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The temperature dependence of the microstructure and microscopic dynamics of three N-alkylpyridinium
tetrafluoroborate ionic liquids, namely, [BPy][BF4], [HPyI[BF4l, and [OPyI[BF,], is investigated via molecular
dynamics simulation. Under a temperature change, the microstructure changes of [OPy][BF,4] with
a longer alkyl chain show a slight difference from that of [BPyl[BF4] and [HPyl[BF,] in terms of the radial
and spatial distribution functions. A temperature increase is found to be advantageous to the aggregation
of the polar regions as well as the nonpolar regions in the pyridinium ionic liquids. However, the
properties of the microscopic dynamics of the three ionic liquids regularly change under conditions with
temperature change. The results show a decreased probability of ions to reverse the direction of their
translation motion because the negative parts of the velocity autocorrelation functions increase with the
temperature. The temperature dependence of rotational dynamics is more obvious than that of
translation. A rise in temperature causes rotational autocorrelation functions to decay quickly, and it
considerably reduces relaxation time. With an increase in alkyl chain length, the rotational correlation
improves and the relaxation time decreases. The time correlation functions show that the association
dynamics of nonpolar regions is faster than that of polar regions over time. The association time is short

www.rsc.org/advances for long-tailed ionic liquids.

1. Introduction

Ionic liquids (ILs) are compounds composed of cations and
anions, which are liquid at room temperature.™* ILs are char-
acterized by low vapor pressure, low volatility, low melting
point, wide liquid range, wide electrochemical window, and so
on. As a new type of green solvent, ILs are receiving increasing
research attention.*” According to the articles published in
recent years, the research on ILs mainly focuses on organic
reactions, materials chemistry, polymer chemistry, analytical
chemistry, and the chemical industry.*” ILs are also applied to
other fields, such as energy, environment, bioscience, photo-
electric information, and aerospace materials.*® Owing to the
many applications of ILs in different fields, their chemical and
physical properties merit further attention.'®** Different struc-
tures are known to have different properties.'” The study on the
relationship between the microstructure and macroscopic
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properties of ILs has achieved significant progress; however,
some of the data and results are conflicting."*** Thus, we still
lack in-depth knowledge of the microscopic structure of ILs and
the interaction mechanism of cations and anions.*>'® Conse-
quently, the research into the microscopic structure and prop-
erties of ILs, especially the effects of their dynamics properties
on solute-solvent interaction, is a challenging undertaking.*>"”

With the deepening of the research into ILs, we should
establish the structure and properties of ILs at the molecular
level. The microstructure and thermodynamic properties of ILs
can be analyzed and predicted via molecular dynamics (MD)
simulation."'®** A large body of research has explored the
microstructure of imidazolium ILs.**** For pyridinium ILs,
studies have been dominantly conducted on the experimental
aspect.”®>* For example, thermodynamic properties including
densities and viscosities,>” have been measured at certain
temperatures. However, a limited amount of research has
studied the structures and properties of pyridinium ILs via MD
simulation in different temperatures.*® In the present work, MD
simulation was carried out to study the pure systems of N-
butylpyridinium tetrafluoroborate ([BPy][BF,]), N-hexylpyr-
idinium tetrafluoroborate ([HPy][BF,]), and N-octylpyridinium
tetrafluoroborate (JOPy][BF,]). The effects of temperature on the
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local microstructure and dynamics of the three ILs were
compared by analyzing their radial distribution functions,
spatial distribution functions, and correlation functions. The
relationship between the microstructure and the properties was
also explored.

2. Simulation methodology

2.1 Force field parameters

The modified OPLS-AA force field developed by Lopes and
Padua was used for the cations of the ILs,*” as shown in eqn (1).

k k
I/tmal = Z ?b(rf req)z + Z 59(0 - 0eq)2

bonds angles

+ Z ](2—(” [1 + cos(np — 9)] (1)

dihedrals
el @] s
oy 1\ ry T = 4mteor;
where Vi is the total energy of the system, which includes
bond length, bond angle, dihedral angle, van der Waals (VDW)
interactions, and electrostatic interactions. The nonbonded
interactions comprise Lennard-Jones and coulombic potential
terms. The force constants for the bonded interactions are
expressed as ky, ko, and k,. The bond length, bond angle, and
dihedral angle for the equilibrium structure are expressed as
Teq) Ueq, and 0, respectively. g; is the charge of atom i, and r;; is
the distance between atoms i and j. ¢; and d; are the LJ
parameters for different atoms. The force field parameters of
anion [BF,]|” are taken from the literature.?® Fig. 1 shows the
labels of the atoms for the pyridinium cations and anions.

