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ABSTRACT: Self-assembled structures have attracted much attention for their potential
applications in biological and electrochemical studies. Understanding the aggregation
mechanism is necessary for utilizing the structures and improving the properties. In this study,
the tubular cluster aggregations formed by the 1-dodecyl-3-methylimidazolium salicylate
([C12mim][Sal]) have been studied by molecular dynamics simulations. The rod-like and
funnel-shaped structures were observed during the simulations, and finally, the nanotube
structure enclosed by a bilayer membrane was formed. For the first time, the point cloud
fitting method was used to obtain the axis equation of the tubular cluster. Based on the
equation, the structure of tubular clusters was analyzed in detail. The imidazolium ring and
anions were distributed at the ionic liquid−water interface, while the dodecyl groups were
buried in the nanotube membrane away from the water. Electrostatic interactions between
cations and anions played a dominant role in stabilizing the structure of the nanotube. The
tubular cluster size, membrane thickness, and permeability of water molecules through the
membrane of the cluster were also calculated. Furthermore, the orientation analysis revealed
that multitudinous aggregation structures could be formed by the long alkyl chain in aqueous solution, which might be beneficial for
the strengthening and separating processes.

1. INTRODUCTION
Nowadays, the development of self-assembled structures has
attracted much attention for their potential applications in
electrochemistry,1−6 separation,7−15 molecular catalysis, and
drug delivery.16−24 Building blocks commonly have amphi-
philic properties. By conducting the polymer and surfactant,
aggregation structures such as globular clusters, bilayers,
nanotubes, and vesicles were formed and investigated.25,26

In recent decades, numerous studies have shown that long
alkyl chain ionic liquids (ILs) can form self-aggregation
structures, such as micelle and vesicular structures in aqueous
solution.27−31 Yu et al.32,33 used surface active ILs to form the
lyotropic liquid crystals and lamellar gels by adjusting the
concentration and type of solvent. Leṕori et al.34 studied the
characteristics of the vesicles formed by 1-butyl-3-methyl-
imidazolium 1,4-bis(2-ethylhexoxy)-1,4-dioxobutane-2-sulfo-
nate ([Bmim][AOT]) and 1-hexyl-3-methylimidazolium 1,4-
bis(2-ethylhexoxy)-1,4-dioxobutane-2-sulfonate ([Hmim]-
[AOT]) and found that the hydrophobic interactions played
a major role in forming surfactant−DNA complexes. Apart
from properties of aggregation behavior, related applications
were also expanded and carried out in many studies. Li et al.35

investigated reversible emulsification and demulsification of
azobenzene-based ILs by the light irradiation, which could be
used for highly efficient catalytic hydrogenation and
production separation. The aggregation structures formed by
ILs also provide possibilities for investigations of drug
delivery.36−38

In order to provide a microscopic insight to understand the
aggregation behavior at a molecular level, theoretical studies
based on quantum mechanism and molecular dynamics (MD)
simulation were employed.4,5,31,39−41 Luo et al.42 performed
MD simulations to reveal the influence of single small
molecules on self-assembly behaviors of copolymers Pluronic,
hydrophilicity, and hydrophobicity. Guo et al.43 revealed that
various aggregation structures such as nanotubes and vesicles
can be formed by diphenylalanine-based peptide with the
Coarse-Grained MD simulations, where concentrations and
hydrogen bonding interactions between peptide and water
played an important role in stabilizing assembly structures.
Ludwig et al.44,45 investigated the cation−cation clusters in ILs
by using DFT calculations and experimental spectroscopic
methods. They suggested that the clusters formed by
cooperative hydrogen bonding interactions could further
influence the phase behavior of ILs at a low temperature.
Sharma and Bhargava studied the aggregation behavior of
multiheaded surface-active ILs in water and found that the
shape and size of aggregates were directly related to the
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number of charged head group of cations.46 Nadimi et al.
studied the aggregation behavior of two kinds of amino acid
ILs in aqueous, they found that both of them can aggregate
quasi spherical clusters, and hydrogen bonding was the
fundamental reason for their aggregation.47

