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ABSTRACT: Modifying properties of metal−water interfaces via adsorption of surfactants has applications
in electrochemistry and catalysis. We report molecular simulations of adsorption of surfactant molecules on
metal surfaces wherein we systematically vary the strength of hydrophobic interaction between surfactant
tails, as well as the size of the surfactants’ polar head group. A surfactant molecule is represented by a linear,
bead−spring model with a polar “head” bead and a chain of hydrophobic “tail” beads. A smooth surface,
strongly attractive to the polar beads, represents the metal surface. Our main findings are that (1)
hydrophobic interactions between adsorbed molecules promote adsorption and self-assembly and (2) the
morphology of the adsorbed layer is governed by the geometry of the molecules. When the size of the polar
bead is the same as that of the hydrophobic beads, an adsorbed self-assembled monolayer (SAM) is formed.
When the polar bead is larger than the hydrophobic beads, cylindrical micelles are formed in the bulk and
the adsorbed phase. For the adsorbed SAM, the layer is patchy, with a significant fraction of the molecules
adsorbed with their polar beads pointing away from the surface. These results corroborate with
experimental observations and provide new insights into the molecular nature of adsorbed layers.

■ INTRODUCTION

Metal−water interfaces are ubiquitous in heterogeneous
catalysis1 and electrochemical reactions.2 The ability to adjust
properties of these interfaces via adsorption of surfactants has
found applications in corrosion inhibition,3 electrochemistry,4

biomimetic design,5 fuel cells,6 and energy storage.7 The direct
application that we are interested in is the use of surfactants as
inhibitors of aqueous corrosion of metals in oil and gas
pipelines. Organic, surface-active amphiphilic molecules have
been found to be effective corrosion inhibitors.3,8,9 These
molecules contain both hydrophobic (nonpolar “tail”) and
hydrophilic (polar “head”) groups. The hydrophobic tails are
long hydrocarbon chains (usually C6−C22), while hydrophilic
heads are either nonionic or ionic functional groups. Imidazole,
quaternary ammonium, amide, and amido-amine based
surfactants are popular corrosion inhibitors because of their
low toxicity and high efficacy.9−11 Due to their amphiphilic
nature, these molecules adsorb onto metal−water interfaces
and alter the nature of electrochemical reactions.12 However,
the performance of these compounds is found to vary with
operating conditions, leading to unpredictable behavior and
many corrosion-related failures.3,13 Hence, there is a need to
design new inhibitor molecules with well-understood and
robust corrosion mitigation capabilities under varying con-
ditions. So far, this pursuit has largely relied on trial and error
experimentation3,14−17 because a fundamental understanding of
the relationship between adsorption characteristics and
molecular properties of surfactant molecules has been lacking.
Adsorption of surfactant molecules on hydrophobic surfaces

is mainly driven by hydrophobic interactions between the alkyl
tails and between the alkyl tails and the surface.18,19 As a result,
hemicylindrical or hemispherical structures are observed in the

adsorbed phase.18,20 On polar surfaces, initial stages of
adsorption of surfactants is driven by the affinity between the
polar head groups and the surface and/or adsorbed counter-
ions.21,22 In later stages, lateral hydrophobic interactions
between the alkyl tails are understood to promote adsorp-
tion.21,22 The resulting adsorbed phases manifest many
different morphologies, such as self-assembled layers or
cylindrical or spherical micelles.4,23,24 Adsorption isotherms of
quaternary ammonium-based surfactants are observed to shift
toward lower concentrations with increase in alkyl tail lengths,
highlighting the importance of hydrophobic interactions in
promoting adsorption.25,26 On the other hand, equilibrium
adsorbed concentrations of imidazoline-based surfactant
molecules on metal−water interfaces have been reported to
be invariant of the alkyl tail length.11 These seemingly contrary
results on the role of alkyl tails on adsorption have not been
reconciled.
Alkyl tails of adsorbed surfactants are known to affect

interfacial properties; for example, molecules with small alkyl
tails (<C6) show a significantly reduced corrosion inhibition
efficiency.11 The inability of small alkyl tails to form an effective
hydrophobic barrier is often cited as the reason for these
observations. For corrosion inhibition and electrochemistry
applications, complete coverage of metal−water interfaces with
surfactants is desired to achieve electrochemical “blocking”.4,8

