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ABSTRACT: Surfactant molecules are known to adsorb onto
polar surfaces in different morphologies. The ability to predict
the adsorption morphologies is important for tuning interfacial
properties via surfactant adsorption. Linear surfactant
molecules may adsorb in a stripe-like configuration (stripes)
with their molecular axes parallel to the surface and to one
another or as a self-assembled monolayer (SAM) with the
molecular axes perpendicular to the surface. By comparing the
associated energetics of these configurations, the favorable one
can be predicted. Based on this concept, we have developed a
theoretical model with no fitting parameters for describing
adsorbed configurations of linear surfactant molecules on

polar surfaces. The predictions of the model are in excellent agreement with the results of molecular simulations. In addition,
our model explains observations of different kinetic pathways for SAM formation, which have been reported in experiments.

1. INTRODUCTION

Adsorption of surfactants on polar surfaces has numerous
applications, including in corrosion inhibition," electrochemical
reactions,” synthesis of anisotropic metal nanoparticles,” and
heterogeneous catalysis.” Surfactants are known to adsorb onto
polar surfaces in various morphologies, such as (hemi-)
cylinders, (hemi-) spheres, or planar micelles.”® Morphology
of adsorbed surfactant films is an important determinant of
interfacial properties.”® An ingenious thermodynamics-based
theory for predicting adsorbed morphologies of surfactants on
hydrophobic and hydrophilic surfaces was introduced by
Johnson and Nagarajan.”"? However, it was not widely adopted
because its predictions for hydrophilic surfaces did not match
atomic force microscopy results and it required thermodynamic
parameters like chemical potential of surfactants in different
aggregation states, which are not easily obtainable from
experiments or computer simulations.

Linear surfactant molecules, that is, molecules with a linear
alkyl tail and a polar head group commensurate in size with an
alkyl group, may adsorb as stripes with their molecular axes
parallel to the surface and to each other'"'” or as a self-
assembled monolayer (SAM) with their molecular axes
perpendicular to the surface.'”'* However, there is no
theoretical formalism for a priori predicting which configuration
will be favored. Furthermore, experiments have revealed
different kinetic pathways associated with the formation of a
SAM of adsorbed surfactants on polar substrates like mica and
gold. For instance, adsorption of octadecylphosphonic acid'*'°
and octadecyltrimethyl ammonium bromide (CISTAB)13 on
mica initiates with nucleation of densely packed molecular
islands followed by growth and coalescence of these islands into
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a contiguous adsorbed monolayer.'>'® The adsorption and self-
assembly of alkanethiols on gold follow a different kinetic
pathway. It comprises two steps: in the first step, the molecules
completely cover the gold surface by adsorbing parallel to the
surface in the form of stripes. The second step involves an
orientational transition wherein the molecules “stand up” on the
surface with their molecular axes parallel to the surface normal."”
A similar orientational transition has been reported in other
studies of alkanethiols on gold.18 So far, there exists no
theoretical basis to predict when one pathway is favored over the
other.

In this work, we introduce a mathematical model to predict
adsorbed configurations of linear surfactants on polar surfaces.
From molecular simulations, we show that our model’s
predictions are quantitatively accurate without the need of any
fitting parameters. The model is based on the idea that linear
surfactant molecules in the lying-down configuration maximize
their interactions with the surface but also occupy a larger
surface area. The standing-up configuration, on the other hand,
allows more molecules to adsorb on the surface. In the lying-
down configuration, the molecules optimize their intermolecular
interactions to eventually form a stripe morphology, while the
standing-up configuration ultimately results in a SAM. Based on
our theory, the kinetics associated with the formation of a SAM
can also be predicted. The details of our theoretical model are
discussed below.
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2. THEORETICAL MODEL

Consider a surfactant molecule with a polar head group and an n
carbon long alkyl tail. When these surfactant molecules are lying
flat on a solid surface, the total interaction energy is given by

A
E' = (eII;S + neTLs)—LPL

Ay (1)
where the superscript L indicates the lying-down configuration,
€y is the interaction strength of the polar head with the surface,
&1 is the interaction strength of a tail group with the surface, A is
the total adsorption surface area, A,, is the area occupied by one
surfactant molecule, and P is the packing fraction of the
molecules adsorbed on the surface. In the standing-up
configuration, the total interaction energy is given by

