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ABSTRACT: The studied anionic surfactants linear alkyl benzene
sulfonate (LAS) and sodium lauryl ether sulfate (SLES) are widely 50 Concentrated layer
used key ingredients in many home and personal care products. ' Surfactant (SO,) + Ca®"

These two surfactants are known to react very differently with ¢ il S
multivalent counterions, including Ca?*. This is explained by a 32 27}
stronger interaction of the calcium cation with the LAS molecules, 3 15¢

compared to SLES. The molecular origin of this difference in the & 10}

. . . [

interactions remains unclear. In the current study, we conduct 05f SLES

classical atomistic molecular dynamics simulations to compare the 0.0 b i
. . . . 02 04 06 08 10
ion interactions with the adsorption layers of these two surfactants, r,nm

formed at the vacuum—water interface. Trajectories of 150 ns are

generated to characterize the adsorption layer structure and the binding of Na* and Ca*" ions. We found that both surfactants
behave similarly in the presence of Na* ions. However, when Ca®" is added, Na* ions are completely displaced from the surface with
adsorbed LAS molecules, while this displacement occurs only partially for SLES. The simulations show that the preference of Ca®" to
the LAS molecules is due to a strong specific attraction with the sulfonate head-group, besides the electrostatic one. This specific
attraction involves significant reduction of the hydration shells of the interacting calcium cation and sulfonate group, which couple
directly and form surface clusters of LAS molecules, coordinated around the adsorbed Ca®* ions. In contrast, SLES molecules do not
exhibit such specific interaction because the hydration shell around the sulfate anion is more stable, due to the extra oxygen atom in
the sulfate group, thus precluding substantial dehydration and direct coupling with any of the cations studied.

B INTRODUCTION the surfactant molecules. With this aim in view, the standard
free energy of counterion binding from aqueous solutions to
surfactant adsorption layers was evaluated from surface tension
isotherms.” The authors found that the interaction between
Na* and LAS is purely electrostatic and the nonelectrostatic
component of the adsorption energy is rather small: Auy,° <
0.1kT (where kT is the thermal energy), whereas Ca*" has very
high specific binding energy to LAS—the specific non-
electrostatic adsorption energy share is Auc,’ ~ 3.5kT. The
reason for this large difference in the ion—surfactant
interactions for these two cations is unclear at present.
Molecular dynamics (MD) is a particularly powerful tool to
analyze such phenomena and to clarify their origin at the
molecular and atomistic levels.

In the last two decades, MD simulations have been widely
used to study the behavior of amphiphilic molecules in the

Surfactants play a key role in the stabilization of various colloid
systems used in industry, by adsorbing at different interfaces.
The two anionic surfactants studied in this article, linear alkyl
benzene sulfonate (LAS) and sodium lauryl ether sulfate
(SLES), are used in innumerable detergent formulations for
home and personal care.'"® The optimization of the various
detergent preparations requires understanding of their
behavior in electrolyte solutions, containing several cations.
Most often, Ca** and Mg2+ of millimolar concentrations come
from tap water, while Na* ions are usually added in the
commercial liquid detergent formulations to adjust their
viscosity. Therefore, understanding the interactions of LAS
and SLES with Na* and divalent counterions, such as Ca®* and
Mg*", is of primary importance in this area. The interaction of
LAS with Ca* ions is of particular interest.

Experimental studies of the effect of divalent counterions on
the surface properties of LAS and SLES showed that the Received: July 21, 2020
addition of Ca** to LAS solutions leads to extensive surfactant Revised:  October 2, 2020
precipitation, even at very low calcium concentrations, due to Published: November 4, 2020
the formation of water-insoluble calcium-LAS salt,” while no
such effect is observed for SLES. Surfactant—counterion
interaction could be quantified by the ion-binding energy to
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bulk and at interfaces. The structure and d?rnamics of Zhao et al.? studied the effect of inorganic salt on two

surfactant layers formed at the vacuum—water’™ and oil—
water'° ' interfaces is characterized using atomistic or coarse-
grained”>”® MD simulations. Almost all reported molecular
models are constructed by fixing the surfactant molecules at
the interface at predefined areas per molecule. Most of the
molecules studied at the air—water interface are ionic
surfactants, such as the sodium dodecyl sulfate (SDS), sodium
dodecyl sulfonate (SDSn), sodium dodecyl carboxylate (SDC),
alkyl trimethylammonium bromide (C,;TAB or C;,TAB), or
nonionic surfactants, e.g., different alkylether polyoxyethylenes
(C,EO,,).

Several studies of SLES**** and LAS**™*” were published,
which reported atomistic MD simulations. For the sulfate type
of molecules (sodium dodecyl sulfate and sodium dodecyl
benzene sulfate), the influence of the presence of the ethylene
oxide (EO) groups on the Ca*" tolerance at the air—water
interface was addressed in ref 24. The models consisted of two
mirror-image monolayers with a total of 18 surfactant
molecules (9 molecules in each layer), separated by water
molecules and with 18 Na* and 9 Ca** ions added. The length
of the periodic box edge was ~3.2 nm. For all systems studied,
1 ns of MD trajectories was generated in ref 24 using the
potential functions and parameters from the PCFF force field.
The simulations showed that Ca** ions replace the Na* ions
from the EO units in the SLES head-group. The EO groups
may bind Ca’*, leading to weakening of the interaction
between the Ca®* cation and the sulfate anion, which restrains
the precipitation of the anionic surfactants. The observed effect
is explained by the authors with the increased hydration of the
sulfate ijon, enhanced by the EO grou<ps present in the
molecules. In a separate work, Li et al.*® studied alkylether
sulfate with three EO groups. For this surfactant, a comparison
between the interaction with Mg** and Ca** was made, aiming
to explain the experimentally observed effect of the two cations
on foam film stability. Atomistic MD simulations with 4 ns
production runs were carried out using the COMPASS force
field. The authors clarified that Mg®* participates in the
assembly of the surfactant molecules with its own hydration
shell, which results in higher energy barriers of binding
compared to Ca**. In contrast, aggregation of the surfactant
molecules in the presence of Ca** was observed, and the
authors suggested that this is the reason for the formation of
unstable foam films due to the significant decrease in the
hydration of Ca®* bound to the surfactant heads.