The premise that adsorption is chiefly governed by the
interaction between polar groups and the surface has prompted
researchers to test surfactants with highly polar head groups
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comprising bulky heterocyclic and aromatic groups.3 However,
little importance is given to understanding how the size of the
polar head group impacts the nature of the adsorbed layer.
Hence, there is a need to perform a systematic investigation of
how different molecular features of surfactants affect their
adsorption characteristics on metal−water interfaces.
In this work, we employ molecular simulations to understand

how the hydrophobic character of the alkyl tail and the size of
the polar head group of the surfactants affect their adsorption
behavior on a metal surface. We find that tail hydrophobicity
plays an important role in driving adsorption and self-assembly
of surfactant molecules. The geometry of the molecule dictates
the aggregation morphology in the adsorbed and the bulk
phases.

■ METHODS
Simulation System. We use a coarse-grained bead−spring

model to represent surfactant molecules. All quantities in the
simulation system are defined in reduced units of energy, mass,
and length, and therefore, the results can be translated into real
units by appropriate conversions.27 In this model, one terminal
bead of a surfactant molecule is the polar head bead, and the
remaining beads are hydrophobic and form the tail. The beads
are connected via bonded interactions modeled as harmonic
potentials centered at 0.3σ. The angles between adjacent bonds
in a surfactant molecule are restrained via angular harmonic
potentials centered at 180°. Water molecules are not modeled

explicitly. An effective attractive interaction between the
hydrophobic tail beads incorporates the hydrophobic effect.
This interaction is modeled as a Lennard-Jones (LJ) potential
with the well-depth ε (arbitrary energy units) and the length
parameter σ (arbitrary length units). The polar beads interact
with all other beads via a purely repulsive Weeks−Chandler−
Andersen (WCA) potential.28 The WCA potential comprises
only the repulsive part of the LJ potential. The basis of
employing this potential is the understanding that the
interactions of a polar group with water and with other polar
and hydrophobic groups are similar in magnitude and length
scale in an aqueous medium. As a result, there are no net
attractive interactions between two polar groups or between a
polar group and a hydrophobic group in an aqueous medium.29

The surface is represented by a smooth wall at Z = 0. The
strong affinity between the polar beads of the surfactant
molecules and the surface is modeled by a 9−3 interaction
potential with the well-depth parameter εs. The hydrophobic
beads do not have attractive interactions with the surface.
Reflective boundary conditions at Z = 0 are used to prevent the
hydrophobic beads from crossing the surface. To keep the
simulation volume constant, reflective boundary conditions are
used for all beads for the face opposite the surface in the
simulation box. The simulation box is periodic in the X and Y
dimensions. The X and Y dimensions of the simulation box are
kept fixed at 20σ × 20σ. The Z dimension (the dimension
perpendicular to the surface) is chosen to ensure that the

Figure 1. Adsorption behavior of surfactant molecules with σP = σ. (a) Number of adsorbed molecules, N, as a function of strength of hydrophobic
interactions, ε. The molecules with their center of mass within a distance of 6σ from the surface are counted as adsorbed. This criterion is based on
the observed density profile of the center of mass of the molecules as a function of the distance from the surface (Supporting Information Figure 1S).
Error bars in this figure are standard deviations of ensemble averages calculated from 3 to 5 independent simulations. The line is a guide to the eye.
(b) Snapshots of the system for ε = 0.03 (low adsorption), ε = 0.065 (self-assembled monolayer), and ε = 0.08 (laminar micelles in the bulk and on
the surface). The surface is shown as a yellow plane. The molecules are shown as green (hydrophobic) and blue (polar) beads. (c) Radial distribution
function of the center of mass of the adsorbed molecules in the XY plane for ε = 0.03, which corresponds to the low adsorption regime, and ε =
0.065, which corresponds to the adsorbed self-assembled monolayer.
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number density of the beads in the system is maintained at
0.5σ−3. Hence, for 400 molecules of 20mers, the Z dimension is
40σ. The mass of each bead, m, is taken as 1 (arbitrary mass
units).
Simulation Details. Langevin dynamics molecular simu-

