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hermodynamics, and structural,
dynamical, and electrical properties of
polyoxometalate ionic liquid confined into carbon
nanotubes during the melting process using
molecular dynamics simulation†

Zahra Khalilzadeh,a Mohsen Abbaspour *ab and Farrokhzad Mohammadi Zonoza

Understanding the properties of ionic liquids confined into nano-pores is required to use ionic liquids for

many applications such as electrolytes for energy storage in capacitors and solar cells. Recently,

polyoxometalate ionic liquids have attracted much attention for their potential applications in

electrochemistry, catalysis, and nanotechnology. In this work, we have performed MD simulations on 1-

ethyl-3-methylimidazolium Keggin ([emim]3[PW12O40]) confined into armchair (20,20) CNTs to study the

thermal properties and melting process. Changes in the simulated results of configurational energy of

confined polyoxometallate IL indicated that the melting range of the confined polyoxometalate IL is

about 650–750 K. Heat capacity at constant volume of the confined IL is about 2 (cal K−1 mol−1) which

shows sharp changes around the melting range. The average number of hydrogen bonds (hHBi) of the
confined IL is about 2.8 which also presents sharp changes around the melting range. The ion

conductivity and self-diffusion coefficient of [emim]3[PW12O40] IL also present a sharp maximum of 25 (S

m−1) and 6 × 10−10 (m2 s−1) at the melting point. Our results did not show a significant hysteresis in the

melting process and therefore, the process is reversible. Our simulation also indicated that the

confinement of the polyoxometallate IL into the CNT increases its thermal stability and melting point.

Our simulations also indicated that the type of CNT configuration has a small effect on the melting point

of the confined polyoxometallate IL.
1. Introduction

Ionic liquids (ILs), which remain in the liquid state at room
temperatures, have some interesting properties such as
nonammability, non-volatility, low vapor pressure, electrical
conductivity, thermal stability, and electrochemistry.1–4

Recently, polyoxometalate (POM) ionic liquids have attracted
much attention for their potential applications in electro-
chemistry, catalysis, and nanotechnology.5–7 The POMs are
clusters of metal cations and oxo ligands and have distinctive
chemical properties.8 These inorganic compounds have several
applications in materials science, catalysis, electrochemistry,
and medicine.9,10 The Keggin anion, PW12O40

−3, is one of the
most representative POMs. In recent years, several experiments,
simulations and quantummechanics calculations have focused
niversity, Sabzevar, Iran. E-mail: m.

dowsi University of Mashhad, Mashhad

tion (ESI) available. See DOI:
on this family of compounds.11 Recently, Huang et al.4 synthe-
sized and studied a series of reversible phase transformation of
POM-IL gels. They observed that the Keggin-type anion clusters
decorated with long alkyl chains have a gel state at room
temperature which convert into liquid state aer heating-
cooling process. They also showed that the thermal stability
and conductivity of ammonium-based POM-ILs can be
improved by decreasing the alkyl chain length. Mei et al.12

investigated the morphology of aqueous solutions of ILs with
the anion Keggin and some alkyl-functionalized imidazole-
typed cations using molecular dynamics (MD) simulations.
They indicated that the alkyl chain length in imidazolium
cation can regulate the aggregation behavior among the nega-
tive POM anions.

ILs can also represent interesting applications in nano-
conned systems which are different from the bulk proper-
ties.13,14 The conned ILs have also important applications in
catalytic reactions, nanocomposites, lubricants, and solar
cells.14–25 Previous studies reported that the thermal stability of
ILs increases by conning into carbon nanotubes (CNTs).18,21 Li
et al.24 studied the melting temperature of 1-ethyl-3-
methylimidazolium bromide ([emim][Br]) IL conned into
© 2023 The Author(s). Published by the Royal Society of Chemistry
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View Article Online
porous silicone oxide nanoclusters. They concluded that the
connement in the nano-pores results in the increase in the
melting point. Dong et al.22 observed an ordered ion arrange-
ment of 1-butyl-3-methylimidazolium hexauorophosphate
([bmim][PF6]) into CNTs using MD simulation. Dou et al.13 also
reported a shell-chain structure [bmim][PF6] IL into CNTs.
Akbarzadeh and Abbaspour26 investigated structure and
dynamics of [emim][PF6] IL into CNTs using MD simulations.
They found that the diameter and chirality of the CNT have
important effects on the conned IL properties. Akbarzadeh
et al.27 also studied melting process of [emim][PF6] IL conned
into CNTs with different sizes.

