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Abstract
In this work the parallel component of the static dielectric permittivity, II of ionic liquids
ultraconfined intoflexible carbon nanotubes of radius of 1.2 nm and 2.4 nm is evaluated from
molecular dynamics simulations.We show an enhancement of II with respect to bulk value and a
counter-intuitive temperature dependence. Indeed an increase of II as a function of the temperature
opposed to a bulk behavior is evidenced. Increase in II is the result of the strong orientation of ionic
liquid close to the porewall. The temperature dependence is the consequence of the thermal
fluctuations increasing the dipolarfluctuations such that the strong orientation is conserved.
Eventually, we show amolecular stacking between [C4mim+][Tf2N

−] andCNTdecreasing dipolar
fluctuations close to the CNT surface reducing II .

1. Introduction

Ionic Liquids (ILs) aremolten salts composed of large organic cations and inorganic or organic anions. ILs are
widely studied given their applications [1, 2] associatedwith their physical properties such as negligible vapor
pressure, thermal stability, high ionic conductivity, etc. Over the last few years, the confinement of ILs at the
nanoscale has gainedmuch attention given their applications as electrochemical double-layer capacitors
(EDLCs) [1–5]. ILs are also considered as potential lubricants [6]when confined into nanoporousmaterials such
as carbon nanotubes (CNTs) [7]. Themacroscopic performance of nanoconfined ILs is thus controlled by their
physical properties at the nanoscale [8–10], that are deviated from the bulk phase. Determination and
understanding of the physical properties at themolecular scale of confined ILs is then critical for the rational
design of industrial processes with optimal properties.

Several works on the ILs confined into cylindrical nanopores, such asCNTs [9, 11–18], silicamaterials
[19–21], rutile slabs [22] and graphitic pores [8], suggested that both local ILs structure and dynamics of
confined cations and anions are very complex and heterogeneous, depending strongly on the distance between
ions and the porewall. Furthermore, CNTs represent a perfectmodel of nanopores allowing to explore
confinement effects on the structural organization and the dynamical properties of complex andmolecular
liquids. Some interesting properties were thus reported for various liquids confined intoCNTs such as fast
transport [16, 23–27], small friction [23, 25], increase in dielectric permittivity [28], etc.

While structure, dynamics and electrical properties of confined ILswere strongly examined their dielectric
properties have been poorly studied. Among them, the static dielectric constant (ò) that characterizes the
capacity of amaterial to transmit an electric field and controls the chargemigration and dipole reorientation is
probably one of themore important properties in context of capacitors and fuel cell batteries. Electrical double
layer capacitors are part of super-capacitors storing charges on the surface of electrodematerials.When a cell
voltage is applied, the ions electrostatically adsorbed at the electrode/electrolyte interface contribute to the
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charge stored by EDLCs. Theoretically, the Poisson-Boltzmann (PB) equation allows us to describe the electric
potential (Ψ) of a charge distribution. In this context,Ψ is connected to the relative dielectric permittivity (or
static dielectric constant) from = - rY

 

d

dz

2

2
0
where ρ is the volume charge density and 0 is the vacuum

permittivity. Resolution of PB equation allows to define theDebye length (l =
¥

 
D

k T

e n2
B0

2 , whereT is the

temperature, kB is the Boltzmann’s constant, e is the elementary charge and n∞ is the concentration in volume)
that is ameasure of a charge carrier’s net electrostatic effect in a solution and how far its electrostatic effect
persists. As shown by the above equation, lD obviously depends on the relative dielectric permittivity of the
medium.