lations are performed at a fixed temperature of 1.0 (temper-
ature units, KBT/ε) and a damping constant of 0.1 (time units,
(ε/mσ2)0.5t).27 In order to study the role of hydrophobic
character of the tails on adsorption, the LJ well-depth
parameter for the interactions between the hydrophobic
beads ε is varied from 0.01 to 0.11 in a series of simulations.
The rationale behind choosing these values is that for ε = 0.05,
the total interaction energy between two surfactant molecules is
O(KBT), in accordance with the observed potential of mean
force between two ∼1 nm sized hydrophobic solutes.30 The
well-depth of the interaction between the surface and the polar
bead, εs, is kept at a fixed value of 5.0. This value is chosen to
match the interaction energy obtained from density functional
theory (DFT) calculations of polar groups on metal surfaces.31

The bond and angle harmonic potential coefficients are set to
100 (energy units/σ2) and 50 (energy units/radians2),
respectively. Simulations of 20mer surfactant molecules are
performed for different values of ε at a fixed monomer number
density of 0.5 σ−3 (a 20mer molecule has one polar head bead
and 19 hydrophobic tail beads). To study the effect of the size
of the polar head group, three different values of the polar
bead’s WCA length scale parameter, σP = σ, 1.5σ, and 2σ, are
chosen. The WCA well-depth parameter, εP is kept fixed at 1.0.
Along with these simulations, we also perform Langevin
dynamics simulations in the bulk (that is, in the absence of a
surface) in order to study bulk aggregation behavior. While we
change the size of the polar beads, we do not change their mass.
Hence, we keep the same damping constant of 0.1 (time units)
in all of the simulations. All simulations are performed using the
large-scale atomic/molecular massively parallel simulator
(LAMMPS) MD simulations package.32 Typically, for each
simulation, the system is first equilibrated for 3−8 × 108 MD
steps with a time step of 0.001, followed by a production run of
8−16 × 108 MD steps. Equilibration is understood to be
achieved when no change in the ensemble-averaged surface
adsorbed amount, orientation factor (discussed below), and
energy of the system is observed.

■ RESULTS AND DISCUSSION
Effect of Tail Hydrophobicity on Adsorption Behavior.

In the first set of simulations, the ε (the LJ well-depth
parameter between hydrophobic beads) is varied from 0.01 to
0.09 while keeping all other parameters fixed and with σP = σ.
The value of ε sets the strength of attractive interactions
between the hydrophobic beads of the surfactant molecules. A
small ε implies a weak attraction, whereas a large ε implies a
strong attraction between the hydrophobic beads. By changing
the value of ε, one can evaluate how the hydrophobic character
of the tail affects the adsorption behavior. Figure 1a shows the
number of adsorbed molecules as a function of ε. For small
values of ε (<0.04), that is, for weakly hydrophobic tails, low
levels of adsorption are observed. Above ε = 0.04, a sharp
increase in equilibrium adsorption is seen, which reaches a
maximum for ε = 0.065. Beyond ε = 0.065, a decrease in the
equilibrium adsorption is seen. Figure 1b shows snapshots
corresponding to three different ε values: (1) ε = 0.03, (2) ε =
0.065, and (3) ε = 0.08. Clearly, for ε = 0.03, the molecules
adsorb in random orientations on the surface. For ε = 0.065, a

