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Abstract:

Understanding the role of the counterion species in surfactant solutions is a
complicated task, made harder by the fact that, experimentally, it is not possible to vary
independently bulk and surface quantities. Here, we perform molecular dynamics simulations
at constant surface coverage of the liquid/vapor interface of lithium, sodium, potassium,
rubidium, and cesium dodecyl sulfate aqueous solutions. We investigate the effect of the
counterion type and charge sign on the surface tension of the solution, analyzing the
contribution of different species and moieties to the lateral pressure profile. The observed
trends are qualitatively compatible with the Hofmeister series, with the notable exception of
sodium. We point out a possible shortcoming of what is at the moment, in our experience, the
most realistic non-polarizable force field (CHARMMS36) that includes the parametrization for
the whole series of alkali counterions. In the artificial system where the counterion and
surfactant charges are inverted in sign, the counterions become considerably harder. This
charge inversion changes considerably the surface tension contributions of the counterions,
surfactant headgroups and water molecules, stressing the key role of the hardness of the
counterions in this respect. However, the hydration free energy gain of the counterions,
occurring upon charge inversion, is compensated by the concomitant free energy loss of the
headgroups and water molecules, leading to negligible change in the surface tension of the

entire system.



1. Introduction

Surface tension, the intensive counterpart of the surface area, is a key quantity both in
fundamental interfacial science and in its numerous applications. From a molecular
perspective, the origin of the surface tension is the free energy loss that particles experience at
the vicinity of the surface (due to the lack or loss of attractive interaction from the opposite
phase) with respect to the bulk phase. Because of this free energy loss, a net force pointing
towards the bulk phase is acting on the surface particles, leading to the minimization of the
surface area of the system in equilibrium. As a consequence of this shrinking force, the lateral
pressure at the vicinity of the surface is lower than the bulk phase pressure. Hence, the
difference of the lateral (pL) and normal (pn) pressure components (the latter being constant
along the surface normal due to the requirement of mechanical stability) is related to the

surface tension as [!1]

o0

y=[(pn—PL(X))dX, (1)
—o0
where X stands for the position along the surface normal axis. It should be emphasized that in
the two bulk phases pn = pv, thus, the above integrand is different from zero only in the
interfacial region.

The notion that the surface tension originates from the free energy loss of the
individual molecules at the vicinity of the surface naturally gives rise to the question how the
different molecules contribute to the surface tension. According to eq. 1, this question could
be addressed by determining the contribution of the molecules to the lateral pressure.
Experimental investigation of the problem seems to be rather difficult, as it would require
measurement of the lateral pressure with angstrom resolution at the vicinity of the surface. In
this respect, computer simulation methods [!2] offer a viable alternative, as in a computer
simulation a suitably chosen model of the system to be investigated is seen at atomistic detail.
On the other hand, the validity of the model employed needs to be tested against experimental
data.

The calculation of the lateral pressure profile in a computer simulation is, however,
also hindered by several difficulties. These difficulties are related to the requirement of
localizing the pressure, which is an inherently non-local quantity. Mathematically, this
problem occurs as the contribution of an interacting pair of particles to the lateral pressure

involves a contour integral along an open path connecting these particles, [!3] the value of



which evidently depends on the particular choice of the path. Fortunately, as it has been
shown several times, this dependence is rather weak, and simple integration contours (such as
the Irving-Kirkwood path, which connects the particles by a straight line, [!4] and the
Harasima path, which involves two perpendicular space-fixed in-plane axes [!5]) result in
comparable lateral pressure profiles. [16,7] Recently, we proposed a computationally very
efficient way of calculating the lateral pressure profile, which employs the Harasima path,
takes also into account the contribution of the long range part of the electrostatic interaction
as determined by the smooth particle mesh Ewald (SPME) method, [!8] and assigns the lateral
pressure contributions to the individual particles. [!7] This method opened the possibility of
meaningfully addressing the question how various molecules contribute to the surface tension.
The method has been applied, among others, to the liquid-vapor interface of the Lennard-
Jones fluid [!19] and various molecular liquids, [!10] revealing that in such systems at least
80% of the surface tension comes from the first molecular layer, [19,10] and to various water-
organic liquid-liquid interfaces, leading to the result that the organic phase might even give a
negative contribution to the interfacial tension. [111]

A particularly interesting system in this respect is the liquid-vapor interface of aqueous
surfactant solutions. Although such systems have been intensively studied in the past decades
by various experimental, [112-33] computer simulation, [!33-54] and theoretical methods,
[155-66] the issue of the contribution of different molecules to the surface tension has not
been addressed until recently. [153,54] Clearly, in such systems, the presence of the surfactant
triggers a marked decrease of the surface tension. By analyzing the contribution of the
different molecules and moieties to this residual surface tension, we obtained the rather
surprising result that, in the case of ionic surfactants, the counterions play an unexpectedly
important. [!53] In particular, in the presence of sodium dodecyl sulfate (SDS) at 4 pmol/m?
surface concentration, the Na* ions contributed 760% to the surface tension of the system.
This contribution is partly compensated by the water molecules and the sulfate headgroups of
the surfactant. More surprisingly, in the case of the cationic surfactant dodecyl trimethyl
ammonium chloride (DTAC), present in the same surface concentration, the surface tension
of the CI" counterions was found to be -240%, indicating that CI" ions experience a far more
favorable environment at the vicinity of the surface than in the bulk phase. [!'53] It should be
emphasized that the opposite contribution of the counterions and surfactant headgroups to the
surface tension was recently confirmed experimentally by Phan and Haseeb. [132]