Up to now, theoretical and numerical studies assumed that the dielectric permittivity of confined ILwas
similar to the bulk value but several recent works showed the opposite [28–32]. Indeed, an increase of the
dielectric permittivity of confinedwater into carbon nanotubes was highlighted [28–32]while anomalous
dielectric constant of confined electrolytic solutionswas evidenced [33, 34]. Recently, a few studies were
undertaken to gain insight into the dielectric properties of water inside different confiningmedia such as carbon
nanotubes (CNTs)[35–37], graphene nanosheets [30, 38] and porous silicamembranes. [29, 31, 33, 39, 40]. For
instance, Netz et al showed a local interfacial increase in the axial (tangential) component of the dielectric
constant ( ∣∣ ) close to both hydrophobic and hydrophilic planar interfaces [38, 41]. This enhancement of
interfacial ∣∣ was confirmed byGalli et alwho focused on the dielectric behavior of water confined between two
graphene nanosheets [30]. Theseworkswere completed by several studies on the dielectric properties of water
confined into cylindrical hydrophilic silica nanopores [29, 31, 33, 39, 40] and hydrophobic CNTs [31]. In a
cylindrical nanopore, a dielectric anisotropywas observed between the radial and axial components of the
dielectric tensorwith amuch larger value of ∣∣ . These predictions were validated by some experiments
performedwithwater confined into a 1D-channelmolecular crystal andCNT that led to similar qualitative
conclusions [42, 43].

These works have evidenced that the dielectric permittivity of confined liquids differs from the bulk
counterpart and is strongly dependent on the positionwith respect to the porewall. The impact of confinement
on the dielectric properties of ILs has never been explored so far and the lack of knowledge about the dielectric
constant of confined ILs strongly limits our ability tomodelfluid-material interactions andmore generally our
understanding of the dielectric behavior of confined ILs. This fundamental issue is addressed in the present work
bymeans ofMolecularDynamics (MD) simulations of [BuMe3N

+][Tf2N
−] and [C4mim+][Tf2N

−] ILs confined
inCNTs of radius 1.2 nm (CNT(20,20)) and 2.4 nm (CNT(40,40)).

2.Methods

Computational procedure and forcefield
As shown infigure 1, BuMe3N

+ andTf2N
− ionswere described by using the united atomOPLS force field [44].

[C4mim+][Tf2N
−] ILwasmodeled from a recent united atom force field [45]. TheCNTmaterial wasmodeled as

non-charged and flexible from the Tersoff potential [46]. A perfect (without defaults)flexible armchair-typed
CNTwith a radius of 1.2 nm and a length of 100Åwas considered corresponding to 3280 carbon atoms. A
length of 10 nmwas considered to avoid the size effect [47] that corresponds to 100 carbon atoms per nm length
of CNT [48].

AllMD simulationswere carried outwith theDL_POLYpackage (version 4.0) [49] using a combination of
the velocity-Verlet and the SHAKE-RATTLE algorithms [50]. TheNose-Hoover thermostat [51, 52]with a
relaxation time of t = 0.5t pswas considered. Periodic boundary conditionswere applied in the three
directions.MD simulationswere performed in the canonical ensemble (NVT,whereN is the number of ions, V
is the volume andT is the temperature) at T=330 K andT=450 K.MD simulationswere performed using a
time step of 0.001 ps to sample 100 ns (acquisition phase) after a 100 ns equilibration. Electrostatic interactions
were truncated at 12Å and calculated by using the Ewald sumwith a precision of -10 6. Short range interactions
weremodeled by using a Lennard-Jones potential and a cutoff of 12Å. Lennard-Jones interactions between
CNTand ionic liquids have been taken into account bymeans of the Lorentz-Berthelotmixing rule. Statistical
errors were estimated using the block averagemethod. Comparisons between bulk and confined properties were
performed at p=1 bar.MD simulation of bulk liquid phasewas carried out inNpT ensemble from theNose-
Hoover barostat using a relaxation time of 0.1 ps.

Density of confined ILswas computed bymeans of an anisotropic barostat [53] by contacting the empty
CNTwith twoRTIL reservoirs at 1bar. Simulation box dimensionswere Lx=Ly=100Å and Lz=300Å.
Thismethodwas used to calculate the density of confined IL at 330 K and 450 K. 77 and 76 ions pairs were found
at 330 K and 450 K, respectively highlighting a small impact of the temperature on the confined IL density. After
convergence of the confined IL density,MD simulations of a CNTwithout external reservoirs were carried out
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with simulation box dimensions Lx=Ly=30Å and Lz=100Å .This configurationwas equilibrated in the
canonical ensemble for 100 ns.