self-assembled monolayer (SAM) in the adsorbed state is
observed while the molecules in the bulk are randomly
oriented. For ε = 0.08, the molecules aggregate in both bulk
and adsorbed phases as laminar micelles. Hence, as ε is
increased from 0.04 to 0.065, making the tails more
hydrophobic, the adsorption regime changes from low, random
adsorption to an adsorbed SAM. Beyond ε = 0.065, molecular
aggregates are formed in the bulk, and the molecules do not
diffuse toward the surface, thereby decreasing adsorption.
Figure 1c shows the radial distribution function of the center of
mass of the adsorbed molecules in the plane of the surface (the
XY plane), RDFxy(r), for ε = 0.065 and 0.03. The RDFxy for ε
= 0.03 resembles that of a low-density phase with no local
order, while for ε = 0.065, the RDFxy(r) shows regular peaks
corresponding to the ordered structure of the SAM. The
gradually decreasing peaks indicate that the SAM is not a solid
but has fluid-like behavior.
The adsorption behavior observed above can be understood

by analyzing the orientation factor of the molecules on the
surface and in the bulk as a function of ε (Figure 2). The

orientation factor, S, is defined as the largest eigenvalue of the
tensor Q, the elements of which are given by33

∑ δ= | · | −αβ α β αβ
=

Q
N

n n
1.5 1

2i

N

i i
t 1

t

(1)

where niα and niβ are the α and β components of the end-to-end
vector of the molecule i, respectively. δαβ = 1 if α = β and 0
otherwise. Nt is the total number of molecules in the system. If
all of the molecules are perfectly oriented parallel to each other,
then S = 1. For a completely random orientation, S = 0.5.
Figure 2 shows S as a function of ε for bulk and adsorbed

phases. For ε < 0.04 (weakly hydrophobic tails), S is small in
the adsorbed phase, indicating random orientation of the
adsorbed molecules. For ε > 0.04, a sharp increase in the value
of S in the adsorbed phase is observed. This indicates that as ε
increases the adsorbed molecules start aligning parallel (or
antiparallel) to each other. For ε > 0.06, S is close to 1,
indicating formation of a near-perfectly aligned SAM.
Interestingly, in the bulk phase, the value of S remains small
up to ε = 0.065. This implies that while the molecules prefer to

Figure 2. Orientation factor, S of molecules with σP = σ in the bulk
and the adsorbed phases as a function of strength of hydrophobic
interactions, ε. A large value of S (∼1) implies strong orientation of
molecules parallel or antiparallel to each other. A small value of S
(∼0.5) corresponds to random orientation of the molecules with
respect to each other. Error bars are standard deviations of ensemble
averages calculated from 3−5 independent simulations. Lines are
guides to the eye.
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align parallel to each other in the adsorbed phase for 0.04 < ε <
0.065 they remain randomly oriented in the bulk phase. Only
for ε > 0.065 is a sharp increase in the value of S in the bulk
phase observed, indicating formation of aggregates or laminar
micelles, which decreases the adsorption, as seen in Figure 1a. It
is important to remember that the interaction strength between
the polar beads and the surface is kept constant in these
simulations. These results show that the adsorption is strongly
dependent on tail hydrophobicity and the hydrophobic
interactions between surfactant tails promote adsorption and
self-assembly on the surface.
Effect of the Size of the Polar Head Group. In the next

set of simulations, the size of the polar head bead, σP is
increased from σ to 1.5σ and 2σ while keeping the size of the
hydrophobic beads fixed at σ = 1. For each value of σP, the
value of ε is varied as before. All other potential parameters are
kept fixed.
Adsorbed Amount. To understand the effect of σP on the

adsorbed amount, one can naively compare the number of
adsorbed molecules, N, in each case (Figure 3a inset).
However, this comparison will be misleading because with an
increase in σP the footprint of the molecules adsorbed with
their polar bead toward the surface will be larger, and hence,
fewer molecules will be expected to get adsorbed. Instead, a fair
comparison is to consider the fraction of the surface area
covered by the molecules, or surface coverage, for different
values of σP. The surface coverage is calculated as

