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Abstract:

Room temperature ionic liquids (RTILs) are important in a myriad of applications and
exhibit fascinating properties arising from a delicate interplay between their ionic and apolar
groups. Here, using molecular simulations coupled with intrinsic surface analysis, we reveal
how this interplay is responsible for the unique properties of the RTIL surface. Our results
show that this surface can be viewed as a superposition of two “interfaces”, one between a
hydrophobic layer of cation alkyl chains and the vapor phase, and another between that
hydrophobic layer and an ionic fluid composed of polar groups of the cations and anions.
Remarkably, the properties of this ionic surface are practically independent of the cation alkyl
chain length, suggesting they are a universal feature of imidazolium-based RTILs. This
finding has potential implications in the selection and design of RTIL systems for separation
applications, which depend on interactions between penetrant molecules and the RTIL

surface.
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Room temperature ionic liquids (RTILs) are widely used in many fields of chemistry
and chemical technology, from synthesis® to catalysis,? electrochemistry,®* or gas capture.>’
Many of these applications involve the surface of these liquids; however, considerably less
attention has been paid so far to the interfacial properties of RTILs than to their bulk ones.
Nevertheless, several experimental®*® and simulation*?® investigations, including advanced
simulation methodologies, such as metadynamics?’-?° of the liquid-vapor®2® and liquid-solid
interfaces?’?° of RTILs, particularly for imidazolium-based systems, were reported in the past
two decades. The general picture emerging from these studies is that the free surface of
imidazolium-based RTILs contains excess amount of cations, and the cation hydrocarbon
chains turn preferentially toward the vapor phase.

It should be emphasized that the surface of fluid phases is corrugated, on the
molecular length scale, by thermal capillary waves,*® and thus, when analyzing the surface
properties at the molecular level, the smearing effect of these capillary waves needs to be
removed (in other words, the full list of particles that stay right at the boundary of the two
phases is needed to be determined). Since the pioneering work of Chacén and Tarazona more
than two decades ago,®* a number of methods capable of doing this task have been
developed,®>®” among which the identification of the truly interfacial molecules (ITIM)3
turned out to be an excellent tradeoff between computational cost and accuracy.® It has also
been repeatedly shown that the neglect of the effect of the capillary waves leads to a
systematic error of unknown magnitude in the calculated structural,6-18.202533-35
dynamical,}"2°26 and even thermodynamic properties.®® Further, performing intrinsic surface
analysis was found to be inevitable in explaining several experimental findings, such as the
surface tension anomaly of water.3940

Recently, we demonstrated by the combination of computer simulation and intrinsic
surface analysis done at atomistic rather than molecular resolution that, in spite of this excess
amount of cations, the RTIL surface bears a small negative charge, which is already
compensated in the subsequent one or two atomic layers.?® The physical reason behind this
negative surface charge is that the hydrocarbon chains, staying preferentially at the liquid
surface, carry no charge, but effectively shield charged moieties of the cations from the vapor
phase, while the smaller and more mobile anions can somewhat penetrate among these
chains.?® These structural peculiarities largely determine also the dynamics of the liquid
surface.?® It should be noted that a negative surface charge of imidazolium-based RTILs was
already suggested by Sloutskin et al. in interpreting their X-ray reflectivity experiments.® This

finding naturally raises the question of how the cation alkyl chain length influences the
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interfacial structure. Our hypothesis, which we set out to test in this paper, is that the RTIL
liquid surface can be interpreted as the combination of two consecutive “interfaces”: an outer
liquid-vapor interface between the hydrocarbon layer and the vapor, and an inner one akin to
a liquid-liquid interface between the ionic moieties and the hydrocarbon layer (see Figure 1).
We then test how the atomistic structure of the interface beneath this outer hydrocarbon layer
depends on the alkyl chain length.

To address this question, we performed computer simulations of the liquid-vapor
interface of three imidazolium-based RTILs, consisting of 1-alkyl-3-methylimidazolium
cations and PFs™ anions, differing solely in the alkyl chain length. This chain was chosen to be
1, 4, and 8 carbon atoms long (i.e., methyl, butyl, and octyl), corresponding to [mmim][PFs],
[bmim][PFe], and [omim][PFs], respectively. The structure of these ions is shown in Figure
S1 of SI. To remove the smearing effect of thermal capillary waves,*® we determined the real,
atomistically corrugated intrinsic surface using the ITIM method,* by disregarding the atoms
pertaining to the last 3 and 7 CH2/CHs groups of the chains of the bmim*™ and omim™ cations,
respectively, from the determination of the intrinsic surface. The ITIM analysis performed
this way therefore provides information about the atoms pertaining to the surface beneath the
hydrocarbon layer that covers the liquid. To distinguish this surface, which marks the
interface between the ionic groups and the surface hydrocarbon layer, from the true surface of
the liquid phase, the former is referred to here as the ‘ionic surface’ of the liquid. It should be
noted that for [mmim][PFe], lacking the apolar alkyl chain, it strictly coincides with the real
liquid surface. ITIM analyses are done atomistically, i.e., it is decided for each atom
individually whether it pertains to the surface layer or not. For reference, ITIM analysis is
repeated in molecular resolution, i.e., the entire ion is considered as belonging to the surface
layer if any of its atoms is found to be at the surface.?