It is very hard to achieve a molecular level insight of ILs into
nano-pores from experiment alone. MD simulations enable us
to interpret the experimental ndings and to predict the
behavior of the conned system accurately.27Understanding the
properties of ionic liquids conned into nano-pores is required
to use ionic liquids for many applications such as electrolytes
for energy storage in capacitors and solar cells.28 Due to the
important applications of polyoxometallate ILs,5–7,9,10 for the
rst time, we aim to study the structural and dynamical prop-
erties of 1-ethyl-3-methylimidazolium Keggin ([emim]3[PW12-
O40] or [emim]3[Keggin]) IL conned into armchair (20,20) CNT
during the melting process. In order to do this, we have calcu-
lated and discussed the congurational energy, heat capacity at
constant volume, radial distribution function, and average
number of hydrogen bonds. Very small number of previous
simulations investigated the electrical properties of the
connedmaterials into CNT. Therefore, we want to examine the
ion conductivity of [emim]3[Keggin] IL at the different temper-
atures during the melting process too.
Fig. 1 The chemical structures of emim cation and Keggin anion and the
atoms are in red, H atoms are in white, W atoms are in green, P atom is

© 2023 The Author(s). Published by the Royal Society of Chemistry
2. Simulation details

We have performed NVT molecular dynamics (MD) simulations
on [emim]3[Keggin] IL conned into armchair (20,20) carbon
nanotube CNT (45 cations and 15 anions according its density
of 6.249 (g cm−3)) with the CNT length of 50 Å in the ortho-
rhombic box with dimensions of 50.7 × 50.7 × 80 Å3 using the
DLPOLY soware.29 Shi and Sorescu also investigated the
structure of a IL into armchair (20,20) CNT using MD simula-
tions.30 To examine the effect of CNT conguration, we have
also simulated [emim]3[Keggin] IL into zigzag (35,0) CNT with
the same length and almost similar diameter in the same
simulation box using the NVT ensemble. To investigate the
connement effect, we have also simulated the bulk IL in the
simulation box with the dimensions of 40× 40× 40 Å3 with 225
cations and 75 anions using the NPT ensemble in the pressure
of 1 atm. The snapshots of the IL conned into the armchair
(20,20) CNT has been presented in Fig. 1. The Nose–Hoover
thermostat was applied to all systems in order to maintain their
temperature constant with a relaxation time of 0.1 ps. The
equation motions have integrated using the verlet leapfrog
algorithm with the integration time step of 1 fs.29 The CNT was
kept in xed positions and was lled with [emim]3[Keggin] IL
corresponding to its density at 300 K. The [emim] cation was
modeled using the OPLS-AA potential.31–33 The Keggin anion
were modeled as a rigid particle and the all-atom force eld
parameters of the PW12O40

3− anion were taken from the work by
Lopez et al.,34 which is based on the amber force eld and has
been extensively applied for the POM anions simulation.12,35,36

The Lennard-Jones (LJ) potential was used for the IL-CNT
interaction, utilizing the geometric mean for 3 (the well depth
snapshots of [emim]3[Keggin] IL into the armchair (20,20) CNT. The O
in dark green, and N atoms are in blue.

RSC Adv., 2023, 13, 624–631 | 625
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of the interaction potential) and the arithmetic mean for s (the
distance at which the interaction potential is zero). The LJ
parameters of the polyoxometallate IL and the CNT have been
presented in Table S1 in the ESI.† The coulombic long range
interactions were calculated using mesh Ewalds' method with
a precision of 10−6. All interatomic interactions between the
atoms in the simulation box have calculated within the cutoff
distance 15 Å. The periodic boundary conditions are applied in
all dimensions.

