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Abstract. During the past decade, the research on fluids in nanoconfined geometries has received consider-
able attention as a consequence of their wide applications in different fields. Several nanoconfined systems
such as water and ionic liquids, together with an equally impressive array of nanoconfining media such
as carbon nanotube, graphene and graphene oxide have received increasingly growing interest in the past
years. Water is the first system that has been reviewed in this article, due to its important role in transport
phenomena in environmental sciences. Water is often considered as a highly nanoconfined system, due to
its reduction to a few layers of water molecules between the extended surface of large macromolecules.
The second system discussed here is ionic liquids, which have been widely studied in the modern green
chemistry movement. Considering the great importance of ionic liquids in industry, and also their oil/water
counterpart, nanoconfined ionic liquid system has become an important area of research with many fasci-
nating applications. Furthermore, the method of molecular dynamics simulation is one of the major tools
in the theoretical study of water and ionic liquids in nanoconfinement, which increasingly has been joined
with experimental procedures. In this way, the choice of water and ionic liquids in nanoconfinement is

justified by applying molecular dynamics simulation approaches in this review article.

1 Introduction

Confined systems have been of wide interest in recent
years because of their different properties in comparison
with bulk systems [1-4]. These systems have been the
topic of broad research, particularly as a result of their po-
tential applications for the development of new nanoscale
devices. The term “confined geometry” is used to describe
the confinement of molecular systems inside the pores
with dimensions comparable to the size of the confined
molecule. Surface interactions caused by low dimension-
ality and spatial restriction of the confining matrix result
in a different chemical and physical behavior of the con-
fined systems in comparison with the bulk systems [5].
Various types of nano matrices have been taken for con-
finement, such as MCM-41 [6], SBA-15 [7], zeolites [8],
carbon nanotubes [9], boron nitride nanotube [10], re-
verse micelles [11], clays [12], fullerenes [13], graphene [14],
graphene oxide [15], etc. [16-18].

The awareness of the relation between nanoscopic con-
finement and the behavior of water has drawn tremendous
interest of researchers. This is relevant to different phe-
nomena and systems in biology, such as permeability of ion
channels and protein stability. In chemistry and chemical
engineering, it is related to the nano-fluidic devices and
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molecular sieves and in geology it is relevant to transport
through porous rocks. Other areas of technology and sci-
ence are also influenced by this impact [19]. Depending on
the confinement dimensions, the cavity surface, and also
pressure and temperature, the state of the confined water
and its physical properties have been proven to be widely
varied. Therefore, numerous efforts in recent years focused
on extensive investigation on the physical and chemical
properties of confined water [20]. It has been shown that
the highly unusual properties of confined water originate
from the weak interaction with the confining wall com-
bined with the local ordering of the hydrogen bonding
network imposed by the confinement [21]. Confined water
can thus have different structure, dynamics, and phase di-
agram than bulk water [22,23].

On the other hand, ionic liquids (ILs) [24,25] as
new designing materials have been recently considered
as an alternative solvent with many interesting quali-
ties. For many of the electrochemical applications, ILs are
promising for supercapacitors [26], batteries [27], and solar
cells [28]. Therefore, it is important to have a fundamen-
tal understanding about the characteristics of the confined
ILs for various applications such as electrolytes in energy
devices, lubricants or surface modifiers and solvents for
nanoparticle dispersion and colloidal materials [29].

Investigations of the interfaces of the ILs have been
carried out using experimental study, for example a
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number of experimental techniques, including NMR [30],
small-angle X-ray and neutron scattering [31], X-ray pho-
toelectron spectroscopy [32] have been used to investigate
the properties of fluids confined in nanopores, but a de-
tailed interpretation of the experimental results is often
difficult, since direct evidence of the structures is not triv-
ial to obtain and different experiments have led to con-
tradictory conclusions. Computer simulations are a con-
venient tool to study the water and ILs in nanoconfine-
ment [33,34] because they can give a microscopic picture
of the process [35]. They avoid some of the experimental
difficulties associated with the observation of the struc-
tures and ultimately afford a theoretical understanding of
the effects that play a role in water and ILs in nanocon-
finement [36]. In this paper, attempt has been made to
review advances in molecular dynamic studies of nanocon-
fined water and ILs, particularly at carbon nanotubes,
graphene, graphene oxide, etc. We believe that the pur-
pose of a review is to identify leading concepts in the field
and main results for the system of interest.

2 Nanoconfinement of water

In this section, we discuss the structure of water in a nar-
row and large confinements, respectively. After analyz-
ing the structure of confined water in carbon nanotube,
graphene and their derivations, other nano matrices will
be discussed.

To understand various nano-scaled technological sys-
tems, it is crucial to know the behavior of water confined
in diverse geometries, with length scales similar to that of
its diameter. In these confined regions, the dynamics and
structure of water is noticeably distinct from bulk wa-
ter [37]. The molecular motion of water molecules, which
is related to the distance of the latter from the confining
walls, will modify the properties of the nano water con-
fined. In order to understand the characteristics of con-
fined water, it has been the subject of extensive research.
For example, surface water has been shown to play an im-
portant role in passivation, electrochemistry and corrosion
chemistry as well as in catalysis [38]. Confined water has
been found to have a key role in transport phenomena in
environmental sciences [39]. It is worth mentioning here
that in the absence of confined water, the chemistry of
aerosols in both organic and inorganic fields would be de-
fective [40]. Apart from the aforementioned observations,
perhaps the most significant observation is that the bi-
ological response of materials can be influenced by the
physicochemical properties of confined water [41].

