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Abstract:

Amphiphilic surfactants are changing the surface tension of solutions by adsorbing at
its surface. In general, however, little is known about the actual distribution of the surface
tension across the interface, as well as about the extent of the contribution of different
moieties to the surface tension. Here, we consider the liquid-vapor interface of the solutions
of five different amphiphilic molecules, representative of anionic, cationic and non-ionic
(alcoholic) surfactants. We investigate, by means of molecular dynamics simulation, the
contribution of various chemical species and moieties to the surface tension distribution in
these aqueous solutions at various surface coverages. We find that the headgroups of
alcoholic surfactants give a negligible contribution to the surface tension. The opposite is true
for ionic surfactants, whose effect depends on their ‘hardness’ within the Hofmeister series,
even though there is a large compensation between ions and counterions. In addition, we find
that water molecules contribute negatively to the surface tension when they are hydrating the

ionic headgroups and counterions, instead of being exposed to the vapor phase.



1. Introduction

Surface tension is a key quantity both in pure interfacial science [!1] and in its
industrial applications. From the thermodynamic point of view, surface tension is the surface
excess grand potential, and originates from the fact that surface molecules experience an
energetically less favorable local environment (due to the lack or loss of attractive interactions
from the opposite phase) than the bulk phase ones. Therefore, staying at the surface has a
certain energy cost for the molecules. As a consequence, an increase in the surface area
requires work to be done on it, and therefore surface tension can simply be regarded as the
intensive counterpart of the surface area. Because of the energy cost of the molecules staying
at the surface, the system tries to minimize its surface area, and hence surface tension can also
be defined through the shrinking force acting on the surface.

The fact that surface tension can be interpreted through molecular properties (i.e., their
energy cost for being at the surface or the surface force acting on them) naturally leads to the
recognition that the “surface” cannot be imagined as geometrical surface of zero thickness.
This recognition leads to the question how the different molecules staying at the vicinity of
the surface contribute to the surface tension in the case of mixtures and solutions. A
particularly interesting case in this respect is the liquid-vapor interface of aqueous surfactant
solutions. Clearly, amphiphilic surfactants reduce the surface tension of water very efficiently
by replacing the surface water molecules and exposing their own apolar groups to the vapor
phase. However, the question where the majority of the residual surface tension comes from
still remains open. Thus, whether the (low) surface tension of such solutions is dominated by
the few water molecules still staying at the liquid surface, or by the surfactant molecules, and
in the latter case how the polar and apolar groups contribute to the total surface tension of the
system needs to be addressed.

These questions seem to be particularly interesting in the light of our recent results,
namely (i) that in neat molecular liquids, the largest part (i.e., at least 80%) of the surface
tension comes from the first molecular layer, while the rest comes from the second layer,
[12,3] and (ii) that the immersion depth of the surfactant molecules into the aqueous phase, in
terms of molecular layers, depends sensitively on the type of the headgroup, and can be as
large as 6-8 molecular layers, at least for ionic surfactants. [14] In spite of the large number of
both experimental [!5-26] and computer simulation studies [!4,27-54] targeting a number of
properties of aqueous surfactant solutions, this problem has, to the best of our knowledge, not

been addressed yet.



The experimental investigation of this problem is rather difficult, because it would
require the selective measurement of the lateral force acting on the surface molecules and
groups of different kinds. Computer simulation methods [!55] can provide an alternative way
of tackling the problem, since in a computer simulation a suitably chosen model of the system
to be studied, validated against real experimental data, is seen at atomistic resolution.
However, calculating the surface tension contributions of the different molecules in a
simulation is not a straightforward task, either. Using the so-called mechanical route, the
surface tension of a macroscopically planar surface can be defined through the imbalance

between the lateral (pL) and normal (pn) components of the pressure tensor as [!1]

