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Single particle dynamics at the free surface of imidazolium-based ionic liquids

Abstract:

In this work, we carry out a systematic computer simulation investigation of the single
particle dynamics at the free surface of imidazolium-based room temperature ionic liquids
(RTILs) by applying intrinsic surface analysis. Besides assessing the effect of the potential
model and temperature, we focus in particular on the effect of changing the anion type, and,
hence, their shape and size. Further, we also address the role of the length of the cation alkyl
chains, known to protrude into the vapor phase, on the surface dynamics of the ions. We
observe that the surface dynamics of ionic liquids, being dominated by strong electrostatic
interactions, are about two orders of magnitude slower than that for common molecular
liquids. Furthermore, the free energy driving force for exposing apolar chains to the vapor
phase “pins” the cations at the surface layer for much longer than anions, allowing them to
perform noticeable lateral diffusion at the liquid surface during their stay there. On the other
hand, anions, accumulated in the second layer beneath the liquid surface, stay considerably
longer here than in the surface layer. The ratio of the mean surface residence time of the
cations and anions depends on the relative size of the two ions: larger size asymmetry
typically corresponds to larger values of this ratio. We also find, in a clear contrast with the
bulk liquid phase behavior, that anions typically diffuse faster at the liquid surface than
cations. Finally, our results show that the surface dynamics of the ions is largely determined
by the apolar layer of the cation alkyl chains at the liquid surface, as in the absence of such a
layer, cations and anions are found to behave similarly with respect to their single particle

dynamics.
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1. Introduction

Liquid phase salts at ambient conditions, often referred to as room temperature ionic
liquids (RTILS), emerged as a new class of solvents more than two decades ago.! Compared
to the traditional organic solvents, many RTILs possess a number of attractive physico-
chemical properties, such as low volatility, negligibly small vapor pressure, broad
electrochemical window, large thermal stability, as well as good miscibility and solvation
properties. Due to their extremely low vapor pressure and, hence, negligible atmospheric
pollution, RTILs are often claimed to be ‘green’ solvents, although their high persistence in
aquatic and terrestrial environments, posing significant risks to ecosystems and human health
cannot be neglected.?* Moreover, the large variety of the possible cations and anions allows
one to tune these properties systematically according to the specific requirements of the task
to be done.> The above attractive features of RTILs originate from the fact that first order
chemical interaction (i.e., ionic bond) acts between the oppositely charged ions; yet, the
system is in the liquid phase under ambient conditions. The unusually low melting point of
these systems is caused by the large asymmetry of the size, shape, and chemical character of
the cations and anions. Thus, the properties of these systems are determined by a delicate
interplay of the charge-charge, steric, H-bonding and hydrophobic interactions acting either
between these ions or between some of their moieties. These peculiar features enable RTILS
to be used as solvents in a variety of fields in chemistry and chemical engineering. Their
potential applications range from electrochemistry® to gas capture,”® from heat transfer'” to
chemical synthesis,® and from energy storage and conversion!® to particle dispersant.t!2
Further, the addition of certain specific groups to either of the ions can endow RTILs with,
e.g., thermochromic, luminescent, or magnetoresponsive features.*®

Since many of these applications involve also the surface of the RTIL, besides their
bulk properties,*?’ the interface of RTILs formed with other phases has also been the subject
of intensive scientific investigations in the past decades, both by experimental?®3® and
computer simulation methods.®*%2 In this context, it is important to emphasize that when a
fluid interface, such as the free surface of a RTIL, is seen at atomistic resolution, the surface
is corrugated by capillary waves,> the smearing effect of which has thus to be removed in any
meaningful analysis. Following the pioneering work of Chacén and Tarazona in 2003,> a
number of methods capable of fulfilling this task and finding the real, capillary wave
corrugated, so-called “intrinsic” surface of the liquid phase have been proposed.>®%! Among

these methods, the identification of the truly interfacial molecules (ITIM)%® represents an



Single particle dynamics at the free surface of imidazolium-based ionic liquids

optimal balance between computational cost and accuracy.®® It has also been demonstrated
several times that the neglect of the smearing effect of the capillary waves introduces a
systematic error of unknown magnitude in the calculated properties of the interface,>®6264
which even propagates to the determination of the thermodynamic properties of the system.®®
In the wake of these realizations, the structure of the intrinsic surface of various RTILs has
been the subject of an increasing number of computer simulation investigations in the past
decade.44'46'48'51‘53'66'67

Despite the wealth of such studies, relatively little attention has been paid to the
dynamics of the ions at the liquid surface both in experiments® and computer
simulations,*>#8.6667.69-71 although this factor can also be of great importance in a number of
applications. Further, in most of the previous simulation studies, the extracted dynamics is not
fully representative of the ions being at the interface. Indeed, the methods used to identify
interfacial particles either rely on the separation of the simulation box into layers
perpendicular to the axis normal to the liquid surface,® or defines the outmost layer through
the position of the particles along the macroscopic surface normal axis.”®’ However,
dynamical properties at ionic liquid surfaces are complex and influenced by various factors
such as the layer structure of the cation and anion at the interface, the presence of the
hydrophobic tails of the ionic liquid, as well as the long-range interactions. This notion further
stresses the need for identifying and analyzing the real, capillary wave corrugated intrinsic
liquid surface in such studies and, hence, application of intrinsic analysis to analyze the
surface dynamics of RTIL is also expected to yield new insight into this problem.

