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ABSTRACT: Capillary evaporation of ionic liquids in nanoscale confine-
ment is an important process relevant to self-assembly and energy storage
applications. Most studies focus on understanding ionic liquids confined by
rigid materials, but the flexibility of the materials can also impact the
thermodynamics of confinement. In this work, we investigate the effects of
flexibility of confining surfaces on the structure and free energy underlying
capillary evaporation of the ionic liquid 1-ethyl-3-methylimidazolium
tetrafluoroborate ([EMIM][BF,]) in nanoscale solvophobic confinements.
We employ indirect umbrella sampling to estimate the free energy profiles for
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[EMIM][BF,] between both rigid and flexible square confining surfaces at

several intersheet separations. The analysis of these free energy profiles shows

that capillary evaporation of [EMIM][BF,] is enhanced by the introduction of flexibility to the confining sheets. We examine the
number density profiles for the ionic species in the confinement, which show distinct structural layering for different separations. By
additionally characterizing the orientational ordering of cations in confinement, we quantify significant structural changes that occur
as the intersheet distance is reduced and as capillary evaporation occurs at fixed confinement. We find that flexibility of the confining
material also impacts the structural changes that occur as the ionic liquid evaporates from the intersheet region.

1. INTRODUCTION

Ionic liquids (ILs) have a wide electrochemical window and
high chemical and thermal stability, which make them perfect
for energy storage in batteries, photoelectrochemical cells, and
heat storage devices.' '’ Another important characteristic of
ILs to control the mechanism of aggregation of small and large
nonpolar solutes has gained attention recently.'"”'” The
solvophobic interactions of ILs with nanoscale solutes, such
as graphene, result in dispersion at lower concentrations and
aggregation at higher concentrations.”~"> It has been found
that the interaction of solvents confined between sufficiently
sized solvophobic nanoscale materials results in strong
attractive forces between the materials,16 which drives the
dewetting of the electrolyte from nanoporous electrodes,'”
capillary evaporation of the solvent from nanoscale conduits,
protein—ligand binding, block copolymer assemblies in
aqueous and nonaqueous liquids, and many other physical
phenomena,' 7%

Many distance-dependent studies of capillary evaporation
have discussed that when nanoscale solvophobic confining
surfaces come into close proximity, the vapor state of the
solvent confined between them becomes more stable.”*™>°
Huang et al. showed that the critical distance at which liquid
and vapor phases of water are equally stable is dependent on
the size of the confining surfaces.”’ Altabet et al. showed
through forward flux sampling that the free energy barrier for
transitions between these states in water is affected by

© 2020 American Chemical Society

7 ACS Publications

4899

introducing flexibility to the confining walls.”® They also
revealed the effect of flexibility of confining surfaces on the
kinetics and thermodynamics of capillary evaporation of water
and found that the rate of evaporation is increased by multiple
folds with increased flexibility. However, analogous theoretical
studies exploring the effects of surface flexibility on capillary
evaporation in nonaqueous solvents are scarce in the literature.
Because of the ubiquity of confinement in materials
applications, it is important to explore these effects in
nonaqueous solvents, such as ILs. The behavior of ILs in
confinement has been widely studied in the literature, and the
understanding gained has helped to employ these solvents in
various applications, especially in electric double-layer
capacitors (EDLCs) and self-assembly."*~'>**7>3 Moreover,
nanoscale confinement conducive to capillary evaporation is
prevalent in these applications, and the study of these
processes in ILs is critical to their deployment in functional
materials. In this spirit, we have performed detailed enhanced
molecular dynamics simulations to examine the effects of
flexibility of the confining material on the behavior of IL 1-
ethyl-3-methylimidazolium tetrafluoroborate ([EMIM][BF,]).
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This particular solvent represents the class of alkylimidazolium-
based ILs, which are well known for their applications in self-
assembly and electrochemical devices such as EDLCs.”*™*
The ease of availability and well-documented bulk and
interfacial structure make this IL well-suited for our initial
studies presented here.*'~**

2. SIMULATION DETAILS

The initial simulation cell was a 6.5 nm X 10 nm X 6.5 nm
tetragonal box, consisting of 1570 ion pairs of [EMIM][BF,],
generated using PACKMOL." The chemical structures of
[EMIM]* and [BF,]” ions used in the present study are shown
in Figure 1. The average end-to-end size along the longest axis
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Figure 1. Structure of (a) [EMIM]* and (b) [BF,]” used in the
present study.

of [EMIM]* is ~0.75 nm, and for [BF,]™, it is ~0.19 nm. All-
atom molecular dynamics simulations were carried out using
GROMACS 5.1.4 package.“é’47 The bulk IL system was
equilibrated for 16 ns in isobaric—isothermal (NPT) ensemble
at 310 K temperature and 1 bar pressure. In order to maintain
the pressure and temperature of the system, Berendsen
barostat and Berendsen thermostat*® were used for the initial
8 ns and Parrinello—Rahman barostat’ and Nosé—Hoo-
ver’”! thermostat were used for the rest of the equilibration,
respectively.

