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ABSTRACT: We introduce a theoretical model that predicts
adsorbed configurations of asymmetric surfactant molecules on
polar surfaces. This model extends the ideas developed in our
previous work for predicting adsorbed configurations of linear
surfactant molecules on polar surfaces. The surfactant molecules
have a large polar headgroup and a linear alkyl tail. These asymmetric
molecules form cylindrical/spherical morphologies in the adsorbed
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state. Our model predicts that the molecules adsorb either with their

molecular axis parallel to the surface (lying-down configuration) or

Lying-down configuration Standing-up configuration

perpendicular to the surface (standing-up configuration). The

standing-up and lying-down configurations result in significantly different adsorbed morphologies. In the standing-up configuration,
the adsorbed morphology is like that of full cylinders, while, in the lying-down configuration, the adsorbed morphology resembles
partial spheres. The standing-up configuration is obtained when the strength of interaction of the polar headgroup with the surface
dominates over the interactions of the alkyl tail with the surface. When interactions of the alkyl tail are dominant, the molecules
attain the lying-down configuration. Predictions from the theoretical model quantitatively match the results obtained from Langevin
dynamics simulations. The theoretical model also explains the different kinetic pathways that have been reported in the experimental
studies on the organization of adsorbed surfactants on polar surfaces.

1. INTRODUCTION

Adsorption of surfactants on metal surfaces is useful in many
applications, including inhibition of corrosion in oil and gas
pipelines,’ modulating electrochemical reactions,” tuning the
selectivity of chemical reactions,” and synthesis of anisotropic
metal nanoparticles of desired shapes and sizes." The
adsorption mechanism can be thought of as being comprised
of two processes: the diffusion of surfactants toward the surface
and the organization of adsorbed molecules. Surfactants
aggregate as micelles above the critical micelle concentration
(CMC), and experiments report a change in the adsorption
kinetics as the concentration increases above the CMC.” These
results are rationalized via atomistic simulations that have
shown that surfactant micelles experience a free energy barrier
to adsorption on metal surfaces, which is absent in the case of
unaggregated molecules.””® Upon adsorption, surfactant
molecules are understood to organize themselves in various
structures or morphologies, including planar films,”"® (hemi-)
cylinders, and (hemi-) spheres.'' "> These morphologies are
expected to affect the interfacial properties differently."*
Therefore, understanding the factors that result in the
formation of different adsorption morphologies will be useful
for the purpose of rational design of surfactants for specific
applications. A pioneering work focused on predicting the
morphologies of adsorbed surfactants via macroscopic
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thermod?rnamic theory has been done by Nagarajan and co-
workers. '® However, an encompassing theoretical framework
that is able to predict adsorbed morphologies of surfactants on
polar surfaces directly from molecular properties and
surfactant—surface interactions has not been established.
Experiments have shown that the organization of adsorbed
surfactants on polar surfaces can occur via different kinetic
pathways. The first kind of pathway, as reported for the
adsorption of alkanethiols on gold,'”"” is comprised of two
steps. In the first step, the molecules adsorb by lying flat with
their axis parallel to the surface to form a stripe-like
configuration. This is followed by an orientational transition
wherein the molecules stand up on the surface, allowing for
more molecules to adsorb.'”'” The second kind of pathway,
for instance, regported for the adsorption of octadecylphos-
phonic acid'®"” and octadecyltrimethylammonium bromide
(C,sTAB)* on mica, involves nucleation of densely packed
molecular islands on the surface. As the adsorption proceeds,
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these islands grow and coalesce to form a contiguous layer on
the surface.