Indeed, both single particle’®%and collective dynamics®® of the particles at the
intrinsic liquid surface of various atomic’>738485 and molecular liquids,’* 88 as well as liquid
mixtures’®8283 and salt solutions,® have been studied in the past few years. However, we are
only aware of a handful of studies of surface dynamics of RTILs where the interface was
clearly defined using intrinsic analysis methods. For instance, Lisal et al. used the ITIM
algorithm and studied the dynamics of exchange between the liquid surface and the
subsequent region, lateral surface diffusion and re-orientational dynamics of the particles at
the neat liquid-vapor interface of imidazolium-based RTILs in the absence® as well as in the
presence*® of dissolved n-hexane molecules. They found a very slow dynamics of the particles
as compared to conventional molecular liquids, a slight speed-up of the interfacial dynamics
in the presence of hexane, and a correlation between the re-orientational dynamics of the ions
and the dynamics of their exchange between the liquid surface and the bulk.*>4
Palchowdhury and Bhargava studied the surface dynamics in binary mixtures of two ionic
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liquids, formed by alkyl-imidazolium cations of different (i.e., C2 and C8) chain lengths with
the same trifluoromethansulfonate (TfO") anion, employing again the ITIM method. They
found that cations with longer chains stay longer at the liquid surface, and their surface
residence time increases with decreasing mole fraction. They also suggested that cations with
longer alkyl chains retain their orientation with respect to the interface normal for a longer
time.%® Finally, Sedghaniz and Moosavi showed that the residence time of the cations at the
interface of a symmetric linear three-cationic RTIL gradually increases with the length of the
alkyl chains that link the imidazolium rings.%’

In this paper, we present a detailed and systematic analysis of the single particle
dynamics at the intrinsic liquid surface of a number of imidazolium-based ionic liquids. The
systems to be studied are chosen in such a way that the effect of both the size and shape of the
anions and the length of the hydrocarbon chain of the cations can be examined. Thus, in the
systems studied the 1-butyl-3-methylimidazolium (bmim™) cation is coupled with the BF4,
PFe, TfO", and bis(trifluoromethylsulfonyl) imide (NTf2") anions, while, besides bmim?*, the
PFe anion is also coupled with the 1,3-dimethylimidazolium (mmim®*) and 1-octyl-3-
methylimidazolium (omim®) cations. Further, we address the effect of temperature by
simulating some systems at 298 K and 398 K, and investigate model dependence by repeating
the simulation of [bmim][PFs] with four different potential models. The ions forming the
surface layer of the liquid phase as well as those pertaining to the subsequent three subsurface
molecular layers are identified by means of the ITIM method.® In the analyses, we
characterize the dynamics of exchange of the ions between the liquid surface and bulk liquid
phase by calculating their survival probability and mean residence time both in the surface
layer and in the subsequent layers. To get information on the dynamics of the rotational and
torsional motion of the surface ions, the mean residence time of certain representative atoms
in the surface atomic layer is also calculated. Finally, the lateral diffusion of the ions at the
liquid surface is addressed by calculating their lateral surface diffusion coefficient and the
characteristic time of this diffusion, investigating also the relation of this characteristic time
with the mean surface residence time of the two ions in the first four molecular layers of the
systems simulated.

The remainder of this paper is organized as follows. In sec. 2., details of the
calculations, including simulations, ITIM analyses as well as the calculation of the various
quantities characterizing the single particle surface dynamics are given. The obtained results
are presented and discussed in detail in sec. 3. Finally, in sec. 4, the main conclusions of this

study are summarized.
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2. Methods

2.1. Molecular Dynamics Simulations

To investigate the single particle dynamics of the individual ions at the liquid-vapor
interface of neat imidazolium-based RTILs, we have performed molecular dynamics
simulations in the canonical (N,V,T) ensemble. Details of the simulations have been
thoroughly described in our previous publication,® thus, they are only briefly reminded here.

All systems simulated have consisted of 864 ion pairs in a rectangular basic simulation
box. The X edge of the basic box, being perpendicular to the macroscopic plane of the liquid
surface, has been twice as long as the Y and Z edges in every case. The lengths of the Y edge,
Lv, of all systems simulated are collected in Table 1. The size of the basic box has been at
least an order of magnitude larger in every direction than the Debye screening length of the
ions.>?

The benchmark system in this study is [bmim][PFs], described by the OPLS-based®®
all-atom model of Doherty et al.,%" referred to here as the DZGLA model. To investigate the
effect of the shape and size of the anions as well as the alkyl chain length of the cations on the
surface dynamical properties, we have also performed simulations using the BF4", TfO", and
NTf2" anions instead of PFe’, and the mmim* and omim™ cations instead of bmim*. The
structure of all the ions considered is illustrated in Figure 1. All systems have been simulated
at 298 K, with the exception of [mmim][PFs], which is still below its melting point at this
temperature. Therefore, this system has been simulated at 398 K. Further, to address also the
effect of the temperature beside that of the cation chain length, the simulations of
[bmim][PFs] and [omim][PFs] have been repeated at 398 K. Finally, to address the possible
model dependence of the results, we have repeated the [omim][PFe] simulation at 298 K with
three other potential models, including the original, full-charge version®® of the DZGLA
model, the potential proposed by Bhargava and Balasubramanian®® as a refinement of the
CLaP force field,2>*° and the united atom model of Zhang et al.®* These models are referred to
here as DZGLA-FC, BB, and ZLC, respectively. It should be noted that all of these models
are pairwise additive, all of them except ZLC (which is a united-atom model) use the all-atom
approach, and all of them except DZGLA-FC (which is a full-charge model) use a scaled-
down nominal ion charge of £0.8 to account for the polarization of the electron cloud in an
average way.*? Details of the systems simulated are summarized in Table 1.