To rationalize these findings, several hypotheses have been made. Thus, the surface

tension contribution of the counterions might well be related to their “soft/hard” character



according to the Hofmeister series. [167,68] Clearly, small ions with low polarizabilities,
considered as “hard” ions or “structure makers” are more strongly repelled from the water
surface than large ions of high polarizabilities (i.e., “soft” ions or “structure breakers”),
[169-75] and hence hard ions, forced to stay close to the liquid surface by the charged
surfactant headgroups, might well pay a larger free energy penalty for staying close to the
surface than softer, larger counterions do. This hypothesis explains the observed strong
counterion dependence of the surface tension contribution by the fact that ClI- (as halide ions,
in general) is clearly a softer ion than Na*. [169,70,72] An alternative explanation, however,
suggests that the surface tension contribution of the counterions is largely determined by the
sign of their charge: negatively charged counterions give a much smaller, eventually negative,
contribution to the surface tension than cationic counterions. This view is rationalized by the
recent finding that, due to the charge asymmetry of the water molecule, two, otherwise
equivalent, oppositely charged ions exhibit different surface affinities. [176,77] This
difference stems from the fact that a positively charged water H atom can approach the anion
considerably closer than the large, negatively charge O atom can the corresponding cation,
and hence an anion is more strongly hydrated than an otherwise equivalent cation. [!'77] Thus,
it should be emphasized that although this effect is discussed separately from that of the
cation type, it is also related to the soft/hard character of the counterions, more precisely, to
the fact that anions are, in general, harder than cations. In a previous paper, we aimed at
testing the first of these hypotheses by simulating the liquid surface of aqueous alkali dodecyl
sulfate solutions considering different alkali counterions. However, although the results were
compatible with this hypothesis, they could only be regarded as indicative due to the severe
failure of the model combination used. [!54]

In this paper, we present a detailed investigation of the validity of both hypotheses. To
address the first hypothesis, we present computer simulations of the liquid-vapor interface of
alkali dodecyl sulfate solutions, considering all alkali ions from Li* to Cs* as counterions. To
magnify the effect to be studied, all systems correspond to the saturated surface concentration
of 4 pmol/m2. The employed model combination is validated by showing that the surfactant
induced decrease of the surface tension follows the experimental trend. In each system, the
relative surface tension contribution of the counterions, water molecules as well as surfactant
heads and tails are calculated through their contributions to the lateral pressure profile, and
the dependence of these contributions on the type of the counterion is investigated.

In order to test the second hypothesis, we present results of computer simulations of

the fictitious, “charge inverted” SDS solution. In this system, the sign of the charge of the



counterions as well as that of the fractional charges of the surfactant ions are changed to their
opposite, while the fractional charges of the water molecules are left unchanged. Thus, any
difference between the real and charge inverted SDS solutions are caused by the sign of the
charge of the ions. The possible relation between the charge sign and surface tension
contribution of the counterions is addressed by comparing the lateral pressure profile and
surface tension contributions of the different molecules and moieties in the real and charge
inverted systems.

The paper is organized as follows. In sec. 2, details of the calculations performed,
including the molecular dynamics simulations and lateral pressure profile calculation, 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.

2. Methods

2.1. Selection of the Force Field to Be Used. In our previous paper, [!53] we
simulated the aqueous surfactant solution of SDS at different surface concentrations using the
GROMOS96 force field [!178,79] both for the dodecyl sulfate (DS’) surfactant ions and Na*
counterions, together with the SPC [!80] water model. To demonstrate that the results are not
sensitive to the particular choice of the force field, we have repeated these calculations using
the KBFF model [!'81] of Na* and SPC/E [!82] water. All simulations led to physically
sensible results.

To extend this investigation to the full set of alkali counterions, a natural choice would
be the use of either of these two force fields for all systems. However, to the best of our
knowledge, among the five alkali cations the GROMOS96 force field only includes Na* and
K*. Therefore, we chose the second model combination, and repeated all simulations
corresponding to the surface density of 4 umol/m? with the KBFF model of the other alkali
cations, i.e., Li*, K*, Rb*, and Cs*, in combination with SPC/E water. [!54] Unfortunately, it
turned out that, unlike in the case of Na*, the simulations performed with the other cations
resulted in higher rather than considerably lower surface tension values than that of neat
SPC/E water. The reason for this unphysical behavior of the model was traced back to the far
too strong contact pair formation between the surfactant headgroups and counterions, leading
to the precipitation of the surfactant salt at the liquid surface. [154]

Thus, to study the effect of the softness of the counterions on the relative contribution

of the different particles and moieties to the surface tension, we had to find a cation force field



that is (i) complete, i.e., includes all alkali ions from Li* to Cs*, and (ii) does not lead to
unphysical result with any of the cations when simulating the liquid-vapor interface of the
corresponding aqueous alkali DS solution (i.e., leads to a decrease rather than an increase of
the surface tension of neat water in every case). For this purpose, we have tried to use the
GROMOS96 model of the DS ions together with the alkali ion models proposed by Aqvist,
[183] Klasczyk and Knecht (KK), [184] and Joung and Cheatham (JC), [185] together with the
SPC (in the first two cases) and SPC/E (in the last case) water models. Unfortunately, for all
of these force fields, only the system containing Na* counterions (and, in the case of, KK, also
that with Li*) behave in a physically sensible way, while the use of any of the other
counterions have led to the increase rather than decrease of the surface tension due to
precipitation, as shown in Table 1.