LAS with 12 carbon atoms in the hydrophobic chain and a
benzene rin§ bound at the sixth carbon atom was studied by
Yang et al.” in comparison to SDS and heptaethylene glycol
monododecyl ether (C,E,) to elucidate the effect of Ca®* on
foam stability. The OPLS-AA force field was used. The authors
found that LAS had a much larger Ca-binding number than
SDS. They observed two preferred interaction distances
between the calcium ion and the oxygen atoms of the
surfactants: ~0.23 and ~0.45 nm. The results showed that LAS
has many more interaction configurations at the shorter
distance, while SDS has fewer. However, the reason for these
two distances and how they are realized was not explained in
ref 26. In another paper,”’ the authors compared the pure
systems LAS and SDS with their mixture, which contained
eight LAS and one SDS molecules under the same simulation
conditions. It was discussed that the average binding number
of Ca®" to LAS was decreased and that to SDS was increased in
the mixed system.

isomers of LAS, namely, 1C16 and 5C16, where the first
number indicates the position of the benzene ring in the
hydrocarbon chain. The studied systems contained 18 or 16
surfactant molecules, divided into two monolayers of 9 or 8
molecules, and the respective number of cations to neutralize
the negative charges of the surfactants (Na* + Ca®*, Na* +
Mg*, or only Na*). MD simulations with the COMPASS force
field were performed for periods of 0.2 ns and analyzed. The
authors discussed that the counterions (Na*, Mg®*, or Ca*")
are distributed close to the air—water interface, screening the
electrostatic repulsion between the charged surfactant head-
groups. The effect of the counterions on the thickness of the
interfacial water layer followed the series Ca®* > Mg** > Na'.
This interfacial layer was quantified by calculating the thickness
of the diffuse layer from the radial distribution functions
(RDFs) between the sulfur atoms in the surfactant heads and
the respective cations. The different behavior of Ca®* and Mg**
was explained with the smaller hydration radius of Ca**, which
allowed these ions to penetrate into the hydration shell of the
surfactant heads.

In all of these studies, similar types of model systems of
surfactant molecules (two mirror-image monolayers formed by
a small number of 10—20 molecules per system), separated by
a thin aqueous phase (ca. 3—4 nm), were constructed. They
were simulated for relatively short time periods, up to 4 ns. On
the other hand, we found in our previous studies®** that
much longer production runs of ca. 100 ns are needed to reach
equilibrium sampling even for small model systems. Moreover,
the performed theoretical studies registered but could not
explain the origin of the specific interactions between LAS and
Ca® ions, which is well known from numerous experiments
and has been quantified experimentally.®

Therefore, the major aim of the current study is to elucidate
the molecular origin of this specific interaction and to clarify in
detail the differences between LAS and SLES with respect to
their interactions with the Na* and Ca®* ions in adsorption
layers. For this purpose, we performed much longer MD
simulations of 150 ns. The influence of the surface
concentration of the surfactant molecules on the cation
binding and the effect of the used force fields (OPLS-AA vs
CHARMMS36) are studied, too. The origin of the specificity of
binding is verified with additional MD simulations of model
surfactant molecules, thus allowing us to check various possible
hypotheses and to reach unambiguous conclusions. Combining
extended MD trajectories of experiment-based models with the
outcome from the model surfactants simulations, which are
novel aspects of the work in the field, allowed us to provide a
comprehensive molecular-level explanation of the origin of the
specific effect of Ca’ ions on the two sulfur-containing
surfactants. These results provide clear guidelines for the
synthesis of new calcium-tolerant, sulfate-free, and potentially
more eco-friendly surfactant molecules for detergent applica-
tions.

In this paper, the effects of Ca** on diluted and dense
monolayers of the separate surfactants (LAS or SLES) are
compared first. The competition of cations binding to two
coexisting LAS and SLES adsorption layers (diluted and
dense) is presented next. This is followed by the simulations of
the model surfactants (shown in the Supporting Information),
the comparison of the force fields, and conclusions.

https://dx.doi.org/10.1021/acs.jpcb.0c06649
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B METHODS AND MODELS

Two surfactants (LAS and SLES, Figure 1A) in the presence
and absence of Ca?" ions are studied. Even though commercial
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Figure 1. (A) Chemical structures of the surfactants studied. Side
view of the initial models with (B) LAS, (C) SLES, and (D)
asymmetric competitive. The hydrophobic tails are in red and orange
(for SLES and LAS, respectively), the hydrophilic heads are in blue
and gray (for SLES and LAS, respectively), water molecules are in
cyan (H atoms) and red (O atoms), sodium ions are in green, calcium
ions are in purple, and chloride ions are in yellow; the same color
coding is used throughout the paper.

surfactant formulations often contain a mixture of linear and
branched LAS representatives, the linear one is chosen for the
present study for consistency with SLES and to be able to
delineate only the influence of the type of counterions. Other
differences, e.g, arising from spatial packing effects, are
eliminated in this way. Three types of model systems (Figure
1), consisting of two monolayers at the vacuum-—water
interface, are constructed: (B) only SLES; (C) only LAS;
and (D) “competitive” asymmetric LAS and SLES (two
coexisting monolayers, each of them containing LAS or SLES
only).

In all of these models, the effect of the addition of Ca** and
the influence of the surface concentration of the surfactant
molecules (expressed in terms of surface area per molecule)
are monitored. Each monolayer contains nine surfactant
molecules. The B3LYP/6—31%""" optimized geometry of
the single surfactant is used as the initial structure in the
models. The molecule is replicated on the nodes of a regular
two-dimensional (2D) square lattice by the software package

VMD* so that the final spacing of the nine molecules
corresponds to a predefined area per surfactant. The formed
monolayer is then rotated by 180° and translated along z (the
axis coinciding with the long molecular axis) at a distance of
~3 nm (measured between the sulfur atoms of the heads) to
obtain the mirror monolayer. Afterward, water molecules are
added to fill the gaps between the surfactant heads and to fully
solvate the latter. Then, sodium cations are randomly placed in
the water layer to neutralize the negatively charged surfactant
molecules. In the systems with Ca’*, nine such cations are
added randomly to the model described above, supplemented
with chloride anions for neutralization.

