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ABSTRACT: Molecular dynamics simulations were used to investigate aggregation of
surfactants at the solid—liquid interface at different surfactant concentrations. For
these studies simulations of the sodium dodecyl sulfate (SDS) surfactant with a
graphite surface were carried out. At low concentrations the SDS molecules
aggregated in slices of cylinders attached to the solid surface, whereas at slightly
higher concentrations the structures showed irregular shapes. When the concentra-
tion was again increased to a higher value, the molecules aggregated in a more complex
structure, an irregular aggregate on the top of a semicylinder adsorbed on the graphite
surface. From the present results more insights about the internal structure of the
aggregates were observed than in actual experiments, e.g,, it was found that the SDS
tails arrayed in well-defined layers close to the graphite surface. More over, from the
internal structure it was possible to show a structural transition driven by an increment
in the surfactant concentration which, to the best of our knowledge, has not been

studied from a molecular point of view. Therefore the transition was studied in terms of the height of the structures. Along with these
studies adsorption of the aggregates, by calculating contact angles, and adsorption isotherms were also analyzed. Finally,
investigations of the surface coverage with the concentration showed that this quantity did not change considerably with the

concentration.

1. INTRODUCTION

Surfactants at interfaces have been investigated not only for
their scientific interest but also for their applicability in industrial
processes such as detergency, lubrication, and colloid stabiliza-
tion. Several experiments have been conducted to study the behav-
ior of surfactants at liquid/air and liquid/liquid interfaces;' ®
however, surfactants at liquid/solid interfaces have been less
understood despite of their interest in areas such as adsorption,
electrochemistry or electrode surfaces.’

Nowadays, the formation of spheres, cylinders, and bilayers in
bulk solutions is well-known; however, how aggregation is modi-
fied by the presence of solid surfaces is still a matter of continue
investigations. Although some experiments suggest that most of
the aggre§ates observed in bulk can also appear at the solid/liquid
interface,” '* the nature, the structure, and the shape of these
aggregates present different features due to the extra solid—
surfactant interaction.'>"'

A valuable technique to study the self-assembly of surfactants
adsorbed from aqueous solution on different solid surfaces has
been atomic force microscopy (AFM).>"*"7~2! For instance,
from AFM experiments, it is possible to observe how surfactant
concentration affects aggregation or the effects on aggregation by
adding salt to the system.”” The effects of the chain length'* and
the role of the surfactant headgroups'® in the self-assembly of
surfactant molecules have been also investigated. On the other
hand, ellipsometry techniques have also been very useful to study
adsorption and measurements of film thickness of surfactants on
solid surfaces.”>*°
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Therefore, several studies on different hydrophobic and hydro-
philic surfaces, such as graphite, silica, mica, gold, etc., have been
conducted."®'¥?**” In particular, hydrophobic substrates have
been investigated and people have observed the formation of
semicylindrical aggregates caused by the interactions with the tail
groups through the van der Waals forces.'****® On the other
hand few studies in bulk have been conducted to study transi-
tions on surfactant molecules and they have observed structural
changes® ** and reorganization of molecular forms on solid
surfaces."*

Due to the complexity of these problems, an alternative tool to
study such interfacial systems has appeared: computer simula-
tions. Therefore, simulations from fully atomistic*> > to coarse-
grain models®”~*' have been reported in the literature. In par-
ticular dissipative particle dynamics (DPD) is a technique that
allows us to work large scales of time and sizes and it has been
used to study, for instance, self-assembly of surfactants around
carbon nanotubes.*** More over, people have also investigated
formation of structures depending on the alkyl chain length.
They observed that surfactants with short chains form mono-
layers, whereas surfactants with long tails form semicylinders
on a graphite surface. However, from classical molecular dyna-
mics simulations people have observed spherical and hemicy-
lindrical shapes of surfactants at water/silica and water/graphite
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interfaces.**** Other groups have studied the role of counterions
of anionic surfactants on graphite surfaces***” and the curvature effe-
cts of surfactant adsorption, ** whereas some other works have inves-
tigated orientation of surfactants on a graphite surface which could
explain the formation of semicylinder aggregates on the plate.*”*°