A
ES = gi—P°
A 2)
The superscript S indicates the standing-up configuration.
Equations 1 and 2 are applicable to surfactant molecules of any
N
geometry. P° can be estimated as P°=N %, where N is the

number of molecules adsorbed in the standing-up configuration.
For a linear surfactant molecule, approximated as a cylinder, A},

=1d, Ai = ”sz, and P" ~ 1, where [ is the length and d is the

diameter of the cylinder. Furthermore, if the interactions of the
polar head and the tail groups are isotropic, that is, they do not
depend on the adsorbed configuration, then the subscripts L and
S from the interaction terms may be dropped. The ratio of eqs 1
and 2 thus becomes

E" d ne
=i
E 4ip &g

(3)

L
If the ratio % < 1, standing-up configurations are favored, which

will eventually lead to formation of a SAM.

3. SIMULATION SYSTEM AND METHODS

To test the validity of the theory, we have performed Langevin
dynamics simulations to determine adsorbed configurations of
linear surfactant molecules with different values of &g and &g
on a polar solid surface. Surfactant molecules are modeled as
linear bead-spring chains, same as in our previous study.'” The
first bead of the molecules represents the polar head group, and
the remaining ones represent the alkyl tail. We have studied
surfactant molecules comprising 20 beads. The interactions of
the surface with the polar head and the tail beads are modeled via
9-3 potential, which is the potential function obtained when the
Lennard-Jones (LJ) potential is integrated over a semi-infinite
slab. The solvent is treated implicitly in these simulations. All
quantities in the simulation system are in reduced units.”’ In
these units, the thermal energy kT is taken as the unit of energy,
and thus, k3T = 1. The interaction between any two tail beads is
modeled via the L] potential with err = 0.065 and ¢ = 1. This
value of &y results in formation of a SAM for the case when
there is no interaction between the alkyl tail and the surface, that
is £75 = 0.'” The overall hydrozphobic interaction between two
alkyl tails is of the order of k;T.”" The magnitude of e;;5 matches
binding energies between polar groups and metals determined
from the density functional theory.”” With & taken as the unit of
length in reduced units, the equilibrium bond length between
adjacent beads is 0.3. The mass of each bead m is set to 1. In the

Langevin dynamics simulations, the time step and the damping
parameter are chosen to be 0.001 6(m/kyT)"* and 0.1 6(m/
ksT)"/?, respectively. The force constants for bond and angle
harmonic potentials are 100 kzT/6* and SO k;T/radians?,
respectively. These model parameters of surfactants are taken
from our previous study.'® The simulation box is periodic in the
x—y directions, and the polar surface is at z = 0. The opposite
face of the simulation box has an athermal surface with reflective
boundary conditions for all beads. The size of the simulation box
is 20 X 20 X 40. The simulation system has 400 surfactant
molecules. The initial configuration is generated by placing the
surfactant molecules randomly in the simulation box. We have
confirmed the invariability of our simulation results in a larger
system (800 molecules with simulation box size 20 X 20 X 80)
for some data points.

Our previous work”” on atomistic simulations of surfactants in
bulk and near metal surfaces has shown that (a) surfactant
molecules form micelles with polar groups on the outside and
alkyl tails in the core, implying that the alkyl tails have only weak
interactions with the polar groups and (b) in infinite dilution,
the surfactant molecules adsorb with their alkyl tail lying parallel
to the metal surface, suggesting that the tails have net attractive
interactions with the surface. Thus, in our coarse-grained model,
only excluded volume interactions between the polar heads and
the alkyl tails have been considered, while the interactions
between the alkyl tails and the surface are attractive.