The apparent failure of all these model combinations has made us to choose another
force field also for the DS ions, preferably such that also includes the full set of the alkali
cations from Li* to Cs™. For this purpose, we have chosen the all-atom CHARMMS36 force
field ['86] of the surfactant ions and counterions, to be used in combination with the
CHARMM-compatible modified TIP3P (mTIP3P) model [!87] of water. This model
combination indeed resulted in physically sensible results (i.e., markedly lower surface
tension than that of neat water) for all cations, as seen from Table 1. Therefore, in the present
study, we use this model combination in all simulations. Further, to confirm that the obtained
results concerning the role of the sign of the ion charge are, at least qualitatively, independent
from the force field used, we have repeated the corresponding simulations also with the
GROMOS96 model of the ions and SPC water, as this model combination previously turned
out to be able to qualitatively correctly describe the behavior of the system in the presence of

Na* counterions. [!53]

2.2. Molecular Dynamics Simulations. Molecular dynamics simulations of the
liquid-vapor interface of aqueous alkali dodecyl sulfate solutions, corresponding to the (more
or less saturated) surface concentration of 4 pmol/m?, have been performed in the canonical
(N,V,T) ensemble at 298 K. The alkali ions considered in the simulations include Li*, Na*, K,
Rb*, and Cs*. In the simulations of the charge inverted system, we have changed the sign of
all fractional charges of the dodecyl sulfate ion as well as that of the sodium counterion to
their opposite, while keeping their magnitude as well as the fractional charges of the water
molecule unchanged. The charge inverted dodecyl sulfate and sodium ions are referred to in

this paper as DS* and Na’, respectively. In the case of the charge inverted systems, the surface



concentration of 4 umol/m?, used in the other simulations, has turned out to be clearly higher
than that corresponding to surface saturation, as several charge inverted DS* ions have
entered to the bulk aqueous phase forming a micelle in the case of both potential models used.
For this reason, the charge inverted simulations have been performed with the surface
concentration of 2 umol/m?, and the simulations of the corresponding real system have also
been repeated at this surface concentration. The lengths of the X, Y, and Z edges of the
rectangular basic box have been 265.0 A, 62.82 A, and 62.82 A, respectively, in every case,
axis X being perpendicular to the liquid surface. The basic box has consisted of 8000 water
molecules. In the case of the 4 pmol/m? simulations 192, while in the case of the 2 pmol/m?
simulations 96 DS ions have been evenly distributed between the two liquid surfaces present
in the basic box, and their charge has been neutralized by the same number of alkali
counterions placed in the bulk liquid phase.

The simulations have been performed using an in-house modified, freely available
version [188] of the GROMACS 5.1 simulation package, ['89] which also computes the
lateral pressure contribution of the individual atoms, allowing thus the calculation of their
contribution to the surface tension. Equations of motion have been integrated in time steps of
2 fs. The temperature of the systems has been controlled by the Nosé-Hoover thermostat
['90,91] using the time constant of 5 ps. All interactions have been truncated to zero beyond
the group-based cut-off distance of 15 A. The long range part of the electrostatic interaction
has been accounted for by means of the smooth particle mesh Ewald (SPME) method. [!8]

The starting configuration of the 4 pmol/m? simulations has been created from an
equilibrium configuration of a previous run. [153] In the case of the 2 pmol/m? simulations,
the required number of surfactant ions have been randomly placed at both surfaces, while the
counterions in the bulk liquid phase of a previously equilibrated water liquid-vapor interfacial
system. After proper energy minimization, these systems have been pre-equilibrated in 20 ps
long runs with the integration time step of 0.2 fs. All systems have been equilibrated for 20 ns
with a time step of 2fs. Then, in the subsequent, 20 ns long production run, 5 x 10*
equilibrium configurations per system, separated from each other by 0.4 ps long trajectories,
have been dumped for the analyses. Finally, all density and lateral profiles calculated have
been averaged also over the two liquid-vapor interfaces present in the basic box in such a way
that zero value along the surface normal axis X corresponds to the middle of the liquid phase.

Equilibrium snapshots of the Na*DS" solutions of 2 and 4 umol/m? surface concentrations as



well as that of the charge inverted Na'DS" solution are shown in Figure 1, as obtained from
simulations with the CHARMM36 force field.

2.3. Calculation of the Lateral Pressure Profile Contribution of the Particles. The
elements of the pressure tensor can be decomposed to a kinetic and an excess (or virial) term,

accounting for the motion and for the interaction of the particles, respectively. While the
Kinetic term of V‘lzi miviAviB can easily be distributed between the individual particles, the

virial term of

Zap = || X Rf Jo(r-s)ds® 2)
i, j>i Cij
contains an integral over the open path Cjj connecting the ith and jth particles, parametrized
by the vector s. (In these equations, indices A and B stand for the corresponding spatial
directions, while i and j over the particles, v and m stand for the velocity and mass,
respectively, of the corresponding particles, Fj; is the force acting between particles i and j, V
is the volume of the system, and the brackets <...> denote ensemble averaging.