In the asymmetric “competitive” model system, nine LAS
molecules are adsorbed on one of the surfaces and nine SLES
molecules on the other, thus allowing the two surfactant layers
to “compete” for the adsorption of the Ca** and Na* ions. In
all constructed systems, the total number of surfactants is 18,
neutralized by 18 sodium cations. When Ca®' is added, 9
additional Ca** cations are neutralized by 18 CI™ anions. To
study the effect of surface concentration, the initial area per
molecule was set to be either 0.81 or 0.40 nm? which
corresponds to experimentally studied surface layers of LAS
and SLES in the absence of Ca?*.> At both surface areas, the
number of all ions in the systems is kept the same. Only the
number of water molecules is different. All used box sizes,
number of water molecules, and number of all components in
the systems studied are shown in Table S1 of the Supporting
Information (SI). Periodic boundary conditions are applied in
the lateral directions throughout the simulations, while along
the z-axis (normal to the interface), about 13 nm of vacuum
are added to discontinue the periodicity.

For comparison (see the Results and Discussion section), a
separate MD simulation of bulk water (497 molecules) with
one ion of each type (Na* or Ca®* neutralized by chloride
anions) of 150 ns length is carried out to determine the
number of water molecules in the unperturbed hydration shells
of Na* and Ca®* ions.

Several additional models with different surfactant molecules
are studied to check some of the hypotheses and to confirm all
conclusions, obtained with the main systems. All of these
additional models are constructed and analyzed following a
protocol, identical to the one described above. Because the
tendencies observed about the interactions of the molecules
with the counterions are independent on the surface
concentration, but more expressed for the denser monolayers,
only dense layers are simulated and analyzed for the additional
molecules.

The force-field OPLS-AA*"** is used for all ions, and the
model SPC* is employed for the water molecules. Since
OPLS-AA does not contain parameters for the sulfate and
sulfonate fragments of the two surfactant molecules, the
necessary values are adopted from the paper by Lopes et al.**
for the sulfur-containing residues and from Velinova et al.** for
the ether functional group in SLES. The atomic charges of the
surfactants needed to calculate the electrostatic contribution to
the energy are derived by applying the RESP procedure***°
where the charges are fit to the quantum mechanical
electrostatic potential of each surfactant generated at the
HF/6—31G* level for the B3LYP/6—31G* optimized geo-
metries of the molecules.

The following MD computational procedure is applied to all
systems studied: energy minimization of the initial config-
uration, heating to 298 K, relaxation for 1 ns, and production

https://dx.doi.org/10.1021/acs.jpcb.0c06649
J. Phys. Chem. B 2020, 124, 10514—-10528


http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.0c06649/suppl_file/jp0c06649_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.0c06649?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.0c06649?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.0c06649?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.0c06649?fig=fig1&ref=pdf
pubs.acs.org/JPCB?ref=pdf
https://dx.doi.org/10.1021/acs.jpcb.0c06649?ref=pdf

The Journal of Physical Chemistry B

pubs.acs.org/JPCB

(AL.1) LAS

(A2.1) LAS + Ca**

(A1.2) LAS

®c

Figure 2. Snapshots of (A) LAS and (B) SLES for: (1.1) concentrated and (1.2) diluted layers without Ca**, (2.1) concentrated, and (2.2) diluted

layers with Ca*" after 150 ns of simulation.

runs with length of 150 ns. Leap-frog"” is used to integrate the
equations of motion with a time step of 1 fs. The molecular
geometry of the surfactants is fully unrestrained. All MD
simulations are done in the NVT ensemble to comply with the
selected surface concentration. Constant temperature is
maintained with the Nose—Hoover thermostat with a coupling
constant of 0.4 ps. The Lennard-Jones potential is truncated at
9 A with a switch function turned on at 7 A. The electrostatic
interactions are evaluated in the monopole approximation with
the method PME;*® the cutoff for the direct part of the sum is
9 A with a switch function initiated at 7 A. Equilibration of the
systems is verified by monitoring the evolution of the total
energy and temperature and of the RMSD of the surfactant
coordinates. All of these parameters fluctuate around constant
average values during the production runs (see Figure SI for
illustrative profiles), which confirms that equilibrium has been
attained after 20 ns in all systems studied.

If not otherwise specified, the analyses presented below are
performed for the last S0 ns of the simulation time (in some
cases, divided into blocks), except for the parameters drawn as
a function of time, which are presented for the entire
trajectories. The frames are extracted at intervals of 0.5 ps.
The program package GROMACS 5.0.6*7° is used for all
simulations and for their analysis. VMD 1.9.1*° is employed for
visualization of the trajectories.

B RESULTS AND DISCUSSION

The behavior of the molecules at the vacaum—water interface
is studied by analyzing the density profiles of all components in
the systems and the radial distribution functions (RDFs)
between the surfactants and cations, and between the cations
and water molecules to determine the hydration shells. The
adsorption and desorption of the cations are quantified by
tracking their z-coordinate as a function of time. The
interaction energies are calculated from the RDFs between

the charged heads of the surfactants and the counterions. The
obtained results allow us to interpret the differences between
the molecules of the two surfactants with respect to their
interactions with the cations.

Effect of Ca’* on Diluted and Concentrated
Surfactant Monolayers of LAS and SLES. The effect of
Ca’" is first analyzed at the two surface areas, specified above,
for pure LAS and SLES monolayers. In all systems, the number
of Ca®" ions is half the number of Na* ions. The snapshots of
the model systems at 150 ns of the MD simulations at both
surface concentrations are shown in Figure 2A,B for LAS and
SLES, respectively.

These snapshots illustrate that all Na* cations are adsorbed
on the LAS surfaces and almost all of them on the SLES
surfaces when these are the only cations present. In the
presence of Ca®', however, it is seen that only Ca®" ions are
adsorbed on the surfaces just in the LAS systems, while the
Na* ions are dispersed in the bulk. The same interaction
pattern was registered previously in the MD simulations of an
alkyl sulfonate monolayer.'* In the SLES systems, no such
qualitative difference in the behavior of the two cations is seen.

For both surfactants, the behavior of the cations does not
depend strongly on the surface concentration. On the other
hand, some differences are seen in the packing of the surfactant
molecules—LAS is much more ordered on the surfaces than
SLES, especially when calcium jons are present. In general,
both molecules are more ordered at higher surface
concentrations (in denser monolayers) due to the inherent
steric restrictions in the adsorption layer.

