DILs,
which is due to the short alkyl chains of cations investigated.
The analysis of the partial structure functions in Figure S2 (c

and d) (Supporting Information) reveals that in monocationic
[C6mim][BF4] both anion−anion and cation−anion correla-
tions contribute to the prepeak, whereas the prepeak in
dicationic [C12(mim)2](BF4)2 stems from the anion−anion
correlation exclusively. Such a trend becomes more evident for
the long-chain dicationic [C16(mim)2](BF4)2 and monocationic
[C8mim][BF4] (Figure S2c,d, Supporting Information). We
note that the anion−anion interaction is greatly strengthened in
MILs in comparison to DILs. Also, the positive contribution of
cation−anion correlations in MILs manifests itself as a negative
contribution to the total S(Q) in DILs. The partitioned cation
head−anion and chain−anion subcomponents of cation−anion
correlations in Figure S3 (Supporting Information) show that
the contribution of cation head−anion correlation to the
prepeak in DILs is largely canceled by the trough in the chain−
anion structure function. The combined effect of cation head−
anion and chain−anion correlations causes the dramatically
increased prepeak in monocationic [C8mim][BF4], which is
associated with the enhanced structural heterogeneity.
According to Hettige et al.’s study,28 it was concluded that

the positive−negative (i.e., cation−anion) or polar−polar/
apolar−apolar (i.e., polar head−head or anion−anion and
apolar chain−chain) interaction gives rise to the length scale for
the charge or polarity alternations, which suggests that the size
of the nanoaggregates may be understood by considering the
nonpolar alkyl chains. Figure 6 presents the cation head−anion

subcomponents for both DILs and MILs in the series. Since it
is reported that the positive prepeak identifies the length scale
of polarity alternation and a negative peak (antipeak) at
approximately 1.0 Å−1 identifies that of charge alternations,45 it
is clear that the DILs in Figure 6 exhibit charge alternation
distance similar to their counterparts of MILs but a polarity
alternation distance shorter than that of MILs. Combined with
the visual observation in Figure 3, it is rational to conclude that
the nanoaggregate size formed by the alkyl chain is perhaps
correlated with the length scale of polarity alternation in both
DILs and MILs. The lower-Q prepeak position in MILs
corresponds to the larger aggregate size and more significant
structural heterogeneity.
The greater structural segregation in MILs is also supported

by Baltazar et al.’s experiment.46 In their study, the critical
micelle concentration (CMC) values of a series of mono-
cationic ([CnBIm][Br] (n = 8, 10, 12)) and dicationic ionic
liquids ([Cn(BIm)2](Br)2 (n = 8, 10, 12)) were measured, and
they found that the CMC decreases with increasing alkyl chain
length of both MILs and DILs. The interesting finding is the
dramatic decrease of the CMC for long-chain MILs, whereas
DILs exhibit a more moderate decrease, suggesting the
favorable aggregation for long-chain MILs but relatively
unfavorable aggregation for DILs. Although the nanoscale
aggregation for ILs in aqueous solutions is not exactly the same
as that in neat ionic liquids, the similar trend predicted from
this work invites further experimental explorations on this issue.
The distinct structural nano-organizations for the aggregates
formed in long-chain MILs and DILs will be discussed below.
The dominant role of anions in the structure of MILs has

been demonstrated in Hettige et al.’s study.28 To examine the

Figure 5. Total static structure factors for dicationic [Cn(mim)2](BF4)2 (n = 6, 12, 16) (a) and monocationic [Cnmim][BF4] (n = 3, 6, 8) (b).

Figure 6. Comparison of cation head−anion subcomponents of DILs
[Cn(mim)2](BF4)2 (n = 6, 12, 16) and MILs [Cnmim][BF4] (n =
3,6,8), which implies the real space distance for polarity alternations.
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role of anions in DILs compared to MILs, different types of
anions are employed, and their structure functions are shown in
Figure 7. A variety of anions give rise to various structure

functions for both long- and short-chain MILs and DILs. For
short-chain [C6(mim)2](X)2 and [C3mim][X], the peaks in
their structure functions have almost identical amplitudes
(ignoring the noise present at Q < 0.15 Å−1), which is also
substantiated in their partial structure functions in Figure S4
(Supporting Information). For long-chain [C12(mim)2](X)2
and [C6mim][X], a discrepancy evident in the prepeaks is
located at approximately 0.3 Å−1. Br-containing MILs generate
the most noticeable prepeaks followed by PF6- and BF4-
containing MILs, stemming from the variety of the anion X-ray
form factors. Their partial structure factors are shown in Figure
S5 (Supporting Information), which reveals that anion−anion
correlation contributes most to the prepeak in MILs and DILs
regardless of the anion type. In particular, cation−anion
interactions also contribute to the prepeak in MILs in contrast
to DILs.
Now let us look into the structural nano-organization of

long-chain MILs and DILs. Triolo et al. have proposed a
micelle-like nanoaggregate model for MILs with long alkyl
tails23,42 as shown in Figure 8a, in which the free alkyl tails in
the center interact with each other by van der Waals interaction
and anions are excluded due to the strong electrostatic