A pair of sheets (3 nm X 3 nm), each consisting of 572
hexagonally packed (lattice constant 0.14 nm) carbon atoms
and separated by a distance d nm in the z-direction, were
generated using an in-house program and 5placed in the bulk IL
along the xy-plane using VMD software.”> Nearest neighbors
of the sheet were bonded with a harmonic spring with constant
K, such that the flexibility of the confinement can be tuned by
changing this constant. Herein, moderately stiff carbon sheets

were taken with a K value set to be 30,000 kcal mol™! nm™?,

comparable to the intermediate stiffness plates studied by
Altabet et al.”® For flexible carbon confinement, the atoms on
the edges of sheets were fixed in the xy-plane such that the
separation between the corresponding edges of opposite sheets
was constant.

The value of Lennard-Jones (L]) interaction parameter, o,
for the sheet atoms was adapted from ref 53. It has been shown
that the short- and long-range interactions of carbon sheets
with ILs are well-captured by the LJ parameters.'® Therefore,
in order to ensure a significantly solvophobic surface model,
the value of the L] interaction potential was chosen (e = 0.022
kJ mol™") to be considerably lower than the value for graphene
sheets (0.23 kJ mol™")."* A liquid—vapor interface was created
along the y-direction to mimic a constant pressure ensemble by
providing a vacuum of 2.5 nm on each side of the IL box. The
liquid—vapor interface acts as a natural barostat with a constant
pressure equal to that at liquid—vapor coexistence. In order to
avoid drift in the direction perpendicular to the liquid—vapor
interface, a neutral repulsive carbon wall consisting of 2116
atoms arranged on a square lattice was placed above the
interface, as reported in previous work.”**

The force field parameters for [EMIM]* and [BF,]” were
taken from OPLS-AA/AMBER force fields proposed by Lopes
and Padua (CL&P).”* The Lorentz—Berthelot combination
rules were used to compute cross-interaction terms of LJ
potentials. A standard 3D periodic boundary condition and
minimum image convention were applied. The biased
simulations were run for 50 ns, and equations of motion
were integrated using the leap-frog algorithm with a time step
of 1 fs. The last 40 ns of the trajectory saved at every 1 ps was
used for the analysis. The cutoff radius for the evaluation of
short-ranged interactions was set to 1.2 nm. Coulomb
interactions were evaluated using the particle mesh Ewald
summation technique with an interpolation order of 6 and a
Fourier grid spacing of 0.08 nm. The Nosé—Hoover
thermostat with a relaxation constant of 0.2 ps was used to
maintain a constant temperature of 310 K throughout the
simulations.

Non-Boltzmann sampling was used to probe the density
fluctuations between the confining sheets. The free energy
landscape underlying capillary evaporation of the IL was
estimated by computing the probability P,(N) of finding N
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Figure 2. Representative simulation snapshots for [EMIM][BF,] IL between nanoscale solvophobic sheets separated at 1.3 nm. Blue and red beads
represent cations and anions, respectively; silver beads represent carbon sheets.
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Figure 3. Simulated free energy profiles as a function of number of jons in the confinement.

Number of Confined Ions (N)

(¢)

20 d=1.1nm 151 d=13nm 25 d=15nm
— t Rigid — Rigid —~ T Rigid
' ' i "o 201
g1 g El
z 2" ESEE
£ 10 g E T
o] o o 10+
5 5 s 5
el e} el B
g 5 g g
3 3 5 5
Z Z Z L
) ) v/ [ ! !
0 0 0 -04-02 0 02 04
z (nm)
(c)
20 d=1.Inm 15+ d=13mm 25 d=15nmm
O F Flexible e Flexible 0T Flexible
' ' i "o 201
E1sr g ETL
z ES 215k
2 10 : ot E T
o] o o 10
g | 5 st 5
el o) o) —
g 5k g £ <L
3 3 B 5 5
Z - Z Z
0 | L 1 1 I 0 P )\ 0 (- [ |
-04 -02 O 02 04 -04 -02 O 02 04 -04-02 0 02 04
z (nm) z (nm) z (nm)
(d) (e) ()
— CM — CR CE —B