In our previous work, we developed a theoretical model for
predicting adsorbed conﬁgurations of linear surfactant
molecules on polar surfaces.”’ We demonstrated, via molecular
simulations, that our theoretical model is quantitatively
accurate in its predictions. However, an outstanding question
remained if our model can be extended to asymmetrical
surfactant molecules that form more complex, nonplanar
adsorption morphologies. In this work, we extend our
theoretical model to asymmetric surfactant molecules that
have a linear alkyl tail but the size of their polar head is larger
than that of the alkyl groups. We have shown previously that
such asymmetric surfactant molecules aggregate and adsorb in
cylindrical and spherical morphologies on polar surfaces.”* The
basic principle behind our theoretical model is that, upon
adsorption, the most energetically favorable morphology is
attained, which depends on the relative strength of interactions
between the polar head and the alkyl tail with the surface. If
the alkyl tails have appreciable affinity for the surface, then the
molecules adsorb by “lying down” on the surface. However,
such a configuration occupies a larger surface area. A
“standing-up” configuration with only the polar group in
contact with the surface will allow more molecules to adsorb
on the surface. Thus, by comparing the overall energetics
associated with the two configurations that cover the entire
adsorbing surface, one can predict the favorable adsorbed
configuration in different cases.”’ In the case of asymmetric
surfactant molecules, the standing-up configuration results in
morphologies with signatures of full cylinders and the lying-
down configuration shows signatures of partial spheres. In this
paper, we first describe our theoretical model and then discuss
results of the simulations performed to check the validity of the
model.

2. THEORETICAL MODEL

Consider a surfactant molecule with a polar head of size 6p and
comprised of n alkyl groups in the tail, with each alkyl group of
size 0. Let €}js and e7g denote the interaction strengths of the
polar headgroup (H) and an alkyl tail group (T) with the
surface respectively in the standing-up (S) configuration. el
and €fg are analogously defined for the lying-down (L)
configuration. Let [ be the length of the alkyl tail. For a
configuration of molecules standing up on the surface, the
energy is given by

s A
S
AL (1)
where P* is the packing fraction of the molecules adsorbed on
the surface, A is the total area of the surface, and AS is the area
occupied by a molecule in the standing-up configuration. P® is
given by

E® = &P

S
ps = N$Am
A (2)
where N® is the number of molecules adsorbed in the standing-
up configuration. The energy associated with the lying-down
configuration is given by

A
E" = (gfs + nef)P'—

Ay 3)

where P" is the packing fraction of the adsorbed molecules and
AL is the area occupied by a molecule in the lying-down
configuration. Pl is given by

_ N'Aj

A (4)
where N“ is the number of molecules in the lying-down
configuration in the first adsorbed layer on the surface. The

area occupied per molecule in the two configurations can be
calculated from the geometry of the molecule
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If the interactions of the polar head and the alkyl tail groups
with the surface are independent of the adsorbed config-
uration, then the subscripts L and S can be dropped from the
interaction energy terms. In that case, the ratio of energies in
the two configurations is given by

E*  (eys + negg)PHA,
E° EHSPSAII;I (7)

Thus, the equilibrium adsorbed configuration depends on the
strength of interactions of the polar head and the alkyl tail with
the surface, as well as the molecular geometry. The model
predicts that, when E“ > E°, the lying-down configuration is
preferred over the standing-up configuration and vice versa.
This theoretical model is valid under the conditions when the
adsorption is strongly favored. Therefore, one would expect
the surface to be maximally covered and P* ~ P°. With the
assumption that P* ~ P° eq 7 can be applied without
determining the equilibrium number of adsorbed molecules
per unit area, and thus precludes the need to fit any data to the
model to make predictions. It should be noted that, since our
theoretical model is only based on molecular geometry, it does
not require quantities needed to describe geometrical shapes of
the adsorbed morphologies, unlike in previous works.'>'®
Therefore, while our theoretical model does not attempt to
predict the overall adsorbed morphologies directly, it explains
the configurations that are attained by individual adsorbing
molecules, which in turn manifest different adsorbed

morphologies.