4. RESULTS AND DISCUSSION

4.1. Validating the Theoretical Model. Figure 1 shows
results of equilibrated adsorbed configurations of surfactant
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Figure 1. Summary of results of Langevin dynamics simulations
performed for different values of (&g, €yg). The dashed line shows the
condition when EX = ES. An excellent match between the simulation
results and theoretical predictions is obtained.

molecules obtained from Langevin dynamics simulations. Each
data point in Figure 1 is from a Langevin dynamics simulation
with a specific set of (erg, £55) parameters. The theoretical line
of E" = E° calculated from eq 3 is also shown. In eq 3 for 20-mer

surfactants, | = 6 and d = 1. P’ is calculated as P° = I\;L:, where
N is the number of adsorbed molecules in the SAM. For a surface

area of 20 X 20, N = 310, which gives P° = 0.6.
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Figure 2. Snapshots of equilibrium configurations: (a) bottom view and (b) side view for (&g, £y5) = (0.49, 3.0) showing SAM and (c) bottom view

and (d) side view for (egg, &ys) = (0.55, 3.0) showing stripes.
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Figure 3. Equilibrium distribution of surfactant molecules as a function of distance from the surface z for (a) (erg, ey5) = (0.49, 3.0) and (b) (ers, £1s)
= (0.55, 3.0). The distribution in panel (a) shows a monolayer of adsorbed molecules standing-up on the surface with a partially formed second layer
appearing as a shoulder. The distribution in panel (b) shows multilayer adsorption of surfactant molecules lying down on the surface.

As per the model, when the ey is larger in magnitude (that is,
more attractive) than the value corresponding to the E" = ES line
for a given &g, the equilibrium configuration is expected to be a
SAM, while below the E* = E° line, it is expected to be stripes.
The simulation results are found to be in excellent agreement
with the theoretical predictions implying that our theoretical
model is quantitatively accurate. Figure 2 shows snapshots of
two different state points. Figure 2a,b corresponds to (ers, €xs)
= (0.49, 3.0), and Figure 2¢,d corresponds to (&g, eys) = (0.5,
3.0). For (ers, ens) = (049, 3.0), a SAM configuration is

obtained, while for (erg, £45) = (0.55, 3.0), a stripe configuration
is obtained. In the stripe configuration, the molecules stack up in
multiple layers. The bottom view of the stripe configuration
shows that the molecules are arranged in linear, parallel stripes.
In the SAM configuration, the molecules stand up on the surface
and are parallel to each other. In Figure 3, the density
distribution of surfactant molecules is plotted as a function of
the distance z from the surface for these two equilibrium
configurations. Figure 3a shows that the SAM configuration is
predominantly a monolayer with a shoulder due to the
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Figure 4. A simulation trajectory with (e, £155) = (0.49, 3.0). (a) Total number of adsorbed molecules, N as a function of time. (b) Average angle that
the axes of adsorbed molecules make with the surface normal (@) as a function of N. (c) Fraction of the surface covered with the adsorbed molecules,
Fraction as a function of time. (d) Distribution of angles, 0 that adsorbed molecules make with the surface normal for different time periods (t, > t; > t,

> t,, see text).
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Figure 5. Results of a simulation trajectory with (erg, £ys) = (0.36, 5.0). In this trajectory, a SAM configuration is achieved via formation of islands of
standing-up adsorbed molecules. (a) N as a function of time. (b) (#) as a function of N. (c) Fraction as a function of time. (d) Distribution of 6 for
different time periods (t, > t; > t, > ;). Each time period spans 4.3 X 10* 6(m/ksT)"/* time. t, corresponds to the period when N varies from 40 to 140,
t, corresponds to N from 205 to 235, t; corresponds to N from 280 to 290, and ¢, corresponds to N from 319 to 322.

formation of a partial second layer of adsorbed molecules. Figure
3b informs that, in the stripe configuration, the molecules stack
up in nearly eight distinct molecular layers. Interestingly, the
total numbers of adsorbed molecules in the SAM and the stripe
configuration are similar, even when the adsorbed config-

urations are significantly different. This result suggests that

adsorbed morphology cannot be conclusively deduced from the
adsorbed amount alone.**

4.2. Kinetics of SAM Formation. As discussed above,
experiments have revealed two different kinetic pathways
leading to the formation of a SAM: in the first pathway,
molecules initially adsorb lying down on the surface and that is
followed by an orientational transition from the stripe to the
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Figure 6. A simulation trajectory of 30-mer surfactant molecules with (&g, £y5) = (0.4, 4.0). (a) N as a function of time. (b) (6) as a function of N. (c)
Fraction as a function of time. (d) Distribution of 0 for different time periods (t, > t; > t, > t,, see text).