Furthermore, many simulations for the self-aggregation of
ILs in aqueous were performed. Zhou et al.48 found that the
chain-like structure could be formed in the [Bmim][oAc]−
water system at low water concentrations, which influenced the
viscosity greatly. Liu et al.49 proposed that the hydrogen
bonding interaction was an important factor affecting
aggregation structures of 1-dodecyl-3-methyl-imidazolium
bromide ([C12mim]Br) in vesicles and micelles. The vesicle
formation process of 1-dodecyl-3-methylimidazolium salicylate
([C12mim][Sal]) was then simulated and permeability of
vesicles were evaluated as the temperature increasing.30

In the various aggregation structures, the tubular cluster
could enhance the effect by using the interior and exterior
components with the tubular wall. However, most of the above
research studies are about globular clusters, micelles and
vesicles, and few studies on tubular cluster have been
reported.43 In this work, the aqueous solution of [C12mim]-
[Sal] was studied by MD simulations. A stable nanotube
structure was obtained, and the formation mechanism was
analyzed. For the first time, the point cloud fitting method was
used to obtain the equation of tube-like cluster. Based on the
equation, the structure of the cluster was studied in detail, and

wall thickness, distribution of cation and cation in wall surface,
and the orientation were obtained. In addition, it was found
that the permeability of water molecules through the
membrane was almost the same in two tube clusters of
different radii, both of which were lower than that in the
vesicle. Besides, energy analysis indicates that the interaction
between cations and anions play a dominant role in forming
and stabilizing the structure.

2. SIMULATION DETAIL
MD simulations of [C12mim][Sal] in aqueous solution were
performed based on the united-atom atomic field. Molecular
structures of the cation and anion are shown in Figure 1.
Topology files based on the GROMOS force field50 are
obtained by using the ATB tool.51 The Coulombic interaction
is important in ILs, so we redistribute the atomic charge by
fitting the electrostatic potential surface of the cation and
anion. As the SPC model water52 has been used in the IL
aqueous system,30,31 and the results could be verified by
experiments, we also chose the SPC model in this work.
Besides, the OH bond in the water molecule is flexible.
Two systems sized differently are used for comparative

analysis. The lengths of boxes in XY directions are 1.5 and 1.8
times longer than that in the Z direction, that is, the ratios of
boxes in the XYZ direction are 1.5:1.5:1.0 and 1.8:1.8:1.0,
which are named system 1.5 and system 1.8 in the following
text. Each system contains 800 ILs and 80,000 water molecules

Figure 1. Structure of the cation and anion. (a) [C12mim]+ cation, (b) [Sal]− anion.

Figure 2. Aggregation process of ILs from random ILs into a tubular cluster in system 1.8. Red: imidazolium ring and methyl in the cation; green,
alkyl chain in the cation; yellow: carbonyl and hydroxyl groups of anions; and dark blue: benzene ring of anions. Snapshots are shown at 5, 10, 24,
37, 80, 90, 110, and 180 ns, respectively.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c06381
ACS Omega 2022, 7, 45598−45608

45599

https://pubs.acs.org/doi/10.1021/acsomega.2c06381?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06381?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06381?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06381?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06381?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06381?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06381?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06381?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c06381?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(17.7 wt %). All of the simulations started with a random
distribution of IL in the water, and the initial configurations
were generated by the Packmol package.53 The simulations
were performed with GROMACS software package.54,55 The
two systems were, respectively, simulated at 200 ns under NPT
ensemble. In order to accelerate the simulation process, the
simulations were carried out at 350 K and a cutoff of 1.2 nm
was set for both Lennard-Jones (LJ) and Coulombic
interaction.30 The all-bond constraints setting is used to
improve the simulation speed. The standard Lorentz−
Berthelot rule was used to calculate the cross interaction
between different types of atoms, and the particle mesh Ewald
method56 was used to calculate the remote electrostatic
interaction. Temperature was controlled with the Nose−́
Hoover thermostat, coupling time was set to 0.2 ps and the
pressure was maintained at 1.0 bar, and the Parrinello−
Rahman constant voltage coupling time was 2.0 ps.

