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ABSTRACT: The recent study has revealed that ionic liquids (ILs) with hydroxyl
cationic tails are polar liquids without tightly aggregated nonpolar tail domains.
Nevertheless, the influence of varying side-chain length on their microscopic structure and
dynamics is still unclear. By performing all-atom molecular dynamics simulations for 1-(n-
hydroxyalkyl)-3-methylimidazolium nitrate, where n varies from 2 to 12, we found that,
with increasing side-chain length, both the nonpolar region and the flexibility of cationic
tails increase. The larger nonpolar region pushes both the charged groups (heads and
anions) and nonpolar groups (methylene groups on the side chains) to become more
organized, while the increasing tail flexibility allows the hydroxyl terminals to retain a
relatively uniform distribution. The increase of side-chain length does not apparently alter
the polar nature of the ILs with hydroxyl tails, and has little effect on the total number of formed hydrogen bonds, but slows
down the dynamics of ILs.

I. INTRODUCTION

Ionic liquids (ILs) have many promising applications in
industry, including their wide applications as alternatives to
hazardous solvents in organic synthesis1 and as high-perform-
ance and versatile lubricants.2−5 ILs also throw lights on various
areas such as nanomaterials,6 drug delivery,7−9 embalming,10

fuel cells,11−14 and electrochemistry.15−22 Therefore, a system-
atic understanding of their microscopic structures and dynamics
is urgently needed. Many experimental and theoretical studies
were devoted to investigate the behavior of ILs with
amphiphilic properties.23−29 Those studies made clear that, in
ILs with alkyl side chains, tail groups can aggregate to form
separate nonpolar tail domains due to the repulsion from polar
groups (anions and cationic head groups). Recently, some
researchers also extended their investigations to ILs with polar
tails. Drummond et al.30,31 found that the presence of hydroxyl
groups on side chains leads to much less ordered liquids. Triolo
et al.32 discovered that the introduction of an ether side chain
leads to the disappearance of the mesoscopic structural
correlations observed in ILs with nonpolar side chains and
the increase of the intermolecular interactions between alkyl
groups. The study of hydroxylammonium-based ILs by both
experiment and simulation revealed that those polar ILs are less
fragile and strong interionic interactions exist due to the
presence of hydrogen bonds.33 The molecular dynamics (MD)
simulations by Voth et al.34 identified a glass-transition region
and revealed a complex hydrogen-bond network in HEATN.
By using MD simulations, Smith et al.35 made a comparison of
imidazolium-based ILs with alkyl and ether chains, respectively,
and found that cation−anion and cation−cation interactions as
well as nanoscale segregation of tails are weaker in ILs with

ether chains. It was also reported that the hydroxyl-
functionalization of an IL increases its viscosity, polarity,
hydrophilicity, and hydrogen-bonding capability.36−40 How-
ever, the molecular origin of the above observations for ILs
with polar tails was unclear until the report of our previous
work,41 which suggested the microscopic mechanism that, by
replacing one of the hydrogen atoms on the terminal methyl
group by a hydroxyl group, the hydroxyl groups form a rich
amount of hydrogen bonds with anions, cationic head groups,
and other hydroxyl groups, which slows down the dynamics of
ILs and changes the amphiphilic ILs to polar ILs without tightly
aggregated nonpolar tail domains.
In order to reach the goal of providing the right IL by design

to satisfy the requirement of a specific application, a theoretical
understanding of the “tunability” of ILs, such as the influence of
side-chain length on the structure and dynamics of ILs, is
essential for their smart utilizations. The structural and dynamic
changes of ILs with alkyl chains have been studied extensively.
For instance, Huddleston et al.42 found experimentally that,
with increasing side-chain length, hydrophobicity and viscosity
of nonpolar ILs increase, whereas density and surface tension
decrease; the Ribeiro group43 found that, by increasing the
length of the side chain, the nearest anions are pushed away
from the volume occupied by the flexible side chain; Wang et
al.44 revealed that the chain length has a significant effect on the
structure of nonpolar ILs: when the side chain is sufficiently
long, the structure of ILs changes from spatially heterogeneous
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to liquid crystalline-like. Therefore, the influence of varying
side-chain length on the microscopic structure and dynamics of
ILs with polar tails is also of great interest. In this work, we
perform all-atom MD simulations for 1-(n-hydroxyalkyl)-3-
methylimidazolium nitrate (denoted as Pn with n varying from
2 to 12) ILs, whose cation molecular structure is shown in
Figure 1, to study the influence of side-chain length on the

structure and dynamics of ILs with hydroxyl tail groups. Our
simulation results suggest that the structural heterogeneity and
viscosity of ILs slightly increase with side-chain length, but the
total number of formed hydrogen bonds has little changes and
the increasing flexibility of side chains allows hydroxyl tails to
retain a relatively uniform distribution.