o0

y=[(pn—PL(X))dX, (1)
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where X is the position along the surface normal axis. (Note that if this equation is used in a
computer simulation involving periodic boundary conditions, the expression at the right hand
side needs to be divided by a factor of 2 in order to take into account both surfaces in the
basic box.) It should further be noted that while pn has to be constant along this axis due to
the requirement of the mechanical stability of the system, the lateral component of the
pressure tensor is strongly position dependent. Therefore, determining how the different
atoms contribute to the lateral pressure would readily answer our above questions.
Unfortunately, the pressure tensor components are inherently non-local quantities, and hence
localizing their contributions at the atomic sites cannot be done unambiguously. This
ambiguity occurs in the calculation of the contribution of an interacting pair of particles,
which involves a contour integral along an open path connecting the two particles. [156]
Fortunately, the result depends only very weakly on the particular choice of the integration
contour. Thus, it was shown that the use of several specific integration contours, such as the
Irwing-Kirkwood path, connecting the two interacting particles by a straight line, [!57] and
the Harasima path, which goes along the two space-fixed in-plane axes [!58] provide
comparable lateral pressure profiles with each other. [159]

In this paper, we investigate how the surface tension is distributed between the water
molecules, surfactant tails, surfactant headgroups, and, when present, counterions at the
surface of agqueous surfactant solutions. For this purpose, we calculate the lateral pressure
contribution of these molecules and groups in molecular dynamics simulations, using the

method we proposed previously ['60] employing the Harasima path and particle mesh Ewald



(PME) correction. To investigate the dependence of the results on the length of the apolar tail
and type of the headgroup of the surfactant molecules, here we consider five different
surfactants. Thus, pentanol (PA), octanol (OA), and dodecanol (DA), all having an alcoholic
OH group as the headgroup, differ from each other only in the length of the apolar tail.
Further, besides the non-ionic dodecanol, two ionic surfactants with a dodecyl tail, namely the
anionic sodium dodecyl sulfate (SDS) and the cationic dodecyl trimethyl ammonium chloride
(DTAC) are also considered. The schematic structure of these surfactants is illustrated in
Figure 1. To address also the surface density dependence of the results, each system is
investigated at the surfactant surface densities of 1 and 4 pmol/m? (corresponding to a highly
unsaturated and to a more or less saturated surface monolayer, respectively). In our previous
studies, we already investigated these systems in various other respects. Thus, their molecular
level structure [!52] as well as the lateral dynamics [!46] and immersion depth of the
surfactants [!4] were analyzed in detail.

The remainder of this paper is organized as follows. In sec. 2 details of the
computations performed, including the molecular dynamics simulations and calculation of the
lateral pressure profiles are given. The obtained results are discussed in detail in sec. 3.

Finally, in sec. 4, the main conclusions of this study are summarized.

2. Methods

2.1. Molecular Dynamics Simulations. Molecular dynamics simulations of the
liquid-vapor interface of the aqueous solutions of five different surfactants, namely the
alcoholic PA, OA, and DA, the anionic SDS, and the cationic DTAC have been performed in
the canonical (N,V,T) ensemble at the temperature of 298 K. The X, Y, and Z edges of the
rectangular basic simulation box have been 265 A, 62.82 A, and 62.82 A, respectively, X
being the surface normal axis. The basic box has contained 8000 water molecules in every
case. Simulations with 48 and 192 surfactant molecules have been performed for all
surfactants. Assuming that all surfactant molecules are indeed located at the liquid surface,
these systems correspond to the surface densities of 1 pmol/m? and 4 pmol/m?, representing
an unsaturated and a more or less saturated monolayer, respectively.

The surfactant molecules and counterions have been described by the GROMOS96
force field, ['61,62] using the charge distribution proposed by Schweighofer and Benjamin for
the headgroup of the dodecyl trimethyl ammonium (DTA) ion. [!31] According to this model,
the CH, and CHz groups have been treated as united atoms. Water molecules have been



modeled by the rigid SPC potential. [!63] In order to check the model dependence of the
results, the simulation of the 4 umol/m? SDS system has been repeated using the KBFF force
field [164] for the Na* counterions and the SPC/E potential model [!65] for water. According
to these potential models, the intermolecular part of the potential energy has been calculated
as the sum of the contributions of all molecule pairs, and the interaction energy of a molecule
pair has been calculated as the sum of the Lennard-Jones and charge-charge Coulomb
contributions of all pairs of their atoms. The interaction parameters of the potential models
used are summarized in Table 1 of Ref. ['46]. All interactions have been truncated to zero
beyond the group-based cut-off distance of 15.0 A; the long-range part of the electrostatic
interaction has been accounted for by means of the smooth particle mesh Ewald (sSPME)
method. [166] Surfactant bond lengths and water molecules have been kept rigid in the
simulations using the SHAKE algorithm. [167] The intramolecular part of the potential energy
has consisted of angle bending and torsional rotation terms of the surfactant molecules, the
latter being described by the Ryckaert-Bellmans potential function. [168]