Dielectric permittivity calculation
In a cylindrical nanopore the dielectric permittivity is described as a tensor varyingwith the positionwith respect
to the porewall involving thus a radial dependance ò (r) given the radial symmetry. Calculation of the profile of
the local static dielectric permittivity was already investigated under cylindrical [33, 39], spherical [29, 54] and
planar [29, 38, 54] confinements. As emphasized in [29, 38, 39, 54] such a task requires to know the symmetry of
the system. In a cylindrical nanopore the liquid is confined in the radial directionwhile no confinement effect is
expected in the z direction. From the linear dielectric response and the fluctuation theorem it has been
established in [33, 39] that the parallel dielectric permittivity could be evaluated as

( ) [ ( ) ( ) ]∣∣ ∣∣ ∣∣ ∣∣ ∣∣b= + á ñ - á ñ á ñ- r r r1 m M m M0
1

0 0 0 where< >... 0 denotes a statistical ensemble average in
absence of the externalfield, ∣∣corresponds to axial direction along to the zdirections,β is the reverse
temperature, 0 is the dielectric vacuumpermittivity , ( )∣∣ rm is the local dipolarmoment in the axial direction,

∣∣M is the total dipolarmoment in the axial direction defined as ( )∣∣ ∣∣ò= dM m r r
V

. Let us note thatmoments of

order higher than twowere not taken into account because it was shown that they have a negligible impact on the
value of ( ) r in cylindrical nanopores [39]. In this work the orthogonal componentwas not evaluated because it
was shown that its valuewasmuch smaller than that of the parallel component [55, 56].

3. Results and discussions

We report infigure 2(a) the profile of ( )∣∣ r for [BuMe3N
+][Tf2N

−] confined in theCNT(20,20) for two different
temperatures T. Let us note that the nanotubewas divided in cylindrical shells of position r varying from0 to the
pore radius (1.2 nm) such that ( )= +r x y2 2 where x and y are the positions of the centre ofmass of the ions.
Figure 2(a) evidences the fact that the dielectric permittivity of confined IL is a function of the radial position into
the nanotube. Furthermore figure 2(a) highlights an increase in the dielectric permittivity with respect to the
bulk phase (6.11±0.02 at 450 K). At room temperature i.e. at 300 K the experimental value is 12.5 [57].
Interestingly a large part of ILs and virtually allmolecular liquids show a negative value of dò/dT [58]. Indeed,
the decrease in the number density of their dipoles with increasing T predominates over the temperature-
induced decrease in antiparallel dipole−dipole correlations. From [58] dò/dT is around 0.05 K−1 that allowed
us to estimated a loss of 7.6 in ò at 450 Kwith respect to 300 K i.e. a dielectric constant of 4.9, which is in fair
agreementwith the calculated value (6.11). To ensure the absence of dipolar correlation at r and then to validate
the calculation of ( )∣∣ r the correlation function

( ) ( ) ( ) ( ) ( ) ( ) ( )∣∣ ∣∣ ∣∣ ∣∣ ∣∣ ∣∣= < > < >C r t r t t r r, m , M .m , 0 M 0 m , 0 M 0 was calculated.We report in figure 2(b)C(r,
t) calculated at r=9.8Å corresponding to themaximumof ( )∣∣ r for both temperatures (330 K and 450K).

Figure 1. Illustration offlexible carbon nanotube and the united atomdescription of [BuMe3N
+][Tf2N

−] and [C4mim+][Tf2N
−] ILs.

Carbon, oxygen, hydrogen, sulfur and fluorine atoms are represented in cyan, red, white, yellow and pink colors, respectivley.
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Figure 2(b) shows a fast decay of C(r,t) highlighting decorrelated dipolarmoment in the axial direction, which
validates the calculation of ( )∣∣ r .

The physical properties of confinedfluids are often correlated to their local density.We report infigure 3 the
density profile of the centre ofmass of ions as a function of r for both 330 K and 450 K temperatures. Figures 3(a)
and 3(b) suggests that the local dielectric permittivity is correlated to the local density. Indeed, thisfigure shows
that themaxima in the dielectric permittivity and density are located at the same positions. The increase in ( )∣∣ r
could be then connected to the increase in density.We have thenmodeled a bulk systemwith a density
corresponding to the 0.016molecule/Å3 i.e. themaximumof density observed infigure 3a. After 100 ns of
equilibration inNVT statistical ensemble the dielectric permittivity was found close to 5.9 that suggests that the
increase in density is not at the origin of the high ( )∣∣ r .We report infigures 3(c) and 3d the dielectric
contribution of both BuMe3N