According to the previous simulations,26,27 the IL-CNT system
was kept in vacuum in the center of the orthorhombic box in
such a way that one side of the box (x-direction) was almost
equal to the length of the CNT, and the length of the other two
sides of the box was long enough to avoid any articial effect
caused by the periodic boundary conditions. The system was
run long enough (30 ns) to overcome the initial conguration
and reach to the equilibrium state at 300 K. Then, it was run for
6 ns (2 ns for the equilibration and 4 ns for the production runs)
at every temperature. The time step for all simulation was 1 fs.
The congurational energies of the system versus simulation
times have been presented at the different temperatures in
Fig. S1 in the ESI.† As this gure shows, the system has been
Fig. 2 The configurational energy and heat capacity at constant volume
The inserted snapshots represent the center of mass cations and anions
cations are in blue and anions are in red.

626 | RSC Adv., 2023, 13, 624–631
reached to the equilibrium state. It can be also observed the
jump in the energy in the melting range.
3. Results and discussion

The congurational energy of [emim]3[Keggin] IL conned into
(20,20) CNT has been computed at different temperatures and
presented in Fig. 2. The congurational energy is the result of
force eld effect on the system during the MD simulation and is
the sum of the various intermolecular and intramolecular
energies such as van der Waals energy, coulombic energy, etc.
The change in the congurational energy in the range of 650–
750 K corresponds to the melting process. The snapshots of the
conned IL into the CNT have been also presented in Fig. 2.
These snapshots have been prepared using the center of mass of
the cations and anions. According to these snapshots, the
ordered arrangements of the cations and anions have been
disappeared at the melting range (T = 700 K). To assure the
melting range, we have also presented the heat capacity at

constant volume
�
CV ¼

�
vE
vT

�
V

�
for the conned IL into the

CNT in Fig. 2. The sharp peaks in the CV plot corresponds to the
of [emim]3[Keggin] IL confined into the CNT at different temperatures.
at initial state at 300 K and final configurations at 700 and 1000 K. The

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The cation–cation (emim–emim), anion–anion (Keggin–
Keggin), and cation–anion (emim-Keggin) RDFs of [emim]3[Keggin]
system at different temperatures. The nitrogen atom has been
selected as the representative of the cation and the phosphorus
atom has been chosen in the case of the anion. The inset of the
emim-Keggin figure shows the distance of appearance of the RDF
peaks.
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rst-order (or pseudo rst-order) melting which its range is 650–
750 K (with the sharpest peak at 690 K), in according with the
congurational energy results.37 At the best knowledge of the
authors, there is not any experimental melting temperature for
the [emim]3[Keggin] IL in the literature. However, Rajkumar
and Rao38 synthesized the bulk 1-Butyl-3-methylimidazolium
Keggin ([bmim]3[Keggin]) IL and reported its melting temper-
ature at 673 K. Li et al.39 synthesized tributylte-
tradecylphosphonium Keggin ([TBTP]4[PW11O40]) IL and
reported its melting point below 373 K. It should be also noted
that the conning of IL into CNT can also increase its melting
point.27 To investigate the hysteresis phenomenon in the
melting process of the [emim]3[Keggin] IL into CNT, we have
also simulated the cooling process and the corresponding
results of CV have been presented in Fig. S2 in the ESI.† As this
gure shows, there is not signicant change in the melting
point (650–800 K) which means that we have not a signicant
hysteresis in the melting process and therefore the process is
reversible. This result can be due to the fact that the IL-CNT wall
interactions do not change upon the melting process.

To investigate the connement effect, we have also simu-
lated the bulk [emim]3[Keggin] IL and the corresponding plot of
the heat capacities has been presented in Fig. S3 in the ESI.†
According to this gure, the melting point of the bulk IL is
almost at 500–600 K. This result means that the connement of
the polyoxometallate IL into the CNT increases its thermal
stability and melting point. This result is in agreement with the
simulation results of Akbarzadeh et al.27 on [emim][PF 6] IL
conned in CNT.

To examine the CNT conguration on the melting range of
the conned [emim]3[Keggin] IL, we have also simulated the
polyoxometallate IL into the zigzag (35,0) CNT and the corre-
sponding plots of the congurational energies and heat
capacities have been presented in Fig. S4 in the ESI.† According
to this gure, themelting point of the IL is 700 K. In comparison
with the melting range in armchair CNT (650–750 K), this result
means that the there is good agreement between two congu-
rations. In the other words, the kind of CNT conguration has
small effect on the melting point of the conned poly-
oxometallate IL.