Quantitative characterization of these visual observations is
presented below by analyzing the mass density profiles normal
to the interface in the period from 145 to 150 ns and the RDFs
in the period from 100 to 150 ns.

Density Profiles. The density profiles of the different

components (surfactant residues and ions) are calculated in

https://dx.doi.org/10.1021/acs.jpcb.0c06649
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Figure 3. RDFs between the cations (green lines, Na*; pink lines, Ca**) and the center of mass of (1) —SO;~ groups and (2) benzene ring/atom
01 (denoted in Figure 1) of (A) LAS and (B) SLES, respectively, in the concentrated systems in the presence (solid lines) and absence (dashed

lines) of Ca®*.

the presence and absence of Ca*. The results about the ions’
density distribution in the concentrated systems, with and
without Ca?*, are presented in Figures S2—S4 of the SL. These
data confirm the visual observations listed above and show that
there are no free Na* ions in the bulk aqueous layer in the
systems without calcium. The addition of Ca?* does not affect
significantly the position of the surfactants at the interface
(Figures S2 and S3) but leads to displacement of the Na* ions
from the adsorption layers of both types of surfactants. This
effect results in distribution of the Na* ions in the bulk, but
their density is higher near the surface with lower calcium
density. This behavior is identical in all studied systems of
single surfactants, irrespective of the surface concentration.
Chloride anions are mobile during all simulations, with profiles
mirroring those of Na™.

It should be noted that clear differences in the Ca** density
profiles are seen in LAS and SLES systems. The calcium
density in the bulk is practically zero in LAS, but it is higher
than zero in SLES. Also, the peak of Ca®>" in LAS is narrower
than that in SLES. These results indicate that Ca** is bound
more weakly to SLES, which allows the Ca®" ions to traverse
between the two surfaces. To examine the surfactant—ion
interactions in more detail, several types of RDFs are
compared below.

Radial Distribution Functions. The RDFs between the
cations and the centers of mass (COMs) of the hydrophilic
head-groups (—SO; group) or a specific residue (inner sulfate
oxygen O1 for SLES and benzene ring for LAS) are calculated.
The results for the concentrated surface layers of LAS and
SLES, in the absence and presence of calcium, are compared in
Figure 3. To be able to compare the results between
surfactants and cations at the low and high surface
concentrations studied, the raw data are scaled with respect
to the simulation box volume, as shown in eq 1

10518

RDF
RDFscaled = -
Voox (1)
The RDFs for diluted layers of LAS and SLES are presented in
Figures SS.

In the LAS system, the RDF between the sulfonate group
and both cations in the concentrated and diluted monolayers,
exhibit one well-expressed peak at a distance of 0.36 nm
(Figures 3A1 and SSA1). In the presence of calcium, the peak
corresponding to the attraction between Na* ions and the
sulfonate group considerably decreases in the concentrated
system and practically disappears in the diluted one, which is
due to the displacement of Na* by Ca** ions. However, the
monolayer dilution does not affect the intensity of the RDF
peak corresponding to Ca** binding (Figures 3A1 and SSAL).
In other words, the surface concentration does not affect the
interactions between the sulfonate group and Ca®" while the
dilution weakens the interaction with Na* ions. Similar effects
are observed for the distances between the cations and the
benzene ring (Figures 3A2 and S5A2).

In the pure SLES systems, the positions and the intensities
of the RDF peaks are consistent with stronger interaction of
the sulfate anion with Na* than with Ca** (Figures 3B1 and
SSB1). One can assume that the larger hydrated Ca** ions
cannot enter among the molecules in the adsorption layer
while the smaller Na* ions can (see below). Hence, the binding
of Na* to SLES is stronger than that of Ca*. In addition, non-
negligible mobility of both cations between the two adsorption
layers is registered, dissimilar to the LAS models. Unlike the
interactions of the cations with LAS, those with SLES are
significantly affected by the area per molecule in the adsorption
layer. The peak intensity of the RDF between the sulfate
oxygens and both cations decreases to less than half when the
monolayer is diluted, while its position remains the same
(Figures 3B1 and SSB1).

https://dx.doi.org/10.1021/acs.jpcb.0c06649
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without any surfactant.

Interesting results are obtained about the interaction
between the linking oxygen atom in SLES (Ol in Figure 1)
and the cations. The most pronounced RDF peak is at a
distance of 0.24 nm, which indicates that the Na* ions enter in
between the SLES head-groups in the adsorption layer (Figure
3B2). This value is equal to the sum of the van der Waals radii
of two hydrogen atoms, which means that there is no water
between the surfactant molecules and the Na* ions, i.e., the
latter have lost part of their hydration shell. In other words, the
Na* ions successfully bind with the inner oxygen in SLES as
well as interact with the outer oxygens. However, the
interaction of Ca®" with the inner oxygen is practically absent.
Mlustrations of a sodium ion located near the inner sulfate
oxygens at a distance of 0.24 nm and the number of water
molecules surrounding the cation are shown in Figure S6B1,B2
of the SI, respectively. This snapshot visually illustrates the
observation that the Na® cations adsorbed among the SLES
molecules lose partially their hydration shell (while the Ca*"
ion has remained outside). However, such conformations are
realized in relatively short simulation times, only for several ns,
indicating that their contribution to the average interaction
energy is rather small.

To quantify the observed differences in the interactions
between the various surfactants and cations, we averaged the
RDF data over time intervals of 30 ns via eq 2 to calculate the
number of bound counterions per surfactant molecule:

I\Iions = 4ﬂpi0n / ' rngBdV (2)

where r is the distance between the particles, p;,, is the mean
ion number density, and g,y is the radial distribution function
between the respective particles. The integration is made over
the first RDF peak only.

The number of bound cations as a function of the simulation
time is shown in Figure 4A for both cations and both
surfactants. One sees that the number of nearest Na* ions is
about 1.5 for both LAS and SLES when Ca®' is absent (star
symbols in Figure 4A). The addition of Ca®' significantly
decreases the number of nearest sodium ions bound to each of
the surfactants studied. Moreover, a substantial difference
between the number of Ca®* ions nearest to the surfactant
heads is observed when the two surfactants are compared to
each other, as discussed below.
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For SLES in the presence of calcium, the number of cations
from each type bound at a distance of 0.37 nm to SLES heads
is almost the same (~0.5 ion per surfactant molecule) and the
total charge is approximately equal to the charge of the sodium
ions in the absence of Ca*". A similar result is obtained about
the number of cations in the second layer at a distance of 0.56
nm, and the sum of all surrounding cations in the presence and
absence of calcium is equal to &3 per surfactant molecule. This
latter number shows that the cations are shared between
several surfactant head-groups, because the adsorption layers
are electrically neutral. The number of Ca®" is slightly higher
than that of Na*, which is probably due to the higher charge of
Ca** jons, leading to stronger electrostatic attraction with the
SLES head-group. Thus, we do not observe any sign for strong
specific interaction between SLES and Ca®* or Na* ions.