2.1 Confinement within carbon nanotube and its
derivations

A carbon nanotube (CNT) is one such novel material
for nanoconfined water [42]. Although nanotubes are hy-
drophobic and have a tendency to aggregate [43-49], ex-
perimental studies on CNTs have revealed that water can
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Fig. 1. CNT+H>O systems used in this study: (a) N-14, (b)
F-14, (c) N-17, and (d) F-17. The nomenclature N-14 and N-17
will be used for the non-fluorinated CNTs and F-14 and F-17
for the fluorinated CNTs. The different colored spheres rep-
resent different atom types, where gray is carbon, red oxygen,
white hydrogen, and yellow fluorine, Reprinted with permission
from ref. [56], © (2015), with permission from Royal Society
of Chemistry.

be confined in open-ended CNTs [50,51], as well as the-
oretical/computational calculations [52]. Other theoreti-
cal studies have been used to clarify water structures, in-
cluding hydrogen bonding inside CNTs [53]; for example,
Jena et al. have found that the factors of confinement
length scale and the local nanoscale curvature were highly
effective in governing the electronic and structural prop-
erties of water molecule presented inside the CNT in a
general manner [54]. There seems to be an interaction be-
tween confinement and curvature which determines the
electronic properties of water in nanoconfinement. In an-
other study, Zhang et al. have used MD simulations to in-
vestigate the mutual effects of confinement and surface of
CNTs on the temperature-dependent water diffusion [55].
They found that the two features of CNTs, the nanoscale
surface and the small confinement, can induce anomalous
diffusion behaviors in the water. The diffusion coefficient
of the confined water molecules was found to show a non-
monotonic dependence on the confinement size along with
an unexpected increase inside the large CNTs compared
to that of bulk water. In another approach, Clark II and
Paddison have investigated the effect of nanoscale con-
finement on the dynamical and structural properties of
water using ab initio MD simulations [56]. The authors
have employed CNTs with two different diameters (11.0
and 13.3A) as confinement vessels. Furthermore, to in-
vestigate the effect of the confined environment on the
determined properties, the inner walls of the CNTs were
either fluorinated or left bare. Representative images of
the systems are shown in fig. 1.

It was observed that the water molecules were prefer-
entially localized close to the surface of CNTs and exhib-
ited highly ordered structures in the fluorinated nanotubes
while those in the bare CNTs were more randomly dis-
persed. Also, weak interactions which resembled hydrogen
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bondings between the fluorine atoms and water molecules
were observed. These interactions happened at a higher
frequency in the smaller diameter CNTs indicating the ef-
fect of the confinement dimensions on these interactions.
Also, the water occupancy of open-ended zigzag and arm-
chair CNTs immersed in water, with a length of ~ 10 nm
and diameters from 0.54nm and 2.7nm was investigated
by Li and Schmidt [57]. They used MD simulations for
SPC, SPCE, TIP3P, TIP4P, and TIP5P water models,
and concluded that there is only a minor influence result-
ing by the details of the water-water interaction. In ad-
dition, it was found that the anisotropy parameter of the
water-carbon interaction is not an effective factor either.

Water structure inside CNT initiates single-file water
than more bulk-like confined water. In this regard, Maiti
et al. have shown that the water molecules inside the CNT
show solid-like ordering at room temperature [58]. They
have pointed out that the water molecules undergo nor-
mal mode diffusion and not subdiffusion inside these short,
open-ended CNTs. As the geometric constraints would
have suggested, there is a strong correlation due to hydro-
gen bonding between neighboring water molecules. They
have found that if the particles inside the channel inter-
act sufficiently strong with one another and form a single
correlated cluster, then their mode of diffusion would be
normal (Fickian) instead of single file even if the particles
cannot cross one another. This is probably the reason for
observing normal mode diffusion in a recent MD simula-
tion of water molecules in a narrow CNT [59]. The size of
the nanotube allows only a single file of water molecules
inside the nanotube. To observe single file diffusion in such
a system, the parameters (interaction strength, tempera-
ture, length of the channel, etc.) must be such that the
particles inside the channel form several clusters.

MD simulations demonstrated that water sponta-
neously fills the hydrophobic cavity of a CNT. To gain
a quantitative thermodynamic understanding of this phe-
nomenon, Maiti et al. have shown that the increase in
energy of a water molecule inside the nanotube is com-
pensated by the gain in its rotational entropy [60]. The
confined water is in equilibrium with the bulk water and
the Helmholtz free energy per water molecule of confined
water is the same as that in the bulk within the accuracy
of the simulation results. This explains the observation
that water goes inside narrow carbon nanotubes in spite
of the hydrophobic nature of the cavity. As the diameter
of the tube increases, entropy and energy values approach
those of bulk water.

Also Maiti et al. have shown that confined water
molecules that are in a single-file arrangement inside nar-
row CNTs orientationally relax through angular jumps
between two potential energy minima [61]. This bistable
behavior is very different from the mechanism of jumps
in the bulk, where thermally activated jumps make the
system explore many locally stable minima. The angular
jump of a water molecule in the bulk involves the breaking
of a hydrogen bond with one of its neighbors and the for-
mation of a hydrogen bond with a different neighbor. In
contrast, the angular jump of a confined water molecule
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Fig. 2. Number of hydrogen bonds per water molecule, (nug),
vs. the nanotube diameter, d. The blue, red and black lines
correspond to CNT, SiCNT and bulk water. Reprinted with
permission from ref. [64], © (2015), with permission from El-
sevier.

corresponds to an interchange of the two hydrogen atoms
that can form a hydrogen bond with the same neighbor.

Enhanced water flow through atomic smooth and hy-
drophobic CNTs has been demonstrated by theoretical
calculations. For example, Holt et al. have reported water
flow measurements through CNTs with diameters of less
than 2nm which serving as pores [62]. They have shown
that the measured water flow exceeds the values calculated
from continuum hydrodynamics models by more than
three orders of magnitude and is comparable to flow rates
extrapolated from MD simulations. Also pressure-driven
water flow through CNTs with diameters ranging from
1.66 to 4.99 nm was examined by Thomas and McGaughey
using MD simulation [63]. They have found that the flow
rate enhancement, defined as the ratio of the observed flow
rate to that predicted from the no-slip Hagen Poiseuille
relation, is calculated for each CNT. The enhancement
decreases with increasing CNT diameter and ranges from
433 to 47. Also the dynamics and structure of the confined
water in single-walled silicon carbon nanotubes (SWSiC-
NTs) have been investigated by Taghavi et al. [64]. The
water diffusion coefficients in SWSiCNT's were larger than
those in SWCNTs and single-walled boron-nitride nan-
otubes (SWBNNTS). Furthermore, it was observed that
water has a lower diffusion coefficient inside zigzag SWC-
NTs than armchair SWCNTs. In fact, the diffusion of wa-
ter molecules inside SWSiCNTs is based on a ballistic mo-
tion mechanism. The difference between the diffusion coef-
ficient in (6,6) and (10,0) SWSICNTs could be the result
of the orientation of water molecules inside SWSiCNTs. In
fig. 2 the number of hydrogen bonds per water molecule,
(nuB), vs. the nanotube diameter, d, was illustrated. Fig-
ure 2 shows that (nyp) inside SWSICNTs is always lower
than that of bulk water.