The simulations have been performed using an in-house modified version of the
GROMACS 5.1 program package [!69] that calculates also the pressure contribution of each
particle. ['70] Equations of motion have been integrated in time steps of 2 fs. The temperature
of the systems has been controlled using the Nosé-Hoover thermostat [171,72] with a time
constant of 1.0 ps. To set up the starting configuration of the simulations, we started from
previously equilibrated configurations, ['46] which have been doubled in the two lateral
directions, resulting in a surface area 4 times as large as in our previous studies, ['4,46,52]
and inserted an additional, 10 A wide water slab in the middle of the aqueous phase, in order
to push the two surfaces farther from each other. The simulated slabs have also been made
thicker, by inserting a 15 A wide water slab in the middle of the liquid phase. After a 20 ns
long equilibration period, a 20 ns long production run per system has been performed, during
which equilibrium configurations have been saved after every 0.5 ps for the calculation of
density and lateral pressure profiles in a post-processing step. All profiles calculated have
been averaged not only over the saved configurations, but also over the two interfaces present
in the basic box. Equilibrium snapshots of the systems containing DA, SDS, and DTAC are

shown in Figure 2.

2.2. Calculation of the Lateral Pressure Profile. The ofth element of the pressure

tensor can be calculated as
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where V is the total volume of the system, m and v stand for the mass and velocity of the
particles, respectively, indices i and j run over the particles, while « and S over the two spatial
directions parallel with the plane of the surface (as the normal component of the local virial
tensor, and thus that of the pressure tensor is not accessible by using the Harasima path), Jis
the Kronecker symbol, the integral is performed over the Cjj open path connecting particles i
and j, parametrized by the vector s, and the brackets <...> denote ensemble averaging. The
first term of eq. 2 represents the kinetic (or ideal gas), while the second term the virial (or
excess) contribution to the pressure.

Among the possible integration contours, Cij, the use of the Harasima path has several
important advantages. First, in contrast with the Irving-Kirkwood path, it can be used even in
such cases when the potential is not fully pairwise additive. [!59] The importance of this point
becomes evident considering that the reciprocal space term of the long-range correction of the
electrostatic interaction, used both in the full Ewald summation [!55,73,74] and its particle
mesh variants [164,75] introduces a non-pairwise additive term in the potential. It was
recently demonstrated how this reciprocal space term can be taken into account in the
calculation of the lateral pressure profile both in the case of the original Ewald summation
[159] and in that of PME. [!60] Thus, using the method recently proposed by us, [!'60] the

virial contribution coming from this correction is distributed between the mesh nodes as

S (r ) = FFT - HB(m)FFT [5]f (M2) g4 (M) |, @3)

where the function B(m) depends on the interpolation scheme employed by the given variant
of the PME method, f(m?) and ga«(m) are suitably chosen functions of the mesh points, m,
['60] rp is the position of the pth mesh node FFT stands for fast Fourier transformation, [176]

the charge distribution o is given as

Arp) = XW(ry ~1)ai @
|

Qi is the charge of atom i, h is the mesh spacing, and W(rp- i) is a suitably chosen charge
assignment function. To obtain its contributions assigned to each of the atoms, this virial

contribution has to be interpolated back as
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Finally, having the lateral pressure been distributed between the atomic sites, its profile can

simply be calculated as

pL(X)=\;<Z pli_5(X—Xi+Xcom)>’ (6)
i

where A is the cross-section area of the system, Xi and Xcom Stand for the position of the ith
atom and that of the center of mass of the liquid slab along the surface normal axis,
respectively, and the brackets <...> denote ensemble averaging.