II. SIMULATION METHODS
The Pn IL systems with n = 2, 4, 6, 8, 10, and 12 were simulated
by the GROMACS MD simulation package45 with the AMBER
94 force field,46 exactly the same as the force field for P8
reported in ref 41. The partial charges of the six cations are
listed in Figure S1 in the Supporting Information. The initial
configurations of all systems included 512 ion pairs evenly
distributed in a very large cubic simulation box with the
periodic boundary condition applied. A short energy
minimization procedure was performed to achieve force
convergence, followed by a simulated annealing procedure in
the constant NPT ensemble with the initial temperature T =
2000 K down to 1500, 1000, 800, 600, and 400 K at a constant
pressure P = 100 atm. At each temperature the MD simulation
was performed for 1 ns. The last configuration at T = 400 K
went through another NPT MD simulation with P = 1 atm for
1 ns to determine the average cubic simulation box size in
equilibrium. The system was then fixed with this box size to
perform another simulated annealing procedure in the constant
NVT ensemble. The NVT annealing procedure started at T =
1000 K and then cooled down to 400 K with a temperature
interval of 200 K. At each temperature the system was
simulated for 1 ns. The last configuration at T = 400 K went
through another MD simulation procedure to further
equilibrate, whose simulation time varied for different systems:
20 ns for P2 and P4, 60 ns for P6, P8, and P10, and 100 ns for P12.
The sampling was performed in the last 20 ns to obtain 2000
evenly distributed instantaneous configurations. The time step
was 1 fs for all simulations.
To check the validity of the developed molecular models, the

system densities were calculated according to our simulation
data and compared to experimental values. The densities of the
P4, P6, and P8 systems are 1.2111, 1.1644, and 1.1178 g/cm3,
respectively, close to the experimentally measured 1.1283,
1.0892, and 1.0388 g/cm3 at the temperature of 343.15 K and
the pressure of about 100 kPa for the ILs with an alkyl terminal
and the side-chain lengths of 4, 6, and 8, respectively.47−49 The
two sets of values are even closer if they are normalized by the
molecular weights. Therefore, the molecular models we have
developed for the Pn systems seem to be reasonably good at

least for the qualitative studies reported in this work. Although
it has been demonstrated that the polarizable models50−53 for
ILs are generally more accurate than nonpolarizable models
(e.g., polarizable models usually provide faster dynamics closer
to experiments), the polarizable models require much more
simulation time. Since the current study is focused on
qualitative properties rather than quantitative precisions, we
have chosen to use the nonpolarizable models so that we can
easily accumulate adequate statistical data.

III. RESULTS AND DISCUSSION
For convenience, throughout this paper we denote the center-
of-mass (COM) position of the cationic headgroup as “head”,
the last carbon atom on the cationic tail as “tail”, and the carbon
atom in the middle of the side-chain as “middle carbon”. In
addition, “anion” refers to the position of the nitrogen atom in
the nitrate anion, and “hydroxyl” refers to the position of the
oxygen atom in the hydroxyl group.

1. Cationic Length. In order to quantify the flexibility of
the cationic side chains, the distributions of the cationic lengths
for different IL systems have been calculated and are plotted in
Figure 2. Here the cationic length d is defined as the distance

between the COM of the methyl group and the COM of the
hydroxyl group. From Figure 2, we can see that, with increasing
side-chain length, the most probable value of the cationic length
increases, but the peak of the distribution decreases, and the
distribution of d broadens, indicating that the flexibility of
cationic side chains increases with chain length.

2. Spatial Heterogeneity. The reduced heterogeneity
order parameter (HOP) defined in ref 54, whose value is
around zero when the sites distribute almost uniformly, was
used to quantify the spatial heterogeneity in the IL systems.
The definitions of HOP and reduced HOP are briefly reviewed
below.
The HOP of a given site of interest i is defined as

∑ σ̂ = −
=

h rexp( /2 )i
j

N
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where rij is the distance between sites i and j, corrected for
periodic boundary conditions, and σ = L/Ns

1/3 with L the
simulation box length and Ns the total number of sites in
interest. The average HOP for a given configuration is the
average value of HOPs for all sites in interest, which is defined
as
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Figure 1. Molecular structure of the cations of 1-(n-hydroxyalkyl)-3-
methylimidazolium nitrate, where n = 2, 4, 6, 8, 10, and 12.