Pascal et al. have reported the entropy, enthalpy, and
free energy extracted from MD simulations of water con-
fined in CNTs from 0.8 to 2.7nm diameters [65]. They
have found for all sizes that water inside the CNTs is
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more stable than in the bulk, but the nature of the favor-
able confinement of water changes dramatically with CNT
diameter. Thus they showed that free energy under con-
finement is due primarily to the increased rotational and
translational entropy for small CNTs but mainly increased
translational entropy for larger CNTs, except in the case
of the 1.1 and 1.2nm CNTs where the rigid H-bonded wa-
ter framework leads to favorable enthalpy. Thus the ther-
modynamics of water under confinement are intimately
connected to the structure of water and its commensu-
rability with the pore sizes. MD simulations have been
performed under physiological conditions using nanotube
segments of various diameters submerged in water. The
results show that water molecules can exist inside the nan-
otube segments and that the water molecules inside the
tubes tend to organize themselves into a highly hydrogen-
bonded network, i.e. solid-like and wrapped around ice
sheets. The disorder-to-order transition of these ice sheets
can be achieved purely by tuning the size of the tubes [66].

2.2 Confinement within the graphene and its
derivations

Other types of nano matrices have been analyzed exten-
sively for confinement are graphene and its derivation [67,
68]. Since the discovery of graphene [69] and after many
successful advances in manufacturing methodologies [70],
there has been a growing interest in the study of the
solid-water molecule intercalated into a bilayer graphene,
the constraints of this interlayer conformation strongly
affecting the adsorption sites and the orientation of the
water molecule [71]. The characterization of the geomet-
ric and electronic structure of a nanoscale confined water
within two parallel graphene sheets was reported by Song
et al. [71]. They have shown that the O-H bonds of the wa-
ter molecules become almost parallel to the bilayer; when
the distance between the graphene bilayer is reduced to
4.5 A, however, further reducing the distance to 4.0 A in-
duces an abnormal phenomenon characterized by several
O—-H bonds pointing to the graphene surface. Also, it has
been shown that viscosity [72], permittivity [73], ion ad-
sorption/solvation [74] differ significantly from their bulk
values as well. Furthermore, these properties combined al-
low calculating interfacial capacitances and challenge con-
tinuum models, e.g. the double layer model.

In a related study, Mari et al. have reported the MD
simulations of water at ambient and high temperature, un-
der supercritical conditions onto a graphene slab 3.1nm
wide [75]. In this context, they compared all collected
data within a broad range of densities and temperatures
and then, investigated the relationship between the mi-
croscopic structure and dynamics of the system and the
effect of hydrophobic and thermodynamic confinement.
Some of the observations reported by the authors included
structural weakening as a result of massive hydrogen bond
breaking, a gradual rise of water self-diffusion coefficients,
reduction of residence times and permittivity in selected
regions, and the presence of spectral shifts due to changes
in atomic and molecular vibrations. Eslami et al. have
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also described the dynamics and structure of hydrogen
bonds (HBs) in nanoconfined water between the paral-
lel graphene surfaces [76]. The results indicated that the
structure of HBs is strongly affected by layering of water
molecules nearby the surfaces. Very close to the surfaces,
the geometrical restrictions will result in the preferential
orientation of the hydrogen atoms of water toward the sur-
faces, and therefore, scarify their HB network. This group
also showed that in comparison with the corresponding
bulk value, a reduction in the number of HBs per donor
was observed in the layering of water molecules beside the
surfaces. Generally, the confinement of water between hy-
drophilic surfaces leads to a distortion of the H-bond net-
work, which can be expressed by a decrease in the value
of the parameter ROH [77].

Deshmukh et al. have performed MD simulations to
study the fluxional properties and atomic scale character-
ization of water molecules in the proximity of the graphene
interface [78]. Based on the simulations, it was observed
that the solvation dynamics, local orientation, and or-
dering of interfacial water molecules were strongly cor-
related to the graphene slit width. It was also reported
that systematic trends in libration, stretching and bending
bands were associated to hydrogen-bonding network and
local ordering of water molecules. Strongly confined water
molecules in comparison with the bulk water resulted in
greater blue shifts in the O...O intermolecular stretch-
ing modes and smaller blue shifts in the intermolecular
0...0...0 bending mode of water molecules. This could
be ascribed to the interfacial proximity effects leading to
restricted transverse oscillations of the confined water. In
another study, Chialvo et al. have studied via molecu-
lar dynamics the link between the strain-driven hydration
free energy changes in the association procedure, includ-
ing finite-size graphene surfaces, the combined effect of the
surface strain and confinement and the resulting water-
graphene interfacial tension on the dynamics and the ther-
modynamic response functions of confined water [79]. It
was demonstrated that an in-plane biaxial tensile strain
e = 10% will result in a significant enhancement both in
the water-graphene hydrophobicity with respect to that of
the unstrained counterpart, and also in the confinement
impact on the thermodynamic response functions and a
deceleration of the dynamics of water over those of the
corresponding bulk counterpart.

Recently, Zokaie and Foroutan employed MD simula-
tions to compare the dynamical and structural properties
of the water confined between two graphene sheets and be-
tween two Graphene Oxide (GO) sheets [80]. The results
confirmed that under confinement conditions the dynam-
ics and structure of water will change near the GO sur-
faces. The heterogeneous nature of the confined water was
proved by different orientations of the water molecules to
the GO sheets. It was observed that the isolation of water
molecules in areas close to the GO surfaces, together with
the formation of hydrogen bonds between the substituents
of the GO and water molecules, will result in fewer hydro-
gen bonds between the water molecules with other wa-
ter molecules around. It has been seen that in the mid-
dle region between two GO sheets, each water molecule
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Fig. 3. (a) Z-density distribution of the oxygen atoms of wa-
ter molecules confined between two graphene surfaces (dashed
line) and two graphene oxide surfaces (solid line). Snapshot
images of the water molecules confined between two graphene
surfaces (b) and two graphene oxide surfaces (c) at the end of
the simulation time. Green, red, and blue colors correspond to
carbon, oxygen, and hydrogen atoms, respectively, Reprinted
with permission from ref. [80], © (2015), with permission from
Royal Society of Chemistry.

was surrounded by more water molecules, and as a con-
sequence, there were much more hydrogen bonds in this
region, in a way that it can be considered as a network
structure of water.