The choice of the Harasima path [!5] as the integration contour in eq. 2 has several
important advantages. First, this way the lateral pressure contribution of a particle pair is
evenly distributed between the two interacting particles. ['9] As a consequence, now the virial
contribution to the lateral pressure, similarly to the kinetic term, can be unambiguously
distributed between the individual atoms, and hence the lateral pressure can formally be
treated as if it was an additive property of the particles. This fact not only makes the
calculation of the lateral pressure profile computationally very efficient, but also enables us to
assign lateral pressure (and, hence, surface tension) contributions to the individual particles.
[19] Second, employing the Harasima path the lateral pressure profile can be calculated even
if the potential is not fully pairwise additive. [!6] The importance of this point becomes
apparent by considering that the reciprocal space term of the Ewald summation [!2,92,93] as
well as of its particle mesh variants [!8,94] is not pairwise additive, either. It was recently
shown how this term can be taken into account, and also distributed between the individual
particles, both in the case of the original Ewald summation [!6] and of the SPME method, [!7]
used in the present study. It should finally be noted that the price one has to pay for the above
advantages of using the Harasima path is that the normal component of the pressure is not



accessible this way. [!3] However, considering that in equilibrium the normal pressure has to
be constant along the interface normal (due to the requirement of the mechanical stability of
the system), and in the bulk phase it is equal to the scalar pressure of the system, this
limitation has no consequence on the calculation of the surface tension contribution of the

individual particles.

3. Results and Discussion

3.1. Surface Tension. In all simulations considered here, the surface tension of the
system has always turned out to be considerably lower than that of neat water. Table 1 shows
that alkali dodecyl sulfate at 4 pmol/m? surface concentration leads to a 10-30 uN/m surface
tension decrease in every case when using the CHARMM36 force field. Further, the surface
tension of the real and charge inverted 2 umol/m? SDS solutions is 48.2+0.3 and
45.9 + 0.5 mN/m, respectively, for the CHARMMS36/mTIP3P, and 48.6+0.4 and
47.5 + 0.6 mN/m, respectively, for the GROMOS96/SPC model combination. These values
should be compared to the surface tension values of mTIP3P and SPC water of 54.1 + 0.3 and
52.7+ 0.4 mN/m, respectively. Thus, all simulations considered here have indeed led to
physically meaningful results, as it is also confirmed by the radial distribution function (rdf)
of the cation-Os pairs in the 4 pmol/m? systems (Os standing for the sulfate oxygen atoms). In
Figure 2 it is seen that, with the exception of Li*, the height of the first peak of the rdfs,
corresponding to contact pair formation, is comparable with that of the second peak,
corresponding to solvent separated ion pairs. In the case of Li*DS, there is a difference of
about a factor of 4 between the heights of these peaks, in accordance with the higher surface
tension of this system than those of the other ones. This is in a clear contrast with our earlier
finding in the case of the KBFF model of counterions, resulting in an increase rather than
decrease of the surface tension due to the onset of precipitation, clearly signaled by the
presence of a first peak in the cation-Os rdf that is an order of magnitude larger than the
second one. [!54] Further, in the present case, the coordination number corresponding to the
second, solvent separated peak of the obtained rdfs is 5-9 times larger than that of the first
peak for all counterions (for Li* this ratio being 6.2). These findings confirm that, unlike in
the case of other force fields considered, the ionic surfactant stays, as expected, in solution at
the surface, instead of precipitating.

10



A direct comparison of the surface tension values obtained from our simulations with
real experimental data is not without difficulties, because surface tension is conventionally
measured as a function of the bulk liquid phase concentration, but in the simulations no DS
ion has entered into the bulk aqueous phase. Nevertheless, Mysels measured the dependence
of the surface concentration of Na*DS™ on its bulk concentration. ['95] According to his data,
2 and 4 umol/m? surface concentrations correspond to the bulk phase concentration (c) values
of 1.6 mmol/dm?® and 6.45 mmol/dm?, respectively (i.e., on average, 10 and 2.5x10™* DS ion,
respectively, in the bulk liquid phase part of the basic simulation box). The surface tension
decrease induced by Na*DS", »» (0 being the surface tension of neat water), is compared
with the experimental data of Mysels [!195] in Figure 3. As is seen, the simulated values fit
reasonably well in the experimental trend. It should also be noted that the surface density
dependence of the surface tension is not supposed to be markedly different for different
counterions, in accordance with the experimental data of Wang and Morgner, obtained for
Na* and Cs™. [196] By contrast, the surface tension value obtained here in the presence of Li*
and Na* counterions is noticeably higher and lower, respectively, than those obtained with the
other three alkali counterions. This difference in the surface tension values of the systems
containing Li*, Na*, and larger counterions indicates one limitation of the models used in the

present investigation.

3.2. Role of the Soft/Hard Character of the Counterions. The mass density profiles
of the 4 umol/m? systems as well as the contributions of the water molecules, alkali
counterions, surfactant headgroups and surfactant tails to these profiles are shown in Figure 4.
As is seen, the profiles obtained in the different systems are rather similar to each other. Thus,
the water density drops very slowly, within about 20 A from the bulk phase value to zero. The
density profiles of both the charged surfactant headgroups and the counterions exhibit their
peak in this X range of intermediate water densities, the latter peak being noticeably broader
at its bulk liquid phase side, and located slightly, by about 1 A farther from the surface than
the former one. This finding simply reflects the fact that while the surfactant headgroups are
tethered to the liquid surface, the counterions, being attracted by the oppositely charged layer
of the headgroups, can more freely diffuse within the liquid phase. Consistently, the density
peak of the surfactant tails, being very similar to each other in the different systems, is located

in the vapor side of the interfacial region.
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The only noticeable difference between the density profiles obtained in the different
systems is that the entire interfacial region is somewhat more compact in the case of the Li™,
and somewhat more diffuse in the case of the Na* counterions, than in the other systems.
Thus, the X range of intermediate water densities as well as the density peaks of the
counterions, headgroups and tails are narrower, and the overlap of the first two of these peaks
is larger in the presence of Li* than other counterions, while opposite differences are seen in
the presence of Na® ions. This finding is in accordance with the previous results that the
contact pair peak of the counterion-Os rdf is higher for Li* and somewhat lower for Na* than
for the other counterions and, consistently, the surface tension of the Li*DS" solution is higher
while that of the Na*DS" solution is lower than that of the other systems.