All simulations have been performed with the GROMACS 2019.3 program package.*

Equations of motion have been integrated in time steps of 2 fs using the leapfrog algorithm.%*
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To control the temperature of the system, the v-rescale algorithm®® has been employed. All
bond lengths involving a hydrogen atom have been kept fixed using the LINCS method.%¢ All
interactions have been truncated to zero beyond the group-based cut-off distance of 13.0 A.
The long range part of both the electrostatic and Lennard-Jones interactions has been
accounted for by means of the particle mesh Ewald (PME) method in its smooth particle mesh
implementation.®”%

Initial configurations have been prepared as described in our previous publication.®
Systems have been equilibrated for at least 0.1 us. Once equilibrium has been reached, 20000
independent sample configurations have been dumped for the analyses from a subsequent,
0.1 us long production run. The lengths of these runs turned out to be long enough to provide

sufficient equilibration and proper sampling.>®

2.2. ITIM Analyses

To identify the ions forming the surface layers of the systems studied, the ITIM
method®® has been used. Further, to address the rotational and along-the-surface-normal
translational/vibrational motion of the ions, the ITIM analysis has been repeated in atomistic
rather than molecular resolution, i.e., by identifying the individual atoms rather than entire
ions that are at the liquid surface, as described in our previous publication.>

In an ITIM analysis, a spherical probe is moved along test lines parallel with the
macroscopic surface normal from the bulk opposite phase towards the liquid surface. Once
the probe touches the first particle that belongs to the phase of interest, this particle is marked
as being in the surface layer, and the next test line is considered. After the probe is moved
along all test lines, the full set of particles that form the interfacial layer (i.e., that are “seen”
from the opposite phase by the probe) are identified. Further, by disregarding the particles
forming the interfacial layer and repeating the entire procedure, the particles forming the next
subsurface layer can also be identified.*®

ITIM analyses have been performed here by the freely available®® Pytim software,'®
using, in accordance with previous recommendations,®®® a spherical probe with a radius of
2 A (being the size range of 1.75 -2.5 A, within which its actual value does not influence the
interfacial properties of the systems studied considerably®®), and a grid of test lines with 0.4 A
spacing in the Y and Z directions. Previously we showed that the results of the ITIM analysis
does not depend considerably on the To determine the touching position of the probe sphere
with the outmost atom of the liquid phase along a given grid line, the size of the atoms has
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been estimated by their Lennard-Jones diameter, o. Besides the ions forming the surface
layer, those belonging to the subsequent three molecular layers have also been determined.
The mean number of cations and anions pertaining to the individual layers, <Nca> and <Nan>,
respectively, are included in Table 1. The ions forming the first two subsurface layers for an
equilibrium snapshot of the surface portion of the [bomim][PFs] system, simulated at 298 K
with the DZAGLA model, are shown in Figure 2.

2.3. Calculation of the Single Particle Dynamical Properties
2.3.1. Survival Probability at the Surface and Mean Surface Residence Time

The survival probability of a particle at the liquid surface, L(t), is simply the
probability that a particle that is part of the surface layer at the time to stays uninterruptedly
there until to + t. Since the departure of a particle from the liquid surface is a process of first
order kinetics, L(t) is an exponentially decaying function, i.e., L(t) = Aexp(-t/7), z being the
mean lifetime of the particles at the surface. If the particles can leave the surface by k

different mechanisms, L(t) is a sum of k different exponentially decaying functions, i.e.,

k
L(t) =2 Acexp(-t/z). 1)
i-1

In this equation, Ax and = are the relative weight and characteristic time, respectively, of the
k™™ mechanism. In practice, particles can leave the liquid surface by two different mechanisms,
i.e., either due to a fast oscillatory motion — in this case they rapidly return to the surface due
to the same oscillation — or permanently, due to their diffusive motion. Thus, the entire
duration of the residence of the particles at the liquid surface can be characterized by the 7
value of the mechanism of permanent departure, often referred to as the mean surface
residence time (denoted here as es). It should be noted that the interim departure of the
particles from the surface due to their oscillatory movement could also be disregarded through
the definition of an intermittent survival probability, i.e., allowing departure from the surface
within a pre-defined, short time window, At. However, we prefer to distinguish between the
two departure mechanisms through a biexponential fit of the L(t) data rather than using an
intermittent residence time, as this treatment is not only free from the unavoidably arbitrary

choice of At, but also better captures the underlying physical phenomena.
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2.3.2. Lateral Diffusion Coefficient

The lateral diffusion coefficient of the surface particles in the macroscopic plane of the
liquid surface, Dy, can simply be calculated through the Einstein equation® as

D =" (2)

(MSD being the mean square displacement of the particles in the YZ plane) by fitting a
straight line to the calculated MSD vs. t data. In fact, the MSD vs. t data follows a linear
increase only after an initial period, i.e., when the particles already left the ballistic regime
and indeed perform diffusive motion.

The characteristic time of the surface diffusion, m, can be defined as the time during
which a diffusing particle explores a surface portion equal to the average area per particle.

The value of o can be obtained as’’1%1

LyL;

o= 2 3)
" 2D; < Ngy >

where Ly and Lz are the lengths of the Y and Z edges of the basic box, respectively, and
<Nsurf> is the average number of surface particles.