Figure 3a presents the density profile of the oxygen
atoms of water molecules confined between two surfaces
of graphene (dashed line) and two surfaces of GO (solid
line). In both cases, the density next to the surfaces is
more than the one near the center. In the density profile
three different bunches of water molecules can be seen.
In the region between —2.5A and 2.5 A, in the center to
confinement surfaces of the GO, a straightforward line can
be seen, and also the amount of density is in agreement
with the bulk water density. At the distance of 2.5 A to
5.4 A (also at the distance of —2.5A to —5.4 A) one peak
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Royal Society of Chemistry.

is observed in the midsection of both graphene and GO.
The height of this peak in the graphene is more than that
for the GO. Figures 3b and ¢ show snapshot images of the
water molecules confined between two graphene and GO
surfaces, respectively at the end of 10 ns simulation time.

Figure 4 shows the coordination number at different
distances from the confining surfaces of GO. Figure 4
shows that with the increase in the distances from confin-
ing surfaces, the coordination number increases, and in the
central region this number is 3.8, that is more than other
regions. This proves that in this midsection between the
confining surfaces, there are more molecules around each
water molecule.

Also, the liquid-solid phase transition temperature of
water confined between two GO sheets was investigated
using MD simulations by the same authors [81]. They have
shown that due to the presence of functional groups of the
GO sheets, at temperatures below the liquid-solid phase
transition temperature, the water molecules near the con-
fining sheets are not structured like ice and remained in
the liquid form. The results also reveal the confinement ef-
fects on the melting and freezing rate of water molecules.
The confining conditions delay the freezing process of the
water molecules compared to the bulk water molecules.
The liquid-solid phase transition temperature of water in
the presence of GO sheets was calculated as 236 K, which
was 34 K less than the temperature of the bulk water.

The phase behaviors and structures of highly confined
water, amorphous ice, ice, and clathrate, in slit graphene
nanopores have been studied by Zeng et al. [82]. In this
report, six crystalline phases of the monolayer (ML) ice
including one low-density, one mid-density, and four high-
density ML ices were surveyed using MD simulations. Fur-
thermore, an additional supporting evidence was provided
to show the stabilities of the structures of the four high-
density ML ices in the vacuum. The simulations show that
both the disruption of the hydrogen bonding network in
bulk water and compliance of the ice rule for low-density
and high-density (quasi-two-dimensional) Q2D crystalline
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structures are the results of the nanoscale confinement.
In this regard, as a generic model system, highly confined
water can be used for understanding a considerable diver-
sity of Q2D materials science phenomena, including solid-
solid, solid-amorphous, amorphous-amorphous and liquid-
solid transitions in real time, and also the Ostwald stag-
ing during these transitions. The melting/freezing point of
confined water between two graphene sheets were calcu-
lated from the direct coexistence of the solid-liquid inter-
face by Foroutan et al. [83]. The phase transition temper-
ature of the confined ice-water mixture was calculated as
240K that was 29 K less than the non-confined ice-water
system. They have shown that water molecules located in
the layer near each graphene sheet with the thickness of
2nm had a different behavior from other water molecules
located in other layers. The results demonstrated that wa-
ter molecules in the vicinity of graphene sheets had more
mean square displacements than those in the middle lay-
ers. Also, it has been found that freezing and melting of
water in nanometer-sized pores occurs at temperatures
much lower than in bulk [84], the melting point of water,
which decreases when the liquid is confined inside mate-
rials with pore diameters smaller than 10 nm follows the
so-called Gibbs-Thomson law [85].

2.3 Confinement within other types of nano matrices

Layfield et al. used MD simulations to study the dynamic
and structural characteristics of the confined water be-
tween alkanethiol hydrophobic self-assembled monolayers
(SAMs) [86]. It was demonstrated that the surface has no
significant effect on water-film depths of about 1nm for
the studied structural properties. However, beyond 1 nm,
the SAMs clearly induce enhancement of water motion. It
was also observed that the improved lateral diffusion co-
efficients persist into deeper areas of the water film than
the other measure of the hydrophobic effect.

Figure 5 shows the density of water confined between
two 7.5nm x 6.5 nm SAM plates separated by 5.0 nm. The
depletion layer formed between the surface and the water
film creates a peak in the density of the water closest to
the surface with a value well above 1gcm™3. This first
peak is consequently followed by a well in the density of
water below the bulk density value. This density layering
continues to propagate into the water film, but as fig. 5
shows, it vanishes less than 1 nm into the thin film.

In another study, Hu et al. considered the distribution
of saline water in organic and inorganic pores as a function
of pore morphology and pore size [87]. They proved that
the distribution of water and ions in organic and inorganic
pores as well as water entrapment mechanism are greatly
dependent on the pore width and pore surface mineralogy.

Calcium silicate hydrate (C-S-H) is a kind of meso-
porous amorphous material with the confined water in the
gel pores, which provides a suitable medium for explor-
ing the dynamics, structure and mechanical properties of
the ultraconfined interlayer water molecules. Hou et al.
have prepared the C-S-H gels with different compositions
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Fig. 5. Density profiles and average tetrahedricity for water
molecules confined between two 7.5 nm x 6.5 nm SAM surfaces
separated by 5.0nm at 300 K. The left y-axis is for the den-
sity and the right y-axis is for the tetrahedricity. Reprinted
with permission from ref. [86], © (2015), with permission from
American Chemical Society.

which were expressed in terms of the Ca/Si ratio and MD
simulation was used for their characterization [88]. It was
reported that increasing the Ca/Si ratio will result in the
transformation of the molecular structure of silicate skele-
ton from an ordered to an amorphous structure. As the
representative of the substrate, the calcium silicate skele-
ton has a considerable effect on reactivity, H-bonds net-
work, the adsorption capability and mobile ability of the
interlayer water molecules. On the one hand, it was ob-
served that the silicate chains depolymerize to enhance the
load resistance by acting in a skeletal role in the layered
structure. On the other hand, water molecules dissociate
into hydroxyls by attacking the Si-O and Ca-O bonds.