The lateral pressure profile as well as its contributions given by the water molecules,
counterions, as well as the surfactant headgroups and tails are compared in Figure 5 as
obtained in the different systems simulated. All pressure profiles are rather similar to each
other in every case, the only noticeable difference being that, in accordance with the density
profiles, the lateral pressure peaks and minima are slightly sharper in the case of Li*, and
broader in the case of Na* than for other counterions. Thus, these lateral pressure profiles do
not indicate any particular trend of the surface tension contributions as a function of the size
and, hence, the soft/hard character of the counterion.

The absence of any clear trend is confirmed by the calculated percentage contributions
of the different particles and moieties to the surface tension, as shown in Figure 6. Clearly, the
case of Na* stands out with much larger contributions, either positive or negative, than those
of the other counterions. If one disregards the Na* case, some minor trends could be observed:
the tail contributions get larger, while those of the headgroups smaller in magnitude with
increasing counterion size. However, no such trend is seen for water and, in particular, for the
counterions. One may argue that in the case of Na* the surface tension is smaller than in the
other cases (see Table 1), and hence a larger percentage contribution to this smaller value is
not necessarily larger in terms of the absolute value. To consider also this possibility, we plot
the absolute surface tension contributions of the different particles and groups, obtained in the
presence of different counterions, in Figure 7. Here, the contribution of the counterions
exhibits a decreasing, while that of the oppositely charged headgroups an increasing trend
with increasing counterion size, given that the results obtained either with Na* or with Li*
counterions are excluded. However, these opposite trends cancel out, and the total surface

tension does not show any particular dependence on the ion size.
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In interpreting these results, it should be kept in mind that, among the five sets of
potential models tested, CHARMM36 has turned out to be by far the best, being the only one
that gives qualitatively meaningful results for all counterions. However, it is difficult to assess
the quality of the force field at a quantitative level because experimental results indicate that,
at least for Na* and Cs* counterions, alkali dodecyl sulfate solutions of the same surface
density correspond to the same surface tension values, [196] suggesting that the same might
also be true for other alkali counterions, as well. By contrast, in our simulations, the surface
tension of the Na*DS solution has turned out to be about 25% lower than that of the Cs*DS"
solutions of the same surface density, and the presence of Li" and Na* resulted in markedly
higher and lower surface tension values, respectively, than that of other counterions. This
means that even the best effective pairwise additive force field might be not accurate enough
to allow us to test the correlation between the soft/hard character of the counterions and their
contribution to the surface tension. Further, the question of how strongly the different
counterions are bound to the oppositely charged headgroups, and hence how much the
corresponding anionic surfactant decreases the surface tension of water seems to be at least as

much important in this respect as the soft/hard character of the counterions.

3.3. Role of the Sign of the lon Charge. The density profiles of the real and charge
inverted NaDS solutions as well as the contributions of the water molecules, counterions,
surfactant headgroups and surfactant tails to these profiles are compared to each other in
Figure 8, as obtained both with the CHARMM36 and the GROMOS96 force field. As is seen,
the profiles corresponding to the real and charge inverted systems are very similar in every
case, confirming that the charge inversion did not lead to marked structural changes and,
hence, any difference found in the surface tension contributions can solely be attributed to the
sign of the ion charge. The only important difference between the two sets of profiles is that
the density peaks of the charged groups occur somewhat farther from the surface in the charge
inverted systems than in the corresponding real ones. This shift is considerably smaller for the
surfactant headgroups, tethered to the liquid surface by the apolar tails, than for the freely
diffusing counterions (these values being about 0.7 and 1.5 A, respectively). A similar shift of
the ions away from the liquid surface was previously observed in the aqueous solution of
charge inverted Nal, and was explained by the different hydration of the cations and anions.
[177] Namely, in hydrating cations, water molecules turn their O atom to the ion, while in the
first hydration shell of an anion one of its O-H bonds points straight to it. However, due to

their markedly different size, a water H atom can approach the anion much closer than the
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water O atom can approach a cation of the same size. As a consequence, anions are more
strongly hydrated, in other words, they would lose more energy upon approaching the liquid
surface, and hence they are effectively repelled from the liquid surface more than cations of
the same size. Further, this effect is stronger for smaller ions, because the hydrating water
molecule can approach them closer than larger ions. [!77] In the present system, sodium is
clearly smaller than the sulfate headgroup, and hence the charge inversion, by making the
smaller of the two ions negative, leads to the observed inward shift of the corresponding
density peaks.

The lateral pressure profiles obtained in these systems as well as their contributions
coming from the different particles and groups are shown in Figure 9. As is seen, while the
contributions of the apolar tails (which are weakly hydrated and bear small fractional charges)
are very similar, the contributions of the other moieties are substantially different in the real
and charge inverted systems. In particular, while the profile of the positively charged Na*
counterions exhibits a marked negative lateral pressure peak (corresponding to a large
positive surface tension contribution, see eq. 1), its charge inverted counterpart behaves in the
opposite way, i.e., it decreases rather than increases the surface tension. Further, in the real
system, the contributions of both the water molecules and the surfactant headgroups are
characterized by a double, positive-negative peak structure. Thus, water molecules and
headgroups that are located in the range of high counterion density give rise to a positive
lateral pressure peak (thereby decreasing the surface tension), while those located closer to the
liquid surface and the region of the apolar tails, but farther from the counterions give rise to a
negative lateral pressure peak, and hence they increase the surface tension. While this latter,
negative peak remains largely unchanged in the charge inverted system, the first, positive
peak changes sign, indicating that the corresponding particles are now increasing rather than
decreasing the surface tension of the system. As a consequence of the opposite effect of the
charge inversion on the counterions and on the headgroups and water molecules, the overall
lateral pressure profile does not change considerably upon charge inversion, consistently with
our earlier finding that these systems correspond to similar surface tension values.