Figure 2. Distributions of the cationic length for different IL systems.
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The reduced HOP is defined as

= −
Λ Λ

h h h0 (3)

where
Λ
h 0 is the HOP for the uniformly distributed

configuration with the same number of sites, whose value can
be found in ref 54. The theoretical relation between HOP and
radial distribution function (RDF) is described in the
Supporting Information of ref 55. It is apparent from the
above definition that the reduced HOP takes a large value when
the sites aggregate tightly and approaches zero when the sites
distribute almost uniformly.
The instantaneous reduced HOPs for P8 are plotted in

Figure S2 in the Supporting Information. By averaging over all
the sampled instantaneous configurations, the average reduced
HOP values and their standard deviations for anions, head
groups, hydroxyl groups, tail groups, and the middle carbon
groups for all the studied IL systems have been calculated and
are plotted in Figure 3. It can be seen that, with increasing side-

chain length, the HOPs for all groups increase, indicating that
all atoms in ILs are more organized and form sophisticated
structures. On the other hand, the flexibility of cationic tails

increases with chain length and larger amount of nonpolar
methylene groups enhance the aggregation of nonpolar
domains and push the charged groups (head groups and
anions) to become more organized. Therefore, the HOPs of
head groups, anions, and middle carbon groups increase quickly
with side-chain length, but the greater flexibility allows the
hydroxyl tails to retain their relatively uniform distribution and
only slightly increase their degree of spatial heterogeneity. In
contrast to the ILs with nonpolar tails whose spatial
heterogeneity increase significantly with side-chain length,54

the ILs with polar tails are dominated by the polar feature with
very limited amphiphilic feature. Similar results were observed
in the MD simulations of bicationic ILs studied by Li et al.,56

where one cation with its associated anion can be regarded as a
polar tail, resembling the hydroxyl group in our systems, despite
the fact that the bicationic systems are more complex since the
ions are much larger than the hydroxyls and not chemically
bonded together.

3. Hydrogen Bonds. The number of hydrogen bonds in
the IL systems was computed to see its change with side-chain
length. A combination of AH···B was determined as a
hydrogen bond if the distance between atoms A and B is less
than 0.35 nm and simultaneously the angle between A―H
and AB is less than 30°.57 The average numbers of hydrogen
bonds formed in all the polar IL systems are listed in Table S1
in the Supporting Information and plotted in Figure 4.
As listed in Table S1 in the Supporting Information, about

55% of hydrogen bonds in the polar IL systems are formed
between anions and hydroxyl groups and about 38% of
hydrogen bonds are formed between anions and head groups,
which is attributed to the fact that the three oxygen atoms in
each anion are all strong hydrogen-bond acceptors and the
terminal hydroxyl groups and the three hydrogen atoms in each
headgroup are hydrogen-bond donors.
From P2 to P8, the enlarged nonpolar region pushes the

charged head groups and anions to become more organized, so
the probability of forming hydrogen bonds between head

Figure 3. Average reduced HOPs for various atomic groups in the IL
systems with different chain lengths. The error bars represent standard
deviations.

Figure 4. Average numbers of head-anion (a), OH−OH (b), anion−OH (c), and all (d) hydrogen bonds in different polar IL systems. The error
bars represent standard deviations.
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groups and anions increases with side-chain length (Figure 4a).
At the same time, larger flexibility of the side chains allows
hydroxyl groups to have more chance to become close and
form hydrogen bonds. Therefore, from P2 to P8, the numbers of
OH−OH hydrogen bonds increase monotonically (Figure 4b).
Because of the increased occupation of anions and hydroxyls,
the number of anion−OH hydrogen bonds decreases
monotonically from P2 to P8 (Figure 4c). The numbers of all
hydrogen bonds remain relatively unchanged from P8 to P12,
probably due to the fact that all hydrogen-bond donor and
acceptor sites are occupied. From P2 to P12, the total number of
hydrogen bonds shows little change within the range of
standard deviations (Figure 4d).
4. Radial Distribution Functions. The radial distribution