3. SIMULATION SYSTEM AND METHODS

To test the validity of the theoretical model, we have
performed Langevin dynamics simulations of adsorption of
asymmetric surfactant molecules on polar surfaces. Surfactant
molecules are represented by a coarse-grained bead—spring
model employed previously,”"”” wherein the first bead
represents the polar headgroup and the remaining beads
represent the alkyl tail. The size of the polar head bead is taken
as twice that of an alkyl bead, that is, 6p = 26. The alkyl tail is
represented by n = 19 alkyl beads connected to each other via
harmonic bond and angle potentials with an equilibrium bond
length of 0.3¢ and an equilibrium angle of 180°. The polar
head bead is connected to the alkyl tail with a harmonic bond
potential of equilibrium length 1.56. The interactions between
the surface and the beads are modeled via a 9-3 potential,
which is essentially an integrated Lennard-Jones (LJ) potential
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over a semi-infinite slab of L] particles, which allows us to treat
the surface as a smooth plane. The well-depths of the 9-3
potentials for the head bead and the alkyl tail beads are 5 and
&g, respectively. Simulations are performed for different values
of eyg and &g in order to obtain the equilibrium morphologies
and compare them against the predictions of our theoretical
model. Interactions between any two alkyl beads are modeled
via a LJ potential with the potential well-depth of err.
Interactions between a polar bead and an alkyl bead are
modeled via a purely repulsive Week—Chandler—Andersen
potential. Solvent is treated implicitly in the simulations. The
effect of solvent is incorporated by performing Langevin
dynamics simulations. All quantities are reported in reduced
units. Thermal energy, kT, is taken as the unit of energy, o is
taken as the unit of length, and mass of an alkyl bead, m, is
taken as the unit of mass. To test the theoretical prediction,
€ys is varied from 3 to S kzT. This range of values matches the
typical binding energies that have been calculated for polar
groups on metal surfaces.”” e1¢ is varied from 0 to 0.65 ks T. As
in our previous work,”' the potential well-depth of the
interaction between two alkyl beads is set to epr = 0.065
kgT. For this value of epp, the overall hydrophobic interaction
between two alkyl tails is of the order of ks T.>* The time step
and the damping parameter for the Langevin dynamics

kgT kgT
force constants associated with the bond and angle harmonic
potentials are 100 kzT/o” and 50 kyT/rad?, respectively. The
size of the simulation box is 26.930 X 26.946 X 40.00. These
dimensions are chosen to ensure that the volume density of the
surfactants in our system is equal to that in our previous work
on symmetrical, linear surfactant molecules.” The total
number of molecules in the simulation box is 400.

To apply the theoretical model (eq 7), one needs to
determine the values of P* and PS from the simulations, which
depend on the values of N* and N, respectively. The values of
N" and N° are determined by counting the number of
molecules in the first adsorbed layer of the two configurations
when the surface is maximally covered by the molecules. In our
simulations (discussed later), we find that P* ~ PS5, and
therefore, eq 7 does not require any fitting parameters to be
calculated from the simulations. The condition of P* ~ PS is
not surprising because our theoretical model is valid under the
assumption that the adsorption of molecules is strongly favored
and as a result the surface is expected to be maximally
covered.”!

1/2 1/2
simulations are 0.001 6(£> and 0.1 O'(l) . The

4. RESULTS AND DISCUSSION

4.1. Validating the Theoretical Model. In the first layer,
the surfactant molecules may adsorb either in the lying-down
or standing-up configuration depending on the strength of
their interactions with the surface. Figure 1 shows results of the
simulations performed by choosing different values of ey and
ers. Every data point in the figure corresponds to the
equilibrium adsorbed configuration of the surfactant molecules
for a given (&g, epg). The figure also shows prediction of the
theoretical model (eq 7) for which E* = E5, that is, when the
energy associated with the lying-down and the standing-up
configuration is equal. For a given value of &g, if the eyy is
above the theoretical line, then the standing-up configuration is
expected to be preferred over the lying-down configuration.
Figure 1 shows that this is indeed the result that is obtained in
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Figure 1. Results of equilibrium adsorbed configurations obtained in
Langevin dynamics simulations performed for different values of (&g,
€ns)- The theoretically predicted condition of E* = ES is also shown.
The results from the simulations are found to be in quantitative
agreement with the theory.

our simulations, implying that our theoretical model is
quantitatively accurate in predicting the adsorbed configu-
rations of asymmetrical surfactant molecules on polar surfaces.
Interestingly, for some data points close to the theoretical line
in Figure 1, the standing-up and lying-down configurations
coexist. These data points are labeled as “Mixed” in Figure 1.