In a previous work we studied the formation of semicylinders
on a graphite surface at low concentration, and we characterized
their structures.*® In the present paper studies about the forma-
tion of surfactant aggregates from low to high concentrations are
investigated. While experiments can provide some information
about surfactant adsorption, they just provide little information
about the internal or microscopic structure of the aggregates
at the solid surface. Here, we show a structural transition on the
surface produced by increments of the surfactant concentration
which is accompanied by a change in the number of surfactant
layers adsorbed on the surface. Finally we also constructed an
adsorption isotherm with the concentration.

2. COMPUTATIONAL METHOD AND MODEL

Simulations were conducted on the anionic sodium dodecyl
sulfate (SDS) molecule with a model of a hydrocarbon chain of
12 united carbon atoms attached to a headgroup, SO,. The
simulation parameters for the SDS were the same used in pre-
vious works.”"** For the liquid phase we used the SPC water
model, and for the solid surface we constructed two layers of
graphite plates using an atomistic model.

The initial configuration was prepared from a monolayer
of surfactant molecules, in all-trans configuration, with the SDS
head groups initially pointed to the solid plate and placed close to
the graphite surface of dimensions X and Y = 40.249 A. Then
2416 water molecules and sodium cations (Na*) were added to
the system. The usual periodic boundary conditions were imposed,
however, to prevent the formation of a second water/solid inter-
face due to the periodicity of the system the z-dimension of the
box was set to 150 A, i.e. a liquid/vapor interface was present at
one end of the simulation box. The same procedure was carried
out for nine different SDS concentrations (different number of
SDS molecules), X = 0.0066, 0.0104, 0.0149, 0.0203, 0.026S,
0.0298, 0.0335, 0.0414, and 0.0501 cc, where concentration in
this study refers to the number of SDS molecules divided by the
total number of water molecules

All simulations were carried out with the DL-POLY package™
in the NVT ensemble at temperature of T = 298 K with a time
step of 0.002 ps using the Hoover-Nose thermostat with relaxa-
tion time of 0.2 ps.54 Long range electrostatic interactions were
handle with the particle mesh Ewald method with precision of
10~ * and the van der Waals interactions were cut off at 10 A.
Finally, long simulations were conducted up to 55 ns where the
last S ns were used for data acquisition and configurational energy
was monitored as a function of time to determine when systems
reached equilibrium.

Because changes and fluctuations in the shape of micelles and
surfactant aggregation occur in order of microseconds, these
times scales might be too short to entirely describe the properties
of the surfactants; nevertheless, we believe these simulations can
provide dynamical information about the surfactant structures
which is representative of the processes occurring in the systems.

3. RESULTS

In this section we present the calculations performed on the
SDS surfactant for the nine different concentrations, X = 0.0066,

Figure 1. Snapshot of the SDS surfactant on a graphite surface at
concentration of 0.0149 cc. Water is shown in blue, SDS headgroups in
red, SDS tails in green, and the Na™ counterions in pink. The graphite
plate is located at the bottom of the molecules.

Figure 2. Snapshot of the SDS surfactant on a graphite surface at
concentration of 0.0335 cc. Water is shown in blue, SDS headgroups in
red, SDS tails in green, and the Na* counterions in pink. The graphite
plate is located at the bottom of the molecules.

0.0104, 0.0149, 0.0203, 0.0265, 0.0298, 0.0335, 0.0414, and
0.0501 cc. Studies of the internal structure and how the SDS is
adsorbed at the liquid/solid interface are discussed.