2.2 Simulation details

MD simulations were run using the GROMACS 4.5.6 program.>**
Starting configurations containing 256 ILs were subjected to
energy minimization, followed by a 10 ns equilibration in the
isothermal-isobaric ensemble. On the basis of the results, each
system was equilibrated for 3 ns at a setting temperature that was
changed from 293 K to 373 K at an interval of 10 K. The last 2 ns
trajectories were taken to calculate the density. During this
period, the temperature was maintained via a V-rescale

Fig. 1 Molecular structure of ILs in this work: [BPy][BF,4] (red ellipse),
[HPy][BF,] (green ellipse), and [OPyl[BF4] (blue ellipse).
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thermostat® while the pressure was held at 1 bar with a Berend-
sen barostat.*” A configuration of the system at the average
density was taken, and simulations were then run for 4 ns in the
canonical ensemble. Without pressure coupling, the V-rescale
method was used to maintain the temperature of the system.
The particle mesh Ewald method was applied to the long elec-
trostatic interactions, and the bond length was constrained with
the LINCS algorithm.**?** The integration time step was 2 fs. The
cutoff radius for VDW and the Coulomb interaction were set to
1.5 nm. The standard periodic boundary condition was used in
all simulations. The structure analysis was performed using the
last 1 ns trajectory. The rotation and association dynamics were
sampled over 2 ns of production runs.

3. Results and discussion
3.1 Evaluation of force fields

To verify the accuracy of the force field parameters,* we obtained
the densities of [BPy|[BF,], [HPy|[BF,], and [OPy][BF,] under
different temperatures. In Fig. 2, the hollow part represents the
simulated values in the present work, and the solid part repre-
sents the experimental values from the literature.*> The
densities of the system decrease with increase in temperature
and present an almost linear relationship. With the increase of
the cationic alkyl chain length, the density values decrease
because the distance between particles and the macroscopic
volume change. Moreover, the gap of the simulation and exper-
iment values is narrowed with the increase of the chain length.
The simulation results are in good agreement with the experi-
mental data, with the percentage error being smaller than 2.0%.
The chosen force fields of the ILs are thus accurate enough to
use. In addition, the ILs as green solvents can be designed with
suitable densities that are compatible with those in other
experiments by changing their structure appropriately.*

3.2 Microstructure

As described in the work of Voth®*” and our previous study,*® the
N-alkylpyridinium tetrafluoroborate ILs can be divided into two
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Fig. 2 Densities of three pyridinium ILs as the functions of tempera-
ture; the experimental values (solid) are taken from ref. 23-25.
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Fig. 3 Site—site RDFs for the terminal carbon atom (CT4, CT6 and CT8) of the alkyl chains for [BPyI[BF4l, [HPyl[BF4] and [OPy][BF,] respectively.

regions: the “head” or the polar region, which is composed of
a pyridine ring of cation and anion [BF,]”, and the “tail” part or
the nonpolar region, which is composed of the alkyl chain of
cations. If this description of the heterogeneous structure of N-
alkylpyridinium ILs is correct, the different interactions might
cause variations in the effects of the temperature dependence of
the polar and nonpolar regions.

3.2.1 Radial distribution functions. The radial distribution
functions (RDFs) describe the characteristics of short-range
order and can reflect the microscopic structure of a material.*®
Generally, RDFs are used to describe the structure of ILs effec-
tively.*® In this section, we discuss the influence of temperature
on the local microstructure of pyridinium ILs based on RDFs.
To clearly recognize the temperature dependence effect, we
compare in detail the changes in the site-site RDFs of the CTn-
CTn of tails (n = 4, 6, 8, corresponding to the ending carbon
atom in the alkyl chain of the three ILs) and HA1-B of heads at
different temperatures.