3. RESULTS AND DISCUSSION
3.1. Process of Cluster Formation. Figure 2 illustrates

the aggregation process of tubular clusters in system 1.8. Very
shortly after the simulation began, the IL rapidly aggregated
into a number of small clusters, and then, they were linked to
each other into several rod-shaped clusters. After that, the rod-
shaped clusters connected with each other to form a sheet. At
24 ns, almost all ions assembled to a funnel, with two holes at
the bottom. At 37 ns, the holes at the bottom merged into one.
As the simulation proceeds, the bottom hole becomes a
cylinder in the end. This process is similar to the zipper chain,
half closed at 80 ns, and completely closed at 110 ns. Finally,
the aggregation forms a perfect tubular cluster.
The profile of the final configuration is shown in Figure 3.

Inner and outer walls of the cylinder are polar groups, which
include the imidazolium ring of cation and carbonyl and
hydroxyl groups on anions. In fact, the internal and external
sides of the cylinder are filled with polar water molecules. From
the outer wall to the inside, the benzene ring of the anion and

the alkyl chain of the cation are displaced. The same
arrangement is presented in Figure 3b in the axial direction.

3.2. Radial Density Distribution. Because the final
configuration is a tubular cluster, the radial density distribution
(RDD) is better for understanding the size and structure of the
tube. Different from the spherical vesicles,30 tubular clusters
cannot be described based on the center of cluster. In order to
obtain the axis equation and mean radius of the cylinder, we
use the point cloud fitting method, which has been used in
mapping data processing,57 and the schematic diagram of
cylindrical structure is shown in Figure 4.
In order to improve the fitting speed and accuracy of results,

we have carried on special processing to the initial value

Figure 3. Screenshot of simulation up to 200 ns in system 1.8. Red: imidazolium ring and methyl in the cation, polar groups; green, alkyl chain in
the cation, non-polar groups; yellow: carbonyl and hydroxyl groups of anions, polar groups; and dark blue: benzene ring of anions, nonpolar group.

Figure 4. Schematic diagram of the cylindrical structure for point
cloud fitting.
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selection of each iteration. For the initial value selection of the
configuration fitting, the mass center of all ILs (P0) was
selected to obtain the initial values of x0, y0, and z0. A slice was
taken at the end of tubular cluster, and the mass center of all
ILs in the slice was calculated, which is denoted as P1. The line
between P1 and P0 is the approximate axis of the cylinder, so as
to obtain the initial values of l, m, and n. Radius r can be
estimated based on the structure in Figure 3. Then, the initial
values of all seven parameters were obtained. In the iteration
process, the deviant points representing the atoms in free ions
were eliminated. Finally, a result of conformational cluster
fitting was obtained by iterative convergence. To improve the
iteration rate and simplify the processing, we directly used the
result from the previous conformation as the initial value of the
second configuration. In fact, the cluster moves very slowly and
has a stable axis. According to the distance between the ions
and the axis, the free ions were excluded, and then, the
regression was carried out.
Figure 5 is the result of the RDD including anions, cations

head (C-head), cations tail (C-tail), ILs, and water. The
density distribution of ILs presents a bimodal structure. The
density is high at the inner and outer wall surfaces of the
cylinder, while the density is low in the middle. The high
density imidazolium ring and carbonyl group are distributed on
the surface of the wall, while the low density alkyl chain is
distributed in the central region. The RDD of anions shows
two more prominent peaks, and the anions were distributed
primarily near the surface and closed to the head of cations.
For cations, the central part is almost entirely alkyl chain (C-
tail), and the head (C-head) is distributed on both sides. Water
molecules are mainly distributed near polar groups at the
surface. The inside of the cylinder is occupied by non-polar
groups, and there are only very few water molecules. In Section
3.7, the diffusion behavior of water molecules through the wall
will be further discussed. In order to compare the differences
between the two systems, RDDs of the two systems are
gathered in Figure 5. It can be seen that the density
distributions of anions, cations, and ILs in two systems are
almost identical.

3.3. Size of Cluster. The size of the tubular cluster was
calculated based on the RDD result. The same method as the
previous work30 was adopted to define cluster boundary by
density peak of cation head. According to the data in Figure 5,
RDD data at the inner and outer walls were calculated, and
cluster structures are listed in Table 1.