interaction between cation head groups and anions. For
DILs, the nanoscale organization is more complicated since
the linkage alkyl chain is constrained by the imidazolium ring at
two ends, leading to the decreased flexibility. Therefore, it is
relatively unfavorable for DILs with long linkage chains to
assemble compared with their monocationic counterparts with
free long tails. Deng et al.’s study47 revealed that the
replacement of the terminal −CH3 group with the −OH
group in the alkyl chain of MILs results in the failure of
aggregation of long alkyl tails. A similar consequence occurring
in DILs may result from the enhanced polarity compared with
MILs by additional polar head groups in dications, which
prevents the evident aggregation of nonpolar alkyl chains. This
is also evidenced by the shorter polarity alternation distance of
DILs in contrast to MILs shown in Figure 6. The smaller-sized
aggregates observed in DILs indicate fewer DILs are involved in
the aggregate formation because of the increased polarity
resulting from additional polar head groups.
Moreover, the relative distance of the two imidazolium rings

may also play a big role during the aggregation of long-chain
DILs. In this case, there are two models proposed for the
assembly of long linkage chains in DILs, which are shown in
Figure 8b,c. One is the straight chain model (Figure 8b), in
which straight linkage chains cross with each other in the center
of the micelle with the two completely separated positively
charged rings surrounded by negatively charged anions. The
other folded chain model (Figure 8c) describes the situation
when two rings are close to each other through a highly curved
linkage chain. However, the distribution of the angle formed by
the two vectors pointing from each ring of the dication to the
center of the linkage chains, shown in Figure 9a, demonstrates
that the folded chain model is not preferred in DILs since the
long-chain dications exhibit the highest population in large
obtuse angles, which suggests the dication tends to be in an
unfolded state. The angle with the largest population as a
function of chain length shown in Figure 9b exhibits a bell-like
relationship, which can be interpreted as the interplay between
the polarity alternation and the increased flexibility with the
elongation of alkyl chains. For short-chain dications, the shorter
distance between polar groups (head groups and anions) results
in the stronger electrostatic interaction between head groups
and anions, which may highly fold the chain with sharp angles;
with the increase in chain length, the polarity alternation
distance is increased, which strengthens the unfolding of alkyl
chains. However, as the chain length increases, the chain
flexibility is enhanced as well. The maximum angle was reached
as the polarity alternation dominates (as n = 9), whereas the
chain flexibility increases and the influence of the chain
flexibility overwhelms the increased polarity alternation, which
leads to the folding of alkyl chains again. The dependence of
angle distribution on anions was shown in Figure S6
(Supporting Information), which presents weak dependence
on the type of anions. This may be due to the smaller sizes of
anions chosen in simulations in contrast to the sizes of
dications or the shapes and components of anions, which need
further investigation in the future.
It should be noted that the models shown in Figure 8b,c do

not correspond to the angular distribution function in Figure
9a. The straight chain model represents the highly unfolded
state or wide-angle region in Figure 9a, and the folded chain
model corresponds to the tightly folded state or narrow angle
region. Although Figure 8b presents the favorable nano-
aggregate structure for long-chain dications, it is noteworthy

Figure 7. Anion-featured total static structure factors for dicationic
[Cn(mim)2](X)2 (n = 6, 12 and X = Br, BF4, PF6) (a and c) and
monocationic [Cnmim][X] (n = 3, 6 and X = Br, BF4, PF6) (b and d).

Figure 8. Schematic representation of the micelle-like nanoaggregates
formed by a long alkyl tail in MILs proposed by Triolo et al.23,44 (a) in
contrast to the straight (b) and folded chain (c) models for the
nanoscale arrangement of DILs with long linkage chain, respectively.
The red dot represents the anion; the blue one denotes the positively
charged ring; and the green line is the alkyl chain. Note that there are
two anions for each cation in (b) and (c).
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that these two models describe the idealized cases; in reality the
nanoscale aggregates are more complicated and may consist of
the mixture of a majority of unfolded (as shown in Figure 8b)
and a small portion of highly folded (as shown in Figure 8c)
DILs. Compared with the linkage chains of DILs with
restrained flexibility, the flexible alkyl tails in MILs are likely
able to aggregate with each other under the driving of van der
Waals interactions, which is reflected in the more significant
structural heterogeneities in MILs.

4. CONCLUSION
In conclusion, this work unravels the different behaviors in
structural arrangement of the alkyl linkage chain of DILs at
long-, medium-, and short-range lengths in comparison with the
alkyl tail chains of MILs. For the short-range alkyl chain, the
cations in DILs and MILs exhibit nearly identical structural
nano-organization and heterogeneity; the significant difference
in structural heterogeneity of DILs and MILs is observed in
medium-/long-chain ILs regardless of the type of anions, which
is supported by the HOP values as well. The unique assembly
pattern for long linkage chains (straight and folded chain
models) in DILs explains the observed insignificance of
prepeaks contrary to those in MILs, which provides molecular
insights into the nature of structural heterogeneity in DILs as
well as a conceptual model for the interpretation of
experimental observations.
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