As shown in Fig. 3, the RDFs between the terminal carbon
atoms of the alkyl chain were calculated at different tempera-
tures. With the increase of the temperature, the RDFs show that
the peaks of CT4-CT4 of [BPy|[BF,] and CT6-CT6 of [HPy][BF,]
are reduced. This result indicates that the aggregation degree of
the ending carbon atoms decreases with the weakening of their
interactions. The peak of [HPy][BF,] is higher than the peak of
[BPy|[BF,]. The peaks of CT8-CT8 from [OPy|[BF,] rise
progressively with the increase in the temperature, and the
peaks are relatively wide. This indicates that the CT8-CT8
aggregation degree is enhanced. Moreover, all the positions of
the peaks show almost no changes at r = 0.42 nm. According to
the above results, the change in the nonpolar region of [OPy]
[BF,] is obviously different from those of [BPy|[BF,] and [HPy]
[BF,] with the increase in temperature.

Fig. 4 shows the site-site RDFs of the F atoms of BF, around
the HA1 atoms of the cation. The position of the first peak is at
the maximum at r = 0.25 nm, which is the characteristic
hydrogen bond distance of the C-H---F pairs.** This result
indicates a strong interaction between HA1 and F at this posi-
tion. The position of the second peak is at 0.44 nm. With the
increase in the temperature, the first peaks of the RDFs
decrease. The changes of the second peaks are not obvious.
With the increase of the alkyl chain length, the peaks increase
in magnitude. According to Fig. 4, all the changes in the inter-
action between HA1 and F are similar when the temperature
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rises; the same is not true for CTn. With the increase in the
temperature, the intensity of the first peaks decreases, possibly
because of the temperature dependence of the hydrogen bond.*
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Fig. 4 Site—site RDFs of the F atoms of BF4 around the HA1 atoms of
the cation.
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Fig. 5 Center-of-mass RDFs for anions around the pyridine ring of
cations.

To comprehensively study the temperature dependence of the
microstructure of the polar region, we analyze the RDFs of the
center-of-mass (COM) between the pyridine ring of the cation and
the anion.** As shown in Fig. 5, the COM RDFs are observed at
293 K and 373 K. More COM RDFs are presented in Fig. S2 of the
ESL.t The position of the highest peak is at 0.52 nm, which is the
first shell. This position indicates that the maximum probability
of the anion around the head is at approximately 0.52 nm. The
second peak at 1.05 nm, which is the second shell, is relatively
weak. With the increase in the temperature, the peaks of [BPy]
[BF,4] and [HPy|[BF,] are reduced, and the second peaks basically
remain unchanged. This result suggests that the rise of the
temperature weakens the interaction between the cations and the
anions of these two ILs. By contrast, the maximum peak of [OPy]
[BF,] increases, and the second peak slightly increases. The
structural change of [OPy][BF,] obviously shows a slight differ-
ence from those of [BPy|[BF,] and [HPy|[BF,] with the change in
the temperature. This difference is explained in the next section
detailing the coordination number (CN).

Fig. 5 shows that with the increase of the alkyl chain length,
the height of the first peak of the RDFs increases, and the width
widens. This condition illustrates that the interaction between
the cation and the anion strengthened because of the increase
in the alkyl chain length. However, all the positions of the peaks
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show almost no changes, where the atomic number density
being significantly larger than the average.

3.2.2 Coordination number. The CN is the atomic number
with the central atoms coordinating.** CNs can help us under-
stand the microstructures of the pyridinium ILs. Generally, the
CNs of the first shell in different systems are gained by inte-
grating the RDFs into the location of the first minimum.* The
calculation formula of the CNs can be expressed as eqn (2).

Tshell

N = 4TcpJ g (r)dr (2)

0
where p is the number density and 7y is the first minimum in
the RDFs.