functions (RDFs) for various groups have been calculated to
characterize the structures and are plotted in Figure 5.
Consistent with HOPs, from P2 to P12, the first peaks in the
RDFs of head−head (Figure 5a), anion−anion (Figure 5b),
head−anion (Figure 5c), and middle carbon-middle carbon
(Figure 5d) increase quickly, but the tail−tail RDF (Figure 5e)
does not change significantly, due to the fact that the increasing
volume of the nonpolar carbon groups pushes the head groups
and anions to be more structured, but the flexibility of the side
chains allows the tail groups to retain their relatively uniform
spatial distribution. The first peak at about 3 Å in the OH−OH
RDF, corresponding to the number of hydrogen bonds formed
between hydroxyl groups, increases its height from P2 to P8 and
keeps almost unchanged from P8 to P12 (Figure 5f), consistent

with the change of number of hydrogen bonds between
hydroxyl groups listed in Table S1.
In contrast, although the first peak at about 3 Å in the

anion−OH RDF increases its height with chain length, the
height of the second peak at about 5 Å decreases from P2 to P8
and keeps almost unchanged from P8 to P12. The integration of
the two peak area, which roughly corresponds to the probability
of forming hydrogen bonds, gives the same trend as the
number of hydrogen bonds formed between anions and
hydroxyls listed in Table S1. The change of tail-anion RDF is
not monotonic since the tail groups are affected by both the
hydroxyl groups and the nonpolar carbon groups.

5. Diffusion and Lifetimes. The mean square displace-
ments (MSDs) of cations and anions in all systems were
computed to investigate the influence of side-chain length on
the dynamic properties of ILs. The diffusion coefficients were
obtained by fitting the linear part of MSDs (MSDs for P8 is
given in Figure S3 in the Supporting Information as an
example) according to the Einstein relation MSD = 6Dt, where
D is diffusion coefficient and t is time. As shown in Figure 6a,
with increasing chain length, diffusion coefficients of both
cations and anions become smaller, corresponding to slower
dynamics.
In addition, we calculated the lifetime of ion pairs by

continuous-time correlation function.58 The lifetimes between
head groups and anions and between hydroxyl groups and
anions were calculated separately. Adopting the definition
introduced in ref 58, the time correlation function C(t) of ion
pairs is defined as

Figure 5. Radial distribution functions of head−head (a), anion−anion (b), head−anion (c), middle carbon−middle carbon (d), tail−tail (e), and
OH−OH (f).
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p
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where p(0) = 1 if the distance between a cation and an anion is
less than a certain threshold at the beginning, and p(0) = 0
otherwise. In contrast, P(t) = 1 holds only when the distance is
less than the threshold all the time from the beginning until
time t, and P(t) is zero otherwise. The threshold value was
taken to be 7 Å, roughly the radius of the first coordination
shell. If the distance is less than the threshold, we regard the ion
pair as intact, otherwise it is considered as broken. The angle
brackets denote ensemble-average over all ion pairs and all
starting times. From the definition, we can easily perceive that
C(t) describes the probability that an ion pair breaks at time t
for the first time, given that it was intact at the starting time. We
fitted the curves with three weighted exponentials:58

α τ α τ α τ= − + − + −y t t texp( / ) exp( / ) exp( / )1 1 2 2 3 3
(5)

where α1 + α2 + α3 = 1, and then we integrated the fitted
function from zero to infinity to obtain the lifetime of ion pairs:

α τ α τ α τ= + +tlife 1 1 2 2 3 3 (6)

The lifetimes of ion pairs are shown in Figure 6b, in which the
lifetime of cation−anion is defined as the average value of head-
anion and OH-anion (time correlation functions for P8 are
plotted in Figure S4 in the Supporting Information). The
lifetime of head-anion is larger than that of OH-anion in all the
IL systems, indicating that the correlation between head groups

and anions is stronger than that between hydroxyl and anion.
This can be easily understood by the fact that head groups carry
net charges but hydroxyls only have dipole moments, so the
electrostatic interactions between head groups and anions are
stronger than the ones between hydroxyls and anions. The
lifetime of cation−anion increases monotonically with chain
length, indicating that interactions between cations and anions
become stronger, which leads to slower dynamics of ILs.
It is interesting that both the diffusion coefficients (Figure