SAM configuration. In the second pathway, islands of adsorbed
molecules standing up on the surface form. These islands grow
and coalesce to become a SAM. Both these kinetic pathways are
observed in our simulations. The stripe-to-SAM orientational
EL

transition is observed when the e is close to 1, roughly

L
0.8 < % < 1. We illustrate this orientational transition by
describing a simulation trajectory for the case (&g, £15) = (0.49,
L
3.0) for which the % = 0.9 and it eventually forms a SAM (see

Figure 1).

Movie S1 shows a movie of the simulation trajectory for (er,
eys) = (049, 3.0) in which the stripe-to-SAM orientational
transition is clearly seen. For this simulation trajectory, Figure 4a
shows the total number of surfactant molecules adsorbed, N as a
function of time. The initial adsorption is rapid followed by a
more gradual adsorption. Figure 4b shows the average angle of
the axes of the adsorbed molecules with the surface normal ()
as a function of N. During initial adsorption, the molecules lie
flat on the surface as evidenced by (@) ~ 80°. Beyond N ~160, a
rapid decrease in the (f) is observed, indicating that the
adsorbed molecules undergo an orientational transition and
start standing up on the surface. The arrow in Figure 4a indicates
the point in the trajectory when the stripe-to-SAM transition
occurs. Figure 4c shows the fraction of the surface covered by the
adsorbed molecules, Fraction as a function of time. Details of
calculating Fraction are provided in the Supporting Information.
It is observed that Fraction > 0.8 is reached in a much quicker
time (~1 X 10* 6(m/kyT)'/?) than the orientational transition
(~20 x 10* 6(m/kT)"?) indicating that the molecules in the
stripe configuration cover the entire surface before undergoing
the transition. Figure 4d shows the distribution of 6 of adsorbed
molecules at different time periods. Each time period spans 4.3 X
10* 6(m/ksT)"/2 In the t; time period, N varies from 145 to 160;
in the t, time period, N varies from ~182 to 190; in the ¢; time
period, N varies from ~220 to 230; in the ¢, time period, N varies

from ~288 to 292. In the t, period, the distribution of 8 is
predominantly around 80° indicating that the adsorbed
molecules lie flat on the surface. The period ¢, shows initiation
of the orientational transition with the peak around 80°
becoming shallower and a bump appearing near 20°. In the
period t;, the peak in the distribution of 6 is shifted to 20°
indicating that the molecules now stand up on the surface. In the
period t,, the distribution of @ is sharper and the peak is shifted to
12°, which is the case when the entire surface is covered with a
SAM of adsorbed molecules.

The second kinetic pathway, in which islands of molecules are
formed that coalesce into a SAM, is observed when E—Z < 0.6.
Figure S shows details of such a simulation trajectory for (er,
ens) = (0.36, 5.0). For this case,i—z = 0.53. The (@) is found to
decrease with N indicating that the adsorbed molecules are
standing up on the surface (Figure Sb). The Fraction saturates to
0.9 (complete coverage) much more sluggishly (only after 25 X
10* 6(m/kyT)"/? time steps) showing that there are islands of
adsorbed molecules as well as a bare, exposed surface (Figure
Sc). Figure 5d shows distributions of @ at different times. During
the first time period ¢, where the N varies from 40 to 140, the
distribution has a peak at 30°, indicating that the molecules are
already standing up on the surface. The peak at these small
values of 6 becomes sharper as more adsorption occurs.
Basically, when E" < E°, the molecules have a strong tendency
to stand up in the adsorbed state, which leads to the formation of
islands and a stripe configuration does not form.

Figure S1 shows a simulation trajectory for (&g, £ys) = (0.49,
2.0) for which the stripe configuration is achieved. Figure S2
shows a simulation trajectory for (&g, £ys) = (0.4, 2.5), which is
another example of a stripe-to-SAM transition. Kindly see the
Supporting Information for more details of these trajectories.