Fig. 6(a) shows the CNs of the terminal carbon atom CTn of
the tail for the three ILs. With the increase in the temperature,
the CNs of CT4-CT4 and CT6-CT6 decrease, and the CNs of [HPy]
[BF,] become larger than those of [BPy|[BF,] at the same
temperature. However, the CNs of CT8-CT8 increase obviously.
As shown in Fig. 6(b), with the increase in the temperature, the
CNs of the F atoms around the HA1 atom decrease, and the curve
of [BPy|[BF,] falls rapidly. According to Fig. 6(a) and (b), with the
change in the temperature, the CNs for HA1-F and CT8-CT8 of
[OPy]|[BF,] obviously differ from those of [BPy|[BF,] and [HPy]
[BF,]. This result indicates that the longer tails of [OPy|[BF,] may
induce changes in the local structure because the three ILs show
a similar composition, except for the different alkyl chains.

To further realize this change induced by the temperature, we
calculate the CNs for the pyridine ring-anion (heads) on the basis
of the RDFs of COM of the pyridine ring-anion. As shown in
Fig. 6(c), the coordination ability of the head of [BPy|[BF,] is the
strongest in all temperature ranges. With the increase in the
temperature, the CNs of the heads of [BPy|[BF,] and [HPy|[BF,]
decrease, whereas the CNs of [OPy][BF,] increase. That is, the CNs
of both heads and tails of [OPy][BF,] increase with the rise in the
temperature, while the volume expands and the density decreases.

Generally, as the alkyl chain lengths increase, the number
density should decrease correspondingly to reduce coordination
ability gradually. The abnormality of [OPy][BF,] is explained as
follows. [OPy|[BF,] has a relatively long alkyl chain, which favors
the formation of large clusters.** For [OPy|[BF,], the rise in
temperature causes the aggregation degree of the polar and
nonpolar regions to increase, which in turn results in the increase
of the RDFs and CNs. Meanwhile, the gaps between the large
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Fig. 6 Coordination numbers of tails CTn-CTn (a), HA1-F (b), and pyridine ring—anion (c) for the three ILs under different temperatures.
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Fig. 7 Spatial distributions of anions around cations in red color and
those of CTn around cations in yellow color at 293 K (left, the isovalues
are 35 for red and 45 for yellow) and 373 K (right, the isovalues are 20
for red and 25 for yellow).

clusters increase with the rise in the temperature. Therefore, the
volume of the system still expands, and the density decreases.

3.2.3 Spatial distribution functions. Spatial distribution
functions (SDFs) can intuitively present the three-dimensional
distribution of each system,*” which denotes the distribution
probability of the particles around the center particle b. We
derive the SDFs of the anions around the cation and the CTn
around the cation of the three systems under different
temperatures. As shown in Fig. 7, the SDFs of the three ILs are
drawn using the VMD software.*® Given that the spatial density
in the figures is relative, we adjust the isovalue to its improper
value so that the figure of the SDFs could be clearly displayed.

The RDFs and SDFs show that the anions are mainly
distributed around the cationic pyridine ring. This distribution
is due to the strong electrostatic interactions and hydrogen
bond between HA1 on the rings and F on [BF,]". CTn (n = 4, 6,
8) is mainly distributed around the tail of the alkyl chain for the
VDW interaction. Under the same low temperature, the anions
are distributed widely with the increase of the alkyl chain
length. Under the same high temperature, the aggregation of
the polar and nonpolar regions could be observed clearly with
the increase of the chain length.

Furthermore, the probabilities of the anions around the
pyridine ring increase with the rise in the temperature, as
observed by comparing the SDFs at 293 K and 373 K in Fig. 7. A
similar phenomenon could be observed for the CTn around the
tail. This temperature effects are not only observed for the long
chain [OPy|[BF,] but also for the other ILs. More SDFs of the
anions around the pyridine ring are shown in Fig. S3 of ESL.f
These changes cannot be observed from the site-site RDFs;
thus, SDFs can present the overall structural changes of ILs. In
addition, the rise in the temperature causes the cations and
anions to translate and rotate rapidly, which in turn reduces
viscosity.>»** Specifically, a high temperature within the ranges
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of this study is advantageous to the aggregation of polar regions
as well as nonpolar regions, as indicated by the following
microscopic dynamics results. This unusual characteristic has
not been observed in conventional solvents, which could help
us understand the particular solute-solvent behavior in ILs.*
The aggregation behavior with increasing temperature maybe
results in different local solvation structure in polar and
nonpolar regions owing to different solute-solvent interactions.
In ILs, the appropriate temperature will be important to the
diffusion, dissolution and reaction of solute.

