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We performed a molecular dynamics study of aqueous solutions of ionic liquids 1-butyl-
3-methylimidazolium chloride ([BMIM]CIl) and 1-octyl-3-methylimidazolium chloride
([OMIM]C]) in order to elucidate the anomalous dependence of the surface tension on con-
centration. We found that cations are placed preferably at the surface with alkyl chains
pointing towards vacuum. Anions compensate the surplus of a positive charge on the sur-
face by forming a layer below the cation layer. At lower concentrations the surface tension
decreases with concentration. At higher concentrations the surface becomes saturated by
cations and the decrease slows down. The decrease of surface tension with concentration is
a consequence of the structural changes, although the experimentally observed anomalous
increase at even higher concentrations was not reproduced.
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Tonic liquids (ILs)!"? and room temperature ionic liquids (RTILs) are organic
salts with melting points below 100 and 25 °C, respectively. In recent years
they have rapidly developed as new solvents for synthesis and catalysis. For
their vanishingly small vapour pressure®* as well as low toxicity (of at least
some RTILs) they are often called “green solvents”.

Thanks to a wide spectrum of possible cation-anion combinations it is
nearly impossible to explore even a small fraction of possible RTILs. How-
ever, the same variability enables to design RTILs fitted to a particular
application (e.g., hydrophobic or hydrophilic RTIL, RTIL with desired mis-
cibility, ...). RTILs are often noted as “designer solvents”. The newest ge-
neration of RTILs is called “task-specific ionic liquids”, which refers to the
growing interest in cations with chains modified for a specific use (e.g.,
polar, chiral or fluorinated).
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Understanding RTILs at the molecular level is a key to mastering their de-
sign. RTILs are different from “normal” molecular liquids. Some of the well-
known rules, assumptions and also experimental methods about liquids
cannot be easily transferred to RTILs. However, many physicochemical
properties are known and are available in public databases.

Most experiments deal with bulk properties of ionic liquids. Less frequent
studies of surfaces of ionic liquids include sum-frequency generation spec-
troscopy (SFG)*>7, neutron and X-ray reflextion®, surface tension®, direct
recoil spectroscopy'®'2 and photoelectron spectroscopy!3. A special atten-
tion is paid to surface orientation of ions. Santos and coworkers® performed
a SFG and X-ray crystallography study of orientation and interfacial loca-
tion of the pure 1-butyl-3-methylimidazolium ([BMIM]*; Fig. 1) methyl-
sulfate and 1-butyl-3-methylimidazolium methanosulfonate. They claimed
that both the cation and anion occupy the first layer at the gas-liquid inter-
face with methyl and butyl groups of the cation directed to the gas phase.
The effect of temperature and anion on the orientation of the cation is
smalll4.

In contrast to the pure RTIL/air interface, the RTIL-water/air interface is
strongly influenced by the nature of RTIL ions. Hydrophobic RTILs contain
for instance [PFg]- or [AsF¢]~ ions, hydrophilic ones may contain [BF,]".
Water molecules interact preferentially with anions!'®> and the interface be-
comes highly structured. Water affects the surface of hydrophilic RTILs
more than hydrophobic. The aromatic circle of hydrophilic RTILs is ori-
ented preferentially along the surface, but the aromatic circle of the hydro-
phobic ones is oriented along the surface normal.
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Bowers et al.” and Sung et al.” studied the surface tension of aqueous so-
lutions of [BMIM][BF,] and [BMIM][PF,]. The surface tension decreases until
it reaches a plateau or starts a slow increase (which is barely discernible).
The critical molar fraction at which this effect occurs for [BMIM][BE,] is
about 0.015 (Bowers), for [BMIM][PF;] 0.016 (Sung). From SFG they con-
cluded that at low concentrations the surface is populated only with cat-
ions. Anions start to appear at higher concentrations, compensating the
charge of cations. Due to the increase of electrostatic interactions this may
cause the surface tension to increase.

Picélek et al.'® performed a set of molecular dynamics simulations in or-
der to understand this phenomenon at molecular level and judge a differ-
ence between polarizable and non-polarizable force fields. The structure of
the interface was reproduced, but the increase of the surface tension was
observed for a polarizable force field only and barely above the statistical
error.

In this work, we extend this study to more hydrophobic and surface ac-
tive RTILs with longer chains.

SIMULATIONS

All simulations were performed with the molecular modeling and simula-
tion package MACSIMUS 7 in the NVT ensemble and slab geometry!8.