In contrast, the addition of calcium to the LAS system has a
very significant effect. The number of bound Na* ions in the
presence of Ca** drops almost to zero because the Na* ions are
completely displaced from the adsorption layers by the Ca®*
ions. This result implies the presence of a strong specific
interaction between the LAS molecules and Ca® ions. In
addition, regular arrangement of the LAS molecules and Ca®"
bound to the LAS heads is observed, whereas no such
regularity is seen in the ordering of SLES molecules with
respect to the Ca®" ions (Figure S7). A similar effect was
reported by Yang et al.”® when comparing the binding of Ca>*
to LAS and sodium dodecyl sulfate (SDS).

In our quest to clarify the molecular origin of the specific
interaction between LAS and Ca®*, we calculated also the
average number of water molecules in the hydration shell of
the cations in the bulk water solutions (without surfactant) and
in the LAS and SLES systems. The number of nearest water
molecules surrounding the cations was calculated from the
corresponding RDFs during the last 50 ns of the simulations
(Figure 4B). The obtained data for the hydration shells of the
free cations are in very good agreement with the
experimentally and theoretically determined data.’"** Our
simulations clearly show that the cations bound to the
surfactant molecules have fewer water molecules in their
hydration shell, compared to their hydration in bulk water. The
latter effect is particularly large for the Ca>* ions interacting
with LAS molecules—decrease from ca. 8 to 3—4 water
molecules in the hydration shell of the Ca** ions bound to
LAS. In all studied systems, the decrease is more pronounced
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in the concentrated monolayer than in the diluted one, except
for the LAS + Ca** system, where the effect of surface
concentration is negligible.

Competitive Cation Binding in Asymmetric Systems
with Two Coexisting Adsorption Layers. To quantify
better the observed differences, we studied the competitive
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interactions of the two counterions with coexisting surfactant
monolayers of LAS and SLES. Model systems in the presence
of Ca?" and Na" ions were studied with both dilute and dense
monolayers. The final configurations of the diluted and
concentrated systems are compared in Figure S8 of the SL
One sees there that only Ca®* ions are bound to the LAS
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adsorption layer, while both cations interact with the SLES
layer, which is an additional confirmation of the stronger
affinity of the Ca®* ions to LAS.

The visualized distribution of the molecular entities is
quantified by the density profiles, presented and discussed in
the SI (Figure S9). The main results and conclusions are
similar to those obtained with systems containing single
surfactants. The density profile of Ca** shows a much higher
peak next to the LAS monolayer compared to the SLES
monolayer. The six Ca®" ions at the LAS surface seen in Figure
S8 are adsorbed irreversibly in the time frame of the
simulations. To check that the latter observation is not due
to the initial position of the Ca®* ions in the simulation box,
additional simulations with a fixed initial position of the Ca®*
ions in the middle of the simulation box were run for the
concentrated layer. The initial distance between Ca** and each
surfactant at both surfaces was equal, and the final results about
the Ca** density at the surfaces depend only on the relative
strength of the interactions. The results (Figure S10) confirm
that six Ca** ions are always bound to the nine LAS molecules
in the layer, whereas the remaining three Ca** ions are bound
to the SLES molecules, irrespective of their initial position in
the box.

Unlike Ca*', sodium ions diffuse at all times across the
whole water layer. These data are summarized for the last 50 ns
of the simulation in Figure 5, as average values with standard
deviations, drawn relative to a line denoting the average z-
coordinate of the S atoms in the surfactant molecules, which is
rather invariant along the trajectories. The error bars are a
measure of the mobility of the ions. It is evident that the
standard deviation of the average z-coordinate of the Na* ions
is much larger than that of the Ca’" ions, especially for the
concentrated layers. In the diluted monolayers, the Ca* ions
close to the SLES monolayer are much more mobile than those
next to the LAS layer. This is another indication that the
binding between SLES and Ca®* is much weaker than that
between LAS and Ca*".

To quantify the degree of binding between the surfactants
and counterions, analysis of the RDFs and estimate of the
potential of mean force (measure for the binding energy) are
performed next.

Radial Distribution Functions. The scaled RDFs
between the hydrophilic parts (polar and specific groups) of
the surfactants and the counterions are shown in Figure 6.
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These data illustrate very well the affinity of the counterions to
the respective surfactant. The RDF peak for the interaction of
SLES with Na" is much higher than the peak for LAS and,
oppositely, the peak for LAS with Ca*" is much higher than
that for SLES with Ca?". In other words, these simulations of
coexisting layers confirm that Ca®* has a strong preference for
adsorption on the LAS monolayer, which leaves the SLES
monolayer to be neutralized by the Na* counterions.

As already stated, these preferences of the counterions could
be due to specific interactions with some fragments in the
surfactant molecules (Figure 6B). In the asymmetric system,
the RDF peak between benzene ring in LAS and Na* ion is
practically missing and the RDF peak between O1 (SLES) and
Ca® is much lower than the peak for O1 and Na'. The
positions of the peaks in all RDFs are the same as in the single-
surfactant systems, which shows that these distances are
characteristic for each ion—surfactant interaction. The peak for
the interaction between sulfate oxygen O1 and Na' is at a
shorter distance, compared to the distance between Na* and
the outer oxygens, reflecting the ability of the Na® ions to
immerse between the SLES heads at the interface via partial
stripping of their hydration shells. On the other hand, for the
LAS layer, the distance between the benzene ring and Ca’* is
longer than the distance between the Ca** and the sulfonate
oxygens. The latter comparison indicates that (1) the RDF
peak for benzene—Ca®* is probably a byproduct of the
preferred binding of Ca** ions to the sulfonate group and
(2) no Ca*" ions are immersed between the LAS heads.