The standing-up and lying-down configurations are identi-
fied from the significantly different orientational distributions
of the adsorbed molecules. This is illustrated in Figure 2a,
which shows the distribution of angles in these two
configurations. The angle 0 is defined as the angle that the
vector joining the terminal alkyl bead to the polar head bead
forms with the plane of the surface. The distribution of 6
shown in Figure 2a has been normalized by cos 6. In the lying-
down configuration, the distribution has a peak of 8 ~ 7°,
which is as per our expectation because the surfactant molecule
is 7.20 long and the polar head is 1o larger than the alkyl bead.
On the other hand, in the standing-up configuration, the
distribution is broad at +90°. For the standing-up config-
uration, the distribution does not go to zero for any 6, implying
that the adsorption morphology is like a (squished) cylinder/
sphere. Figure 2b shows the distribution of the center-of-mass
of the molecules in the two adsorbed configurations shown in
Figure 2a. The two configurations have different center-of-
mass distributions as expected. The lying-down configuration
has a sharp peak at 1o from the surface, whereas the standing-
up configuration has a peak at 5.4¢ from the surface. The 6-
and center-of-mass distributions of different (erg, &) close to
the theoretical line are shown in Figures S1—S7 (Supporting
Information). A snapshot of the adsorbed morphologies that
result from the standing-up and lying-down configurations is
shown in Figure 3.

To visualize the adsorption morphologies, we have
generated “instantaneous interface” snapshots of the adsorbed
molecules” (Figure 4). In instantaneous interfaces, a
continuous mass-density field is generated by applying a

https://dx.doi.org/10.1021/acs.jpcb.0c02681
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Figure 2. (a) Distribution of the angle that the adsorbed molecules make with the surface for (erg, €ys) = (0.23, 5) (red color) and (&g, &yg) =
(0.55, 5) (blue color). For (&g, £15) = (0.23, 5), the molecules attain a standing-up configuration, whereas, for (1, £45) = (0.55, 5), the molecules
attain a lying-down configuration. (b) Distribution of the center-of-mass of the molecules from the surface for (e, eyg) = (0.23, S) (red color) and
(ers €us) = (0.55, S) (blue color). The lying-down configuration shows a sharp peak at 1o, while the standing-up configuration shows a peak at

S4o.

g3l

Figure 3. A snapshot of the equilibrated simulation system for (a) (ers, eg) = (0.23, 5) and (b) (g, ens) = (0.55, S) showing the standing-up and
lying-down configurations, respectively. The region close to the surface has been shaded to highlight the adsorption region.

Gaussian distribution centered at the location of each particle
in the system. At each point in space, contributions from these
Gaussian distributions are added to determine the overall
density field. Parts a and b of Figure 4 show top-view snapshots
obtained from instantaneous interfaces for the standing-up
[(ers €us) = (0.23, 5)] and the lying-down configurations
[(ers, ens) = (0.55, 5)], respectively. Details of the parameters
employed for generating these interfaces are discussed in the
figure caption. In the standing-up configuration, the instanta-
neous interfaces show the morphology to be close to
cylindrical, whereas, in the lying-down configuration, the
morphology more closely resembles spheres.