The used force fields were Liu'® for ILs and TIP4P/2005 for water2°.
The partial charges of the models are listed in Table I; for the TIP4P/2005
model see ref.?’. Missing atomic charges of 1-octyl-3-methylimidazolium
([OMIM]*) were obtained from quantum chemical calculations with Gaussi-
an 03W 2! program (CHELPG method and basis set B3LYP/6-31++g**). The
cross Lennard—Jones interactions are given by the Lorentz-Berthelot com-
bining rules.

A slab is a 2D layer perpendicular to the z-axis of the simulation box,
which is periodic in the x- and y-directions. Hence the z-side of the simula-
tion box should be several times longer than the x- and y-sides. We used
a box of size 30 x 30 x 75 A. The number of molecules was chosen so that
the slab widths of aqueous systems were about 30 A. This is given by for-
mula n,, = 1000 — 10 x n;, where n,, is the number of water molecules and
n; the number of ion pairs.

The simulation temperature was set to 300 and 360 K. The Berendsen
thermostat?? with correlation time of 1 ps was used. The equations of mo-
tion were integrated using the Verlet’s algorithm?3 with a timestep of 1 ps.
The bond lengths were constrained by the SHAKE algorithm!8.
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Long-range Coulombic interactions were accounted for by the 3D Ewald
summation method'® with the correction to slab dipole?*. This correct-
ion adds to the interaction potential a homogeneous electric field (in the
z-direction) which exactly cancels the field of the periodic assembly of
layers repeating in the z-direction. The system is thus equivalent to an x,y-
periodic slab because the higher-order (quadrupolar) terms in the z-direction
are much weaker. The boudary condition is no longer periodic in the z-
direction, however, no particles are allowed to cross the basic cell z-boundary.

The Lennard-Jones cutoff was set to 13 A. Corrections to the surface ten-
sion were calculated using the z-density profiles!®.

The surface tension y was calculated by the formula

Y=-QG/M4L,(p-p) (I

where L, is the length of the simulation box, p the virial pressure (as calcu-
lated from the simulation) and p* the vapor pressure. Formula (1) is based
on the standard formula with the normal and tangential components of

TABLE I
Partial atomic charges (in e). Atoms C5-C8 in OMIM correspond to groups CH, in the
chain, C9 to the terminating CH; (for atom numbering see Fig. 1)

Atom BMIM OMIM Atom BMIM OMIM
CA -0.1426 -0.0963 HA 0.2340 0.1929
CB -0.2183 -0.1648 HB 0.2633 0.2209
CC -0.0055 -0.0780 HC 0.2258 0.2159
C1 -0.0846 -0.1676 H1 0.1085 0.1266
C2 -0.0153 -0.1113 H2 0.0796 0.0856
C3 0.0107 0.1643 H3 0.0204 -0.0308
C4 0.0309 0.0426 H4 0.0157 -0.0059
CS5 -0.0713 0.0215 HS 0.0294 -0.0079
Co6 - 0.0267 Hé6 - -0.0128
Cc7 - 0.0162 H7 - -0.0104
C8 - 0.0179 H8 - -0.0404
C9 - -0.1531 H9 - 0.0334
N1 0.0596 0.1164 N2 0.0682 0.1403
Cl -1.0000
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pressure. However, the normal components in the slab geometry are pro-
portional to the saturated vapor pressure which is essentially zero. The ad-
vantage of formula (1) is that in the Ewald summation one can, instead of
calculating all (r- and k-space) components of the pressure tensor, make use
of the virial theorem (the isotropic virial equals minus the electrostatic
energy). During development of the code, we tested also the virtual volume
change (to get the isotropic presure) and virtual area methods. (On the
other hand, we must admit, based on our recent calculations, that the re-
sults of (1) are more noisy and probably it is more efficient to calculate the
full pressure tensor.)

The simulations were started from a lattice configuration at very low den-
sity so that no overlap may occur. The box was then gradually scaled down
until the desired size was achieved. The slab with a symmetric distribution
of ions was created using additional forces which repelled molecules from
the space below and above the slab. The system was intensively cooled dur-
ing this process (the thermostat correlation time was set to 0.1 ps). After
achieving a stable slab, the additional forces were removed and only small
forces restraining molecules from moving periodically in the z-direction (at
both ends of the simulation box) were kept on.

The systems were equilibrated for about 0.5-1 ns. The production runs of
aqueous systems lasted 4-8 ns.

RESULTS AND DISCUSSION

All concentrations are presented as total mole fraction of the ionic liquid.
The bulk concentration cannot be determined accurately enough (It is pos-
sible, e.g., from the density profiles. But due to a small number of RTIL
molecules, the value of the bulk mole fraction exhibits large fluctuations.)
and therefore is presented only for comparison.