+ andTf2N
− ions. These figures show that bothmaxima of ( )∣∣ r at r=4Å and

close to theCNT surface (r=9.8Å) can be attributed to the cation BuMe3N
+while the peak observed at

r=8Å is related to Tf2N
−. Furthermore figures 3(c) and 3d show that the ions are organized in successive shells

from theCNT surface; BuMe3N
+-Tf2N

−-BuMe3N
+ forming an electrical double layer although theCNT is

uncharged. This organization is the consequence of both excluded volume [59, 60] and the hydrophobic
interactions betweenCNTmaterial and carbon atoms of BuMe3N

+ [27].
The static dielectric permittivity is ameasure of the ability ofmolecules to orientate themselves along the

direction imposed by an external electrical field. In a confined environment the dielectric permittivity could be
connected to the orientation ofmolecules in the absence of an electrical field [27].We report infigure 4 the
distribution of the angle (Φ) between the dipolarmoment vector of BuMe3N

+ andTf2N
− and the unit vector

according to the z direction close to the solid surface. Figure 4 shows that the BuMe3N
+ cation is strongly

oriented in theCNTwhatever the temperature. Indeed, figure 4 highlights preferential angles of 10o and 170o

suggesting dipolarmoment vector of BuMe3N
+ is oriented in the axial direction. This strong pre-orientation is

at the origin of increase of dielectric permittivity because it facilitates the orientation of ionswhen an electrical
field is applied. Figure 4 depicts that, although all angles are well sampled, Tf2N

− is also preferentially oriented
according to the z direction, 45, 90 and 135 o but to lesser extent than BuMe3N

+. These results are in good
agreementwith figure 3(b) showing that the dielectric permittivity contribution of Tf2N

− is weaker than
BuMe3N

+.Moreover, figure 4 highlights that this strong orientation is kept despite the increase in temperature.
The thermal energy is not enough to surpass the induced order due to the ultraconfinement at the nanoscale.

The temperature dependence of ( )∣∣ r could be imputed to an increase in dipolarfluctuations as the
temperature increase. Indeed, the additional thermal energy at 450 K leads to a slight increase of thermal
fluctuationwithout altering the strong orientation observed infigure 4. As shown infigure 5 that leads to an
increase in dipolar fluctuations ( ( )∣∣d r ). Indeed, figure 5 highlights that the dipolarfluctuations are higher at
450 K that is linewith the figure 2. These results shed light on the existence of an interplay between strong order
caused by the extreme confinement and disorder triggered by the thermalfluctuations. In bulk phase the

Figure 2. (a)Axial static dielectric permittivity ( ( )∣∣ r ) of [BuMe3N
+][Tf2N

−] confined in the CNT(20,20) as a function of r andT. The
horizontal dotted line represents the dielectric permittivity in bulk phase. (b)Correlation functionC(r,t) of [BuMe3N

+][Tf2N
−] at

330 K and 450 K at r=9.8 Å corresponding to themaximumof ( )∣∣ r .
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increase in temperature leads to a disorder decreasing the orientation processus under electrical field involving
then a decrease in dielectric permittivity.

The confinement effect on ILs was also examined fromMDsimulations of confined [C4mim+][Tf2N
−] at

400 K. Confined density of [C4mim+][Tf2N
−]was calculated from themethod detailed in section 2. Contrary to

Figure 3.Axial static dielectric permittivity ( ( )∣∣ r ) and profile of density ( ( )r r ) of [BuMe3N
+][Tf2N

−] as a function of r at 330 K (a)
and 450 K (b). Dielectric contribution of both BuMe3N

+ andTf2N
− ions at 330 K (c) and 450 K (d).

Figure 4.Distribution of the angle (Φ) between the dipolarmoment vector of BuMe3N
+ andTf2N

− and the unit vector according to
the zdirection for two temperatures 330 K and 450 K.
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BuMe3N
+, C4mim+has an imidazole ring that enablesmolecular stackingwith the aromatic cycles of CNT [27].