πσ πσ
=

+ −f f
A

surface coverage
(1 )
4

P
2 2

(2)

where f is the fraction of adsorbed molecules with their polar
head group pointing toward the surface and A is the total
surface area.
Figure 3a shows surface coverage for the three values of σP as

a function of ε. The low adsorption regime, observed for ε <
0.04 (weakly hydrophobic tails), is dictated by attractive
interactions between the polar beads and the surface, which are
the same for the three values of σP. In this regime, the number
of adsorbed molecules is about the same for the three cases
(Figure 3a inset), and as a result, the surface coverage is highest

for the largest σP. The surface coverage increases with ε for the
three cases but shows weaker dependence on ε as the value of
σP increases. The maximum surface coverage, while almost
invariant of the size of the polar head group, for σP = 2σ is
observed at a higher value of ε (∼0.1). Interesting differences in
the nature of the adsorbed layer for the three cases explain this
observation. Figure 3b shows the number of surface aggregates
or 2D clusters observed for the three cases. The methodology
to find 2D clusters in the adsorbed phase is similar to one
employed previously34 and is briefly described as follows: the
monomers that are within a distance of 1.5σ from the surface
are projected onto the plane of the surface. The surface is
divided into square boxes of length 0.2σ. For each square box, if
there exists a monomer whose surface projection is within an
in-plane cutoff distance of 0.8 times σ (hydrophobic bead) or
σP (polar bead) from the center of the square box, then the box
is labeled as “occupied” or else is labeled as “vacant”. Adjacent
occupied boxes are considered part of one cluster. For σP = σ
and 1.5σ, as ε increases, the number of surface aggregates
decreases and eventually reaches 1, indicating formation of a
monolithic adsorbed layer. On the other hand, for σP = 2σ, the
number of surface aggregates remains large as the ε is increased.
For this case, as ε increases, the adsorbed molecules tend to
aggregate into cylindrical micelles (discussed below) and hence
do not form a SAM, as seen for smaller values of σP. We do not
have a good explanation for the observed difference in the
number of 2D clusters between the σP = σ and 1.5σ cases for
small values of ε (< 0.04).

Micelle Formation. To study the nature of aggregation of
surfactant molecules in the bulk as well as in the adsorbed
phase, we identify clusters of molecules using the density-based
spatial clustering of applications with noise (DBSCAN)
algorithm.35 This algorithm is useful for finding clusters in a
collection of points in space. It works in the following manner:
for a point p, if the number of points within a distance rcut is
above a cutoff value, Ncut, then the points are “directly
reachable” to the point p. All points that are directly reachable
to each other form part of a “cluster”. After identifying the
clusters of monomers using the DBSCAN algorithm, we
determine the size and the shape of each cluster by finding the

Figure 3. Comparison of adsorption behavior of surfactant molecules with different values of σP. (a) Surface coverage (defined in the text) as a
function of strength of hydrophobic interactions, ε. The inset shows the number of adsorbed molecules, N, for each σP as a function of ε. (b)
Number of aggregates of adsorbed molecules for each σP as a function of ε. The aggregates are found using the 2D cluster algorithm described in the
text.
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principle eigenvalues of the radius of gyration squared tensor of
each cluster. From the principle eigenvalues, the following
quantities are defined36

λ λ λ= + +RRadius of gyration squared, g
2

1 2 3 (3)

λ λ λ= − + −⎡
⎣⎢

⎤
⎦⎥b RAsphericity,

1
2

( )1 2 3 g
2

(4)

λ λ= − −c RAcylindricity, [ ]2 3 g
2

(5)

where λi are the eigenvalues and λ1 > λ2 > λ3 is the relative
magnitude of the three eigenvalues.
A perfectly spherical cluster/micelle will correspond to b = 0.