It should finally be noted that the relation between m and zes shows whether the
particles have enough time to perform noticeable diffusion during their stay at the liquid
surface. Thus, if zes>> m, the exchange of particles between the liquid surface and the
underlying liquid is slow enough to allow the surface particles to explore a considerable
portion of the liquid surface by diffusion. Conversely, if zes << 7, i.e., the surface diffusion
occurs on a longer time scale than the mean surface residence time, particles leave the liquid
surface without having time to perform noticeable diffusion, and therefore, in this case,

surface diffusion cannot be meaningfully discussed.
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3. Results and Discussion

3.1. Mean Surface Residence Times of the lons

To characterize the dynamics of exchange of the ions between the liquid surface and
the bulk liquid phase, we have calculated the survival probability, L(t), and mean surface
residence time, zes, Of both ions in the first four subsurface molecular layers of the systems
simulated, as described in sec. 2.3.1. The obtained L(t) data could always be very well fitted
by a biexponential function (eq. 1), as illustrated in Figure 3 on the example of
[bmim][NTf2]. The mean residence time values, zes, Obtained from this fit are collected in
Table 2, and are shown in Figure 4 separately for the cations (zat) and anions (zn). The
characteristic time of the other mechanism, associated with the temporary departure of the ion
from the surface layer due to its vibration, wib, has indeed turned out to be about at least an
order of magnitude smaller than zs in every case.

As is seen, the surface dynamics of the ions is rather slow. At 298 K, the mean
residence time of the cations in the surface layer is in the order of a few nanoseconds, while
that of the anions is 2-5 times shorter. Values of a similar order were reported earlier by Lisal
et al. using a different potential model.*>*® For comparison, the typical mean surface
residence time of molecular liquids is two orders of magnitude smaller, being around 20 ps
for various apolar, aprotic dipolar, and even H-bonding liquids.”” The increase of the
temperature to 398 K leads to considerably, i.e., 5-7 times, shorter surface residence times, as
it should be expected. Among the different anions, the exchange of the smaller and more
spherical ones between the surface and the bulk phase is clearly faster than that of the larger
and more elongated ones. Thus, the mean residence time of the NTf2™ ions in the surface layer
is about six times larger than that of BF4™ (see Table 2). The increase of the length of their
alkyl chain slows down the dynamics of exchange of the cations between the surface layer
and the bulk, but this effect is weaker than that of the shape and size of the anions, and clearly
gets stronger at higher temperature. Thus, the zes value of the omim™ ions is only 5% larger
than that of bmim* (in the presence of PFs anions) at 298 K, but it is 3 and 1.5 times larger
than those of mmim™ and bmim™, respectively, at 398 K.

Considering the change of zes from layer to layer, it is seen that cations stay about an
order of magnitude longer in the surface layer than in the second one, and their mean
residence time rapidly decreases from layer to layer upon going farther from the liquid surface

(see Table 2 and Fig. 4.a). This behavior marks the gradual loss of the influence of the
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vicinity of the vapor phase on the dynamics of the ions. The extremely long residence time of
the imidazolium cations at the liquid surface is likely related to the free energy gain achieved
by exposing the apolar alkyl groups to the vapor phase.*®52 This explanation is in line with the
aforementioned finding that the increase of the alkyl chain length leads, on average, to a
longer stay of the cations at the liquid surface.

The dynamics of exchange of the anions between the surface layer and the bulk liquid
phase shows a markedly different behavior. In particular, anions typically stay, on average,
somewhat longer in the second than in the first layer, and this difference is larger for smaller
anions. Thus, while the zes value obtained in the second layer is about 90% and 15% larger
than that in the first layer for BF4  and TfO", respectively, these values are almost identical for
NTf2" and PFs (as described by the DZGLA model) at both temperatures considered. Further,
the ratio of zes Of the anions in the second and first layers depends sensitively on the alkyl
chain length of the cations, i.e., it becomes larger with increasing cationic chain length. Thus,
for PFe, this ratio is close to 1 if the cation is bmim™, while it becomes about 0.3 and 2 in the
presence of mmim* and omim™ cations, respectively, regardless of temperature. The origin of
this marked effect is twofold: the increase of the cation chain length leads, on average, to a
shorter stay of the anions in the first layer, and a longer stay of them in the second layer. The
reason for this behavior is likely related to the rather large fractional charges of the anion
atoms, which drive them away from the apolar layer of the alkyl chains of the outmost
cations.>® Hence, the larger the surface apolar domains (i.e. the larger the cation chains) are,
the more quickly the anions are “pushed” from the surface layer after entering it, and
therefore the longer they reside in the subsurface layer.

Our above findings that the increasing size of the anions leads to their longer stay in
the first layer, while the increase of the cationic alkyl chain length has clearly an opposite
effect, suggest that the relative size of the two ions plays an important role in this respect.
Thus, in the case of much larger cations than anions (e.g., in [omim][BF4] and [omim][PFe]),
cations stay considerably longer at the liquid surface than anions, while both the decrease of
the cation chain length and the increase of the size of the anion brings these values closer to
each other (see, e.g, [omim][PFes] and [bmim][NTf2]). The effect of the relative size of the
two ions on their surface dynamics is illustrated in Fig. 4.c, showing the ratio of the zes values
of the cations and anions, at/ zan, in the different subsurface layers of the systems studied.
This figure also reveals that although the ratio of the mean surface residence time of the two

ions indeed depends on their relative size, this is not the only important factor here. Thus, this
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ratio is clearly rather large in the first layer, and typically drops below 1 in the second layer.
Both effects get clearly stronger in the case of smaller anions and longer cation alkyl chains.
However, both effects nearly cancel out in the case of [mmim][PFs], for which the zcat/zan
values fluctuate around unity, i.e., in a system in which the two ions are not only of
comparable size, but also the cation completely lacks the apolar alkyl chain. For comparison,
this value is about 2.2 and 0.45 in the first and second layer, respectively, of [omim][NTf2],
where the two ions are also of comparable size. In fact, the absence of apolar domains seems
to cause a rather pronounced qualitative shift in the ion surface dynamics, since the curve for
[mmim][PFe] is quite different from the rest of the RTIL systems considered. Finally, the
increase of the temperature increases the zat/ zan ratio in the first layer, presumably because the
increasing thermal motion affects the anions more or less isotropically, while the free energy
gain of exposing their alkyl chain to the vapor phase still anchors the cations to a large extent
to the liquid surface.