The clear effect of the sign of the ion charge on the various surface tension
contributions is emphasized in Figure 10, where these contributions are shown as percentage
of the total surface tension. As is clear, apart from the tails, all groups give markedly different
contributions to the surface tension in the real and in the charge inverted system, even the sign
of these contributions being different. To demonstrate that this result is largely model-

independent (as long as the potential model gives physically sensible results), we compare in
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Figure 11 these percentage contributions in the 2 pmol/m? real and charge inverted as well as
in the 4 umol/m? real NaDS system, as obtained with the two force fields used. As is seen, the
two force fields not only yield qualitatively similar results, but the values of the percentage
contributions are also rather similar to each other in most of the cases.

The obtained results clearly reveal that the sign of the charge of the counterions (and
therefore their hydration) indeed plays a critical role in determining the surface tension
contributions of the different particles and moieties. To understand the underlying physical
reasons, two important factors, namely (i) the above discussed differences in the hydration of
the oppositely charged ions, and (ii) the fact that while counterions can move in the bulk
liquid phase the oppositely charged surfactant headgroups are tethered to the liquid surface,
need to be considered. Further, since differences are only seen in the subsurface region of
high counterion density (see Fig. 9), our discussion can be limited to this region. Thus, in the
real system, the free energy loss of the negatively charged headgroups and water molecules
associated with the vicinity of the vapor phase is clearly overcompensated by the free energy
gain due to the vicinity of the counterions. On the other hand, for the more freely diffusing
counterions, the free energy loss caused by the entropy decrease due to their accumulation in
a few angstroms wide subsurface layer is added to that due to the vicinity of the vapor phase,
and this additional free energy loss can no longer be compensated by the energy gain due to
the vicinity of the oppositely charged headgroups. In the case of the charge inverted system,
on the other hand, the Na ions are more strongly hydrated, while the positively charged
headgroups are less strongly hydrated, than the corresponding ions in the real system. As a
consequence, the free energy gain of the counterions now exceeds, while that of the
headgroups does not exceed any more, their free energy loss, as evidenced by the sign of the
corresponding lateral pressure profile peaks. Finally, the water molecules are hydrating both
positive and negative ions in this region in both cases, thus, while charge inversion leads to a
free energy gain through the stronger hydration of the Na  than Na* counterions, it also
induces a free energy loss due to the weaker hydration of the DS* than DS™ heads. However,
the larger sulfate ion is surrounded by considerably more (i.e., on average, 15 instead of 6)
first shell water neighbors than the smaller sodium counterion. Further, the negative charge of
the sulfate group is carried mostly by its O atoms, which can be approached by a hydrating
water molecule almost as closely as a sodium ion. As a consequence, the free energy loss
associated with the weaker hydration of the DS* than DS™ heads outweighs the free energy
gain due to the stronger hydration of the Na™ than Na* counterions. This leads to the sign

inversion of the surface tension contribution of the water molecules in this region upon charge
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inversion. It should finally be emphasized that while charge inversion results in a hydration
free energy gain of the counterions, it also leads to a concomitant free energy loss of the
surfactant headgroups, and also in a free energy loss of the water molecules hydrating these
ions, as evidenced by the corresponding changes in the surface tension contributions.
However, these opposite changes largely cancel the effect of each other out, making the
surface tension of the charge inverted system very similar to that of the real one.

4. Conclusions

We have used molecular dynamics computer simulations to investigate the effect of
the counterion type on the surface tension of aqueous alkali dodecyl sulfate solutions. To
isolate the effect of the counterion type, we have performed the simulations at the same
surface coverage, being close to (but not above) the critical micellar concentration (cmc).
Although our original aim was to investigate whether the size and sign of the charge of the
counterion does have an influence on the surface tension contribution of the different
molecules and moieties, the present study turned out to be also a benchmark of different force
fields related to the surface tension simulation. The importance of this benchmark character of
the present study is stressed by the known fact that, in simulating mixtures of several
components, the ability of the individual models of reproducing the experimental properties
of the respective neat systems is a necessary but not sufficient condition of the
appropriateness of their combination, ['97-100] and hence the performance of such model
combinations also has to be assessed. Thus, it should again be emphasized that the observed
failure in reproducing the qualitative effect of an ionic surfactant on the surface tension of its
aqueous solution reflects the inadequacy of the combination of the water, surfactant, and
counterion models used, and cannot be simply blamed on any of them alone. Thus, the
combination of the SPC or SPC/E water model and the GROMOS96 force field of the
surfactant resulted in a physically sensible result when used with the Na* counterion in every
case. Also, the combination of the SPC/E and JC models of water and alkali cations provided
an excellent description of the surface of the solution when used in combination with the JC
model of halide anions. [177]