The average number of nearest counterions to a surfactant is
also calculated from the RDFs, and the data are presented as a
function of time in Figure 7A. Qualitatively, the obtained
results are very similar to those for the single-surfactant
systems. In the asymmetric systems, the number of Na* and
Ca** cations bound to SLES is almost equal and the number of
Na'* ions bound to LAS is practically zero. The number of Ca**
ions bound to LAS is almost the same as that in the single-
surfactant system. This means that each Ca* ion is in direct
contact with (almost) two LAS molecules in the adsorption
layer, while each SLES molecule binds approximately one
positive charge, independently of the counterion type.

The hydration shells of the cations are compared in Figure
7B. One sees that the number of water molecules removed
from the hydration shell of calcium significantly depends on
the surfactant it interacts with. The interaction between LAS

https://dx.doi.org/10.1021/acs.jpcb.0c06649
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and Ca®* is not affected by the presence of SLES in this
system—about four water molecules remain in the hydration
shell of Ca** bound to LAS (from ca. 8 in bulk water). In
contrast, Ca** stays surrounded by 7 + 1 water molecules
when it is near the SLES head-group.

In addition, the hydrogen bonds (HB) between the
hydrophilic heads of the surfactants and the water molecules
around them are analyzed and the results are presented in
Figure S11 of the SI. We found that both surfactants form ~5.6
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HB with the water molecules in the absence of Ca®" ions. This
number is not affected for SLES, but it decreases significantly
(almost 2-fold) for LAS in the presence of Ca®*. The latter
result is very important because it confirms that both Ca®* and
sulfonate head-group in LAS release water molecules upon
binding to strengthen their interaction.

A quantitative appraisal of the interaction strength can be
made by calculating the interaction energies from the radial
distribution functions, g(r), via eq 3

https://dx.doi.org/10.1021/acs.jpcb.0c06649
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where w(r) is the potential of the mean force at a certain
distance, Aw(r) is the interaction energy in kT units, g, is the
RDF value corresponding to the first maximum, and gy, is
the RDF magnitude at the minimum after the first peak. The
calculated data for all studied systems (single surfactant + Ca*"
and asymmetric with Ca*") are compared in Figure 8.

One sees that the surface concentration has little influence
on the interaction energies—all trends are the same for the
diluted and the concentrated layers. It is evident that Na*
cations bind with almost the same strength to any of the
surfactants studied, independently of the presence of Ca*'.
This result shows that the interaction of Na* with the studied
anionic surfactants is predominantly electrostatic, confirming
the conclusions in ref 5.

On the other hand, there is a significant difference between
the energies of Ca®* binding to LAS and SLES. The energy is
almost twice higher for LAS compared to SLES or to the
interaction energy of LAS and Na®. This result indicates that
the interaction between Ca®>* and LAS is not purely
electrostatic. To clarify unambiguously the molecular origin
of this strong specific interaction, we performed additional
simulations with designed model molecules, as described in the
following section.

MD Simulations with Model Surfactants. The results
from the simulations presented and discussed so far confirm
the presence of a strong specific interaction between Ca** ions
and LAS molecules, as reported experimentally.5 The
simulations show also that this interaction is related to
significant reduction of the water molecules in the hydration
shells of both the Ca** ions and the sulfonate head-group in
LAS upon binding. They show also that the LAS molecules are
more ordered in their adsorption layers, compared to SLES,
and hint to possible contribution from the benzene ring
present in the LAS molecules, which could enhance the
molecular order via 7—r stacking interaction or could lead to
strong ion-induced dipole interaction with Ca®, due to the
very high polarizability of the aromatic groups. All of these
effects interfere with each other and make it impossible to
reveal the exact molecular mechanism which triggers them.

To make a crucial step further in this analysis, we defined
several possible hypotheses about the origin of the specific
interaction between Ca?* and LAS, and checked them one by
one with molecular simulations involving adsorption layers of
other surfactant molecules with appropriately designed
structures (Figure S12). These molecules were geometry-
optimized, as described in the section Methods and Models,
and simulated in asymmetric competitive models. These
simulations were run only with concentrated surface layers in
the presence of Ca** because this model system was found to
be the most sensitive and discriminative with respect to the
counterion binding. The calcium cations were positioned
initially in the middle of the simulation box. All other
simulation conditions are the same as for the asymmetric
system LAS + SLES.

First, to check whether the benzene ring plays an important
role in the LAS behavior, we made simulations in which we
compared the properties of sodium hexadecylsulfonate
(C16SO3Na) and SLES surfactant adsorption layers. The
main results from this comparison are shown in Figure 9A1,B1,

and they show clearly that the Ca** binding to C,4SO; head-
group is much stronger compared to SLES. Thus, we conclude
from this comparison that the benzene ring in the LAS
molecules does not play any significant role for the observed
specific interaction with Ca** ions.

Next, to clarify the role of the EO groups in the SLES
molecules, we compared the layers of SLES (C;,EOSO,Na)
and SDS (C;,SO,Na). These simulations showed that the
interactions of the Na' and Ca®* ions with these two
surfactants were qualitatively similar, without signs of strong
specific attraction with any of these molecules (see Figure
9A2,B2). The preferred distances between the sodium cation
and the sulfate anion are the same (0.36 nm) in the two
surfactants, which is in very good agreement with the value
(0.35 nm) calculated theoretically from a phenomenological
model.>* The comparison between SLES and SDS clarifies that
the EO groups in the SLES molecules do not affect very
significantly the energy of Ca®*" interaction with SLES. The
latter conclusion means that the main role of the bulky EO
groups in suppressing the precipitation of SLES in hard water
(compared to SDS or LAS) is to disturb the molecular packing
in the solid calcium soaps of SLES, thus increasing the
solubility constant of these soaps.

To check whether the longer hydrocarbon tail in LAS and in
C¢SO;Na affects the interactions, we made additional
simulations of coexisting layers of SDS (C,,SO,Na) and
sodium dodecyl sulfonate (C;,SO;Na), where the difference
between the surfactant molecules is the extra oxygen atom O1
in the sulfate group only. Again, we observe that the Ca*" ions
exhibit specific attraction only in the case of the sulfonate
surfactant (Figure 9A3,B3), thus clarifying that the length of
the alkyl chain and the molecular ordering in the adsorption
layer, typical for the longer-chain surfactants, play a minor role
in the specific interaction of the Ca®* ions to the sulfonate
molecules.