6a) and the lifetimes (Figure 6b) show discontinuities from P6
to P8. This might be understood as follows. When the side
chain is short (P2, P4, and P6), it is relatively rigid and the
movement of the terminal hydroxyl group is closely correlated
with the cationic head ring; when the side chain becomes
longer (P8, P10, and P12), it is more flexible and the terminal
hydroxyl group moves more freely without much correlation
with the cationic head ring. Therefore, the discontinuities of the
diffusion coefficients and the lifetimes might correspond to the
transition of the ILs from the “rigid side-chain phase” to the
“flexible side-chain phase”.
The lifetimes of hydrogen bonds between different groups

are shown in Figure 6c (time correlation functions of hydrogen
bonds for P8 are plotted in Figure S5 in the Supporting
Information). It is interesting that the hydrogen bonds between
head groups and hydroxyls have similar lifetimes as those
between head groups and anions. Similarly, the hydrogen bond
lifetimes between hydroxyls and anions are close to those
between hydroxyls and hydroxyls. However, the hydrogen bond
lifetimes between anions and head groups are much shorter
than those between anions and hydroxyls. This suggests that
the polarity of the hydrogen bond donor plays the main role in
determining the lifetime of a hydrogen bond. Since the protons
on the hydroxyl tails are more polar than those on the cationic
rings, the hydrogen bonds formed between hydroxyls and
anions have longer lifetimes than those between head groups
and anions, and the hydrogen bonds formed between hydroxyls
and hydroxyls have longer lifetimes than those between head
groups and hydroxyls. The hydrogen bonds between hydroxyls
and hydroxyls in P2 have a much shorter lifetime than those
between hydroxyls and anions in P2, which can be understood
by considering that the cationic side chains in P2 are very short
and have little flexibility, so the hydrogen bonds formed
between hydroxyls and hydroxyls are easy to break due to the
motion and vibration of head groups and thus less stable than
the hydrogen bonds between anions and hydroxyls. For P4 to
P12, the above two types of hydrogen bonds have similar
lifetimes, which slightly decrease with side-chain length,
possibly due to the increasing flexibility of the side chains.
For P2 to P12, the hydrogen bonds formed on head groups have
almost exactly the same lifetimes, indicating that the side-chain
length does not influence the lifetime of hydrogen bonds on
head groups.
Comparing the results in parts b and c of Figure 6, one can

see that head-anion has a longer lifetime than OH-anion, but
the hydrogen bonds between head-anion have a shorter lifetime
than those between OH-anion. This can be explained by the
fact that one headgroup has three hydrogen-bond donors and
one anion has three acceptors, so one head-anion pair can form
up to nine hydrogen bonds and one hydroxyl can form up to
three hydrogen bonds with one anion. Therefore, it is possible
that the hydrogen bonds between a head-anion break and
reform more frequently than those between an OH-anion
without destroying the head-anion or OH-anion pair. This

Figure 6. (a) Diffusion coefficients of head groups and anions. (b)
Lifetimes of ion pairs. (c) Lifetimes of various hydrogen bonds.
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indicates that the electrostatic interactions binding charged
head groups and anions together dominate in the IL systems
and the hydrogen bonds play a second role, consistent with the
results reported in ref 59.

IV. CONCLUSIONS
In summary, we have performed all-atom molecular dynamics
simulations for 1-(n-hydroxyalkyl)-3-methyl-imidazolium ni-
trate (identified as Pn), where n varies from 2 to 12, to
investigate the changes of physical properties with respect to
side-chain length. We found that, with increasing chain length,
the nonpolar carbon groups on the side chains form larger
nonpolar regions. Because the larger nonpolar regions push the
head groups, middle carbon groups, and anions to be tighter
and more organized, the degree of spatial heterogeneity of
those groups apparently increases with chain length, but tail
groups have much less change on the degree of spatial
heterogeneity due to the increasing flexibility of side chains.
Nevertheless, the increase of spatial heterogeneity is much
milder than the IL systems with nonpolar tails.
From P2 to P8, with increasing chain length, the average

number of hydrogen bonds between cations and anions
increases because the polar groups come closer, and the
hydroxyls also form more hydrogen bonds due to increasing
flexibility of side chain. At the same time, anions and hydroxyls
form fewer hydrogen bonds because more hydrogen bond sites
are occupied. All numbers of hydrogen bonds do not change
much from P8 to P12, possibly because all hydrogen bond sites
are saturated. The total number of hydrogen bonds only has a
slight change from P2 to P12, indicating that the slight increase
of spatial heterogeneity with side-chain length does not alter
the polar nature of the ILs with hydroxyl tails.
With increasing side-chain length, the correlation between

anions and cations becomes stronger, which makes the
dynamics of ILs slower. The time correlation between anions
and head groups is much stronger than that between anions
and hydroxyl groups, despite the fact that the lifetime of
hydrogen bonds between anion-head is smaller than that
between anion−OH, indicating that the electrostatic inter-
actions dominate and hydrogen bonds only play a secondary
role in ILs’ dynamic properties, which is consistent with what
has reported in ref 59.
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