3.1. Surfactant Structure at the Interface. In all simulations
it was observed that most of the head-groups close to the graphite
were repelled leaving the tails close to the solid surface. Then,
affinity between the graphite atoms with the carbons in the tails
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Figure 3. Snapshot of the SDS surfactant on a graphite surface at
concentration of 0.0501 cc. Water is shown in blue, SDS headgroups in
red, SDS tails in green, and the Na” counterions in pink. The graphite
plate is located at the bottom of the molecules.
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Figure 4. Typical density profiles for the SDS molecules on a graphite
surface at concentration of 0.0149 cc. Water is depicted by the light solid
line, the SDS head groups by the dark solid line and the SDS tails by the
dashed line. The graphite surface is located at the left of the plot.

made the last groups to be adsorbed on the solid plate. At the
lowest concentration it was possible to observe all SDS mole-
cules adsorbed on the surface. As the concentration increased
(X < 0.0298) the molecules self-organized to form cylinder slices
attached on the graphite plate (Figure 1) which were named
semicylinders to be consistent with the term used in experiments.
These kind of structures were found in previous works and they
were also observed by actual experiments.'****¢ When the SDS
concentration was increased (X = 0.0335 and 0.0414 cc), we did
not observe regular structures, i.e., it was not possible to associate
semicylinder shapes to those aggregates even when the systems
were ran for longer time; that is, the structures remained with the
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Figure S. (Top) Density profiles for the SDS tails on a graphite surface
at concentrations of 0.0066, 0.0104, 0.0149, 0.0203, and 0.0265 cc.

(Bottom) Density profiles for the SDS tails on a graphite surface at
concentrations of 0.0298, 0.0335, 0.0414, and 0.0501 cc.
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Figure 6. Number of SDS layers at each concentration.

same undefined shapes (Figure 2). However, at the highest con-
centration (X = 0.0501 cc), the molecules arrayed in a different
structure; a structure which looks-like an irregular aggregate
above of a semicylinder (Figure 3).

A general feature in all of the structures is the formation of
well-defined layers composed of SDS tails adsorbed on the
surface in agreement with previous simulations.***** However,
at high concentrations, the layering structure disappeared far
from the surface. The formation of layers close to the surface can
be depicted from the density profiles calculated in the z-direction,
i.e. normal to the liquid/solid interface. In Figure 4, typical
z-dependent density profiles for the water, the headgroups and
the hydrocarbon tails are shown. In Figure S, density profiles of
the tails only are also shown for all the systems (concentrations)
where it was observed the formation of layers close to the surface
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whereas at high concentrations those layers were less prono-
unced or they vanished far from the surface.

In Figure 6 is plotted the number of layers (obtained from
Figure S) in each aggregate as a function of the surfactant
concentration. It was observed that the number of layers in-
creased as the concentration increased until four layers were
formed at concentration of 0.0203 cc and the same number of
layers remained up to the concentration of 0.0298 cc. Then, at
higher concentrations another layer was developed (i.e., five
layers were observed), although it was not very sharp. It was
interesting to note the same number of layers at concentra-
tions between 0.0203 and 0.0298 cc, however, it was also
noted that the change from four to five layers (at concentration
of 0.0335 cc) corresponded to the case where the semicylinders
lost their structures.
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Figure 7. (Top) Ratio of the areas of the molecules adsorbed (in the
first layers) on the surface with the total area of the graphite surface.
(Bottom) Surface concentration of SDS molecules (in the first adsorbed
layer) on the graphite surface.

Surface coverage was studied by the relation between the sur-
face area occupied by the SDS molecules in the first adsorbed
layer and the total area of the solid surface (top of Figure 7) and
by the surface concentration (in mol cm ™2, bottom of Figure 7)
where it was observed that the amount of adsorbed molecules on
the surface was the same regardless the SDS concentration. It is
also possible to obtain the same information from the snapshots
in Figure 8. In Figure 8, panels a (at the lowest concentration)
and b (at the highest concentration), we observed the same
number of surfactant molecules deposited on the solid surface.
However, in the first figure those molecules corresponded to the
total number of molecules whereas in the other figure there were
only some of the total molecules. These results suggested again
that the amount of SDS molecules in the first adsorbed layer did
not change significantly with concentration.