The final task in this analysis is to reveal the exact reason for
the strong attraction of the Ca®* ions with the sulfonate group.
One reason could be that the charges of the terminal oxygen
atoms in the surfactant heads are different and more negative
in LAS, due to the redistribution of the charges between fewer
oxygen atoms (three) compared to SLES (four). This
difference is relatively small—of the order of 0.02 elementary
charges—but it should be checked because it could affect the
hydration properties of the sulfonate and sulfate groups.
Therefore, we made additional simulations in which the
oxygen charges in the sulfate group were taken to be the same
as those in the sulfonate group in LAS. However, the
simulations did not detect any significant effect of this change
in the oxygen charges on the interaction of SLES with the Ca*"
ions (Figure S13). Therefore, the slightly different charges of
the oxygen atoms in the sulfate and sulfonate groups do not
explain the difference in Ca** binding. An additional simulation
without Na* ions in the asymmetric LAS/SLES system was run
to analyze the binding of SLES and Ca®*" in the absence of
competitive counterions. Again, we found that much more
Ca® ions are bound to LAS and those in the vicinity of the
SLES layer are much more mobile (Figure S14).

On the other hand, in all surfactants containing a sulfonate
group, in which the S atom is directly linked to the first C atom
in the surfactant tail, we observe significant dehydration of the
sulfonate group and of the Ca®* ion—around four water
molecules are released from the two interacting charged
species upon their binding. In contrast, the dehydration of the
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Figure 10. Distribution of the hydrogen bonds formed between water molecules and (A) SO; groups in C,,SO; and C,,SO, and (B) O1 atom in

the sulfate group.

sulfate group and of the Ca** ion upon their binding is much
less pronounced—only ca. 1.5 water molecules are released
from the hydration shell of the counterion. This may be linked
to the fact that it is known>* that the sulfate anion prefers to
hydrate at the interface as in the bulk—at the center of a
spherical shell of water molecules.

The dehydration near LAS affects the mobility of Ca** as
well. It is quantified by the z-coordinates of each cation
averaged in the last 50 ns of the simulation (Figure S15). The
large error bars indicate higher mobility of the ions in the
vicinity of the sulfate-group-containing surfactants. This
significant difference between the sulfonate and sulfate groups
is observed for all surfactant molecules tested, including the
molecules of dodecyl benzene sulfonate (LAS12) and dodecyl
ethoxy sulfonate (C,EOSO;) (Figure S16). The respective
results about the number of water molecules in the hydration
shell of Ca?*, the number of HBs between surfactant heads and
water, and the interaction energies between surfactant heads
and Ca®* are summarized in Table S2 of the SL

All of these combined results lead to the conclusion that
there is a stronger hydrogen bonding between the water
molecules and the sulfate anion, due to the extra oxygen atom
O1, which precludes the direct binding of the sulfate group
with the Ca®* ions. Indeed, the average number of hydrogen
bonds (HB) of the sulfate group with the neighboring water
molecules is 6.5 HB, including 1.1 HB realized by the oxygen
atom O1, whereas only 3.3 HB are observed on average for the
sulfonate group (Figure 10). Due to this weaker interaction,
the sulfonate group is able to strip water molecules, thus
entering in a direct and stronger interaction with the partially
dehydrated Ca’* ions. We note that Ca** dehydration occurs in
the interaction with the sulfonate group only and the latter
does not strip water molecules when interacting with Na" ions.
The reason may be the same as above because Na* is also
characterized with bulk-like solvation at the air/water inter-
face.”* In addition, it has been found™ that Ca** binds tightly
two water molecules while Na* only 0.6. This leaves the two
cations with comparable number (about 6) more loosely
bound water molecules in the first hydration shell. Never-
theless, they are stripped differently in the vicinity of sulfate
and sulfonate. These observations verify that the dehydration
of the Ca® ion and of the sulfonate group is a specific
collective process, involving a synchronized stripping of water
molecules from both hydration shells. This is in line with the
finding™ that hydration/dehydration balance is very important
for the interaction between ions in water.

10524

Finally, we note that Ca** has stronger surfactant-ordering
effect in the sulfonate surfactant systems compared to the
sulfate surfactant systems. The specific interaction with the
sulfonate groups leads to pronounced coordination of two to
four neighboring surfactant molecules for each Ca®>* ion
(Figure 11). No such strong coordination was observed with
the sulfate surfactants, with or without EO groups.

(A) LAS12

(B) C;,80;

Figure 11. Illustration of the coordination effect of the adsorbed Ca**
ions (purple balls) on monolayers of sulfonate surfactants: (A)
LAS12: gray spheres and (B) C,,SO5: blue spheres. The orange and
red species are the hydrophobic tails of LASI2 and C;,SO;,
respectively.

Influence of the Force Field: OPLS-AA vs CHARMM36.
Upon survey of the literature about MD investigations of
sulfur-containing anionic surfactants, we found a study’
addressing the effect of the used force field (FF) on the
structural properties of the molecular aggregates (micelles),
composed of sodium dodecyl sulfate (SDS) molecules. Three
FFs—OPLS-AA, CHARMM36, and GROMOS—were com-
pared in NPT simulations.

Based on the observed Na* binding and the structure of the
micellar aggregates, the authors concluded that CHARMM36
describes better than OPLS-AA the micellar systems studied in
ref 56. Therefore, we decided to check the effect of the used
force field on our systems. For this purpose, all simulations for
the concentrated layers with LAS and SLES were repeated
using CHARMM36, which contains all required parameters for
the molecules studied by us.”>”” The configurations of the
systems calculated with the two force fields after 150 ns of MD
simulation are compared in Figure 12.

Briefly, the main conclusions from the comparison of the
two FFs are the following. The hydrophobic tails of the
surfactants are more ordered when OPLS-AA is used, in
agreement with Tang et al.*® Still, the structuring in the LAS
monolayers is more pronounced than that in SLES monolayers
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OPLS CHARMM

Figure 12. Snapshots of the asymmetric systems after 150 ns of
simulation performed with OPLS-AA (left) and CHARMM36 (right).
The periodic box is replicated along the x-axis to illustrate better the
surfactants structuring.

also with CHARMM36. Therefore, no qualitative difference is
found with respect to the surfactant ordering in the LAS and
SLES layers when changing the FF.