Figure 6 shows that the diffusion rate of atoms is
ranked in the following order: Os > Oh > Ow. A large
MSD value at time t indicates that the atoms diffuse
rapidly and are displaced far away from the original po-
sition. Different MSD curves characterize the chemical
bonding and the physically associated water molecules.

The dynamics of the confined water in proteins are
completely different from the dynamics of water in the
bulk systems. Toward this end, Gnanasekaran et al. used
MD simulations to study the dynamics of water at the in-
terface of the two globules of the homodimeric hemoglobin
from Scapharca inaequivalvis (HbI), with particular atten-
tion to the rotational anisotropy of the interfacial water
molecules and water-protein hydrogen bond lifetimes [89].
They reported that the relaxation times of tens to thou-
sands of picoseconds and stretched exponentials with ex-
ponents from 0.1 to 0.6 could be used to describe the relax-
ation of the waters at the interface of both oxy- and deoxy-
HbI, including a cluster of 11 and 17 interfacial waters, re-
spectively. It was observed that there is a slower rotational
relaxation and hydrogen bond rearrangement for the inter-
facial water molecules of oxy-HbI than those of deoxy-Hbl.
This phenomenon is based on an allosteric transition from
unliganded to liganded conformers including the expul-
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Ow represents the oxygen atom in the water molecule; Oh is
O in the Ca-OH and Si-OH groups; Os is O in the silicate
chains without hydroxylation. Reprinted with permission from
ref. [88], © (2015), with permission from American Chemical
Society.

sion of some water molecules from the interface. Another
investigation on both the dynamical and structural prop-
erties of water confined in a highly cross-linked polyamide
reverse-osmosis membrane was reported by Ding et al. us-
ing MD simulations [90], in the presence of a main HB net-
work formed by about 90% of the water molecules within
the polyamide membrane. In addition, the authors showed
that long range correlation is the result of the presence of
some small water clusters into the matrix. MD simulations
also indicated that a non-negligible amount of confined
water molecules exhibits rather large rotational jumps (as
in bulk phase) inside the membrane which is considered
to be a prerequisite for HB formation. The results showed
that in the central part of the membrane the translational
diffusion coefficient of confined water was reduced by an
order of magnitude in comparison with the bulk phase.

It is however well known that hydrophilic surfaces
have substantially different properties [91]. Interestingly,
Choudhury has investigated the effect of the degree of hy-
drophilicity or hydrophobicity of the plates on the dy-
namics of confined water between the two plates using
MD simulations of water in and around a pair of plates
immersed in water [92]. It was observed that by vary-
ing plate-water dispersion interaction, the nature of the
plate changed from hydrophobic to hydrophilic and vice
versa. Furthermore, by increasing the hydrophilicity of the
plates, a monotonically decreasing trend of the diffusivity
was achieved. The same monotonic trend was also pursued
for orientation dynamics of the confined water. In spite of
the fact that increasing of plate-water dispersion interac-
tion in the hydrophobic region related to the smaller plate-
water attraction almost has no effect on orientation time
constant, it has considerable changes in the hydrophilic re-
gion corresponding to larger plate-water dispersion inter-
actions. It has been reported that the diffusion coefficient
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of confined water decreases by 3 to 4 orders of magnitude
when it transforms into a frozen state [93].

3 Nanoconfinement of ionic liquids

In this section, the structure of confined ionic liquids (IL)
in narrow and large confinements is analyzed, respectively.
We discuss structure of IL when confined in a carbon nan-
otube followed by graphene and finally investigate a few
types of nano matrices.

In the last two or three decades the emphasis on
the concept of “green chemistry” has become one of the
most important topics among scientists in related ar-
eas [94]. Worldwide demand for environmentally friendly
green chemistry resulted in the development of novel ap-
proaches in synthesis, extraction, catalysis and separa-
tion, as well as electrolytic processes. 1L, possessing many
novel properties, is the most competitive candidate that
caters to all trades and professions. Properties such as
non-flammability [95], high ionic conductivity [96], electro-
chemical and thermal stability of ILs [97] make them ideal
electrolytes in electrochemical devices like in batteries [98],
capacitors [99], fuel cells [100], photovoltaics [101], actu-
ators [102] and electrochemical sensors [103]. In addition,
ILs have been widely used in electrodeposition, electrosyn-
thesis, electrocatalysis, electrochemical, lubricants, plasti-
cizers, solvent, lithium batteries, solvents to manufacture
nanomaterials, extraction, gas absorption agents [104],
and so forth [105].

One of the most important issues for the extensive use
of ILs is decreasing their melting point (m.p.). Up to now,
the structure of ILs and their phase behavior have been
widely studied [106] and a many efforts including adding
other ILs or organic compounds, changing the structure of
the component ions [107,108] and confining the ILs into
the fine pores have been made to lower the m.p. of the
ILs [109].

Over the past few decades, ILs have experienced ex-
ponential growth in research activity [110]. Task-specific
ILs have been used as alternatively supported tools [111],
scavengers [112], catalysts [113] and reagents [114] as well
in combinatorial chemistry (instead of polymers) due to
their unique properties. It is well known that ILs and other
fluids when confined in nano-sized cavities, display anoma-
lous properties, which are illustrated by melting point
depression, boiling point elevation, changes in hydrogen
bonding of the fluid, variation in the secondary structure
in proteins, etc. [115] Expanding upon the ideas of con-
finement of water and other fluids, successful attempts
have been made to confine ILs in microemulsions [116], mi-
celles [117], controlled pore glasses [118], silica gels [119]
and kaolinite [120]. The first study of IL confined by a
microemulsion was reported by Gao et al. [121] employ-
ing the IL 1-butyl-3-methyl-imidazolium tetrafluoroborate
([bmim|[BF4]). They prepared [bmim|[BF,]/Triton X-
100/cyclohexane microemulsions and characterised them
by various experimental techniques, and they found that
the size of the polar IL increases, akin to conventional
microemulsions with water polar domains.
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3.1 Confinement within carbon nanotubes