Figure 4. Number density distribution of atomic sites of [EMIM][BF,] computed for configurations with N corresponding to the liquid basin

between solvophobic rigid and flexible nanoscale confinements.

ions in the volume v between the two sheets for varying
intersheet distances, d. However, the order parameter N is
discrete and cannot be readily used to bias molecular dynamics
simulations with N-dependent forces. Instead, the discrete

order parameter N was sampled using the indirect umbrella

sampling (INDUS) approach, where a biasing potential is
applied on N, which is a coarse-grained, continuous variant of
the order parameter N."*° INDUS uses a harmonic biasing
potential, U(N) = k(N — N*)?/2. Here, we vary N over a
range of —2 to 76 with an interval of 2. The INDUS potential
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Figure S. Distance-dependent orientational order parameter defined for N;N, and C,C, vectors in the [EMIM]" cation ring between solvophobic
rigid and flexible nanoscale confinements for configurations with N corresponding to the liquid basin.

was applied only on the boron atom of [BF,]” and the ring
nitrogen atom of [EMIM]" which is closest to the center of
mass of the cation. Simulation snapshots representing the
transition from the liquid to vapor phase of [EMIM][BF,]
between nanoscale solvophobic sheets separated at 1.3 nm are
shown in Figure 2. The free energies AG(N) = —f' In P,(N)
were estimated from the INDUS simulations using the
weighted histogram analysis method, where f = 1/kzT and
kg is the Boltzmann constant.”” One million frames were used
to compute each free energy profile. Error bars were estimated
through block averaging, where 8 blocks were chosen with an
interval of S ns. The orientational order of the [EMIM]" ions
within the rigid and flexible confinements was quantified by
computing the orientational order parameter defined as

P,(cos ) = (1.5 cos> @ — 0.5) (1)

where 0 is the angle between the vector normal to the plane of
the confining sheets and a vector defined in the cation ring
(see Figure 1).

3. RESULTS AND DISCUSSION

3.1. Free Energy Profiles. The free energy, AG(N;d), as a
function of the number of ions between the nanoscale
solvophobic confining surfaces, N, is plotted for three different
sheet separations, d, and for rigid and flexible plates in Figure

4902

3. Here, minima at high and low N values define the liquid and
vapor phases of [EMIM][BF,] in the confinement, respec-
tively, which are separated by a significant free energy barrier.
Note that all the profiles are shifted to set the free energy of
the liquid basin equal to zero. Our results are in good
agreement with the previous work that used the total number
of IL heavy atoms to define N and N.*

The free energy profiles, AG(N;d), are shown in Figure 3a—
cford=1.1nm,d =13 nm, and d = 1.5 nm, respectively. All
free energy profiles exhibit basins corresponding to liquid
(high N) and vapor (low N) basins, with a substantial free
energy barrier separating these two states. At larger
separations, the liquid phase of [EMIM][BF,] is stable in
the confinement and the vapor is metastable. The relative free
energy of the vapor phase decreases with decreasing d. The
sheet separation at which both the liquid and vapor phases
have the same free energy is termed as critical distance, d..
Because the liquid is stable for d = 1.3 nm and the vapor is
stable for d = 1.1 nm, the values of d_ for both the rigid and
flexible sheets are located between 1.1 and 1.3 nm, though not
necessarily at the midpoint. Moreover, d. will be smaller for the
rigid sheets, as discussed in previous work.*® Below d. the
liquid phase becomes metastable with respect to the vapor
(Figure 3a). The free energy barrier separating the liquid and
vapor phases lowers with decreasing d.”*** At significantly

https://dx.doi.org/10.1021/acs.jpcc.9b11755
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Figure 6. Contour plot of number density profile for the N;N, vector in the [EMIM]* cation ring between solvophobic nanoscale confinements for
[EMIM][BF,] densities changing from the liquid to vapor phase plotted for (a) rigid and (b) flexible confinements. For all cases shown here, N*

and (N) differ by less than 1.

smaller d, the barrier disappears and spontaneous capillary
evaporation occurs.

The introduction of flexibility to the confining sheets
stabilizes the vapor state for all d-values studied here and has
little effect on the liquid basin beyond a slight increase in its
width. This is consistent with the theoretical predictions of
Altabet and Debenedetti; for low N, there will exist a pressure
difference between the bulk and the confined, low-density or
vapor-like phase, and this pressure difference combined with
surface tension forces will deform the flexible plates, effectively
decreasing the confining volume as N is lowered.”® This
decrease in the volume as N is lowered results in a stabilization
of the vapor phase with respect to what is expected for rigid
plates, that is, the effective d is lower for flexible plates than for
rigid plates at low N, while they are equal at liquid-like N-
values.