With respect to the cations, both FFs predict the same
general trend—Ca®* ions displace Na* ions from the
adsorption layers by binding stronger to the surfactant heads.
However, the cations are completely adsorbed close to the
surfactants when OPLS-AA is used, whereas some Ca®" ions
remain in the bulk when CHARMM36 is employed (Figures
S17 and S18). Furthermore, almost the same energy of
interaction between Ca®" and the two studied surfactants is
obtained when CHARMM36 is used (Figure S19). Also,
CHARMM36 yields comparable hydration of a given cation,
independent of the surfactant. In particular, Ca*" is observed to
lose more than half of its hydration shell in both LAS and
SLES systems (Figure S20).

The differences reported for the interaction of the Ca®* ions
with SLES when CHARMMS36 is used are certainly due to the
different protocols for parametrization in the two FFs. These
dissimilarities could be caused by: (1) The different charges of
the hydrophilic heads and (2) different Lennard-Jones
parameters of the atoms in the surfactants and counterions
(see the Supporting Information for the specific values). Note
that equal empirically obtained charges are adopted for
chemically similar residues in CHARMM36 (although they
are optimized to reproduce water residue ab initio interaction
energies of isolated clusters), while the ESP-based scheme
recommended for OPLS-AA tries to capture the chemical
specificity of the particular molecular environment, also taking
into account the solvent effect by continuous solvation.

In our systems, the difference of atom charges may be
important because the equalization of the atomic charges of
the oxygen atoms in the sulfate and sulfonate groups leads to
significant loss of the specificity of interaction with the calcium
cations. The presence of the alkyl chains in surfactants could
also affect the charges of differently located oxygen atoms, e.g.,
the internal and external oxygen atoms in the sulfate group.
With regard to the van der Waals parameters, it should be
mentioned that the hydration energies of the inorganic ions are
the focus in the validation of OPLS-AA for both Na* and Ca**.
In CHARMMS36, this target quantity is used only for Ca®,
while the parameters for Na* are tuned primarily to reproduce
the interactions with oxygen atoms from lipid head-groups
(carboxylates, phosphates, and esters), located at the gas—
water interface. To compensate for this, the authors of the
force field apply an ad hoc correction of the nonbonded

interaction potential for Na* and oxygen atoms with atom type
O2L (used for sulfonate in our case).”® Unfortunately, there is
no such adjustment derived for oxygen atoms with type
OG2P1 (employed for sulfate in the current study). It could be
that this imbalance also adds to the less surfactant-specific
performance of CHARMMS36 in the current study. We tested
this possibility by performing one additional simulation of the
asymmetric concentrated system, using the atom type O2L
also for the outer oxygen atoms of the sulfate group, ie., by
taking into account the a posteriori correction for both
surfactants. The obtained results are almost the same (Figure
$21), showing that the effect of the correction is minor in this
case.

For the models studied here, the results provided above
demonstrate that the balance between hydration and
dispersion interactions is important for the specificity of
binding of the Na* and Ca*" ions to LAS and SLES. This is
probably one of the reasons for the better sensitivity of OPLS-
AA to the variation of ions.

Concluding this discussion, the outcome obtained with
OPLS-AA for our systems corresponds much better to the
experimentally observed stronger and specific Ca** binding to
LAS.’ This comparison with the experiment, along with the
physical reasoning provided above, convinced us to give a
preference to the simulations made with OPLS-AA FF for the
systems studied in the current article, although for more
homogeneous systems, like those modeled in ref 56,
CHARMM36 could provide a better description.

B CONCLUSIONS

Fully atomistic molecular dynamics simulations of the
adsorption layers of two anionic surfactants, widely used in
detergency, are carried out under conditions mimicking the
experimental ones. The modeled molecules, LAS and SLES,
differ in their hydrophobic fragments and in their hydrophilic
head-groups. Several model systems are constructed and
simulated for 150 ns to compare the behavior of the surfactant
molecules adsorbed at the gas—water interface. The focus of
the study is on the surfactant interactions with the counterions
Na* and Ca".

For both surfactants, qualitatively similar effects of the
surface concentration and Ca?* addition are observed.
Decreasing the area per molecule in the adsorption layer
leads to more ordered monolayers, and the Ca** ions displace
the sodium ions from the monolayers. However, the observed
effects of Ca®* are much more pronounced for LAS compared
to SLES. For SLES, the difference between the interaction
energies with Na* and Ca’" ions is below 1 kT, whereas the
interaction energy between LAS and Ca®' is about 2 times
higher than that between LAS and Na* or SLES and Ca*".

We find also that Ca®* reduces to one half its hydration shell
(from ca. 8 to 4 water molecules) when it interacts with LAS,
while it loses only one or two water molecules in the vicinity of
SLES. The hydration of the sulfonate group in the LAS
molecules is also decreased upon Ca’* binding, while the
hydration of SLES is not affected. In relation, the number of
hydrogen bonds between the oxygen atoms in the surfactant
heads and the water molecules decreases significantly when
Ca** is bound to LAS. In contrast, there is no change in the
number of H bonds between SLES and water when any of the
two counterions, Ca®>* or Na', is bound. These differences
highlight the preference for direct LAS—Ca** binding and

confirm the conclusions from previous studies that this
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preference is reflected in relatively large specific energy of
attraction.

Simulations with a series of specially designed model
surfactants allowed us to clarify that the specific and most
important feature of LAS is the lack of an inner oxygen atom,
which is present in the sulfate group of SLES and other sulfate-
based surfactants like SDS. This inner oxygen atom forms H
bonds with the water molecules and thus holds them around
the sulfate head-groups. As a result, both the sulfate group in
SLES and the interacting Ca** ion remain hydrated, which
leads to a much weaker, predominantly electrostatic inter-
action. The effects of the benzene ring and of the longer
hydrocarbon tail in the LAS molecules are studied, but they
turn out to have minor effects on the observed strong specific
interaction between the sulfonate-based surfactants and Ca®*
ions.

All of these results and conclusions are in agreement with
the experimental outcome reported in previous studies.” These
conclusions provide important guidelines toward the under-
standing of the experimentally observed ion-binding selectivity
of the two surfactants, in the presence of common monovalent
and multivalent counterions, and suggest some ideas for a
rational design of new surfactants with improved performance.
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