Similarly, a perfectly cylindrical cluster will correspond to c = 0.
However, because even for a spherical cluster the value of c will
be close to 0, in order to classify a cluster as cylindrical, one
needs to consider asphericity and acylindricity together. Figure
4a shows asphericity and acylindricity of the largest cluster of

monomers identified for σP = 2σ for different values of ε in the
bulk and in the adsorbed phase. In both phases, the
acylindricity is small while the asphericity is large, which clearly
indicates the formation of cylindrical micelles. While we focus
here on only the largest cluster, similar behavior is observed for
other clusters as well. Figure 4b shows a snapshot of the system
for ε = 0.11. One can easily identify distinct cylindrical micelles
in both the adsorbed and the bulk phases. For the case of σP =
1.5σ, the state of the system is more complicated. For σP = 1.5σ,
Figure 2Sa,b shows asphericity and acylindricity of the largest
cluster in the bulk and the adsorbed phase, respectively
(Supporting Information). In both the bulk and the adsorbed
phase, the acylindricity and the asphericity are similar in
magnitude, thereby demonstrating only a weak tendency of the
molecules to form cylindrical micelles. As a result, we are
unable to assign a distinct geometrical shape to these clusters
(Figure 3S shows one snapshot of the system for σP = 1.5σ and
ε = 0.07). Note that in Figures 4 and 2S, no data points are
shown for small values of ε for which no clusters are identified.
For the case of σP = σ, the orientation factor S shows formation
of laminar micelles in the bulk and the adsorbed phase. Hence,
we do not evaluate acylindricity and asphericity shape factors
for this case. Observation of laminar and cylindrical micelles for

the σP = σ and 2σ cases, respectively, can be explained via
calculation of the critical packing parameter (CPP).37 CPP is a
dimensionless number given by V/(AL), where V is the volume
of the tail of the surfactant, A is the area of the surfactant head,
and L is the tail length. The CPP is calculated by assuming the
tail to be a cylinder with excluded volume, V = πσ2L, and the

polar head excluded area, π= σ σ+A ( )( )
2

2
P . For σP = σ, CPP ≈

1, which suggests that the molecules will aggregate in laminar
micelles, while for σP = 2σ, CPP ≈ 0.44 < 0.5, which
corresponds to cylindrical micelles.37 From the above results, it
is deduced that the adsorbed morphologies depend on the
geometry of the surfactant molecules and correspond to bulk
aggregation morphologies, a phenomenon that has been
observed in AFM studies of adsorption of surfactants on
surfaces.38

Nature of the Adsorbed Layer. Figure 5 shows the fraction
of adsorbed molecules with their polar head group pointing

toward the surface, f, as a function of ε for the three values of
σP. For small values of ε (<0.04) corresponding to low
adsorption, f is large (>0.8) for all σP as this adsorption regime
is dominated by the attractive interaction between the polar
head groups and the surface. For σP = σ, at first f increases with
ε as the adsorbed molecules start aligning parallel to each other.
However, beyond ε = 0.05, f decreases with ε. The decrease in f
is concomitant with the formation of a SAM. The formation of
the SAM is dominated by hydrophobic interactions between
the tails of the adsorbed molecules, and the polar bead−surface
interactions are not significant enough to cause flipping of the
adsorbed molecules to have their polar beads toward the
surface. Hence, the SAM (at ε = 0.065) is patchy with ∼30%
molecules adsorbed with their polar bead pointing away from
the surface. This is an interesting revelation about the nature of
the SAM, which is often presumed to form a uniformly
hydrophobic layer of adsorbed surfactants.4,39 For σP = 1.5σ, a
monotonic decrease in the f as a function of ε is observed. This
is a consequence of geometric considerations of efficiently
packing molecules with different sized polar and hydrophobic
beads on the surface. For σP = 2σ as well, a monotonic decrease

Figure 4. (a) Different shape factors evaluated for the largest cluster
identified for molecules with σP = 2σ in the bulk and the adsorbed
phase. (b) Snapshot of the simulation system with σP = 2σ and ε =
0.11. Different clusters identified by the DBSCAN algorithm are
shown via different colors. Cylindrical micelles in the bulk and the
adsorbed phases are clearly identifiable. Figure 5. Fraction of the adsorbed surfactant molecules with their

polar groups pointing toward the surface, f, as a function of ε for
different values of σP. Lines are guides to the eye.
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in the f as a function of ε is observed. While for σP = 1.5σ a
monolithic adsorbed layer is formed, for σP = 2σ, cylindrical
micelles form in the adsorbed phase as ε increases, which
results in the monotonic decrease in f. Hence, it is observed
that the adsorbed layer of surfactant molecules is patchy, with
both hydrophobic and polar groups exposed to the solution.
While the focus of this study has been the adsorption of