4.3. Validating the Theoretical Model for 30-Mer
Surfactants. We have tested our theoretical model on 30
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bead long linear surfactant molecules by performing Langevin
dynamics simulations for two state points (erg, £ys) = (0.4, 4.0)
and (erg, eyg) = (0.5, 4.0). For this system,6=1,d=1,and [ =9.
Following the above strategy, we set e = 0.046, which has been
shown to result in maximal adsorption when the tail—surface
interactions are zero.'” Figure 6 shows the kinetics of adsorption
for (ers, €ns) = (0.4, 4.0) wherein a SAM is formed. The
adsorption is observed to be sluggish as compared to the 20-mer
case (Figure 6a). The maximum adsorbed amount is N ~200,

L
which corresponds to P* = 0.4. From eq 3, % = 0.87 for (erg,
ens) = (0.4, 4.0) suggesting that the preference is to form a SAM.
L
For (&g, eys) = (0.5,4.0), eq 3 gives % = 1.03, indicating that a

stripe configuration should form, which is indeed the case
(Figure S3). The N as a function of time is plotted in Figure 6a.
The arrow indicates when the stripe-to-SAM orientational
transition is observed. The stripe-to-SAM transition corre-
sponds to a decrease in the (@) (Figure 6b). Figure 6c shows that
the Fraction becomes greater than 0.8 within 1 X 10* o(m/
ksT)'/? time, which is much earlier than the stripe-to-SAM
transition time indicating that the stripe configuration occupies
the entire adsorbing surface. The distribution of @ at different
times during the adsorption is displayed in Figure 6d. The
behavior of the distribution is similar to that in Figure 4d. At
time #, (corresponding to N ~110—122), the distribution is
peaked at ~80° which implies the presence of the stripe
configuration. At t, (N ~132—146), there are peaks at ~30° and
~80° suggesting that the configuration is in the midst of the
stripe-to-SAM transition. At times t; (N ~166—176) and t, (N
~200), the peak in the distribution is closer to 30° since a SAM
configuration has formed. These results confirm the applicability
of our theoretical model to surfactants of different alkyl tail
lengths.

4.4. Conditions for Validity of our Theoretical Model.
We have provided a theoretical framework to predict
equilibrium adsorbed configurations of linear surfactant
molecules on polar surfaces. Our theory only considers energetic
terms but ignores entropic changes during adsorption. There-
fore, we would expect this theory to be valid for cases where
significant adsorption, resulting in complete surface coverage, is
observed. In cases of partial adsorption, a balance of the entropic
and energetic terms between the bulk and adsorbed states is
expected to exist, and our theory will fail to explain these
scenarios. Furthermore, even though tail—tail interactions do
not enter in our equations, our theory is expected to be
applicable for cases where these interactions are significant so
that stable SAM and stripe configurations are formed. While
these conditions are the limits on the applicability of our theory,
it still encompasses a large number of systems of interest, such as
surfactants adsorbing on metal and polar surfaces in aqueous
media.

In this work, the theoretical model is validated by performing
implicit solvent Langevin dynamics simulations of a coarse-
grained model of surfactant molecules. This system was selected
because of its computational efliciency, which allowed us to
sample numerous data points that were needed for proper
validation of the model. Even with this coarse-grained
description, the self-assembly of surfactants in organized layers
was found to be a slow process, as can be seen from the kinetic
results. Explicit treatment of water will have an effect on the
adsorption behavior. Water adsorbs in layers on metal and polar
surfaces and solvates polar heads of the surfactants.>® As a result,

along with direct interactions between the surfactants and the
surface, there will be indirect, water-mediated interactions as
well. For applying our theoretical model to a fully atomistic
simulation, we will need to include these interactions by
calculating the potential of mean force between different species.
Furthermore, the presence of water may present free energy
barriers to adsorption,23 which may affect the diffusion of
surfactants toward the surface. The application of our theoretical
model on a fully atomistic system will be a subject of future
research.

5. CONCLUSIONS

We have developed a theoretical model for predicting adsorbed
configurations of linear surfactant molecules on polar surfaces.
We have validated the predictions of the model by performing
Langevin dynamics simulations. The model also shows that the
ratio of energies associated with the lying down and standing-up

L
configurations, % is a good indicator for predicting the kinetic

pathway associated with SAM formation. In future work, we will
extend and test the predictions of this model for different
surfactant geometries and anisotropic interactions.
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