Adsorption of the molecules was calculated by the excess mass
on the surface respect with the total mass by using the following
equation:

(1)

mg

where m,, denotes the mass of particles in the first adsorbed layer
calculated from the density profiles (Figure S) and m, is the total
mass of all SDS molecules. In Figure 9 the adsorption isotherm is
plotted as a function of the concentration where the solid line is
the fitting curve to the data using the Langmuir model

Ki(X — Xo)

[ =T 20
1 + K (X — X))

(2)

where Kj, is the Langmuir constant and X is the concentration of
SDS surfactant in the system. X, corresponds to the lowest value
of X and it was used to have a better fitting of the data. In the
present work the maximum adsorption was approximated by
taking the value of the surface concentration at the highest sur-
factant concentration (from Figure 7) and it was found a value of
5 x 10" *mol/ g. On the other hand, from Figure 9 it was also ob-
tained a Langmuir constant of Ky, = 139.35 which gave us a Gibbs
free energy of adsorption of G,4s = —RT In Kj, = —12.2 KJ/mol;

Figure 8. Snapshots of the first layer adsorbed on a graphite surface at concentrations of (a) 0.0066 and (b) 0.0501 cc. For better visualization the
periodic boundary conditions were not removed, therefore some molecules seem to be broken. The graphite atoms are shown in gray whereas the rest of

the molecules have the same colors as in Figure 1.
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Figure 9. Adsorption isotherm of SDS on graphite. The solid line was
obtained by fitting the Langmuir model to the data.
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Figure 10. Contact angle calculations of the SDS aggregates, for dif-
ferent concentrations, adsorbed on the solid graphite plate.

values in the range of G4, = —10 to —35 KJ/mol for the Gibbs
free energy of micellization have been reported.”> >
Adsorption of the aggregates was also characterized in terms of
contact angles which were calculated by fitting a circle [ (X — Xo)+
(Z — Zy)* = R?] to the headgroups positions of the SDS
molecules (mainly the sulfur atoms). Once the best fitting was
obtained the slope of the curve at the position where the circle hit
the graphite plane was calculated. Then, the contact angle was
obtained as an average over twenty different configurations. It
was observed an increment of the contact angle as the concen-
tration increased until it reached the concentration of 0.0298 cc.
As stated before (from concentrations above this value, 0.0335
and 0.0414 cc) the aggregate shapes were not well-defined, so it
was difficult to calculate the contact angle. At concentration of
0.0149 cc which corresponds to a surface coverage of 45 A/
molecule which is the area per headgroug at the critical micelle
concentration at the water/air interface,5 we found an angle of
~60° which it was similar to the angle found in previous sim-
ulations.* Data of contact angles are given in Figure 10. Simulations
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Figure 11. Plot of the heights of all structures for all concentrations.
Dotted lines are just to guide the data and to show the discontinuities in
the points.