For system 1.8, the maximum density of the inner wall is
1.180 g/cm3, which is 4.3% higher than that of the outer wall.
Comparing with two systems, the density of the inner wall in
system 1.5 is the same with that in system 1.8, while the outer
wall density is lower than that in system 1.8. This is related to
the radius of curvature of the cylinder, the shorter the radius of
curvature, the bigger the density difference between inner and
outer walls. For the vesicles, the density of the inner wall is
almost the same as that of the column cluster, but the density
of the outer wall is much smaller, with a difference of 7.7%
between the inner and outer walls.30 Based on the above data,
it can be found that the density of the inner wall surface is
similar in different types and sizes of clusters. However, the
density of the outer wall surface is quite different, and the
column cluster is inversely proportional to the radius of
curvature. For the similar radius, the outer wall of the vesicle
has a lower density. According to the data of C-head peak, radii
of inner and outer walls are 16.25 and 39.75 Å in system 1.5,
respectively. In system 1.8, radii of inner and outer walls are
19.90 and 43.40 Å, which are both increased by 3.65 Å

Figure 5. Radial mass density distribution of the two systems.

Table 1. Cluster Structures for the Two Systems

inner wall outer wall

system

peak
height
of IL
(g/cm3)

radii
(Å)a

peak
height
of IL
(g/cm3)

radii
(Å)a

different
of inner
and outer
peak (%)

thickness
(Å)

1.8 1.180 19.90 1.131 43.40 4.3 23.50
1.5 1.180 16.25 1.127 39.75 4.7 23.50
vesiclesb 1.175 21.20 1.091 44.20 7.7 23.00

aRadii of the tubular cluster are based on the location of the cation
head (C-head in Figure 5) peak. bAll vesicle data are obtained from
ref 30.
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comparing with system 1.5. Therefore, the wall thickness of the
two systems is the same and also similar to that of the vesicles
(23.0 Å).30 As the structures of the two systems are very
similar, we will only focus on system 1.5 in the following parts,
and the data for system 1.8 are shown in the Supporting
Information.

3.4. Radius Number Density. To better understand the
structure of tubular clusters, the radius number density (RND)
of each atom in the cation and anion was calculated and
illustrated in Figure 6. The alkyl chain contributes the main
part of the non-polar region of the tubular cluster. Figure 6a
shows the case of the five carbons at the end of the alkyl chain
(C1−C5), all of which have only one peak, indicating that the
end of the alkyl chain is intertwined. In Figure 6b, the peak
began to split from C6 to C12, and the valley between the two
peaks became deeper and deeper. At the same time, the peak
moved toward the wall, and RND of C11 and C12 has been
split completely.
The imidazolium ring and methyl are the main part of the

polar region of the tubular cluster. The peaks in RND of C/N
on imidazolium ring and methyl (Figure 6c) are all bimodal
and have almost no overlap, indicating that they are distributed
on inner or outer walls. Among these atoms, N13, which is
adjacent to the long alkyl chain, is distributed in the innermost
layer, while C17 on the methyl group is distributed in the
outmost layer.
The carboxyl group of the anion is a polar region, whereas

the benzene ring is a non-polar region. Anions are smaller than
cations, especially in length. Therefore, no matter the C atom

on the benzene ring (Figure 6d) or the O atom on hydroxyl or
carboxyl groups (Figure 6e), all show the obvious bimodal
structure. From the outside to the inside, it is the O atom on
the carboxyl group, the C atom on the carboxyl group, C21
connected to the carboxyl group on the benzene ring directly,
and C26 opposites to C21. The O atom on the carboxyl group
appears at the same position as C and N on the imidazolium
ring because they are linked by hydrogen bonds, as shown in
Figure 7a.

3.5. Radial Distribution Function and Interaction
Energy. To explore the microstructure, radial distribution
function (RDF) was calculated to investigate the spatial
distribution of cation/anion and ILs/water. Figure 7a shows
the RDF of three hydrogens (H44, H45, and H49 in Figure
1a) on the imidazolium ring and carbonyl oxygen (OM is O2
and O3 in Figure 1b). It can be seen that an extremely strong
interaction exists between cations and anions, making them
closely connected with each other. Two anions are linked by a
hydrogen bond between hydroxyl hydrogen (H5) and
carbonyl oxygen (OM), as shown in Figure 7b. The RDFs of
three hydrogens on the imidazolium ring and oxygen atom
(OW) in water are presented in Figure 7c. Figure 7d is RDF
for H (H5 in Figure 1b) on the anionic hydroxyl group and
oxygen (OW) in water, as well as RDF for H (H) atoms in
water and oxygen (OM) atoms in carbonyl groups. Hydrogen
bond is formed between anions and water via H−OM. The
interaction between cations and water is weaker comparing
with anions−water. In conclusion, there is a strong interaction
between the cation and anion, which is mainly reflected in the