3.2. Number Density Profiles and Orientational Order
Parameter. Number density profiles of the boron (B) atom of
the anion, terminal carbon of the ethyl group (CE), central
carbon of the ring (CR), and the terminal carbon of the methyl
group (CM) of the cation for rigid and flexible solvophobic
confinements at different separations are depicted in Figure
4a—f. The number density distributions are evaluated for
systems with N corresponding to the liquid basin.

The number density profiles for atoms between rigid and
flexible sheets separated by 1.1 nm are shown in Figure 4a,d,
respectively. The peak positions of CM, CR, and CE densities
overlap nearest to the confining surfaces (at z = +2 nm), which
suggests that cation rings are oriented parallel to the sheets.
Also, the comparatively less pronounced peak for CR near the
middle of the confined space (z = 0 nm), along with small
densities of CM and CE, additionally suggests that some
cations also adapt a perpendicular orientation, such that the
ethyl and methyl groups interact with different sheets, and the

4903

ring remains at the middle of the confined region. We also
observe two peaks for the anion close to the confining surfaces,
indicating a bilayer distribution of anions between the
confining sheets at this interplate spacing. These observations
suggest highly structured arrangements of ions in solvophobic
confinement at d = 1.1 nm.

As the sheet separation is increased to d = 1.3 nm (Figure
4b,e), we observe broader peaks for cationic species. This
suggests a weakening in the structural ordering of [EMIM]*
between sheets. However, the two sets of peaks in the density
profiles for all the species indicate an approximately bilayer
distribution of [EMIM]* and [BF,]” between carbon sheets
separated at d = 1.3 nm.

At the largest sheet separation studied here, d = 1.5 nm
(Figures 4c and 5f), the ring carbon atom, CR, shows five
peaks within the confined space. However, the alkyl carbons
and the anion B atoms exhibit three layers in their respective
density distributions. The coinciding peak positions of the CR,
CE, and CM densities near the sheets suggest that the cation
rings at this location are oriented parallel to the confining
plates. A similar parallel orientation is also observed in the
middle of the interplate region, near z = 0 nm. The presence of
the second and fourth CR peaks indicates that cations at the
sheet surface also adopt perpendicular orientations, such that
the alkyl ends are either at the interface or the center of the
confinement. Our results are consistent with the structural
layering observed for [EMIM][BF,] and other ILs when
confined between carbon sheets.”*** Moreover, recent study
on water between hydrophobic confinements shows that the
structural changes influence the kinetics of capillary evapo-
ration of water from the confinements.*

To further understand the structural ordering of [EMIM]*
between the solvophobic sheets, we examine the z-dependence
of two orientational order parameters, the angle 6 formed by

https://dx.doi.org/10.1021/acs.jpcc.9b11755
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the normal to the sheet surface and either the NN, or C,C,
vector in the cation rings, as shown in Figure Sa—f. For d = 1.1
nm (Figure Sa,d), we observe two major orientations of
[EMIM]". The negative values of P,(cos ) near the surface for

— —_—
both NN, and C,C, correspond to parallel orientations of
[EMIM]* rings to the sheet. Moreover, P,(cos ) is positive

— —_—
for N;N, while that for C,C, is negative for z & 0 nm. This
corresponds to slightly perpendicular average orientation of the
[EMIM]* cations at the center of the confined region.

Similar but broadened profiles of P,(cos 8) are found for d =
1.3 nm, as shown in Figure Sb,e. We again observe parallel
orientations of [EMIM]" rings near the sheets and
perpendicular orientations near the center for both rigid and
flexible confinements. However, the peaks in P,(cos 6)
corresponding to the central perpendicular orientation of the
cation rings are broader and have higher values than the
respective peaks in P,(cos 6) for d = 1.1 nm. These
observations suggest that the perpendicular orientation of
cation rings at the middle of the confinement is relatively more
favorable when the sheets are separated by 1.3 nm.

The behavior of P,(cos ) for d = 1.5 nm is more complex
because of the appearance of several orientationally ordered
layers, as shown in Figure Sc,f for rigid and flexible sheets,
respectively. Here, we observe two troughs in the orientational

—_
order parameter for N;N, vectors in [EMIM]* nearest to the
sheets and one at the center of the confined space. The troughs
closest to the confining walls have values around —0.5,
corresponding to parallel orientations of the [EMIM]" rings.
However, the troughs at the center have values around —0.15
and —0.3 for the corresponding rigid (see Figure Sc) and
flexible (see Figure Sf) confinements, respectively, which
indicate that the rings are not perfectly parallel in the middle of
the confinement. Also, we observe two broad peaks in the

orientational order parameter of the TN; vector, correspond-
ing to perpendicular orientations of [EMIM]" rings. The
alternating, layered structure of the troughs and peaks suggests
an alternating pattern of paralle]l and perpendicular cation
orientations between the confining solvophobic sheets. These
observations are in good agreement with the interpretation of
the number density profiles in Figure 4.