Simulations have been done in the canonical (N,V,T) ensemble with 864 ion pairs,
using the GROMACS 2019.3 software,* as described in our previous publications.??® Both
[bmim][PFs] and [omim][PFs] have been simulated at two different temperatures, i.e., 298 K
and 398 K, while [mmim][PFs], being solid at 298 K, has only been simulated at 398 K. lons
have been described by the OPLS-based*? scaled-charge potential model of Doherty et al.*3
This model was shown to well reproduce the experimental values of density, heat capacity,
self-diffusion coefficient, viscosity, heat of vaporization, and interfacial tension for a large
number of imidazolium-based RTILs.*® In particular, it captures the heat of vaporization and
surface tension, i.e., thermodynamic quantities related to the coexisting liquid and vapour

phases, typically within 1-2% for imidazolium-based RTILs consisting of the PFs anion.*® All
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interactions have been truncated to zero beyond the center-based cut-off of 13 A; the long
range part of both the electrostatic and the Lennard-Jones interaction has been accounted for
by the particle mesh Ewald (PME) method.***> Temperature has been controlled by the v-
rescale thermostat.*® Following an equilibration period of at least 0.1 pus, 20000 sample
configurations have been dumped for the analyses from the 0.1 us long production run for
each system. ITIM analyses have been performed using the freely available*’ Pytim
software,*® employing a probe radius of 2 A and grid spacing of 0.4 A2

We start by analyzing the layerwise molecular structure*® of the ionic surface. The
mole fraction of the cations in the first four molecular layers beneath the ionic surface is
shown in Figure 2.a. This profile does not show marked variation with either the temperature
or the alkyl chain length — differences between systems at the same temperature is typically
~1-2%, and never exceeds 7%. For comparison, at the real liquid surface (accessed using the
“standard” ITIM procedure, i.e. considering also the alkyl chains), these differences are ~20-
40% (see Fig.2.b).

The composition of the atomic layers beneath the ionic surface also exhibits
remarkable similarities between different systems at both temperatures (see Figure 3.a). The
only marked difference arises from the trivial fact that the two methyl groups of the mmim™
cation are equivalent, while this is clearly not the case for the larger cations. Hence, the mole
fraction of the methyl group atoms in [mmim][PFe] is roughly the average of those of the
methyl and alkyl trunk CH2 groups in [bomim][PFs] and [omim][PFs] in each layer. Again, no
such similarity in the composition of the surface atomic layers is seen at all, if the real liquid
surface is considered (see Figure S2 of Sl).

The similar composition of the atomic layers beneath the ionic surface implies that
they are characterized by similar charge (surface) densities in different systems, as shown in
the top panel of Fig. 3.b. The first atomic layer at the ionic surface has a roughly
-3.5x10%e/A? charge surface density, which is already largely compensated in the second
layer. By contrast, the charge density distributions in layers beneath the real liquid surface
show no such similarities (see the bottom panel of Fig. 3.b).

All these results imply that the atomistic structure of the ionic surface is strikingly
similar for all of the studied RTILs and, hence, it is largely independent from the chain length
of the cations. By implication, we can conclude that the differences observed when the real
liquid surface is considered as a reference arise primarily from the different extents of
coverage of the ionic surface by the hydrophobic layer of cation alkyl chains. Such an

increase in the coverage of the surface by non-polar groups has been previously demonstrated
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both by experimental®!3°0-52 and computer simulation studies.'>® Nevertheless, all layerwise
profiles shown in Figs. 2 and 3 exhibit some residual differences between different RTILs. To
investigate whether these differences are caused by the different cation chain lengths or are
instead due to statistical uncertainties, we have calculated the density profiles of several atoms
(Figure 4), as well as the charge density profile and its cation/anion contributions (Figure 5).
All profiles were calculated with respect to the intrinsic ionic surface, thus Xinr=0 marks the
position of the surface itself, whereas negative and positive Xintr Values correspond to the ionic
liquid and hydrocarbon regions, respectively.