Figure 6. RND of system 1.5. (a) For five carbons at the end of the alkyl chain (C1−C5), (b) for C6 to C12 in the alkyl chain, (c) for C and N
atoms on the imidazolium ring and methyl, (d) for C atoms on the benzene ring of the anion, (e) for O atoms on hydroxyl or carboxyl groups, and
(f) for atoms of polar groups in the cation (N13, N16, and C17) and the anion (O3 and C27).
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strong interaction between hydrogens on the imidazolium ring
and oxygen on carbonyl groups. The interaction between
oxygen on the anion carbonyl group and hydrogen in water is
the main part of the interaction between IL and water.
We have calculated and analyzed the number of hydrogen

bonds in system 1.5, which was used to determine the role of

hydrogen bonds during the clustering of ILs. The hydrogen
bond was defined as follows: the angle hydrogen−donor−
acceptor is less than 60° and the distance donor−acceptor is
less than 0.35 nm. The number of hydrogen bonds between
the anion and water indicate a rapid decline, and the number
of hydrogen bonds between anions indicates a rapid rise

Figure 7. RDF of system 1.5. (a) RDF between three hydrogens (H44, H45, and H49) on the imidazolium ring and carbonyl oxygen (OM is O2
and O3), (b) RDF between hydrogen (H5 in Figure 1b) on the anionic hydroxyl group and oxygen (OM) in carbonyl groups. (c) RDF between
three hydrogens (H44, H45, and H49) on the imidazolium ring and oxygen in water (OW), (d) RDF between hydrogen (H5 in Figure 1b) on the
anion hydroxyl group and oxygen (OW) in water and the RDF between hydrogens (HW) in water and oxygen (OM) in carbonyl groups.

Figure 8. Hydrogen bond in system 1.5. (a) Number of hydrogen bonds over time. (b) Hydrogen bond angle distribution.
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(Figure 8a). However, the cation−anion and cation−water
hydrogen bonds are not strong, as the angle is mainly
distributed around 90°(Figure 8b). Therefore, the hydrogen
bond between anions plays a major role in the process of
aggregation, while cation-related hydrogen bonds play a minor
role.
Intermolecular energy is an important factor affecting the

structural stability of tubular clusters. The energy was
calculated for the formation of tubular clusters (150−200
ns) and shown in Table 2. Similar to the previous algorithm,

the cutoff radius of 1.6 nm was selected to improve the
computational accuracy. Electrostatic attraction between the
cation and anion is a central part of the total interaction, which
far exceeds the repulsion between ions and plays a key role in
the stability of tubular clusters. According to Figure 6f, RDD
shows that methyl C17 and adjacent N16 of the imidazolium
ring are more external than O3 on the anion hydroxyl group.
However, the results of energy analysis show that the
interaction energy between the head of the cation and water
is close to zero, which is much lower than that between anion
and water. The RDF results also show that water tends to bind
to anions rather than imidazolium rings. Consequently, the
central stable factor of tubular clusters is the C−A and A−W
interaction energy.

3.6. Angle Distribution. In order to analyze the direction
of the alkyl chain in the cations, we define the line between
terminal carbon C1 (PC1) and carbon atom C12 (PC12) to
represent the direction of the alkyl chain. First, the vertical
point (VC12) of PC12 on the cylindrical axis is obtained, and
then, the angle of PC1−PC12−VC12 is calculated. As can be seen
from Figure 9a, the directions of cation alkyl chain on inner
and outer walls are obviously different. Therefore, the lowest
point of RND of C12 atoms is taken as the cutoff point (see
Figure 6b, 28.75 Å in system 1.5), and the distribution of the
alkyl chain of cations on the inner and outer walls is calculated,
respectively, as shown in Figure 9b. Among them, ① is the
angle distribution of outer cation alkyl chain, almost all of
which are acute angles, that is, the alkyl chain is parallel to the
normal direction of the wall, pointing to the inside of the
cylinder; ② is the angle distribution of the inner cation alkyl
chain, which is almost obtuse angle and points to the outside of
the cylinder.