In the light of the results obtained in this respect, we have used the CHARMMS36 force
field in the simulations concerning the effect of the counterion size, as only this model turned
out to yield non-precipitating solutions for the whole series of alkali counterions from lithium

to cesium. Our analysis included the (local) contribution to the surface tension from different
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species (water, counterions) and surfactant moieties (headgroup, tail). While we observed
some trends compatible with the Hofmeister series in the various contributions to the surface
tension, the total surface tension itself did not show any clear trend in this respect.
Interestingly, the computed surface tension values at constant 4 pmol/m? coverage
(45.4+0.4, 23.9+0.4, 34.9+0.3, 35.0+ 0.4, and 31.2 + 0.3 mN/m) for Li*, Na", K*, Rb",
and Cs" counterions, respectively, follow relatively well the experimental trend of the surface
tension at the cmc, measured at the temperature of 306 K, of 43.0, 40.0, 35.8, 35.1, and
35.1 mN/m, [!112] with the usual exception of sodium. The present simulations are, by design,
performed not at the critical micellar concentration but at constant surface coverage.
Therefore, any comparison between the computed and experimental surface tension values
needs to be taken with a grain of salt (and gauged by the far too-low neat water surface
tension of mTIP3P of 54.1 + 0.3 mN/m). However, sodium is a clear outlier in the trend.
Therefore, one should consider the possibility of a problem in the force field
parameterization, either for sodium or for the other counterions. Sodium is the most studied
and tested counterion with practically all force fields, and it is reasonable to expect that its
parametrization is more accurate than that of the other counterions.

This apparent inconsistency, occurring even in the best classical force field
combination considered, leads naturally to the idea whether the problem should be
investigated by ab initio molecular dynamics simulation. However, there are multiple reasons
why such a simulation would not be particularly beneficial, at least at the moment. Thus, to
obtain accurate enough results, a long enough simulation needs to be run. Also, to avoid finite
size effects, the system size should also not be reduced. These factors would already make the
study computationally unfeasible. Furthermore, the intrinsic many-body nature of ab-initio
forces would make it highly non-trivial (if not impossible) to compute the pressure profile.
Finally, concerning the predictive quality of ab-initio simulations involving water, one must
also consider that even the exchange-correlation functionals, considered to be the most
accurate ones at the moment, produce a rather unsatisfactory phase diagram of water even in
comparison with successful empirical force-fields. [!101]

In addition to the investigation of the effect of the counterion size, we have also
computed the lateral pressure profiles for the charge-inverted sodium dodecyl sulfate solution
both with the CHARMM36 and GROMOS96 force fields. Changing the sign of the ionic
charges in the surfactant and its counterion is an artificial, albeit informative, way to
investigate the influence of the counterion hydration strength thanks to its improved ability to

coordinate water molecules. Indeed, we found that the charge-inverted counterions contribute
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with an opposite sign to the surface tension, even if their contribution is considered together
with that of the coordinated water molecules. However, it is the combined effect of anions,
cations and hydrating water molecules that determines the total surface tension change. The
decrease in the free energy of the counterions, observed upon charge inversion, corresponds to
an increase in that of both the surfactant headgroups and water molecules hydrating these
ions. The net result is that the total surface tension is not much sensitive to the charge-
inversion.

In conclusion, the present results confirm, at least qualitatively, the influence of the
hardness of the counterions, in a rough accordance with the Hofmeister series, on their
contribution to the surface tension of ionic surfactant solutions. Further, they also underline
the decisive role of the sign of the counterion charge (the size of the counterion being kept
fixed) in determining it solvation properties and influence on the surface tension. The sodium
counterion in the CHARMM36 force field represents a clear exception to the observed trend.
Nevertheless, it is clear from the present results that force fields with a better quantitative
agreement with the experiments, possibly polarizable ones, are needed to improve our
understanding of the microscopic properties of surfactant solutions.

Having shown that the surface tension contribution of ionic species is substantially
influenced by the sign of their charge, a systematic investigation of the surface tension
contribution of the charged moieties in adlayers consisting of a mixture of cationic and
anionic (and, perhaps, also zwitterionic) surfactants would be a natural extension of this work.
Such an investigation would also be of great relevance in understanding the atmospheric fate
of various aerosol particles, [1102] often consisting of such a mixture of surfactants as well as
dissolved salts. [!103] Thus, according to the Kohler theory, [1104] the reduced surface
tension leads to the increased activity of such aerosols as cloud condensation nuclei, altering
the optical properties as well as the propensity of precipitation on regional to global scales.
Further, as it becomes increasingly clear from recent experimental studies, [!105] the surface
tension of such aerosol droplets is considerably different from that of the corresponding
macroscopic surface. Recent molecular dynamics simulations highlighted the relationship
between synergistic interactions in mixed surfactant layers and observed surface tension
reduction, [1106] and showed that the distribution of organics at the surface of atmospheric
nanoparticles, depending on the nature of the organic compound, can be strongly
inhomogeneous. [!107,108] Accessing the surface tension contributions of the various
particles in moieties in such systems could provide a deeper understanding of the physical

background of these complex processes. Work in this direction is currently in progress.
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Tables

TABLE 1. Surface Tension Values Obtained with Different Force Fields for Aqueous Alkali

Dodecyl Sulfate Solutions at 4 umol/m? Surface Concentration, and for the Corresponding
Models of Neat Water.

model ) surface tension (mN/m)
ion
DS alkali ions water alkali DS solution neat water
GROMOS9 GROMOS96 SPC Na* 16.4+0.2 527104
Li* 68.3+0.6
Na* 36.7+£0.2
GROMOS96 KBFF SPC/E K* 71.1+£10 50.0+£04
Rb* 68.3+ 1.0
Cs* 76.4+15
Li* 61.3+£0.6
Na* 33.0+£0.3
GROMOS96 Aqvist SPC K* 65.2 +0.9 52.7+0.4
Rb* 620+ 1.1
Cs* 59.2+1.0
Li* 39.6+1.0
Na* 289+0.5
GROMOS96 KK SPC K* 59.9+0.7 52.7+0.4
Rb* 55.3+0.7
Cs* 56.7+1.1
Li* 89.0+05
Na* 55.2+0.8
GROMOS96 JC SPC/E K* 69.0+ 1.0 59.0+0.4
Rb* 720+20
Cs* 66.0+£1.0
Li* 454+£04
Na* 23904
CHARMM36 CHARMM36 mTIP3P K* 349+0.3 54.1+£0.3
Rb* 35.0+04
Cs* 31.2+0.3
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Figure legends