Singh et al. have performed MD simulations to investi-
gate the dynamical and structural properties of the IL
[BMIM*][PFs~] confined inside MWCNTSs with inner di-
ameters ranging from 2.0 to 3.7nm [122]. The results
revealed that the pore loading and the diameter of the
MWCNT have a significant effect on both the dynamical
and structural properties of the confined IL. A significant
layering was observed with respect to the structural prop-
erties in the mass density profiles of the anions and cations
along the radial direction. The cations close to the pore
walls were aligned with their imidazolium ring parallel to
the surface. In both the axial and the radial directions,
regions of high and low density were observed upon reduc-
tion in the pore loading. About the dynamics, the confined
cations move faster than the anions, in comparison with
the bulk systems, but the dynamics in confinement are
much slower than in the bulk. Before reaching the Fick-
ian (diffusive) regime, the confined ions will remain in the
“cage regime” for a long time. The results of this study
suggested that the cations move faster in the center of the
pore than close to the pore walls. The anions also show
a similar trend, although the differences in dynamics are
not as obvious as those observed for the layers of cations.

The melting procedure of the IL 1-butyl-3-
methylimidazolium hexafluorophosphate ([bmim]|[PFg])
crystals confined in CNT have been investigated in detail
by Dou et al. using MD simulations [123]. It was observed
that a “shell-chain” structure was formed within the
nanopore by means of the confined ions. The results
revealed that at low temperature, this “shell-chain”
structure had long-range crystalline order and began to
melt at about 500K, which well fit with experimental
observations of ILs in CNTs. The potential energy profile
of the confined ions has also confirmed this melting
process. The potential energy of cations and anions inside
the nanopore wversus temperature combined with typical
snapshots are shown in fig. 7.

The ions inside the nanopores were approximately
frozen around their positions below 500 K. As the tem-
perature increased above 500K, for each confined anion
the average number of hydrogen bonds began to decline
in a linear manner. Then, a dramatic change in the pack-
ing arrangement of the confined ions was observed as the
result of this decline, followed by a steep rise in the ionic
diffusivity. Melting points and the thermal decomposition
temperature of several ILs have been reported to increase
by more than 200 °C when confined inside MWCNT's [124,
125].

In a similar study, Foroutan and Balazadeh have per-
formed MD simulations to determine the strong effects
of confinement in a (20,20) CNT on the behavior of
a mixture of 1-n-propyl-4-amino-1,2,4-triazolium bromide
([part][Br]) IL and water [126]. The effects of water mole
fraction on the dynamical and structural properties of
both IL/water mixture and confined IL/water mixture
were investigated. They found that the highest interaction
energy value was observed in pure IL systems and pure
water in the case of confined IL/water mixtures. Finally,
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Fig. 7. The temperature dependence of confined-ions potential
energy. The potential energy consists of cation-cation, cation-
anion, and anion-anion intermolecular interactions and cation-
walls and anion-walls interactions. The insets show the radial
snapshots of the encapsulated ILs in nanopores before melt-
ing and after being molten entirely. Red and blue balls rep-
resent center-of-mass locations of bmim™ and PF6™. respec-
tively, Reprinted with permission from ref. [123], © (2015),
with permission from American Chemical Society.
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Fig. 8. Density profile for the confined water/[part][Br] mix-
tures (dash line) and their bulk mixtures (solid line). Reprinted
with permission from ref. [126], © (2015), with permission
from Elsevier.

the authors found that the presence of CNT has two ef-
fects including the tendency of cations to orient their rings
mainly parallel to the CNT surface and also a stronger
spatial correlation between IL molecules and water. The
density profile of the water/[part][Br] mixtures confined
inside (20,20) SWCNT and their bulk mixtures for all
water mole fractions are shown in fig. 8.

As fig. 8 shows, the density of the bulk mixture and
the confined mixture decrease with increasing water mole
fractions. Akbarzadeh et al. have performed MD simu-
lations to study the thermodynamics, structure, and dy-
namical behavior of 1-ethyl-3-methylimidazolium hexaflu-
orophosphate [emim]|[PF] during the melting process in-
side CNTs with different radii [127]. They found that
the layering ocurrs for the IL inside the zigzag and arm-
chair CNTs with the local density maximums close to
the CNT walls. The sharp peaks are also observed at low
temperature. However, as the temperature increases, the
peaks related to the layer structure near the CNT wall
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become broader and less intense. They have shown that
the average number of hydrogen bonds decreases as the
temperature increases. The internal energy also increases
slightly with increasing temperature, followed by a dra-
matic jump.

3.2 Confinement within graphene

Méndez-Morales et al. [128] analyzed the structure of
the well-known formation of layers on liquids under
confinement with the aid of MD simulations of mix-
tures of 1-butyl-3-methylimidazolium tetrafluoroborate
[BMIM][BF,4] with lithium tetrafluoroborate LiBF, and
potassium tetrafluoroborate KBF, between two paral-
lel charged and uncharged graphene walls. The analysis
showed the formation of a layered structure with ion densi-
ties higher than in the bulk. Furthermore, since the layers
in the neutral surface are composed of both ionic species
of IL, as the electrode potential increases, the structure
will change to alternating cationic and anionic layers lead-
ing to an overcompensation of the charge in the previous
layer. It was revealed that only for the highest amount
of salt, potassium and lithium ions will be adsorbed on
the negative surface. The negative graphene surface for
both potassium and lithium cations is up to 0.28 nm and
0.21 nm, respectively. The closer distances to the negative
electrode than the first cationic layer implies that a con-
siderable amount of salt must be added to the IL for the
adsorption of lithium/potassium cations on the graphene
wall, which has a paramount importance for redox pro-
cesses. This behaviour can be clearly observed in fig. 9.

Singh et al. have studied the dynamics and structure
of the IL [EMIMT][TFMSI™] inside a rutile (110) slit
nanopore using classical MD simulations [129]. The results
were compared with those obtained from another study for
the same IL inside a slit graphitic nanopore of the same
width [130]. The results suggested that the strength of
the interactions between the IL and the pore walls has a
considerable effect on the dynamics and structure of the
confined IL. For an IL inside a rutile pore the layering
effects were more prominent in comparison with an IL in-
side a graphitic pore. A liquid structure was observed for
the ions near the rutile pore walls which was noticeably
different from that of the bulk IL; on the contrary, near
graphitic pore walls the same ions had a liquid structure
similar to that of the bulk IL. Multiple orientations of an-
ions and cations near the rutile walls were in contrast with
the parallel orientations uniformly observed for the same
ions near graphitic walls. It was reported that the dynam-
ics of the IL are significantly slower inside a slit rutile pore
than those inside a slit graphitic pore. Furthermore, the
dynamics of the ions near the rutile walls were an order
of magnitude slower than ions near graphitic walls.