The other advantage of using the Harasima path, namely that this way the lateral
pressure contribution of an interacting atom pair is evenly distributed between the two atoms,
[12] is even more important for our purpose. Clearly, this treatment not only offers a
computationally very efficient way of calculating the lateral pressure (as it can be treated as if
it were an additive property of the atoms), [!2] but provides also a simple way of distributing
the contributions of the individual atoms in the system to it, and, through eq. 1, also to the
surface tension. The price one has to pay for these advantages when using the Harasima path
is that the normal component of the pressure tensor is not available this way. [!56] However,
since we are considering only macroscopically flat interfaces, this pressure component is
constant along the surface normal axis, and its value is equal to the scalar pressure in the two
bulk phases. Therefore, in our case, this theoretical limitation of using the Harasima path has

no practical consequences.
3. Results and Discussion

3.3. Density Profiles. The mass density profiles of the entire systems simulated as
well as those of the water molecules, surfactant tails and headgroups, and, in the case of ionic
surfactants, also those of the counterions along the surface normal axis, X, are shown in
Figures 3a and 3b, as obtained in the systems of 1 umol/m? and 4 pmol/m? surface densities,
respectively. The profiles show that, as it is expected, the surfactant molecules indeed stay at
the liquid surface, with their polar heads located at the surface portion of the aqueous phase,

and their apolar tails pointing to the vapor phase. The only notable exception in this respect is



that, in the 4 pmol/m? DTAC system, the head and tail profiles do not drop to zero but show
some residual density even in the bulk aqueous phase, evidencing that a few surfactant
molecules have left the surface and dissolved in the bulk aqueous phase. It is also seen that
the headgroup density of the ionic surfactants extend into the aqueous phase considerably
more than that of the alcoholic surfactants. This is in accordance with our earlier result that
ionic surfactants are immersed considerably deeper into the aqueous phase than alcoholic
ones. [14] The distribution of the counterions along the surface normal is much broader than
that of the ionic headgroups, and its peak is located somewhat (i.e., about 2 A) farther from
the liquid surface. Further, it is interesting to see that the headgroup density profile of DTAC
is located noticeably (about 4 A) closer to the surface than that of SDS at high surface density.
Correspondingly, the peak of the CI- counterion density is also found about 3 A closer to the
liquid surface than that of the Na* counterions in the respective systems. This finding can be
well explained by the different surface affinity of different ions. Thus, small ions of high
charge density, often called “kosmotropes”, are effectively repelled from the water surface,
while larger “chaotropic” ions, corresponding to smaller charge densities, are attached less
strongly to their hydration shell, and show higher affinity to the surface, [!77-83] being, in
some cases, even adsorbed there. [177,78,80] In this respect, Na* is a stronger kosmotrope
than CI', and hence while Na* is strongly repelled from the water surface, CI" is only modestly
repelled from there. [!77,78,80] To test the validity of this conclusion, we have also simulated
the liquid-vapor interface of the aqueous NaCl solution in such a way that the same number of
water molecules as well as Na* and CI" ions have been placed in the same basic box as in the
4 nmol/m? SDS and DTAC simulations, resulting in a NaCl solution of roughly 1.5 mol/dm?
concentration. The obtained density profiles (shown in the inset of Fig. 3.a) indeed confirm
that CI" ions indeed approach the liquid surface about 2-3 A closer that Na* ions, even in the
absence of surfactant ions.

In addition to the somewhat different characters of the two counterions, there is a
similar but more marked difference between the ionic headgroups of the corresponding
surfactants in this respect. Thus, in accordance with the fact that SO4?" is one of the strongest
kosmotropic anions, the sulfate headgroup of SDS exposes three O atoms to the surrounding
water, and hence its hydration involves the formation of several H-bonds. On the other hand,
in the bulky trimethyl ammonium head of DTAC, the positive charge is located on the N
atom, being surrounded by CHs groups, which, besides screening the interaction of the charge
with the water dipoles, also form a hydrophobic surface of the headgroups. The fact that the
considerably less strongly hydrated DTAC heads are located closer to the water surface than



the very strongly hydrated sulfate heads of SDS is in clear accordance with the known
correlation between the strength of the hydration, and surface affinity of simple ions. [!82,83]