3.3. Structural Changes upon Capillary Evaporation.
The above examination of the average density and orientation
in the liquid basin suggests that sheet flexibility has only a
minor impact on the structure of the confined IL. This may be
expected based on the free energy profiles in Figure 3.
Significant differences between the rigid and flexible sheet
systems appear when the number of ions in the confinement is
decreased. Therefore, we additionally investigate the liquid
structure between the solvophobic sheets as N is reduced. We
focus on the joint density distribution, p(z,6), where @ is the

angle formed by the ring vector TN; and the unit vector
perpendicular to the confining surface. Representative results
obtained for d 1.3 nm are shown in Figure 6 for
representative biasing values of N*.

All joint density distributions show two major orientations
of the cation rings between rigid and flexible sheets (parallel
and perpendicular to the sheets), in agreement with the above
analysis of the structure in the liquid basin. The cation rings
adopt parallel orientations (6 &~ 90°) near the sheet surface. In
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contrast, perpendicularly aligned rings (6 ~ 0, 180°) are found
near the center of the confined region.

Structural differences between the rigid and flexible sheet
systems increase as N is decreased. Adding flexibility to the
sheets results in an increase in the density of cation rings with
perpendicular orientations in the center of the slab at low IL
densities, as evidenced by Figure 6a,b for N* = 10. The
increase in cations with this orientation results indirectly from
the decrease in the effective separation because of inward
bending of the flexible sheets (see Section 3.1). At low N, a
large vapor bubble exists in between and bridges the two
sheets, and this vapor bubble creates a nanoscale liquid—vapor
interface perpendicular to the plane of the confining
sheets.?*?%>3°%61 When the sheets are flexible, the smaller
effective d results in a larger vapor bubble than the rigid plates
for the same N* and d and therefore more liquid—vapor
interfacial surface area. At a liquid—vapor interface, [EMIM]*
rings lie parallel to the surface.”” In confinement, this
orientation is adopted by cations at the nanoscale liquid—
vapor interface of the vapor bubble, parallel to the vapor
bubble interface and perpendicular to the sheets. This
orientation is additionally favored by weak, attractive
dispersion interactions between the [EMIM]" alkyl groups
and the sheets.

4. CONCLUSIONS

The stability of an IL in nanoscale solvophobic confinement
depends on the separation between the confining sheets. At
larger separations, the liquid phase is stable and the vapor
phase is metastable or unstable for very large separations. The
critical distance below which the liquid phase of [EMIM][BF,]
becomes metastable and the vapor phase becomes stable also
depends on the flexibility of the confining material.”*** We
have shown that flexible confining surfaces have relatively
smaller free energy barriers for capillary evaporation of an IL
confined between model solvophobic sheets. Our results also
show that the effect of flexibility on the barrier height decreases
at lower separation, consistent with the previous work on
confined water.”®

The confined IL is significantly structured, with layering of
ions between the confining surfaces observed for all three
intersheet spacings studied here. We find two major
orientations of confined cations, with parallel alignment close
to the surface and perpendicular alignment at the center of the
confinement for d = 1.1 nm and d = 1.3 nm spacings. For d =
1.5 nm, five layers with alternating arrangements of parallel and
perpendicular orientation of cation rings are observed.
Through examination of the joint position and orientation
density of cations as the confined IL density is decreased, we
detail an interplay between the IL—sheet and IL—vapor bubble
interfacial structure. At low N, cation rings lie perpendicular to
the sheet surface and parallel to the IL—vapor interface created
by a vapor bubble, and these orientations are more prevalent
for flexible sheets than rigid sheets for the same d and biasing
potential (N*).

To conclude, we show that the mechanical properties of
confining surfaces play a key role in controlling the
thermodynamics of capillary evaporation of ILs in solvophobic
confinement. Aside from the increased structuring in ILs that
can significantly impact the d-dependence of free energy
barriers,” the qualitative effects of surface flexibility are similar
to those found for water.”*® Our results suggest that tuning
the flexibility of solute particles can be employed to control
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self-assembly and introducing flexibility to the electrodes in
EDLCs may alter their performance.
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