To examine the structural properties of the conned system,
we have calculated the radial distribution function (RDF) using
the following relation:28

gðrÞ ¼ 1

rN

*X
i

X
j

d
�
r� rij

�+
(1)

where N is total number of atoms in the system, r is the number
density (r = N/V, V is the volume of the system), rij is the
distance between atoms i and j, and the brackets indicate the
ensemble average in the NVT simulation. The cation–cation,
anion–anion, and cation–anion RDFs of the conned
[emim]3[Keggin] IL have been presented in Fig. 3. As this gure
shows, the height of RDF peaks change from the solid state (300
K) to the liquid state in the melting range (650–750 K). We have
provided the plots of maximum points of the rst RDF peaks at
the different temperatures in Fig. S5 in the ESI.† As this gure
© 2023 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2023, 13, 624–631 | 627
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Fig. 4 The average number of hydrogen bonds (hHBi) for the confined
[emim]3[Keggin] IL at different temperatures.
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shows, the height of rst RDF peaks of cation–cation decrease
whereas anion–anion and cation–anion increase in the melting
range. This means that the cations tend to be positioned closer
to the anions in the melting range and therefore the cation–
anion RDF increases. It is also shown that the position of
appearance of cation–cation and anion–anion rst RDF peaks
totally increase but the position of cation–anion rst RDF peak
decreases by increasing the temperature. This means that the
interaction between the cations and anions increases by
increasing the temperature upon the melting range. We have
also presented the cation-CNT and anion-CNT RDFs in Fig. S6
in the ESI.† According to this gure, there are very small
changes in the ion-CNT RDFs during the melting process which
means that there is very small changes in the IL-CNT interac-
tions upon the melting process.

We have also presented the average number of hydrogen
bonds (hHBi) in the conned [emim]3[Keggin] system at
different temperatures in Fig. 4. The Keggin anion has a high
negative charge and polarizes the surrounding molecules which
form multiple hydrogen bonds with the external oxygens of the
polyoxometalate.40 We consider the criteria for HB that if the
distance between the hydrogen atom in cation and oxygen atom
in anion is less than 2.67 Å, then the interaction can be recog-
nized as HB.27,41 Fig. S7 in the ESI† shows the HBs between H
atoms from emim cations and O atoms from Keggin anion
(according to the nal conguration of the conned IL in CNT
at 500 K).

According to Fig. 4, the hHBi of the conned [emim]3[Keggin]
IL is about 2.8 which is smaller than other ILs such as [emim]
[PF6] IL conned into CNT (hHBi z 7)27. This result is due to
presence of less number of polyoxometallate ions into the CNT
than the other ILs due to the higher density of Keggin anion.
The [emim][PF6] IL has more hHBi because of the more donor
(F) atoms on the anion which increases the probability of
formation of HB with the cation. It is also shown in Fig. 4 that
the hHBi shows small deviation with the temperature. The hHBi
decreases by increasing the temperature whereas it increases by
increasing the temperature aer the melting range. The sudden
change in hHBi is almost in agreement with the energy and RDF
results but it is somewhat more (800 K) and indicates the
melting range. The increasing of hHBi by increasing the
temperature (aer melting) is in agreement with the small shi
of cation–anion RDF to the shorter distances and also by
increasing of the RDF rst peaks by increasing the temperature
(Fig. 3). In the other words, the cations and anions get closer
aer melting and make more HBs between each other.

We have also computed the electrical conductivity of the
conned [emim]3[Keggin] IL at different temperatures using the
Nernst–Einstein relation:27,42

s ¼ e2

KbTV
0
�
N�Z

2
�D� þNþZ

2
þDþ

�
(2)

and from the slope of the mean square displacement (MSD)
using Einstein relation:43

D ¼ lim
t/N

1

6tN

X
i¼1;N

D
jriðtÞ � rið0Þj2

E
(3)
628 | RSC Adv., 2023, 13, 624–631
and presented in Fig. 5. In these equations, N+ (=45) and N−
(=15) are the number of cations and anions, e is charge of
electron, Kb is the Boltzmann constant, T is the temperature, V′

is the inner volume of CNT, Z+ (=+1) and Z− (=−3) are the
formal charges on the cation and anion, and D+ and D− are the
self-diffusion coefficients of cation and anion, respectively. The
transference number (fraction of the total electric current
carried by the anion or the cation of anion and cation) in the
conned system has been also computed using the following
relation44 and presented in Fig. 5:

tþ ¼ Dþ
Dþ þ D�

(4)

t� ¼ D�
Dþ þ D�

(5)

where t+ and t− are the transference numbers of positive and
negative ions, respectively.