Before interpreting these profiles, two remarks are in order. First, since the intrinsic
surface is defined by the outermost layer of atoms, their distance from the intrinsic surface is
zero by definition, yielding a Dirac delta peak at Xinw=0A; hence, the continuous part of the
profiles describes the structure from the second layer on.***° Second, the profiles reflect the
trivial fact that the bulk density of the ionic groups decreases with increasing alkyl chain
length (i.e. longer chains occupy larger volume). This difference is not specific to the surface
but affects also the bulk liquid; therefore, density profiles obtained in different systems reach
different limiting values upon approaching the bulk liquid phase (see Figures S3 and S4 of
SI). To emphasize the real structural differences between the ionic surface of different
systems, all profiles were normalized by the corresponding bulk phase value, estimated by
averaging the corresponding profiles in the -30A < Xinr < -25A range.

Figs. 4 and 5 reveal that, despite their general similarities, the profiles obtained in
different systems also exhibit some small differences, particularly in the Xinr range of their
first continuous peak (corresponding to the second atomic layer). This peak is typically higher
in the presence of cations with shorter alkyl chain. In other words, the structure of the profiles
in this region is progressively washed out with increasing alkyl chain length. We have ruled
out the possibility that this effect is due to an increase in the number of ionic moieties
“dissolved” in the outermost hydrocarbon layer as it becomes wider, by repeating the ITIM
analysis for [omim][PFs] at 398K while filtering out these ‘dissolved’ ionic moieties using the
DBSCAN method® (see Figure 6.a).

The other possibility is that a difference in the chain length modifies the strength of
certain orientational preferences of the imidazolium ring at the ionic surface. Similar effect
was found earlier at the real liquid surface.!® Alkyl chain-induced differences in the
orientational distribution of the rings can readily explain the observed small differences
between the ionic surface structures of different systems. To test this possibility, we have

calculated the cosine distribution of the angle between the vector joining the two N atoms of
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the ring (referred to as the NN vector, see Fig. S1 of Sl) and the surface normal vector, X,
directed to point away from the ionic liquid phase. The distribution obtained in the first
molecular layer is compared at 398K for the different systems in Fig. 6.b. The distributions
have their main maximum at cosy=1 (chains pointing to the vapor) and another, smaller one at
cosy=-1 (chains pointing to the liquid), in accordance with earlier findings.'®® The former
peak becomes lower, while the latter becomes higher with decreasing chain length, indicating
weakening and strengthening of the respective orientational preferences. Further, the
probability of observing rings oriented parallel to the surface (cos)=0) also decreases with
increasing chain length. Both effects contribute to “push” ionic moieties further towards the
bulk region as the alkyl chain length increases, in qualitative agreement with experimental
observations,® which can explain the small differences in the profiles shown in Figs. 4 and 5.

We have analyzed, for the first time, the atomistic level structure of the liquid-liquid
like interface lying beneath the real liquid surface of imidazolium-based RTILs and separates
the bulk ionic liquid from the overlying hydrocarbon layer, formed by the outmost cation
alkyl chains. This ‘ionic surface’ shows much stronger structural similarity in systems
corresponding to cation alkyl chains of different lengths than the real liquid surface, the
residual differences being traced back to the effect of the cation chain length on the surface
orientation of the imidazolium ring. The aforementioned structural robustness of this ‘ionic
surface’ puts forward the view that the free surface of imidazolium-based RTILs, covered by
a thin oily layer of hydrocarbon chains, can indeed be regarded as the combination of a liquid-
liquid like and a liquid-vapor like interface, separating the ionic system from the oily surface
layer and this layer from the vapor phase, respectively.

While experimental studies unequivocally show the presence of an alkyl layer at the
surface of imidazolium-based RTILs,>*% details regarding the precise arrangement and
orientation of individual ions are less consensual.®® Our simulation results support
experimental interpretations based on the presence of a densely-packed ionic layer located
just beneath the apolar layer, with the ionic layer being only partially accessible from the
vapor phase.!3°1:555¢ Fyrther, the independence of the properties of this apolar layer on the
cation chain length had not been demonstrated before. Our finding could also be helpful in
resolving seeming contradictions between the conclusions of various experiments, keeping in
mind that different surface-sensitive experimental techniques might probe either of the above
two interfaces, or even both of them. As an example, while in sum frequency generation
(SFG) spectroscopy measurements, predominantly probing the C-H vibration modes at the

liquid surface, a marked decrease of the liquid density was found at the surface,'® a roughly
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18% increase of the liquid phase density was found by X-ray reflectivity in the 6-7 A wide
surface layer, which includes both of these interfaces.®

The extent of coverage of the surface by hydrophobic groups can be controlled by
changing the alkyl chain length, and this has concomitant effects on the surface tension; for
example, it is known experimentally that the surface tension of imidazolium ILs decreases
with chain length and approaches values typical of alkane surfaces.>”°® However, our results
show that such changes have minimal effect on the underlying ionic surface, which remains a
densely packed polar “barrier” separating the vapor phase from the bulk liquid. These
observations are of significant relevance for studies of molecule/ion transfer across RTIL

interfaces, which are important in many practical applications of such liquids.