It is interesting to note that anions not only stay longer, but also occur more frequently
in the second than in the first molecular layer (see Table 1). Similar correlation between the
lateral density and mean residence time was found earlier in aqueous alkali halide solutions,®
and was explained by a simple two-state model for the hopping between the first and the
second layer, in accordance with the Kramers theory.%2 From the third layer on, the mean
residence time of the anions, similarly to that of the cations, also decreases gradually from
layer to layer due to the decreasing influence of the surface on the dynamics of the particles.
All these effects are illustrated in Fig. 4.b.

It also turns out that the details of the surface dynamics of the ions are much more
sensitive to the details of the potential model chosen than the structural characteristics,>
probably due to the different distribution of fractional charges among the different atoms (see
Tables S1 and S2 of Supporting Material of Ref. 53). Thus, the dynamics of the BB model of
[omim][PFe] is considerably faster, while, interestingly, that of the united-atom ZLC model is
considerably slower than that of the DZGLA model. The latter observation is somewhat
counterintuitive, given that coarse-graining into a united-atom description reduces the degrees
of freedom and generally tends to speed up the dynamics. Moreover, the use of unscaled ionic
charges slows down the dynamics of the particles by about an order of magnitude (compare
data for DZGLA and DZGLA-FC in Table 2), in a clear accordance with earlier
findings.1931%4 This finding suggests that the ion dynamics is dominated by electrostatics, and
that the observed slow dynamics (compared to molecular liquids) is related to the strong

electrostatic attraction acting between the oppositely charged ions. Indeed, this attraction,
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being a first order (chemical) interaction, is much stronger than the van der Waals, dipolar, or
even H-bonding attraction acting between the particles in molecular liquids. It should be
noted that ionic systems (even in the case of small and light simple ions) are typically in their
solid phase at room temperature, and the unusually low melting point of RTILs is related to
the size asymmetry of their ions as well as to the presence of charged and uncharged moieties,
rather than to the strength of attraction between the particles.

3.2. Mean Surface Residence Times of Atoms

While the residence times of the entire ions in successive subsurface molecular layers
characterize the dynamics of their exchange between the liquid surface and bulk liquid phase,
those of individual atoms in the first atomic layer provide information on the dynamics of the
out-of-plane rotational and torsional motion of the surface ions. Indeed, while an entire ion
departs from the liquid surface due to its diffusion along the surface normal, individual atoms
primarily leave the surface because of a vibrational or rotational move of either the entire ion
or a part of it. To investigate this point, we have calculated the survival probability and mean
surface residence time of the alkyl chain terminal H atoms and ring C atoms of the cations,
and of the F atoms of the anions in the surface atomic layer of all systems simulated.

The obtained L(t) data follow biexponential decay rather accurately in every case, as

illustrated in Figure 5 for selected systems. The atomistic mean surface residence time values

at
res?

obtained from the biexponential fits, ., are collected in Table 3. As is seen, these atomistic

at

Tres

values are two orders of magnitude smaller than those of the entire ions, indicating that

individual atoms can rotate away from the intrinsic liquid surface on a much shorter timescale
than that corresponding to the departure of the entire ions. Further, they are still about an
order of magnitude smaller than the wib value of the corresponding ions, confirming that these
atoms indeed leave the surface atomic layer due to either a torsional motion or rotation of the
ion and not due to its vibration along the surface normal axis. In particular, alkyl terminal H
atoms stay typically somewhat longer, while anion F atoms shorter at the liquid surface than
ring C atoms. As is expected, at higher temperature not only translation, but also the rotation

and internal motions of the ions become faster, as seen from the consistent decrease of the

at
res

T, Values with increasing temperature. Surprisingly, the length of the alkyl chain does not

have a clear effect on the dynamics of the internal motions and rotations of any of the two
ions. On the other hand, the surface residence time of the F atoms is largely influenced by the
shape of the anion they belong to. Thus, while in the case of the small and rather spherical

13



Single particle dynamics at the free surface of imidazolium-based ionic liquids

BFs and PF¢ ions, the 7%

s Value of the F atoms is about 10 ps, while the zes value of the F
atoms corresponding to the rather elongated NTf2" and less elongated TfO™ ions is about 7 and
5 times larger, respectively (see also Fig. 5). This suggests that these elongated anions
primarily rotate along an axis parallel to the surface normal (which keeps the same atoms at
the surface) than along axes perpendicular to the surface normal (which would lead to an
exchange of surface atoms). It should finally be noted that the mean surface residence time of
the individual atoms, especially those of the cations, shows a similar sensitivity to the choice

of the potential model used than that of the entire ions.