The kind of configuration that the surfactants attain upon
adsorption affects the total number of adsorbed molecules,

(N). Figure 5 shows the (N) for different values of eyg and &rg.
In the standing-up configuration (shown by filled symbols),
the number of molecules does not vary significantly with &g
for a given value of €. A sharp drop in (N) is observed as the
configurations transition from the standing-up to the lying-
down state (shown by open symbols). Mixed configurations
(shown by the cross symbol), in which the lying-down and
standing-up configurations coexist, have intermediate values of
(N). (N) is smaller for the lying-down configurations, because
the molecules occupy more surface area and so fewer
molecules adsorb. It is an important result in the sense that,
as the epg increases for a given &y, the total affinity of a
surfactant molecule for the surface increases. However, our
analysis shows that this increase in the affinity may result in a

https://dx.doi.org/10.1021/acs.jpcb.0c02681
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Figure 4. Top view of the adsorbing surface for (a) (ers, €ys) = (0.23, S) and (b) (ers, eyg) = (0.55, S). To visualize the morphology,
instantaneous interfaces (blue surfaces) are generated by coarse-graining the density field by placing a normalized Gaussian function, ¢(r; {) =

2 2
(278732772 centered at the location r of each bead. The density field at any location is the summation of the contribution from the different
Gaussian distributions. For our calculations, we choose { = 1.50. The interface is formed by setting the lower and upper cutoff values of the density

field as 0.567> and 0.7673, respectively.
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Figure S. Equilibrium number of adsorbed molecules, (N), as a
function of erg for different values of eyg. The standing-up
configurations are shown by filled symbols, and the lying-down
configurations are shown by open symbols. The mixed configurations
are shown by the cross symbol. Error bars are the standard deviation
calculated from four different simulations.

decrease in (N) if the adsorbed configuration of the molecules
changes.

4.2. Kinetic Pathways of the Formation of Adsorption
Morphologies. Previous experiments have suggested that the
organization of adsorbed surfactants in different morphologies
may follow two different kinetic pathways. In the first pathway,
the molecules initially adsorb by lying down on the surface,
and then, as more adsorption occurs, they undergo an
orientational transition to stand up on the surface. In the
second pathway, the molecules adsorb in the standing-up

configuration to form islands. These islands grow and
eventually coalesce to form the adsorption layer. Both of
these kinetic pathways are observed in our simulations, and the
preferred pathway depends on the relative magnitudes of erg
and eyg. Figure 6a shows the distribution of the angle, 0, at
different times during the adsorption process for the case when
(ers, €ys) = (0.39, 5). For this set of interactions, the
molecules are expected to attain the standing-up configuration
as per Figure 1. The first time period, t;, shows the 6-
distribution to be sharply peaked at 7°, which is a signature of
the lying-down configuration. There is a fraction of the
molecules that is standing up on the surface, as the distribution
is nonzero at € = +80°. Figure 6b shows the distribution of the
center-of-mass of the molecules from the surface. For the time
period t), the distribution in Figure 6b has peaks at 16 and S.40
from the surface, indicating that some molecules are lying
down while some are standing up on the surface. The time

1/2
period t, is from time 0 to 8.5 X 10* o(k%) , wherein the
B

number of adsorbed molecules, N, increases from 0 to 150.
The surface coverage from adsorbed molecules is close to 90%
by the end of t, (Figure S8, Supporting Information). In the
1/2
second time period, t, (from 8.5 to 17 x 10* 6(%) ), it is
B
observed that the peaks corresponding to the lying-down
configuration are reduced in Figure 6a and b, implying that
more molecules now stand up on the surface. N increases from
150 to 170 in this period. The period ¢; is from 25.5 to 34 X
1/2
10* (k%) . It is observed that the signatures of the lying-
B
down configuration are now absent, implying that all of the
adsorbed molecules are standing up on the surface. Thus, for
this value of (ers, €ys), the kinetic pathway involves an initial
adsorption of the surfactant molecules in the lying-down
configuration, which is followed by a gradual orientational
transition to the standing-up configuration. This kind of kinetic
pathway is observed for the state points that are close to the
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Figure 6. Kinetics of adsorption of the surfactants for (&g, £ys) = (0.39, S). (a) shows the distribution of the angle that the molecules form with
the surface, € at different time periods (¢, < t, < t3). (b) shows the distribution of the distance of the center-of-mass of the molecules from the
surface for the same time periods. These graphs show that the kinetics of adsorption involve a standing-up to a lying-down orientational transition.

theoretical line of E* = E°. For such state points, the lying-
down configuration is energetically comparable to the
standing-up configuration.