Supporting Information. Figures showing the structure of the ions considered, layerwise
atomic composition of the systems studied with respect to the real liquid surface, atomic and

charge density profiles not normalized by the bulk values.
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Figure legends

Figure 1. Equilibrium snapshot of the surface portion of [bmim][PFs] at 298K, illustrating the

difference between the liquid surface and ionic surface of the system.

Figure 2. Mole fraction of the cations in the first four molecular layers beneath (a) the ionic,
and (b) the real liquid surface of [mmim][PFs] (black), [omim][PFs] (red) and [omim][PFs]
(blue) at 298K (top) and 398K (bottom).

Figure 3. (a) Mole fraction of atoms belonging to the anions (black), imidazolium ring (red),
methyl group (green) and alkyl trunk CH2 group (blue) in the first ten atomic layers beneath
the ionic surface at 298K (top) and 398K (bottom). Data corresponding to the two equivalent
methyl side groups of the mmim™* cation are shown by khaki color. (b) Charge surface density
in the first ten atomic layers beneath the ionic surface (top) and real liquid surface (bottom) in
[mmim][PFe] (squares), [omim][PFes] (circles), and [omim][PFs] (diamonds).

Figure 4. Number density profile of the cation C atoms pertaining to the imidazolium ring,
bound to both N atoms (black), methyl group (red), and alkyl trunk CH2 group (blue), and
anion P (orange) and F (green) atoms relative to the intrinsic ionic surface, normalized by the
bulk liquid phase values. The profile corresponding to the two equivalent methyl groups of
mmim* is shown by purple color. The cation C atoms considered are marked by asterisks in
Fig. S1 of SI. Lines: [mmim][PFs], full circles: [bmim][PFe], open circles: [omim][PFes].
Arrows indicate the Dirac delta contribution of the first layer atoms.

Figure 5. Left: charge density profile relative to the intrinsic ionic surface for [mmim][PFe]
(black), [bmim][PFe] (red), and [omim][PFe] (blue). Right: cation (brown) and anion (green)
contributions to the intrinsic charge density profile, normalized by the corresponding bulk
liguid phase values. Lines: [mmim][PFe], full circles: [bmim][PFs], open circles:
[omim][PFs]. Top and bottom panels show the profiles obtained at 298K and 398K,
respectively. Scales refer to the panels at the respective sides. Arrows indicate the Dirac delta

contribution coming from the first layer atoms.
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Figure 6. (a) Number density profile of the anion P (orange) and F (green) atoms with respect
to the intrinsic ionic surface, as obtained in [omim][PFs] at 398 K by filtering out the charged
moieties ‘dissolved’ into the surface hydrocarbon layer using DBSCAN with search radii of
4.5 A (filled triangles) and 6.0 A (open down triangles), as well as without DBSCAN (lines).
The Dirac delta contribution of the first layer atoms is indicated by the arrow. (b) Cosine
distribution of the angle y, formed by the NN vector of the imidazolium ring (see Fig. S1 of
the SI) and the macroscopic surface normal vector, X, pointing from the liquid to the vapor
phase, as obtained in the first molecular layer of [mmim][PFs] (black squares), [bomim][PFs]
(red circles), and [omim][PFs] (blue diamonds) at 398 K.

14



The Surface of Imidazolium-Based lonic Liquids Consists of Two Interfaces
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Figure 2.
Toth Ugyonka et al.

0.60 from the ionic surface from the liquid surface
g 0.8
= 0.55 298 K ><§
298 K
/\. 0.6+
0.50 zs
0.45 —&— bmim 041 —— bmim
—&—omim —&— omim
0.40 0.2
0.8

398 K

0.55

045 \/ﬂ—mm}m 0.4 —O— mmim
: —O— bmim —O— bmim
(a) —O— omim (b) —O— omim
0-40 T T T T 0-2 T T T T
1 2 3 4 1 2 3 4
molecular layer No. molecular layer No.

16



The Surface of Imidazolium-Based lonic Liquids Consists of Two Interfaces

Figure 3.
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Figure 4.
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Figure 5.
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Figure 6.
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