Similarly, the profile of the anionic angle was depicted,
which indicates the direction of the benzene ring by the line
between the carbon atom C27 (PC27) on the carbonyl group
and its opposite C26 (PC26) atom. The vertical point (VC27) of
PC27 on the cylindrical axis is obtained, and the angle of PC26−
PC27−VC27 is calculated. In the same way, the inside and
outside of the cylinder are calculated separately, and the results
are shown in Figure 9c. It is clear that the benzene ring is
closer to the middle of the cylinder layer, and the carbonyl
tends to be distributed on the outside, which is highly
consistent with the results of the cation alkyl chain.
Besides the orientation of the alkyl chain and benzene ring,

the angles for imidazolium ring plane and benzene ring plane
were also analyzed, as shown in Figure 10. The inner and outer
angle distribution patterns of the two are similar, most of
which are within the range of 30−150°, and the proportion of
small angles is very low. The angle distribution of benzene
rings is similar to that of imidazolium rings, and it also tends to
be perpendicular to the axis of the cylinder. Such a structure is
more conducive to forming π−π interaction and improving the
stability of the cluster.

3.7. Spatial Distribution Functions. In order to study
the distribution of the imidazole ring and benzene ring, the
corresponding spatial distribution functions were calculated
and shown using VMD software.58 Three carbon atoms C14,
C15, and C18 were used to represent imidazole rings, and
three carbon atoms C21, C24, and C25 were used to represent
benzene rings. The distribution of imidazole and benzene rings
around anions is shown in Figure 11a,b and that around
cations is shown in Figure 11c,d. There are three main regions
surrounding anions. One is the anion on the left side of Figure
11a, which is mainly connected by the H5−OM hydrogen
bond. The other two are benzene and imidazole rings that are
parallel to the benzene ring, and these ions get close to each
other through π−π interactions. From Figure 11c, we can see
that there are almost no other cations around the cationic
imidazole ring in the first solvation shell, and the anions are
concentrated in two regions. One is the perpendicular parts to
the imidazole ring, which is mainly bonded by hydrogen
bonds, and the other is the parallel parts to the imidazole ring,
which is mainly bonded by π−π interaction. Therefore,
although the π−π effect is not as strong as the hydrogen
bond, it also plays an important role in the stability of the
structure.
Based on the above analysis, we believe that the nanotube

has a layered structure. In each layer, the polar groups between
anions are connected by strong hydrogen bonds. In the
adjacent layers, there are π−π interaction between imidazole
and benzene rings and van der Waals interaction between
nonpolar alkyl chains. The structural schematic diagram of the
cross-section of tubular clusters is shown in Figure 12. Figure
13 is a simulated snapshot of the lateral side of the tubular
cluster, and one block represents one layer. It can be seen that
imidazole and benzene rings is staggered up and down, so that
π−π interaction is easily formed between imidazole and
benzene rings, but is difficult between imidazole rings or
benzene rings. Xu et al.59 studied the morphology of
[C12mim][Sal] in aqueous solution through experiments and
DFT simulation, and concluded that [C12mim][Sal] aggregates
in water could form tubular clusters. The structure of IL at the
interface is consistent with our simulation results.

3.8. Permeability of Water Molecules. Considering the
periodic boundary, water molecules are enclosed in the cluster

Table 2. Intermolecular Energy for [C12mim][Sal] in
Aqueous Solution (C, Cation; A, Anion; W, Water; H, Head
of Cation; and T, Tail of Anion)

item
electrostatic
(kJ·mol−1) LJ (kJ·mol−1)

intermolecular energy
(kJ·mol−1)

C−C 1006.0 ± 3.7 −48.0 ± 0.3 958.1 ± 3.5
A−A 976.0 ± 6.3 −3.8 ± 0.2 972.2 ± 6.3
C−A −2429.4 ± 7.8 −60.0 ± 0.3 −2489.4 ± 7.9
C−W 22.7 ± 8.1 −20.0 ± 0.3 2.6 ± 8.1
A−W −205.2 ± 14.8 10.1 ± 0.4 −195.1 ± 14.8
H−H 712.6 ± 2.8 −5.8 ± 0.1 706.7 ± 2.8
T−T 32.2 ± 0.2 −34.8 ± 0.2 −2.6 ± 0.2
H−T 261.3 ± 1.0 −7.3 ± 0.1 254.0 ± 0.9
H−A −2041.8 ± 6.9 −27.7 ± 0.2 −2069.6 ± 7.0
T−A −387.5 ± 1.5 −32.3 ± 0.2 −419.8 ± 1.6
H−W 9.2 ± 7.8 −16.8 ± 0.2 −7.6 ± 7.8
T−W 13.1 ± 1.9 −3.2 ± 0.1 9.8 ± 1.9