Structure of the Surface and lon Dynamics

From the density profiles (The histogram of the distribution of selected at-
oms across the slab. Similarly the charge profiles are histograms of the dis-
tribution of charges across the slab. The presented density profiles are
normalized to the same integral, i.e., areas under under the curves are the
same.) (Figs 2 and 3) it is apparent that the distributions are asymmetric (es-
pecially at lower temperatures and for lower concentrations). This effect is
caused by slow dynamics. Not only the ions once adsorbed at the surface
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dissolve only slowly into the bulk, but also the diffusion across the slab is

slow in the timescale of nanoseconds.

Cations prefer the surface. Their positive charge is at lower concentra-
tions compensated mostly by asymmetric solvation, at higher concentra-
tions by anions which begin to form a layer close to the surface, but only
rarely right in the topmost cation-rich layer. The asymmetric solvation (see
the anion density profiles in Figs 2 and 3) means that the water dipoles are
on average oriented by the negative ends to the cations at surface and thus

particle density (normalized)

cation

-20 -10 0 10 20
z(A)
’ ' ' ' " cation -
anion
water
[ C(butyl) 1

particle density (normalized)

Cmethyl)

FiG. 2

Normalized density profiles of [BMIM]CI in aqueous solution at 300 K. The total mole fraction

is 0.0041 (top) and 0.0449 (bottom)

z(A)

15 20

Collect. Czech. Chem. Commun. 2010, Vol. 75, No. 3, pp. 333-348

Matas, Kolafa:



Molecular Dynamics Simulations 339

screen their charge. With growing concentration and thus with a saturation
of the surface a second cation-rich layer in the middle of the slab can be ob-
served. It is possible (with respect to the system size) that this is an indica-
tion of microaggregation of ions inside the liquid or even complete phase
separation. This effect is more noticeable for [BMIM]CI than for [OMIM]CI,
which has a longer alkyl chain and thus its solubility in water is lesser (and
thus occupies the surface and its bulk concentration remains low).
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Normalized density profiles of [OMIM]CI in aqueous solution at 300 K. The total mole fraction
is 0.0041 (top) and 0.0449 (bottom)
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The surface has therefore a positive charge which can be verified by the
charge density profiles in Figs 4 and 5.

Simulations of [BMIM]CI at 300 K in a box of the same size but with 1500
molecules of water (thicker layer) were performed for comparison. Their
outcomes are not presented here because the results are subject of a bigger
uncertainty (low temperature and big system). From the density profiles
it is evident that a new cation layer is really forming below the anion sub-
layer. This layer is populated less than the surface.
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Charge density profiles of [BMIM]CI in aqueous solution at 300 K. The total mole fraction is
0.0041 (top) and 0.0449 (bottom)
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From density profiles of individual groups it follows that the alkyl chains
point preferably towards vacuum.

The orientation of the imidazolium ring at the surface can be described
by angle B between the ring axis (vector perpendicular to the ring) and the
surface normal (vector perpendicular to the surface). Because of symmetry,
the second Legendre polynomial?®
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Charge density profiles of [OMIM]CI in aqueous solution at 300 K. The total mole fraction is
0.0041 (top) and 0.0449 (bottom)
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P, (cosB) = (3cos® B—1)/2 2)

is needed to describe anisotropy in the ring orientations. We found that the
averaged value of P, at the surface layer is positive, which means that the
ring is preferentially parallel to the surface.

For a better insight into the system dynamics we also followed the trajec-
tories (Fig. 6) of individual ions and counted “hopping” of ions between
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A trajectory of cations (top) and anions (bottom) of [BMIM]CI in the aqueous solution at 360 K.
The system contained 8 ion pairs and 920 molecules of water
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both surfaces, as in our previous work!®. To define a “hopping event”, we
select a middle layer Az = 10 A thick; this is about 1/3 of the slab thickness.
A hopping event occurs when a particle crosses this middle layer from one
side to the other; e.g., it travels from the top third of the slab to the bottom
third.

At low concentrations the cations are preferentially concentrated at the
surface. In addition, the number of cation hopping events is very small and
smaller than of anions which move freely in the bulk with only a small pro-
pensity towards surface. At the mole fraction of about 0.02 for [BMIM]* and
0.03 for [OMIM]*, the number of the hopping events (per particle) of cat-
ions begins to increase. At about 0.05 the numbers of the hopping events of
anions and cations are roughly equal and with further increasing mole frac-
tion they decrease. This corresponds to the the region where the surface
tension curve slows its sharp decrease and the surface gets saturated by cat-
ions. In other words, the motion of the cations is freest when the surface is
fully saturated, but the cations yet do not aggregate in the bulk. With in-
creasing concentration the number of hopping events per particle decreases
while more and more anions come to the surface to compensate its positive
charge.