In another investigation, classical MD simulations were
performed by Rajput et al. to study the dynamics and
structure of the IL [emim™]|[NTfy"] inside a realistic
model of a coconut shell activated carbon (CSAC) and a
slit graphitic nanopore [131]. Semi-graphitic carbon sheets
in the CSAC model material have various shapes and sizes,
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Fig. 9. Snapshots of the structural organization of the ions
near negatively charged graphene walls from simulations of
[BMIM][BF4] doped with a 25% LiBF4 (a) and 25% KBF4 (b).
The relative size of lithium (dark pink) and potassium (violet)
atoms has been exaggerated for the purpose of clarity. Colour
coding for the rest of the atoms is as follows: green carbon;
dark blue nitrogen; light blue fluorine; and light pink boron.
Hydrogen atoms have been removed for the purpose of clar-
ity. Reprinted with permission from ref. [128], © (2015), with
permission from Royal Society of Chemistry.

which develop irregular, connected pores with rectangular
shape. In total, the ions inside the CSAC model material
like for the IL inside slit pores, form layers parallel to the
walls; although, the complex pore geometry of the CSAC
model materials and the distribution of pore sizes result
in the orientation of the ions and the density profiles to
be completely different from the uniform behavior of these
properties in the IL inside slit pores. Another reason that
makes confinement effects weaker than in slit pores with
the same size is the existence of interconnected pores along
with a distribution of sizes in the CSAC model materials.
As a result, a liquid structure similar to that of the bulk
IL can be seen for the ions inside CSAC model materi-
als and also faster dynamics than those of IL slit pores of
the same size. As observed for the IL inside slit pores, the
movement of the ions near the pore walls of the CSAC
model material is slower than the ions farther away from
the walls. However, variations of pore size with position
within the CSAC model material and the complex pore ge-
ometry result in significant spatial heterogeneities of the
dynamics of the confined IL and its departure from the
regular uniform behavior observed in slit nanopores. Fi-
nally, it was concluded that the dynamics and structure of
confined ILs inside porous materials with heterogeneities
in pore shape, pore interconnectivity and pore size can
be significantly different from the properties of confined
ILs inside ideal pores with simple geometries. Figure 10
shows front views of (a) CSAC model, average pore size
H = 0.75nm, and (b) slit graphitic pore, size H = 0.75 nm
(bottom panels).

Similarly, MD simulations were applied by Rajput et
al. to study the dynamics and structure of the confined IL
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Fig. 10. Top panels: Front views of (a) CSAC model, average pore size H = 0.75nm, and (b) slit graphitic pore, size H =
0.75nm. Bottom panels: Representative simulation snapshots of the model systems studied, H = 0.75nm and 7" = 333 K.
Carbon atoms in the walls are depicted in gray; cations and anions are depicted in red and green. Reprinted with permission
from ref. [131], © (2015), with permission from American Chemical Society.

[emim*][NTf5 "] inside a slit graphitic nanopore of width
H = 5.2nm and the pore walls with different densities of
electrical charges [132]. The dynamics and the structure
of the confined IL were strongly affected by the density
of electrical charges, especially in those ionic layers near
the electrically charged walls. By increasing the electrical
charges in the pore walls, the local density of counterions
increased together with important changes in the liquid
structure of the ions, particularly in the layers close to
the pore walls. Another effect of enhancement of electrical
charges in the pore walls was inducing important changes
in the dynamics of the confined ions.

The basic mechanisms of the formation of the interfa-
cial layer at the neutral graphite monolayer (graphene)-IL
(1,3-dimethylimidazolium chloride, [dmim][Cl]) interface
have been successfully studied by Fedorov and Lynden-
Bell using fully atomistic MD simulations [133]. In this
regard, a significant enrichment of IL cations at the sur-
face layer was observed. The attraction of C1~ anions by
this cationic layer leads to the formation of some dis-
tinct IL layers at the surface. The preferential adsorp-
tion of the IL cations at the graphene surface results in a
strong asymmetry in cationic/anionic probe interactions
with the graphene wall. The high density of IL cations
at the interface causes an additional high-energy barrier
for the cationic probe to come to the wall in compar-
ison with the anionic probe. Using atomistic MD sim-
ulations, Wu et al. [134] have shown that confinement
can result in an unusual behavior in the properties of
ILs. Kohanoff et al. [135] simulated the molten salt 1,3-
dimethylimidazolium chloride confined between two flat
parallel walls and showed a structure of layers parallel to
the walls. Recently, Kim et al. [136] studied the superca-

pacitors consisting of two single-sheet graphene electrodes
and found that, in contrast to the emim, anion was more
efficient in shielding electrode charges. Foroutan and Bal-
azadeh have investigated the structure, morphology, be-
havior, and dynamical properties of pure IL ([emim|[BF4])
confined between two flat and parallel graphene sheets at
different interwall distances, H [137]. For this purpose,
various interwall distances including 10, 14, 16, 20, 23,
and 28 A were studied by MD simulations at seven tem-
peratures ranging from 278 to 308 K. It was found that
the orientation and distribution of anions and cations on
the graphene sheets depended on the interwall distances.
In this context, a dense monolayer of the cations and
anions was formed between two graphene sheets at the
shortest H. By increasing H, the number of layers in-
creased. Furthermore, by increasing temperature and H,
diffusion coefficients of the anions and cations increased.
It was revealed by orientation functions that most of the
cations had parallel orientations to the graphene sheets.
Akbarzadeh et al. have presented MD simulations on the
IL [emim][PF6] confined between the graphite sheets with
different distances ranging from 1 to 5nm [138]. They
showed a significant layering occurs at the IL-graphite in-
terface which indicates a strong interaction between the
IL and the graphite sheets. They have found that the av-
erage number of the hydrogen bonds increased as the pore
size decreased. The average number of the H-bonds also
increases as the pore loading increases. They showed that
the self-diffusion coefficient of both cations and anions
increases with increase in pore size. Also, the self-diffusion
of the confined ions decreases with increasing the pore
loading.
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hydrogenated GeS,
surface