Our simulated ion conductivity value of [emim]3[Keggin] IL
at 300 K (0.001 (S m−1)) is almost in similar order of other ILs
such as [emim][PF6] IL conned into CNT (0.004 (S m−1) in
(30,0) CNT).28 However, the ion conductivity of the different
ILs conned in nanopores is much less than the experimental
value of the bulk IL.45 According to Fig. 5, the ion conductivity
of IL represents sharp increases about the melting tempera-
ture. The sharp increase in the ion conductivity of conned
[emim]3[Keggin] IL is due to the sharp increase in its self-
diffusion in the melting range (Fig. 5a–c). This result is also
due to the decrease of hHBi until the melting range (Fig. 4).
Aer the melting, some oscillations can be observed in ion
conductivity results which are in agreement with the hHBi
results in Fig. 4. The sharp decrease of ion conductivity by
increasing the temperature aer the melting point is due to
the sharp increase of hHBi aer the melting. The sharp
increase of ion conductivity aer that at 1000 K is due to the
sharp increase of self-diffusion coefficient by increasing the
kinetic energy of the particles by more increasing of the
temperature. We have also presented the MSD curves of cation
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 The self-diffusion, ion conductivity, and ion transference numbers for the confined [emim]3[Keggin] IL at different temperatures.
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and anion versus simulation time at the different temperatures
in Fig. S8 in the ESI.† This gure clearly shows the sharp
change in the slope of the MSD curves close to the melting
range.

According to Fig. 5, the self-diffusion coefficients of cations
and anions are almost similar in the melting range and beyond.
Fig. 5 also represents the variation of transference number with
increasing temperature. The t+ increases by increasing the
temperature until the melting range. Aer the melting, it
remains almost constant. The trend of t− is in opposite trend of
t+ versus the temperature. The reason why both transference
numbers remain almost constant in the melting range and aer
that is due to the fact that the self-diffusion of anion and cation
is almost similar in theses ranges (according to eqn (4) and (5)).
This is also in agreement with the hHBi results in which it
remains almost constant aer 900 K.
4. Conclusion

In this work, we have studied the thermal properties and
melting process of conned [emim]3[Keggin] IL into (20,20)
CNT. The simulated congurational energy, heat capacity at
constant volume, and RDF results indicated that the melting
range of the conned polyoxometalate IL is 650–750 K. Our
results showed that we have not a important hysteresis in the
melting process and therefore the process is reversible. This
result can be due to the fact that the IL-CNT wall interactions do
not change upon the melting process. Our simulation also
© 2023 The Author(s). Published by the Royal Society of Chemistry
indicated that the connement of the polyoxometallate IL into
the CNT increases its thermal stability and melting point. This
result is in agreement with the previous simulation results of
[emim][PF 6] IL conned in CNT. Our simulations on zigzag
CNT indicated that there is good agreement between two
armchair and zigzag congurations. In the other words, the
kind of CNT conguration has small effect on the melting point
of the conned polyoxometallate IL.

The sudden change in hHBi is almost in agreement with the
energy and RDF results but it is somewhat more (800 K) and
indicates the melting range. The increasing of hHBi by
increasing the temperature (aer melting) is in agreement with
the small shi of cation–anion RDF to the shorter distances.
The ion conductivity of [emim]3[Keggin] IL also represents
a sharp peak at the melting temperature which is due to the
sharp increase in its self-diffusion because of the decrease of
hHBi. The t+ also increases by increasing the temperature until
the melting range. Aer the melting, it remains almost
constant. The trend of t− is in opposite trend of t+ versus the
temperature. We expect that the understanding the thermal
properties of [emim]3[Keggin] IL conned into nano-pore (such
as the melting range, ion conductivity, etc.) help us using its
potential applications in electrochemistry, catalysis, and
nanotechnology.
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