From comparison with ref.!6, it is evident that the chloride anions move
in the solution freer than [BF,]~ or [PF]~ (about 2.5 flips/ion/ns for CI- at
360 K compared to roughly 1 for [BF,]") (Fig. 7).

The hopping is sensitive to the diffusion in the z-direction, more pre-
cisely, to the slowest diffusion mode in this direction. The typical cor-
relation time of this slowest mode is thus of the order of T = 1 ns, i.e,,
comparable to the simulation length f. The asymmetry of the profiles is
then proportional to (t/t)"'/2. However, the “true” result is a symmetrized
profile, which is not sensitive to odd diffusion modes. The first even mode
of diffusion across the slab has the correlation time 4 times shorted, and
the symmetrized profile is 2 times more accurate.

Surface Tension

The surface tension of both aqueous solutions of RTILs at both tempera-
tures shows the expected trend (Fig. 8). The surface tension drops from that
of pure TIP4P/2005 water to lower values. This corresponds to gradual satu-
ration of the surface by ions.

Bowers et al.” measured the surface tension of aqueous solutions of
[BMIM][BE,], [OMIM]CI and [OMIM]I at 298 K. They found that the longer
alkyl substituent at the imidazolium ring, the smaller is the concentration
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of the minimum surface tension. For instance, the minimum occurs at an
8 times higher concentration for BMIM than OMIM.

Liu et al.?® measured the physical properties of aqueous solutions of
[(BMIM][BE,], [BMIM]CI, [BMIM]Br and [EMIM]CI at 298 K over a wide con-
centration range. They did not observe any minima for [BMIM]CI.

An approximate comparison of simulated and experimental values is
given in Table II. It is seen that the theoretical values are smaller, which
can be atributed to the water model. The only exception is [OMIM]CI at
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CI 300K - -
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FiG. 7
Ion hopping between both surfaces in aqueous solutions as a function of total mole fraction.

Top [BMIM]CI, bottom [OMIM]CI
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1 mol/l. This disproportion may be caused by a bigger uncertainty in the
simulated value and the increase of the surface tension after reaching the
minimum?®.

We have not reproduced the experimentally observed minima, although
we cannot exclude that at the lower temperature a small minimum might
be hidden in the statistical noise. In all cases the surface tension decreases
with concentration to the total mole fraction about 0.02-0.04 and then be-
comes constant or at least the decrease slows down. This “shoulder” ap-
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Surface tension of aqueous solutions as a function of the total mole fraction. Top [BMIM]CI,
bottom [OMIM]CI
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TaBLE II
A comparison of the simulated and experimental surface tension (in mN/m). Temperatures
are 300 K for the simulated and 298 K for the experimental data. Concentration 0.01 mol/l
was chosen as it corresponds to smallest simulated system, 1 mol/l was chosen as from this
concentration the surface tension is nearly constant

Chlorides ¢=0.01 mol/l ¢=1 mol/l
[BMIM]CI (exp. ref.?%) 71 65
[BMIM]CI (this work) 67 60
[OMIMI]CI (exp. ref.”) 70 43
[OMIM]CI (this work) 69 49

pears at the total concentration where the surface becomes saturated. To be
able to compare the shoulder position with the experimental position (of a
shoulder and then a minimum), it is necessary to realize that the bulk con-
centration is lower than the total concentration. For [BMIM]CI the bulk
mole fraction is roughly one half of the total mole fraction and thus consis-
tent with the experiment. The solubility of [OMIM]CI is several times lower
so is the bulk concentration, but it is difficult to make an accurate quantita-
tive prediction; qualitatively the trend is correct (Note also that at the low-
est concentration there is only one ion pair at each surface. Much larger
system is necessary to achieve low concentrations with more ion pairs,
which is costly.).

In both cases we may suggest, in agreement with ref.'6, that for reproduc-
ing of experimentally observed increase of surface tension it is necessary to
employ polarizability. Moreover, for RTILs with long alkyl chain at the imi-
dazole ring, larger systems are necessary.

CONCLUSIONS

We performed a series of molecular dynamics simulation of aqueous solu-
tions of [BMIM]CI and [OMIM]CI.

The experimentally observed decrease of the surface tension was repro-
duced together with the populating of the surface by [C,MIM]*. The posi-
tive charge of the cationic layer is compensated by anions at higher
concentrations and by water dipoles at lower concentrations. Alkyl chains
are pointing towards vacuum, the imidazole rings lie preferably parallelly to
the surface. The experimentally observed local minima and consecutive in-
crease of the surface tension were not reproduced.
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