20mer surfactant molecules, we have also studied the
adsorption of 10mer and 30mer surfactant molecules. Because
the bond length in our model is 0.3σ, the length to diameter
aspect ratio of the 20mer is l/d ≈ 6, whereas, for the 10mer
molecule, l/d ≈ 3, which we found to be too small to form a
stable, adsorbed SAM. Hence, the adsorption behavior of
10mer surfactants is not interesting for the study of self-
assembly. On the other hand, 30mer surfactant molecules show
similar adsorption behavior as the 20mer surfactant molecules
(Figure 4S). From Figure 4S, it is observed that for the 30mer
case highest adsorption is achieved at a smaller value of ε (=
0.046) as compared to the 20mer case. This is expected as the
30mer molecules will have stronger hydrophobic interactions
than the 20mer molecules for the same ε. Furthermore, it is
observed that the maximum adsorption for the 30mer
molecules (∼281) is less than that seen for the 20mer
molecules (∼309). We believe that this difference is due to a
larger entropy loss associated with the adsorption of the
30mers. We are investigating this aspect in more detail using
free energy calculations, and it will be a subject of a future
publication.

■ CONCLUSIONS
Adsorption of surfactant molecules on metal−water interfaces
is a useful mechanism for tuning interfacial properties and has
found applications in a wide range of fields. The goal of this
work is to study how different molecular properties of
surfactant molecules affect their adsorption characteristics.
From our simulations, we find that tail hydrophobicity plays a
significant role in adsorption. When the tail is weakly
hydrophobic, only low levels of adsorption are observed even
though the polar groups have strong affinity for the surface. For
more hydrophobic tails, a SAM in the adsorbed phase is
formed. In this regime, adsorption is dominated by hydro-
phobic interactions between the tails, a phenomenon that has
also been reported in experiments.40 For surfactants with a
larger polar head group than the hydrophobic monomers of the
tail, the effect of tail hydrophobicity on surface coverage via
adsorption is found to weaken. Nevertheless, the maximum
surface coverage is found to be almost invariant of the size of
the polar head group. These results explain the experimental
observations wherein, for the case of small polar head groups,
such as quaternary ammonium derivatives, a dramatic effect of
the tail hydrophobicity on adsorption is reported,22,26 while for
the case of bulky polar groups, such as imidazolium-based
groups, adsorption is found to be invariant of the tail
hydrophobicity.11 We observe that the adsorbed surfactant
layer is patchy, with a good fraction of the polar groups in the
adsorbed phase pointing toward the solution. This observation
is contrary to the assumption that the adsorbed SAM manifests
a uniformly hydrophobic interface to the solution.4,39,41 Finally,
we find that, in accordance with the experimental observations,
the molecules adsorb in micellar structures similar to those
observed in the bulk phase.18,42 That is, the molecules that have
tendency to form cylindrical micelles in the bulk adsorb as
cylindrical micelles rather than forming a mono/bilayer. In

experimental studies, the role of tail hydrophobicity is
investigated by studying the adsorption behavior of surfactants
with different tail lengths. Longer tails are expected to have
more conformational entropy loss upon adsorption in
comparison to smaller tails. Furthermore, surfactants with
longer tails will have different transport and aggregation
properties. In this work, we tune the hydrophobic character
of surfactant tails while keeping the tail length fixed. This
strategy may not have a direct experimental analogue but is
useful in isolating the role of hydrophobic interactions from
other concomitant effects that arise from varying the alkyl tail
length. Similarly, by changing the size of the polar head group
without changing its interaction strength with the surface, we
study the role of polar group size in isolation of other effects. In
summary, this work concludes that the nature of the
hydrophobic tail and the polar head group plays an important
role in the adsorption characteristics of surfactant molecules,
and these factors should be taken into account for rational
design of these molecules for different applications.
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