As shown Infigure 6(a) an increase in ( )∣∣ r with respect to the bulk phase is also observed that confirms the
confinement effect on the static dielectric permittivity of IL. Contrary to the [BuMe3N

+] [Tf2N
−], themaximum

of ( )∣∣ r is observed at the centre of pore suggesting that a decrease in dipolarfluctuations of ions close to the solid
surface. The orientation of C4mim+ as a function of the radial position is reported infigure 6b. Thisfigure shows
a preferential orientation close to the solid surface and at the centre of pore. Despite the strong interfacial
orientation the dielectric permittivity is lower than to the bulk value. That could be explained by a strong
anchoring of C4mim+ at theCNT surface that counteracts the dipolar fluctuations. Indeed,figure 6(c) highlights
amolecular stacking between the imidazole rings of C4mim+ and the aromatic cycle of CNT. This
commensurate organization decreases the dipolar degree of freedom at the origin of the decrease in ( )∣∣ r .
Eventually, pore size effect was investigated from the confinement of [C4mim+][Tf2N

−] at 400K into theCNT
(40,40)material with a pore radius of 24Å. As shown infigure 6(a) ( )∣∣ r of IL confined inCNT(40,40) is close to

Figure 5.Dipolar fluctuations ( ( )∣∣d r ) of confined [BuMe3N
+][Tf2N

−] as a function of the radial position (r) at 330 K and 450 K.

Figure 6. (a) ( )∣∣ r of [C4mim+][Tf2N
−] confined inCNT(20,20) andCNT(40,40) at 400 K. (b)Twodimensional density of the angle

between the dipolar vector of C4 mim+ as a function of the radial distance. (c) Snapshot of the confinedC4mim+ close to the surface.
For clarity, only the imidazole cycle is represented. (d) Snapshot of C4mim+ confined inCNT(20,20) andCNT(40,40).
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the bulk value. For a pore radius of 24Å the confinement does not affect the dielectric permittivity although the
cationC4mim+ is still well anchored close to theCNT(40,40) surface as near to theCNT(20,20) interface
(Figure 6d). Given the interfacialmolecular staking between cations and theCNT, ( )∣∣ r is then similar in both
CNT(40,40) andCNT(20,20). At the centre of the CNT(40,40) IL recovers a bulk like behavior due toweak
confinement effect. Recently it has been shown that the bulk trend at the centre of pore and the interfacial
enhancement of the physical properties were recovered froma pore radius of 20Å [28] that is in linewith the
result observed infigure 6. A recent work suggests that the confinement and the interfacial effects are lost from a
pore radius of 2000nm [61]. As shown infigure 2(a) this behavior is also observed from confined
[BuMe3N

+][Tf2N
−]within CNT(40,40). The interfacial structure is then independent on the stacking

organization but is rather the consequence of the excluded volume.

4. Conclusion

In this work the parallel static dielectric permittivity ( ( )∣∣ r ) of confined ionic liquids into the carbon nanotubes
was investigated frommolecular dynamics simulations. By calculating ( )∣∣ r from thefluctuation theoremwe
have established an enhancement with respect to the bulk value.We evidenced that this increase in ( )∣∣ r was the
result of the strong orientation of ions intoCNT allowing easier alignement along the unconfined axis under
electrical field. This orientation is the result of the ultra-confinement propagating the interfacial orientation to
the centre of pore. This increase in ( )∣∣ r was verified for both [BuMe3N

+][Tf2N
−] and [C4mim+][Tf2N

−] ILs
confined intoCNT(20,20)material. The temperature dependence on ( )∣∣ r was also examined.
Counterintuitively, we have highlighted that an increase in temperature led to an increase in ( )∣∣ r . Indeed, the
thermalfluctuations increase the dipolar orientationwithout breaking the strong orientation of confined ions.
With [C4mim+][Tf2N

−]we exhibited amolecular stakingwhere the imidazole cycles were commensurate with
the aromatic cycles of CNT. This strong interactions led to a strong anchoring and then a decrease in dipolar
fluctuations and a reduction in the interfacial ( )∣∣ r with respect to [BuMe3N

+][Tf2N
−]. Eventually, pore size

effect was also investigated by studying the confinement of [C4mim+][Tf2N
−] into theCNT(20,20) andCNT

(40,40) of pore radius of 12Å and 24Å.We showed that the increase in ( )∣∣ r wore off as the pore size increased
because the volume effects surpassed the surface ones and the bulk trendwas recovered.
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