3.3. Diffusion at the Liquid Surface

To characterize the lateral mobility of the surface ions, we have calculated their lateral
diffusion coefficient within the first four molecular layers beneath the liquid surface, Dy, as
well as the characteristic time, o, corresponding to this diffusion. Fitting a straight line to the
obtained MSD vs. t data was hindered by two factors. First, due to their very slow dynamics,
the ions have been found to stay in the ballistic regime for an unusually long time, on the
order of 100 ps. Second, after a few hundred picoseconds, they typically leave the given layer,
and hence the MSD vs. t data become increasingly noisy (or does not even exist beyond a
certain time). Nevertheless, with one exception (see Table 2), we have always found a 150-
400 ps long time window within which the MSD vs. t data can be meaningfully fitted by a
straight line, and hence the value of the lateral diffusion coefficient can be determined. This
fit is illustrated in Figure 6 for the example of [bmim][PFes] as described by the DZGLA
model at 298 K.

The lateral diffusion coefficient values and diffusion characteristic times obtained in
the different systems are included in Table 2. The results reveal that surface lateral diffusion
is also a very slow process in these systems; furthermore, it remains very slow even upon
going away from the liquid surface. Thus, the characteristic time of this diffusion for both
ions is typically in the order of a few nanoseconds in every subsurface layer considered, while
the value of the lateral diffusion coefficient, Dy, typically falls in the range of 1-10 A%ns at
298 K. Similar values were obtained by Lisal et al. for [omim][NTf2] with another potential
model.*>*8 Again, in molecular liquids, this value is three orders of magnitude larger, being
around 1 A?%/ps.”” On the other hand, the values obtained here are in the same order than what
was previously found in the bulk liquid phase of RTILs both experimentally®>197 and by

computer simulation.8”88198 At 398 K, the values of Dy and m are about an order of
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magnitude larger and smaller, respectively, than at 298 K. It is also seen that in the first
molecular layer, comprising more cations than anions, the diffusion of the anions is typically
somewhat faster than that of the cations, while an opposite relation is seen in the second layer,
containing an excess amount of anions (see Table 1). This behavior is in clear contrast with
that in the bulk, where no meaningful difference was found between the diffusion of cations
and anions.®7 88105108 Thjs finding suggests that the electrostatic repulsion between like ions
that are in excess amount in a given layer slows down their lateral diffusion.

Finally, the comparison of the zes and = values of the ions (Table 2) reveals that
typically only the first layer cations perform noticeable lateral diffusion during their stay in
the layer; in all other cases, the ion leaves the layer on a much shorter timescale than that of
its lateral diffusion. The reason why cations can diffuse during their stay within the surface
layer is clearly that they stay an order of magnitude longer here than other ions in other layers,
as discussed in sec. 3.1. The only clear exception in this respect is the case of [mmim][PFe], in
which even the anions stay long enough in the surface layer to perform noticeable diffusion.
Further, in [bmim][NTf27], the characteristic time of the diffusion of the anions in the first
layer is comparable with their residence time, indicating that lateral diffusion at the surface
occurs on a similar time scale than the dynamics of exchange between the surface and the
bulk phase in this case. These findings are illustrated in Figure 7, showing the lateral
trajectory of a cation and an anion in the surface layer of selected systems, as taken out from

equilibrium trajectories.

4. Conclusions

In this paper, we have analyzed the surface dynamics of imidazolium-based ionic
liquids at an unprecedented level of detail. Namely, we systematically examined the effects of
cation size, anion type/size, temperature and molecular model on the mean surface residence
time and lateral self-diffusion coefficient of both ions, as well as the mean surface residence
time of individual atoms pertaining to those ions. Crucially, we applied an intrinsic analysis
method (i.e., ITIM), which allowed us to distinguish the dynamical behavior of ions in
different individual molecular layers beneath the surface. In this way, we were able to shed
light on the subtle balance between electrostatic interactions and polar-apolar segregation on
the surface dynamics of RTILs.

It is important to recognize that the models applied in this work lack explicit

polarization. While polarizable models are likely to yield a more realistic description of ionic
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liquid interfaces,'® they are also computationally much more intensive. Furthermore, our
observations are consistent across several non-polarizable force fields, including those that
implicitly account for polarization effects through physically motivated charge scaling.

Our results show that the surface dynamics of the ions is about two to three orders of
magnitude slower than that in molecular liquids, with most cations residing for longer at the
surface than anions. This slow surface dynamics is mainly caused by strong electrostatic
attraction between oppositely charged ions. In particular, lateral diffusion is found to be a
generally slower process than the exchange of ions between the subsequent subsurface layers.
As a consequence, ions are not able to perform considerable lateral diffusion during their stay
in a given subsurface layer. The only marked exception in this respect is the case of the
cations in the first layer at the liquid surface due to the roughly one order of magnitude longer
residence times of these ions in this layer than those of any other ion in any other layer.

Despite the dominance of electrostatic ion-ion interactions, the presence and size of
apolar domains can lead to rather subtle effects on the surface dynamics. For instance, the
strong preference of cations to point their apolar chains towards the vapor phase leads to a
pronounced increase in their residence time at the first surface layer compared to subsequent
layers, with this effect increasing with the size of the alkyl chain. In contrast, anions tend to
reside longer in the second layer than at the surface, with this effect being more pronounced
for smaller anions, in line with the trend in their lateral density.>® Interestingly, changes in the
cation chain length affect the balance of the anion dynamics, with increasing apolar domains
at the surface driving anions into the second molecular layer. Furthermore, there is a clear
difference between the diffusion coefficients of anions and cations at the surface — anions
diffuse faster in the first layer, while cations diffuse faster in the second layer — in clear
contrast to their bulk behavior.