3.2. Lateral Pressure Profiles and Surface Tension Contribution. The lateral
pressure profiles along the surface normal axis, X, in the systems simulated, along with their
various contributions coming from the water molecules, surfactant headgroups and tails, and,
in the case of ionic surfactants, also from the counterions are shown in Figures 4a, 4b, and 4c
for the three alcoholic surfactants considered, i.e., PA, OA, and DA, respectively, in Figure 5
for SDS, and in Figure 6 for DTAC. Integration of these profiles according to eq. 1 provides
an estimate of the contribution of the various molecules and groups to the total value of the
surface tension. These estimated contributions are shown in Figures 7, 8, and 9 for the three
alcoholic surfactants, SDS, and DTAC, respectively.

The general picture is rather similar in the case of the three alcoholic surfactants,
indicating that the length of the apolar tail has only a minor influence on this behavior. Thus,
at 1 umol/m?, the vast majority (i.e., 80-90%) of the surface tension comes from the water
molecules, the remaining 10-20% from the apolar tails, while the polar OH groups contribute
negligibly to the surface tension. The only noticeable effect of the tail length in this respect is
that with increasing tail length the contribution of the tails to the surface tension increases
slightly, while that of the water molecules decreases accordingly. Similar, but somewhat
larger changes are observed with increasing surface density of the alcoholic surfactants. These
changes reflect the fact that both the saturation of the surface and the presence of longer tail
alcohols lead to an increasing fraction of the CH. groups and a decreasing fraction of the
water molecules at the liquid surface. It is also seen from Fig. 4 that, similarly to the pressure
profile of the entire system, the contributions of both the water molecules and the
hydrocarbon tails exhibit one single deep negative peak at the surface, without any marked
positive peaks, indicating that staying at the liquid surface is not favorable for any of these
components. This simple picture is consistent with our earlier finding that alcoholic
surfactants indeed stay at the surface of the aqueous phase, the OH groups being in its first
molecular layer, while the tails either lay on the top of it (in unsaturated adsorption layer) or
stick out to the vapor phase (in saturated adsorption layer). ['4] The fact that the polar OH
groups contribute only negligibly to the surface tension can be well explained by the fact that
they can effectively replace water molecules in the lateral hydrogen bonding network in the
surface molecular layer of the liquid phase, but, unlike the water molecules, without losing

any potential H-bonding partner due to the vicinity of the apolar phase. [!84]
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The picture becomes considerably more complicated when the systems containing
ionic surfactants are considered. The most striking finding in these systems is certainly the
huge contribution of the counterions to the surface tension, reflected in a broad peak in the
lateral pressure profile. Further, the sign of this contribution for SDS is the opposite of that for
DTAC, stressing the importance of the chemical character in this respect. It is also seen that
the sign of the contribution of the ionic headgroups and counterions is the opposite of each
other, indicating the strong compensation of the surface tension contribution of the charged
species.

In the case of SDS, the counterion contribution is almost as large as the surface tension
value itself at 1 umol/m?, and it is almost an order of magnitude larger at 4 pmol/m2.
Correspondingly, the lateral pressure profile of the sulfate headgroups exhibits a positive
peak, representing a negative contribution to the surface tension. The huge surface tension
contribution of the Na* ions is again in accordance with their strong kosmotropic character.
The present results indicate that their location at an average distance of 8-10 A from the liquid
surface still has a noticeable energy cost. The strong enhancement of this effect with
increasing surface density is probably related to the increasing competition for the hydrating
water molecules with each other as well as with the sulfate headgroups in this region. The fact
that the proximity of the sulfate headgroups to the liquid surface corresponds, on the other
hand, to a free energy gain (i.e. a negative contribution to the surface tension) is probably
related to the enrichment of the counterions in this region.