3.3 Microscopic dynamics

3.3.1 Velocity autocorrelation functions. Velocity autocor-
relation functions (VACFs) can characterize molecular diffusion
properties and describe the velocity correlation degree of the
center mass.** As shown in Fig. 8, the VACFs of the cations and
anions of [HPy|[BF,] vary with time under different tempera-
tures. The VACFs drop rapidly, decay slightly, and then increase
to zero gradually. This trend shows that the correlation of
velocity to the initial moment changes over time. Noticeably, the
motions present a negative part. As depicted in Fig. 8, the
increase of the temperature causes the diminishing of the
negative part of the VACFs to a certain degree. This condition
indicates the decreased probability for the particle to reverse the
direction of its motion.” The temperature responses for the
translation movements of [BPy|[BF,] and [OPy|[BF,] are similar
to that of [HPy|[BF,] (see Fig. S4 in ESIt). The VACFs change
quickly in the order of one picosecond. For the cations, no
correlation is observed after 1.3 ps, which is the relaxation time
since the VACFs fluctuate to zero. The relaxation time of the
anions is about 0.8 ps.

As shown in Fig. 9, the attenuation of the VACFs for [BPy]" is
the fastest at each temperature. As the alkyl chain length
increases, the negative part increases. This result indicates that
reversing the direction of the motion in ILs with long alkyl
chains is increasingly difficult because of the high viscosities.*
The anionic VACFs of the ILs change slightly at the same
temperature because of their small scale (Fig. S5 in ESI{). The
temperature shows certain effects on the translational motion.
In the next section, we explore rotational movement.
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Fig. 8 Velocity autocorrelation functions of the cations and anions of
[HPy][BF,4] under different temperatures.
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Fig.9 Comparison of the velocity autocorrelation functions of cations
with different alkyl chain lengths at 293 K (a) and 373 K (b).
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Fig.10 RACFs of perpendicular line in the pyridine ring under different
temperatures for the three ILs.

3.3.2 Rotational autocorrelation functions. We choose the
pyridine ring to study how its rotational dynamics is affected by
temperature. The rotational autocorrelation functions (RACFs)
are shown in Fig. 10, which reflects the temperature depen-
dence of the rate of reorientation or rotational motion of the
pyridine ring. As shown in Fig. 10, the decline of the RACFs
evolves over time until they finally reach zero. With the increase
in the temperature, the RACFs decay rapidly, thus indicating the
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decrease in the rotational correlation. At the same temperature,
the attenuation becomes slow with the increase of the alkyl
chain length, thus showing an improved correlation.

The relaxation times are fitted from the curves in Fig. 10 to
a double exponential decay,* as shown in eqn (3).

y=ae w1+ (1—a)e = (3)

where 7; and 7, represent the relaxation times of ILs and a is
a proportion parameter. All variables are listed in Table 1. With
the increase in the temperature, the short relaxation time 7, and
long relaxation time 7, decrease. Both 7; and 1, increase with
the alkyl chain length. Thus, as shown in the relaxation times in
Table 1, the temperature exerts a great effect on the local rota-
tional dynamics of pure ILs. The result that temperatures make
microscopic dynamics faster is similar as the situation adding
the molecular solvent.*

3.3.3 Time correlation functions. We further study how
temperature influences the association dynamics in polar
and nonpolar regions by comparing the time correlation

1
NcN,

functions (TCFs).** A TCF is defined as R(¢) =

Nc Na

Z Z 0(7mn, 0)0(rmn, t) >, where 6(r,t) represents the Heaviside
m=1 n=1

step function.”” When the two associated particles are
combined, §(r,t) gets a value of 1, and when the two particles
depart, the value becomes zero. N is the number of selected
particles, and N, is the number of associated particles that are
bound to the selected particles. Here, we choose HA1-B to study
the association in the polar region. If the distance is within the
minimum of the first coordination shell of their RDFs, HA1 and
B are deemed associated. Similarly, the association in the
nonpolar region is determined by comparing the distance of
CTn-CTn (n = 4, 6, 8) with their RDF minimum at the first
coordination shell.