An interesting observation is the rather exceptional nature of [mmim][PFs] compared
to the other ionic liquids analyzed here. For this RTIL, the ratio between cation and anion
residence time is close to 1 in every subsurface layer, while it shows a pronounced oscillatory
behavior for all the other systems. Furthermore, [mmim][PFe] is practically the only system in
which even the anions stay long enough in the surface layer to perform noticeable diffusion.
This suggests that the complete absence of an apolar alkyl chain in the imidazolium cation
leads to a rather pronounced qualitative shift in the surface dynamics, with [mmim][PFs]
behaving more like a “conventional” molten salt due to the similar size and shape of its
constituent ions. This hypothesis can be further tested by simulating other systems where the
ions are both large but have similar shape.
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Tables
Table 1. Characteristics of the Systems Simulated.
cation anion model T/K layer Lv/A <Ncat> <Nan>
1 1954 790
bmim* BFs DZGLA 298 2 66.2563 1128 205.8
3 1573  136.3
4 1518  152.4
1 1983 1155
bmim*  TfO DZGLA 298 2 pgo53g 1087 1865
3 1555  126.3
4 1423 149.2
1 1859  140.7
bmim*  NTf2  DZGLA 298 2 73.2523 1168 167.3
3 148.7 1385
4 1461  143.0
1 1843 942
bmim* PFs DZGLA 298 2 67.2712 109.0  188.0
3 1508  130.8
4 1447  144.2
1 2385 433
omim* PFe DZGLA 298 2 740365 789 2635
3 1725  128.2
4 163.1  155.0
1 1419 1258
mmim* PFs DZGLA 398 2 62.1378 1248 1393
3 1367 1255
4 1308 1334
1 1710  102.8
bmim* PFs DZGLA 398 2 67.2712 1216 1711
3 1462  135.3
4 1433 143.0
1 2189  57.2
omim* PFe DZGLA 398 2 740365 1007 242.6
3 1684 1383
4 163.0 1556
1 1950 884
bmim* PFe  DZGLA-FC 298 : 67.2712 1042 198.6
3 155.7 1316
4 1439  147.6
1 191.0 638
bmim* PFe BB 298 2 67.2712 837 2000
3 1468  123.3
4 138.7 1386
1 2048 914
bmim* PFs ZLC 298 2 672712 921 1998
3 1553  126.4
4 1423 147.2

27



Single particle dynamics at the free surface of imidazolium-based ionic liquids

Table 2. Dynamical Properties of the Cations and Anions in Their First Four Molecular Layers at
the Liquid Surface. Time Values Set by Bold Mark the Cases Where lons Exhibit Noticeable Lateral
Diffusion during Their Stay in the Layer.

cation anion
salt model TR layer zies/ns _m/ns Dy A’ns mes/ns  wins  DyA’ns?

1 2.35 1.2 6.8 0.219 0.54 15

[omim][BF4] DZGLA 298 2 0.192 0.78 8.9 0.410 1.7 4.2
3 0.104 15 4.9 0.172 14 5.4

4 0.054 1.3 5.4 0.077 2.3 3.2

1 3.11 1.9 3.9 0.863 2.5 3.0

[bmim][TfO] DZGLA 208 2 0.508 14 55 0.976 2.5 3.1
3 0.377 14 6.0 0.388 2.7 3.1

4 0.156 1.7 4.7 0.173 1.8 4.3

1 2.87 1.8 4.4 1.30 1.3 6.4

[bmim][NTF2] DZGLA 208 2 0.575 1.9 4.9 1.26 14 6.9
3 0.491 2.6 3.6 0.441 1.1 8.3

4 0.250 1.2 8.0 0.372 0.9 10

1 3.45 2.1 3.9 0.768 1.9 4.4

[omim][PF] DZGLA 208 2 0.460 1.8 4.3 0.771 2.3 3.3
3 0.356 3.7 2.2 0.218 5.1 1.6

4 0.246 15 5.1 0.257 3.1 25

1 3.69 1.8 5.5 0.616 0.76 13

[omim][PF] DZGLA 208 2 0410 8.4 1.0 1.26 7.2 1.1
3 0.298 8.3 1.1 0.235 16 0.60

4 0.193 21 4.1 0.220 5.7 15

1 0.278 0.18 39 0.307 0.21 34

[mmim][PF] DZGLA 398 2 0.064 0.31 24 0.093 0.34 22
3 0.053 0.32 23 0.049 0.60 12

4 0.041 0.20 37 0.043 0.48 15

1 0.547 0.27 30 0.113 0.18 a7

[omim][PF] DZGLA 398 2 0.062 0.25 30 0.108 0.34 23
3 0.047 0.18 46 0.052 0.30 27

4 0.035 0.34 23 0.041 0.32 25

1 0.827 0.60 17 0.084 0.28 36

[omim][PF] DZGLA 398 2 0.064 0.14 56 0.154 0.59 13
3 0.060 0.21 42 0.056 0.69 13

4 0.046 0.26 33 0.052 0.37 23

1 22.0 10 0.79 1.68 2.0 4.0

[bmim][PFs] DZGLA-FC 298 2 1.81 6.4 1.2 2.99 11 0.67
3 1.37 10 0.78 1.11 6.2 1.3

4 0.634 13 0.62 0.864 5.1 15

1 1.96 15 5.9 0.158 1.1 8.0

[omim][PF] BB 208 2 0.143 2 -2 0.368 3.1 2.5
3 0.142 24 0.35 0.101 0.55 15

4 0.085 1.3 6.1 0.094 2.4 3.4

1 9.27 4.0 1.9 1.18 4.7 1.6

[omim][PFs] 7ZLC 208 2 0.643 3.7 2.0 1.56 5.7 1.3
3 0.407 2.1 3.7 0.237 1.6 4.8

4 0.156 7.3 1.0 0.191 3.5 2.1

4MSD vs. t data could not be fitted by a straight line in any reasonably wide time window.
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Table 3. Mean Residence Time of Certain Atoms of the Cations and Anions in the Surface Atomic
Layer of the Systems Simulated. For Reference, the Mean Surface Residence Time of the Entire

lons in the Surface Molecular Layer Is also Given. All Time Values Are in ps Units.