To observe the second kind of kinetic pathway, one can
analyze the adsorption kinetics of a data point for the standing-
up configuration that is away from the theoretical line of E" =
E°. Figure 7 shows the distribution of the angle 0 at different
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Figure 7. Kinetics of adsorption of the surfactants for (ers, £ys) =
(0.23, 5). The figure shows the distribution of the angle that that the
molecules form with the surface, 6 at different time periods (¢, < t, <
t;). At all times, the distribution of the & represents the standing-up
configuration.

times during the adsorption process for the case when (erg,
eys) = (023, S). In this case, the O-distribution at all time
periods t, t,, and t; matches with that of a standing-up
configuration. Thus, in this case, the kinetic pathway involves
the formation of islands of standing-up molecules. These
islands grow and coalesce as the adsorption increases with
time.

To identify the islands on the surface, the following
procedure is employed: the surface is divided into cubes of
side 0.2¢. All alkyl beads within 1.5¢ and all polar beads within
30 from the surface are projected onto the plane of the surface.
The cubes that are within 0.86 (0.86;) from the alkyl (polar)
beads are labeled as occupied. All the occupied cubes adjacent
to each other are considered part of an island. Figure 8
illustrates the formation and growth of islands of adsorbed
molecules for (ers, €yg) = (0.23, S). Figure 8a shows the
number of islands as a function of N. A large number of islands
form on the surface initially. As N increases, these islands grow
and coalesce into one another. The large fluctuation in the
number of islands for a given value of N indicates that many
islands break and form during the course of adsorption. This is
further evidenced in Figure S9 (Supporting Information),
wherein the number of islands is plotted as a function of total
surface coverage. It is observed that, for a given surface
coverage, there is fluctuation in the number of islands. For the
same trajectory as shown in Figure 8a, Figure 8b tracks the size
of the largest island as a function of N. The size is shown in
terms of the fraction of the total surface area covered by the
largest island. It is observed that the largest island grows as N
increases.

5. CONCLUSIONS

In this work, we have developed a theoretical model to predict
adsorbed configurations of surfactant molecules on polar
surfaces. We have focused on asymmetric surfactant molecules
that have a linear alkyl tail and a large polar headgroup. The
theoretical model is based on the principle that, if the
interactions of the polar head with the surface are much
stronger than those of the alkyl tail with the surface, then the
molecules attain a configuration in which they adsorb by
standing up on the surface. This configuration allows more
molecules to adsorb in comparison to the lying-down
configuration and thus lowers the overall energy of the system.
On the other hand, if the interactions of the alkyl tail with the
surface are strong, the molecules adsorb in the lying-down
configuration. Due to the asymmetrical geometry of the
surfactant molecules, the molecules attain a cylindrical
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are shown as a guide to the eye.

morphology in the standing-up configuration and a partially
spherical morphology in the lying-down configuration. Our
simulations show that the theoretical model is quantitatively
accurate in predicting the adsorbed configurations of surfactant
molecules.
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Figures S1—S7 show (a) the 6-distribution and (b)
center-of-mass distribution of surfactant molecules for
the following values of (erg, eyg): (0.42, 5) [mixed],
(0.32, 4) [standing up], (0.36, 4) [mixed], (0.42, 4)
[mixed], (0.23, 3) [standing up], (0.29, 3) [mixed],
(0.36, 3) [lying down]; Figure S8 shows the fraction of
the surface covered by surfactant molecules as a function
of the number of adsorbed molecules for (erg, £y5) =
(0.23, 5); and Figure S9 shows the number of islands as
a function of the fraction of the surface covered (PDF)
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