The lateral pressure profile of the water molecules at 1 pmol/m? exhibits a positive
peak in the ion-rich layer, reflecting the strong ion-water interactions occurring here, and a
negative peak at the surface region due to the water molecules that are still exposed to the
vapor phase. The partial cancellation of these two effects results in a small, roughly 20%
contribution of the water molecules to the surface tension. Upon saturation of the surface, the
fraction of the water molecules that are in contact with the vapor phase practically vanishes.
As a consequence, the negative peak of the water lateral pressure profile disappears at
4 pmol/m?,

Finally, the lateral pressure profile of the hydrophobic tails, being exposed to the
vapor phase, exhibits a small negative peak at the liquid surface, which becomes larger with
increasing surface density due to the increasing amount of such tail groups. Interestingly, at
4 ymol/m? this profile also exhibits a small positive peak at the surface region of the aqueous

phase, indicating that the immersion of the first 3-4 CH> groups of these tails to the aqueous
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phase, ['4] driven by the fact that sulfate heads are effectively repelled from the surface,
represents a slight free energy gain even for the immersed portions of the tail groups. The
relatively small amplitude of the peaks of the tail profiles, and the corresponding small
contribution of the tails to the surface tension reflects the fact that these apolar groups can
participate in much weaker interactions — and hence the lack of these interactions corresponds
to only a rather small energy loss — than what occur in the ion rich region beneath the liquid
surface between the ionic headgroups, counterions, and water molecules.

Interestingly, a somewhat different overall picture is seen in the case of DTAC. Thus,
while the lateral pressure profiles of water and the apolar tails show essentially the same
features as in the case of SDS, the behavior of the head and counterion profiles is the opposite
of that. Concerning the water profiles, the only notable difference from the case of SDS is that
at 4 pmol/m? its positive peak is considerably smaller, and hence the total surface tension
contribution of water is positive here. The reason for this is clearly the weaker interaction
acting between the water molecules and trimethyl ammonium heads, covered by hydrophobic
CHs groups, than that between the water molecules and oxygen covered sulfate heads. More
importantly, contrary to the case of SDS, here the counterion profiles exhibit a broad positive
peak. Although the amplitude of this peak is not very large, integration of this profile, due to
the broadness of the peak, results in a substantial negative contribution to the surface tension.
The reason for this is probably that CI" ions are less strongly repelled from the surface than
Na" ions, and the corresponding energy loss is overcompensated by the energy gain coming
from the vicinity of the positively charged headgroups. To confirm this conclusion, we have
also calculated the lateral pressure profiles of the Na* and CI" ions in their 1.5 M (surfactant-
free) aqueous solution, and found that Na* ions exhibit a marked negative, while CI" ions a
positive lateral pressure peak, indicated that Na* ions contribute positively, while CI* ions
negatively to the total surface tension of their aqueous solution even in the lack of surfactant
ions. Finally, the fact that the trimethyl ammonium headgroups have a weaker affinity to
water, and hence they are in an energetically not as much favored environment than the
oxygen-covered sulfate heads, is reflected in a negative lateral pressure peak, and thus in a

positive surface tension contribution.

4. Summary and Conclusions

In this paper, we have analyzed the contribution of the different atoms and groups to

the surface tension in various surfactant solutions, corresponding both to unsaturated and
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saturated surface coverages, through the calculation of the contribution of these species to the
lateral pressure profile of the system. The type of the headgroup plays a much more important
role in this respect than the length of the apolar tail. Evidently, as either the length of the
apolar tail or the surface coverage increases, more CH> groups and less water molecules are
exposed to the vapor phase, and hence the surface tension contribution of the tails increases,
while that of water decreases. In the case of alcoholic surfactants, where the OH headgroup
stays in the first molecular layer of the aqueous phase, [!'4] replacing surface waters in the
lateral hydrogen bonding network without exposing any possible H-bonding direction (i.e., a
lone pair or an O-H bond) to the vapor phase, [!84] the surface tension contribution of the OH
headgroups turns out to be negligible.

The most important finding of this study is the key role the counterions play in
contributing to the surface tension in the case of the ionic surfactants. This role seems to be
related to the “hardness” of these ions according to the Hofmeister series, and hence to their
surface affinity. On the other hand, there is a strong compensation between the surface tension
contribution of the counterions and ionic surfactant heads. In this compensation, the free
energy gain of certain ions for being at the surface comes from the vicinity of the oppositely
charged ions in the ion-rich layer beneath the liquid surface. Finally, water molecules
contribute to the surface tension in these systems in two different ways. Thus, besides the
trivial, positive contribution of the surface water molecules that are in contact with the vapor
phase, the water molecules hydrating the ionic headgroups and counterions contribute
negatively to the surface tension. The balance between these two contributions depends,
besides the surface coverage, on the chemical nature of the headgroups and counterions.