The temperature dependence effects on the association
dynamics of [HPy|[BF,] in the polar and nonpolar regions are
compared in Fig. 11 in terms of TCFs. Other ILs can be found in
Fig. S6-S8 of the ESI.T Evolving over time, the TCFs first drop fast
and then decay slowly. The long-time decay of HA1-B is extremely
slow under low temperature, thus indicating the strong interac-
tions between the cations and the anions. As the temperature
increases, the TCFs of the three pyridinium ILs decay quickly and
gradually approach zero within an adequate time. Conversely, the
association time of the nonpolar regions is shorter than that of
the polar regions. This result indicates a relatively fast associa-
tion dynamics for the alkyl chain because the tails are associated

Table 1 Changes of the rotational relaxation time and proportion parameter (a) for the pyridine ring of the three ILs with temperature

71 (ps) (@) 72 (ps)
ILs 293 K 323 K 353 K 373K 293 K 323 K 353 K 373 K
[BPy|[BF,] 30.89 (0.267) 20.85 (0.306) 10.41 (0.298) 5.37 (0.270) 957.92 432.79 181.61 92.77
[HPy]|[BF,] 41.28 (0.210) 34.66 (0.301) 20.05 (0.317) 11.44 (0.306) 1607.90 906.31 460.54 206.54
[OPy][BF,] 45.57 (0.197) 38.34 (0.277) 31.02 (0.354) 24.39 (0.403) 2083.70 1158.50 578.04 355.16

This journal is © The Royal Society of Chemistry 2017
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Fig. 11 Time correlation functions of HA1-B (a) and ending carbon
CT6-CT6 (b) for [HPy][BF,] at different temperatures.
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Fig.12 TCFs of HA1-B of three ILs with different alkyl chain lengths at
293 K ((a) the solid symbol) and 373 K ((b) the hollow symbol).

because of the VDW interactions, which are weaker than the
Coulomb interactions in the polar regions.*

As shown in Fig. 12, with the increase of the alkyl chain
length, the tendency of the function to decay to zero accelerates.
The attenuation of [OPy][BF,] is the fastest. The comparison of
Fig. 12(a) and (b) shows that the attenuation time is longer at
293 K than at 373 K. The TCFs of the three ILs are not zero in 1
ns at 293 K, whereas all the functions decay to zero in about 0.5
ns at 373 K. Hence, temperature exerts a significant effect on ion
association. Although the temperature increase leads to its
reduction within the average association time, the aggregation
degree of the polar regions increases for the quick interchange
of anions and cations among the ion pairs.

4. Conclusion

A systematic study is conducted on the local structure and the
microscopic dynamics of three types of ILs. The influence of
temperature on the structures of ILs is obvious. For [OPy|[BF,]
with one longer alkyl chain, some particularity is observed in its
structural changes when the temperature rises. Such particu-
larity is reflected by the RDFs and SDFs. Most of the site-site
RDFs decrease with the increase in the temperature, except for

4902 | RSC Adv., 2017, 7, 4896-4903
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the tail of [OPy|[BF,]. The SDFs indicate an increase in aggre-
gation at a high temperature for both the polar and the
nonpolar regions in the pyridinium ILs. The anions are mainly
distributed around the pyridine rings, and the tails of the
cations gather together.

In microscopic dynamics, as the temperature increases, the
molecular thermal motion becomes fast and the correlation
declines. The resulting VACFs show that a high temperature
and long alkyl chain cause ions to easily reverse the direction of
their motion. Over time, the rotation of the pyridine rings
decays rapidly with the increase in the temperature. This
outcome leads to a decrease in the correlation and relaxation
time of rotation. We also study how temperature influences the
association in the polar and nonpolar regions on the basis of
TCFs. With the increase in the temperature, the association
dynamics decrease. At the same temperature, the association
time of [OPy|[BF,] is the shortest for its longest chains in the
three ILs. Under the same system, the association time for the
polar region is longer than that for the nonpolar region. These
results will be helpful to understand the particular solute-
solvent behaviors in ionic liquids.
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