Figure 1. Instantaneous equilibrium snapshots of the systems containing real Na*DS™ at 4 umol/m?
surface concentration (top), real Na*DS™ at 2 umol/m? surface concentration (middle), and charge
inverted Na'DS* at 2 umol/m? surface concentration (bottom), as taken from the simulations with the
CHARMM3E6 force field. C, H, O, S, and Na atoms are represented by blue, white, red, yellow, and
purple balls, respectively, while water molecules are shown by sticks for clarity.

Figure 2. Radial distribution functions of the alkali cations and sulfate O atoms, as calculated in the
4 nmol/m? surface concentration Li*DS™ (black solid lines), Na*DS" (red dashed lines), K*DS" (green
dotted lines), Rb*DS" (blue dash-dotted lines), and Cs*DS (magenta dash-dot-dotted lines) systems,
simulated with the CHARMM36 force field.

Figure 3. Comparison of the concentration dependence of the surfactant induced surface tension
decrease, obtained with the CHARMM36/mTIP3P (red filled circles) and GROMOS96/SPC (red
open circles) model combinations, with the experimental data of Mysels (ref. [195], black filled
squares). The bulk liquid phase surfactant concentration corresponding to the 2 and 4 umol/m?
surface concentrations of the simulated systems are estimated using the experimental data of Mysels
(ref. [195]).

Figure 4. Mass density profile of the entire system simulated (black solid line), together with its
contributions given by the water molecules (blue dashed line), alkali counterions (orange dotted
line), surfactant headgroups (green dash-dotted lines), and surfactant tails (red dash-dot-dotted lines)
in the 4 pmol/m? surface concentration systems containing Li*DS™ (top panel), Na*DS™ (second
panel), K'DS" (third panel), Rb*DS (fourth panel), and Cs*DS" (bottom panel). Scales on the right
refer to the density of the counterions. All profiles shown are symmetrized over the two surfaces

present in the basic box.
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Figure 5. Lateral pressure profiles of the entire system simulated (top panel) as well as their
contributions given by the surfactant tails (second panel) and headgroups (third panel), water
molecules (fourth panel), and alkali counterions (bottom panel), as obtained in the 4 pmol/m?
surface concentration systems containing Li*DS™ (black solid lines), Na*DS™ (red dashed lines),
K*DS" (green dotted lines), Rb*DS" (blue dash-dotted lines), and Cs*DS" (magenta dash-dot-dotted
lines). All profiles shown are symmetrized over the two surfaces present in the basic box.

Figure 6. Percentage contributions of the surfactant tails (top panel) and headgroups (second panel),
water molecules (third panel), and alkali counterions (bottom panel) to the surface tension of the

4 pmol/m? surface concentration alkali dodecyl sulfate solutions.

Figure 7. Total surface tension (black asterisks) as well as the absolute contributions given by the
water molecules (blue squares), alkali counterions (orange circles), surfactant headgroups (green up
triangles) and surfactant tails (red down triangles) to these values, as obtained from the simulations

of the 4 umol/m? surface concentration alkali dodecyl sulfate solutions.

Figure 8. Mass density profiles of the entire systems simulated (black solid lines, squares), together
with their contributions given by the water molecules (blue dashed lines, circles), alkali counterions
(orange dotted lines, up triangles), surfactant headgroups (green dash-dotted lines, down triangles),
and surfactant tails (red dash-dot-dotted lines, diamonds) in the real (lines) and charge inverted
(symbols) systems containing NaDS in 2 pmol/m? surface concentration, as obtained with the
CHARMM36 (top panel) and GROMOS96 (bottom panel) force fields. Scales on the right refer to
the density of the counterions. All profiles shown are symmetrized over the two surfaces present in
the basic box.

Figure 9. Lateral pressure profile of the entire system simulated (black solid line) together with its
contributions given by the water molecules (blue dashed line), alkali counterions (orange dotted
line), surfactant headgroups (green dash-dotted line), and surfactant tails (red dash-dot-dotted line),
as obtained in the real (top panels) and charge inverted (bottom panels) systems containing NaDS in
2 umol/m? surface concentration from the simulations employing the CHARMM36 (left) and
GROMOS96 (right) force fields. All profiles shown are symmetrized over the two surfaces present

in the basic box.
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Figure 10. Percentage contributions of the water molecules, alkali counterions, surfactant
headgroups and surfactant tails to the surface tension of the real (blue filled bars) and charge
inverted (red chequered bars) systems containing NaDS in 2 pmol/m? surface concentration, as
obtained with the CHARMMS36 (top panel) and GROMOS96 (bottom panel) force fields.

Figure 11. Comparison of the percentage contributions of the water molecules, alkali counterions,
surfactant headgroups and surfactant tails to the surface tension of the system, as obtained with the
CHARMMS36 (red bars) and GROMOS96 (green bars) force fields in the 2 umol/m? charge inverted

(top panel) and real (middle panel) as well as in the 4 umol/m? real (bottom panel) NaDS solutions.
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