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c06381
ACS Omega 2022, 7, 45598−45608

45604

http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c06381?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


and cannot escape from the ends of the tubular cluster.
However, the wall of the cluster provides the channel for water
molecules exchanging with the external molecules. At the
initial time t0, the water molecules in a tubular cluster were a
set, and the boundary was radius obtained when fitting the
cylinder. The number of water molecules through the wall
form t0 to t was calculated by ensemble averaging method and

listed in Table 3. In system 1.5, the average number of water
molecules passing through the wall is 1.09 per ns, which is
slightly higher than that of system 1.8. The transfer rate of
water molecules through the wall was calculated. The water
transfer rate in tubular cluster is slightly lower than that in the
vesicle. The results show that the shape and size of the clusters

Figure 9. Angle distribution of the alkyl chain and benzene ring in system 1.5. (a) Angle diagram, (b) angle distribution of the alkyl chain, and (c)
angle distribution of the benzene ring.

Figure 10. Imidazolium ring and benzene ring and axis angle distribution in system 1.5. (a) Angle between the imidazolium ring plane and
cylindrical axis, (b) angle between the benzene ring plane and cylindrical axis.
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have an effect on the transfer rate of water molecules through
the wall.

Figure 11. Spatial distribution around the cation and anion. (a,b) Distribution of benzene and imidazole rings around anions: (a) top view, (b)
front view. In (a) and (b), the atom densities of C21, C24, and C25 are 30 times the average density, and the atom densities of C18, C15, and C14
are 50 times the average density. (c,d) Distribution of benzene and imidazole rings around cations: (c) top view, (d) front view. In (c) and (d), the
atom densities of C21, C24, and C25 are 30 times the average density, and the atom densities of C18, C15, and C14 are 15 times the average
density. Note: the legend shows the color of each atom.

Figure 12. Structural schematic diagram of the cross-section of
tubular clusters.

Figure 13. Profile of the simulation snapshot, green is the benzene
ring, and red is the imidazole ring.

Table 3. Cluster Size and the Transform Rate of Water
Molecules through the Wall

transform rate

system

number of
water in
cluster

radii
(Å)

height
(Å)

area
(nm2) ns−1 mol m−2 s−1

1.8 3440 33.9 97.2 207.1 1.06 8.50
1.5 2505 30.6 109.8 211.0 1.09 8.58
vesiclea 1143 32.8 135.5 0.79 9.68

aAll vesicle data are obtained from ref 30.
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4. CONCLUSIONS
In summary, MD simulation of the self-aggregation behavior of
[C12mim][Sal] in aqueous solution was performed, and the
entire process of IL aggregation into tubular clusters was
obtained. ILs rapidly gathered and formed a funnel-shaped
surface in a short time, and then, a process of zipping was
observed, forming a complete tubular structure at about 150
ns. The point cloud fitting method was used to obtain the
equation of the tubular cluster for the first time, and the
tubular cluster structure was analyzed in detail. The anion and
imidazolium ring of the cation are distributed on the interface
between the tubular cluster and water, while the intermediate
part is the alkyl chain of the cation. The inner and outer walls
of the tubular cluster are monolayer structures. The radius of
the tubular cluster is different in the two systems, but the wall
thickness of the two is almost the same. The cationic
imidazolium ring and anionic benzene ring tend to be
perpendicular to the axis of the cylinder. Similar to vesicles,
the interactions for cation−anion and anion−water play a key
role in the structural stability of tubular clusters. We also
calculated the permeability of water molecules through the wall
of the cluster, which is lower than that of the vesicles. Based on
this study, our understanding as to the formation, structure,
and property of IL tubular clusters in aqueous solution was
improved on the molecular level. The application of this
tubular structure in molecular penetration and exchange may
be more interesting and practical, and we hope that our
simulation results will be helpful to this.
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