It should finally be noted that the main finding of the paper, namely that the large
surface contribution of the counterions and ionic heads are mainly governed by the “softness”
(in terms of the Hofmeister series) of the counterions, needs to be further investigated. Thus,
besides possible experimental studies, a series of simulations in which the counterion is
systematically varied along the alkaline (or halogenide) column of the periodic table would
provide a stringent test of the present conclusions. Work in this direction is currently in

progress.
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Figure legends

Figure 1. Schematic structure of the five surfactants considered.

Figure 2. Equilibrium snapshot of the systems containing DA (top row), SDS (middle row), and
DTAC (bottom row) at the surface densities of 1 umol/m? (left column) and 4 pmol/m? (right
column). CHs groups, O, S, N, H atoms, CI, and Na* ions are shown by turquoise, red, yellow,
indigo, grey, green, and blue colors, respectively. For clarity, water molecules are represented only

by sticks.

Figure 3. Mass density profiles across the systems simulated (black solid lines) as well as that of the
water molecules (blue dashed lines), surfactant headgroups (red dash-dotted lines) and tails (green
dash-dot-dotted lines), and counterions (orange dotted lines) in the systems containing PA (top
panels), OA (second panels), DA (third panels), SDS (fourth panels), and DTAC (bottom panels) at
the surface densities of (a) 1 umol/m? and (b) 4 umol/m?. The inset shows the density profiles of the
Na* (red) and CI" (green) ions at the surface of a 1.5 M NaCl solution (see the text). All profiles are
averaged over the two liquid surfaces in the basic box. The scales at the right side refer to the

densities of the headgroups and counterions.

Figure 4. Lateral pressure profile across the systems containing (a) PA, (b) OA, and (c) DA (black
solid lines) at the surface densities of 1 pmol/m? (top panels) and 4 umol/m? (bottom panels). The
contributions given by the water molecules (blue dashed lines), surfactant headgroups (red dash-
dotted lines) and tails (green dash-dot-dotted lines) to these profiles are also shown. All profiles are

averaged over the two liquid surfaces in the basic box.

Figure 5. Lateral pressure profile across the systems containing SDS (black solid lines) at the
surface densities of 1 pmol/m? (top panel) and 4 umol/m? (bottom panel). The contributions given
by the water molecules (blue dashed lines), surfactant headgroups (red dash-dotted lines) and tails
(green dash-dot-dotted lines), and counterions (orange dotted lines) to these profiles are also shown.
Open circles, with the same color coding, correspond to the results obtained with the KBFF force
field of the Na*™ counterions [164] and SPC/E model [!65] of water. All profiles are averaged over the

two liquid surfaces in the basic box.
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Figure 6. Lateral pressure profile across the systems containing DTAC (black solid lines) at the
surface densities of 1 umol/m? (top panel) and 4 pmol/m? (bottom panel). The contributions given
by the water molecules (blue dashed lines), surfactant headgroups (red dash-dotted lines) and tails
(green dash-dot-dotted lines), and counterions (orange dotted lines) to these profiles are also shown.

All profiles are averaged over the two liquid surfaces in the basic box.

Figure 7. Estimated contribution (in percentage) of the water molecules as well as the OH
headgroups and alkyl tails of the alcoholic surfactants to the total surface tension in the systems
containing PA (top panels), OA (middle panels), and DA (bottom panels) at the surface densities of
1 umol/m? (left) and 4 umol/m? (right).

Figure 8. Estimated contribution (in percentage) of the water molecules, surfactant headgroups and

alkyl tails, and counterions to the total surface tension in the systems containing SDS at the surface

densities of 1 umol/m? (left) and 4 pmol/m? (right).
Figure 9. Estimated contribution (in percentage) of the water molecules, surfactant headgroups and

alkyl tails, and counterions to the total surface tension in the systems containing DTAC at the

surface densities of 1 pmol/m? (left) and 4 pmol/m? (right).
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Figure 6
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