Ionic liquid confined in a
glassy GeS, pore

Fig. 11. Atomic surface models of bare (a) and hydrogenated (b) GeS:. The yellow, ochre, and white balls are the S,
Ge, and H atoms of the surfaces, respectively. (¢) Chemical structure of the IL: 1-butyl-3-methylimidazolium (cation) and
bis(trisfluoromethylsulfonyl)-imide (anion) where different fragments of the IL are highlighted. The color code is (cation) N
dark blue; C light blue; H white; and (anion) S yellow; O red; F light blue; N dark blue. (d) Typical molecular configuration for
the IL confined in a chalcogenide pore of a width H = 4.8 nm at 7" = 300 K. The red and green spheres are the atoms of the IL
anion and cation, respectively, Reprinted with permission from ref. [141], © (2015), with permission from American Chemical

Society.

3.3 Confinement within other types of nano matrices

In a study by Gupta et al. it was observed that
the glass transition temperature of the IL 1-ethyl-3-
methylimidazolium ethyl sulfate [EMIM][EtSO4] immo-
bilized in silica matrix was ~ 20°C higher than the
bulk IL [139]. Upon confinement, the thermal stability
of [EMIM][EtSO4] also increased. The interactions be-
tween the organic cation [EMIM]* and anion [EtSO4]~
of the IL and the inorganic SiOs pore wall surface ex-
plain these changes. MD simulations were also used by
Ori and coworkers to study the structure and dynamics of
a confined IL in hydroxylated amorphous silica nanopores
at ambient pressure and temperature [140]. The results
showed that both the dynamics and structure of the con-
fined IL can be explained as the sum of a bulk-like contri-
bution arising from the ions located in the pore center and
a surface contribution resulted from the ions in contact
with the surface. It can be concluded that the surface-to-
volume ratio of the host porous material is the most im-
portant factor to determine the properties of the confined
IL. However, the ionic conductivity that is a collective
dynamical property of the confined IL, is similar to the
bulk. The same group also employed MD simulations to
study the dynamical and structural properties of a typical
confined IL in a realistic molecular model of amorphous
chalcogenide having different surface chemistries and pore
sizes [141]. It was found that both self-dynamics and the

structure of the confined phase are related to the surface-
to-volume ratio of the host confining material. Finally, the
collective dynamical properties, e.g. the ionic conductiv-
ity, remain approximately insensitive to surface chemistry
and pore size and will be similar to their bulk counterpart.
Figure 11 shows the models of bare and hydrogenated
GeS, surfaces and the IL.

In another study, Canova et al. used MD simula-
tions to study the shear dynamics and structure of two
confined ILs between two hydroxylated silica surfaces
having the same cation 1-butyl-3-methyl-imidazolium
(BMIM), paired with tetrafluoroborate [BF;~| and
bis(trifluoromethanesulphonyl)amide ~ [NTFy™] an-
ions [142]. The simulated dynamics explained the effect
of the layered structure of nanoconfined liquids on
dynamical properties at the molecular level and also
the relationship between the shape of IL molecules and
their layering structure at hydroxylated silica surfaces. In
the case of shearing of [BMIM][NTF;], larger molecular
oscillations in the inner layers are needed to allow
the system to stabilise and an irregular dynamics are
obtained. In contrast, the alternating charged layers in
[BMIM][BF4] result in the stabilization of the system via
smaller fluctuations, and the layers shear on top of each
other in a fashion of laminar.

The calculation of the excess enthalpies of some
imidazolium-based ILs having various anions and water
has been carried out by Ficke and Brennecke [143]. Re-
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cently, the mutual solubility of some imidazolium-based
ILs and water has been widely discussed [144-146]. Feng
and Voth have studied how the [bmim|[BF,] IL behav-
ior is affected by the alkyl side chain length and an-
ion [147]. Tt was found that alkyl chain length plays a
crucial role in the aggregation behavior of the cations.
In fact, a stronger aggregation of the cations and slower
diffusion of the anions was observed by the increase of
the alkyl chain length. More recently, Varela et al. stud-
ied water/1-alkyl-3-methylimidazolium IL mixtures using
MD simulations and the formation of water cluster were
confirmed in these mixtures [148].

Singh et al. [149] have demonstrated that phase tran-
sition temperatures and thermal stability of [emim]|[BF4]
on confinement in the nanopores of silica matrix changed
significantly from the bulk IL. The DFT calculation in-
dicated that the interaction of the IL with the surface
resulted in changes in the vibrational bands. Singh et
al. [150] have considered the crystallization kinetics of
pure IL [emim][BFy4] and IL confined in mesopores silica
matrices. They found a significant influence of confine-
ment on the crystallization rate and also crystallization
dimensionality of IL.

In  another work, 1l-ethyl-3-methylimidazolium
tetrafluoroborate [emim|[BFy] confined in a silica matrix
(ionogel) was synthesized by the same research group at
different gelation temperatures and it was observed that
the gelation rate was lower at lower temperatures [151].

4 Conclusions

The different MD simulation approaches highlighted
throughout this review have illustrated how nanoconfine-
ment of water and ILs can evidence physical behaviors not
observed in their bulk analogs. In water-confined system,
the results showed that the microscopic static structure of
water inside nano-sized cavities has been the identification
of an alteration in the hydrogen bonding network of water
in nanoscale confinement. The obtained results confirm
the heterogeneous structure of confined water molecules
and water molecules have different orientations at vari-
ous distances from the confining surfaces. Water molecules
next to the confining surfaces are more affected by the
surfaces and owing to the formation of the hydrogen bond
between water molecules and functional groups of confin-
ing surfaces in this region, the number of hydrogen bonds
between water molecules decreases. In the case of ILs in
nanoscale confinement, by comparing several recent MD
simulations, some general features of ion arrangements
and dynamics in confined geometries have been identified.
The results indicated that a layering behavior of the anion
and cation was observed for the IL [emim][BF4] at differ-
ent distances between two graphene sheets. Also, cations
and anions tended to form aggregations around each other.
The diffusion values of the cations and anions increased as
the temperature and distances between the two graphene
sheets increased.
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