in a larger area were conducted, i.e. X = Y= 55.0 A for a system
with surfactant concentration of 0.0265 cc and a contact angle of
61° was estimated. In terms of area per headgroup this system
corresponded to the one simulated previously at concentration
0.0149 cc; that is, they have an area per headgroup of 47.3 and
45 A?/molecule, respectively. Therefore, the data calculated with
the larger area systems is in agreement with those results.
Changes in the aggregate shapes suggest the system undergoes
to a structural transition as the surfactant concentration in-
creases. A common way to study transitions is by a Clausius—
Clapeyron equation where the transition can be characterized by
a discontinuous jump of an order parameter. In the present work
we considered the height of the aggregates (h) as the order
parameter. In Figure 11 a plot of the aggregate heights as a
function of the surfactant concentration is shown. The height of
the structures was obtained from the density profiles by measur-
ing the distance from the first to the last points in the headgroup
profiles. Experiments of the same system (SDS on graphite) have
been conducted using the AFM technique; they observed similar
structures (semicylinders), and they determined a height of 17 A
for those aggregates.”> Other experiments, using ellipsometry, on
a different surface, platinum, have found thickness of the adsorbed
layer between 10 and 15 A.** Here, in this work at concentration of
0.0149 cc (45 A/molecule, the area per headgroup at the critical
micelle concentration at the water/air interface) we found a height
of 16.5 A which is in good agreement with the experimental results.
From the same Figure 11 it was possible to observe a discon-
tinuous jump in the parameter (/) at concentrations between 0.0203
and 0.0265 cc and also a small jump from concentration 0.0298 cc to
concentration 0.0335 cc which suggested a possible change in the
surfactant structure, nevertheless structures in this interval did not
present regular shapes so it was possible they were in a metastable
state. It is worthy to mention that the values of concentrations where
the parameter h changed corresponded to those values where the
number of internal layers also changed as depicted in Figure 6.

4. DISCUSSION AND CONCLUSIONS

By conducting molecular dynamics simulations we studied
aggregation of the SDS surfactant on a graphite surface at different
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surfactant concentrations. The first feature to note is that
regardless the surfactant concentration the SDS tails always form
layers close to the graphite plate. The number of layers increased
with the concentration, however, at high concentrations the layer-
ing structure vanished far from the graphite surface. By consider-
ing that the tails are formed by carbon atoms and that the main
potential with the graphite atoms comes from van der Waals
interactions it was an expected result as discussed in a previous
paper.*® At the lowest concentration all SDS molecules were
adsorbed on the surface whereas at intermediate concentrations
it was possible to distinguish semicylinder-like structures. How-
ever, not only we observed the semicylindrical shapes but we also
observed that the shapes were slices of cylinders which did not
include the radius of the enclosing circles. It was also found that
the tails did not array radially inside the semicylinders in agree-
ment with our previous works.***® At higher concentrations the
aggregate lost its semicylindrical shape until the concentration
was increased again and a more complex structure was observed.

In fact the aggregate at the highest concentration (0.0501 cc)
present a strange structure and it was not possible to corroborate
it with direct experimental evidence. Therefore, different simula-
tions at this concentration, using two different initial conditions
were carried out to see if the structure was modified. In any case
the final structure was not exactly the same found previously,
however, it was possible to identify that the molecules aggregated
with the same picture, i.e there were adsorbed molecules on the
graphite surface with other surfactants over those molecules.
When the heights of these new structures were calculated in
the same way as the original one (from the density profiles) it
was found values around S0 A which were of the same order of
the number found in Figure 11. Unfortunately, we did not find
experimental results at this high concentration in terms of struc-
tures to compare our results. However, it has been observed that
the size of aggregates increases with concentration® and in ref-
erence’” the authors, working with a similar system (SDS on
graphite) mentioned that they found a micellar aggregate dia-
meter of ~50 A at 81 mM which it is above the surface
aggregation where they started observing formation of structures
in their systems (2.8 mM).

However, the fact that for these simulations the final structure
shapes were not exactly the same of that found in the original
simulation might suggest that at this concentration the systems
did not reach the final equilibration. Therefore, it is worthy to
mention that results at this concentration should be taken with
caution if we try to associate this structure with any real experi-
mental structure.

The present results suggest the system undergoes to a struc-
tural transition characterized by a jump in the height of the aggre-
gates which is also accompanied by a change in the number of
layers inside the aggregates.

The adsorption of the aggregates were studied in terms of con-
tact angles of the semicylinders and it was found that the aggregate
contact angle decreased with the concentration. An isotherm adsorp-
tion was also constructed as a function of the concentration and it
was found that it followed the Langmuir model where the inflection
to the plateau of maximum adsorption occurred nearly at the concen-
tration where the aggregate lost its semicylindrical structure.
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