cations anions

salt model T/IK alkyl terminal  ring C entire ion £ atoms entire ion

H atoms atoms  wib Tres Tib  Tres

[bmim][BF4] DZGLA 298 33.0 28.1 174 2350 11.2 23 219
[bmim][TfO] DZGLA 298 39.7 30,0 110 3110 51.1 76 863
[bomim][NTf2] DZGLA 298 58.0 31.2 202 2870 73.6 86 1300
[bmim][PFe] DZGLA 298 55.7 333 81 3450 9.2 58 768
[omim][PFe] DZGLA 298 27.5 210 250 3690 9.6 42 616
[mmim][PFe] DZGLA 398 10.8 205 22 278 10.5 26 307
[bomim][PFs] = DZGLA 398 21.0 95 40 547 8.4 15 113
[omim][PFe] DZGLA 398 18.7 120 96 827 7.8 11 84
[bomim][PFs] DZGLA-FC 298 88.9 135 203 22000 9.2 63 1680
[bmim][PFe] BB 298 37.4 17.7 123 1960 7.6 17 158
[bmim][PFe] ZLC 298 -2 465 300 9270 3.8 60 1180

aThis is a united-atom model, hence has no terminal H atoms.
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Figure legends

Figure 1. Structure of the ions considered in this study. B, P, S, N, C, O, F, and H atoms are

shown by green, orange, yellow, blue, grey, red, purple, and white balls, respectively.

Figure 2. Equilibrium snapshot of the surface portion of the [bomim][PFs] system, simulated at
298 K with the DZGLA model. Cations and anions pertaining to the first molecular layer are
shown by blue and red colors, respectively, those pertaining to the second layer by green and
orange colors, respectively, while ions staying beneath the second layer are represented by

thin grey sticks.

Figure 3. Survival probability of the cations (top) and anions (bottom) in the first (black
symbols), second (red symbols), third (green symbols), and fourth (blue symbols) molecular
layer beneath the liquid surface in [bmim][NTf2], together with their biexponential fit (lines).
The inset shows the same data for the cations (filled symbols) and anions (open symbols) of

the first layer, along with their biexponential fits (lines) on a logarithmic scale.

Figure 4. Mean surface residence time of (a) the cations and (b) the anions, as well as (c) the
ratio of these values, as obtained in the first four molecular layers of the systems simulated.
Top panels: systems consisting of bmim* cations and BF4™ (red squares), PFs (black circles),
TfO™ (green diamonds), and NTf2 (blue up triangles) anions, simulated at 298 K with the
DZGLA model. Middle panels: systems consisting of PFe” anions and mmim* (grey squares),
bmim™* (black circles), and omim* (brown down triangles) cations, simulated at 298 K (full
symbols) and 398 K (open symbols) with the DZGLA model. Bottom panels: [omim][PFe],
simulated at 298 K with the DZGLA (black), DZGLA-FC (purple), BB (magenta), and ZLC
(orange) models. The lines connecting the points are just guides to the eye.

Figure 5. Survival probability of the H atoms of the butyl chain terminal CHs group (filled
black triangles), C atoms of the imidazolium ring (filled red squares), and F atoms of the
anions (open blue circles) in the first atomic layer of the [bmim][PFs] (top panel),
[bmim][TfO] (middle panel), and [bmim][NTf2] (bottom panel) systems, described with the
DZGLA model, at 298 K. The biexponential fits of the obtained data are also shown (solid
curves of respective colors). The inset shows the same data for [bomim][PFs] on a logarithmic

scale.
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Figure 6. Linear portion of the MSD vs. t data of the cations (top) and anions (bottom), as
obtained in the first (black symbols), second (red symbols), third (green symbols), and fourth
(blue symbols) molecular layer beneath the liquid surface of [bmim][PFs], described by the
DZGLA model at 298 K, along with their linear fits (lines).

Figure 7. Trajectory of a cation and an anion in the macroscopic plane of the liquid surface,
YZ, during their residence at the liquid surface, as taken from the equilibrated simulations of
[omim][BF4] (brown and green lines, respectively), [bmim][NTf2] (purple and black lines,
respectively), [mmim][PFs] (blue and red lines, respectively), as well as [bmim][PFes],
simulated with the DZGLA model at 298 K (orange and khaki lines, respectively) and at
398 K (magenta and grey lines, respectively). The ratio of zes and 7 is also indicated. The

surface residence times of the chosen ions are close to their mean value in every case.
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Figure 1.
Toth Ugyonka et al.
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Figure 2.
Toth Ugyonka et al.
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Figure 3.
To6th Ugyonka et al.
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Figure 4.
Toth Ugyonka et al.
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Figure 5.
Toth Ugyonka et al.
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Figure 6.
Toth Ugyonka et al.
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Figure 7.
Toth Ugyonka et al.
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TOC Graphic:
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