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ABSTRACT: Surfactants adsorb to metal-water interfaces in various
morphologies, including self-assembled monolayers (SAMs), cylindrical
and spherical micelles, or hemimicelles. Current molecular simulation
methods are unable to efficiently sample the formation of these
morphologies because of the large diffusive/energetic barriers. We
introduce a modified umbrella sampling-based methodology that allows
sampling of these morphologies from any initial configuration and provides
free energy differences between them. Using this methodology, we have
studied adsorption behavior of cationic [quaternary ammonium (quat) of 4
and 12 carbon long alkyl tails], uncharged [decanethiol], and anionic
[phosphate monoester] surfactants and their mixtures at a gold-water
interface. We find that while Coulombic repulsion between the charged
head groups of quat-4 limits their adsorption to a sparse layer, stronger
hydrophobic interactions between the alkyl tails of quat-12 promote adsorption resulting in a morphology with adsorbed
hemispherical micelles sitting atop a monolayer. Decanethiol molecules adsorb in a densely packed bilayer with the molecules
standing-up on the surface in the first layer and lying parallel to the surface in the second layer. Cationic and anionic surfactant
mixtures display a synergistic adsorption behavior. These results elucidate the role of molecular characteristics in dictating the nature
of adsorbed morphologies of surfactants at metal-water interfaces.

1. INTRODUCTION

Understanding surfactant−metal interactions is important for
numerous applications, including corrosion inhibition,1 improv-
ing selectivity of chemical reactions in heterogeneous catalysis,2

synthesis of anisotropic metallic nanoparticles,3 and modulating
electrochemical reactions.4 Surfactants have a strong affinity to
adsorb at metal-water interfaces and display a rich adsorption
behavior as a function of their molecular properties. As an
example, increasing the alkyl tail length of cetyltrimethylammo-
nium bromide (CTAB) during the CTAB-mediated synthesis of
gold nanorods increases the aspect ratio of the nanorods,
presumably because longer alkyl tails cause stronger intertail
packing in the adsorbed CTAB layer.5 In the synthesis of gold
nanorods, increasing the size of the polar head of surfactants has
shown to enhance the anisotropy of the nanorods.6 Indeed,
direct scanning of morphologies of adsorbed surfactants on
metallic and polar surfaces has revealed the formation of planar,7

spherical,8 and cylindrical micelles.9,10 The formation of these
morphologies is understood to be dictated by molecular
geometry,11,12 lateral hydrophobic interactions,13−17 as well as
Coulombic interactions between the polar head, surface, and the
counterions.8,10,16 For instance, based on the differences in the
atomic force microscopy (AFM) images, Jaschke et al. postulate
that the adsorption of C14TABmolecules on gold is mediated by

Br− counterions resulting in cylindrical micelles, while
C16TAOH and sodium dodecyl sulfate (SDS) adsorb as
hemicylindrical micelles due to the interactions between the
alkyl tails and the surface.10 Using sum frequency generation
(SFG) microscopy, Khan et al. show that the cationic alkyl
dimethyl benzyl ammonium bromide surfactants with four
carbon long (C4) alkyl tails adsorb in random orientations on a
gold surface, whereas the ones with C12 alkyl tails adsorb in a
planar SAM, thereby highlighting the importance of lateral
hydrophobic interactions between the alkyl tails in the
adsorption.18 It should be noted that in these studies, the
AFM and SFG microscopy have resolutions of, at best, tens of
nanometers and therefore are unable to resolve the morphol-
ogies at the atomistic scale.
While it is recognized that multiple factors influence the

adsorption morphology of surfactants at metal-water interfaces,
no unifying guiding principle to predict these morphologies has
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emerged so far. One reason is that the organization of surfactant
molecules in densely packed adsorbed morphologies is
characterized by diffusional and/or energetic barriers, and the
existing molecular simulation methodologies do not allow
efficient sampling of the formation of these morphologies.
Previous simulation studies have attempted to navigate this
problem by initializing the simulations with surfactants arranged
in a planar SAM on surfaces.18−22 This approach is suboptimal
as it introduces a bias toward certain configurations and does not
allow calculation of the free energy of adsorbed morphologies to
determine the most stable one. In this work, we introduce a new
umbrella sampling-based23 free energy sampling methodology
that allows study of densely packed adsorbed morphologies.
Using this methodology, we have determined the most stable
adsorbed morphology of different surfactant molecules.

2. THEORY AND SIMULATION METHODOLOGY
We have performed molecular dynamics (MD) simulations to
study the adsorption behavior of cationic quaternary ammo-
nium-based molecules of alkyl tail lengths, C4 and C12
[henceforth referred to as quat-4 and quat-12, respectively],
charge-neutral decanethiol, and anionic phosphate monoester
molecules of C12 alkyl tail length [henceforth referred to as pe-
12] at a gold-water interface. These molecules are widely used
for corrosion inhibition in the oil and gas industry.24,25 The
structures of these molecules are shown in Figure 1(a−c). In
addition, we have studied adsorption of mixtures of these
molecules. First, we introduce our free-energy methodology that
allows sampling of high-density adsorption morphologies.
The equilibrium adsorption morphology of surfactant

molecules is the one that has the lowest free energy among
the other morphologies. One needs to come up with a collective
variable along which one can sample different adsorption
morphologies. For this purpose, we define an adsorption number
function given by

∑ξ =
−
−=

z z n m
z z
z z
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1 ( / )
1 ( / )o
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N
i o

n
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where zi is the distance of the polar head of the surfactant
molecule identified by the subscript i from the top layer of the

metal lattice; z represents the set of zi for all i; zo is the cutoff
distance that decides the point of inflection of the function; n
and m are integers (n < m) that control the long-range behavior
and stiffness of the function; and N is the total number of
surfactant molecules in the system. As z→ 0, ξ(z, zo, n,m)→N,
and as z→∞, ξ(z, zo, n,m)→ 0. Therefore, ξ(z, zo, n,m) maps
the number of adsorbed molecules to a continuous and
differentiable function with the range of (0, N]. The departure
from using integers (number of adsorbed molecules) to using a
continuous and differentiable function to represent the adsorbed
amount is advantageous, as one can define a biased umbrella
sampling potential based on ξ(z, zo, n, m) that does not change
stepwise, and therefore, the biasing forces are well-defined. The
strategy of transforming discrete collective variables to differ-
entiable functions has been utilized in prior works, for example,
in a study of folding of Trp-Cage protein26 and in the Indirect
Umbrella Sampling methodology introduced by the Patel
group.27 To the best of our knowledge, ours is the first study
wherein this strategy has been applied to study adsorption
morphologies of molecules at interfaces. For our system, we
select z0 = 18 Å, n = 2, and m = 4. For ease of representation, we
simply refer to the adsorption number function as ξ. For a single
molecule (N = 1), the dependence of ξ on z is shown in Figure
1(d).
To sample different adsorbed amounts, we apply an umbrella

sampling bias potential based on ξ given by U(ξ, ξo) =
1
2
k(ξ −

ξo)
2, where k is the force constant; ξ is the value of the

adsorption number function for a configuration; and ξo is the set
value of the adsorption number function for an umbrella
sampling window. After sampling all the windows, the free
energy profile as a function of ξ is generated by applying the
weighted histograms analysis method.28 The umbrella sampling
is performed using the COLVARS package in LAMMPS.29,30

The initial configurations of ourMD simulation are generated by
inserting the surfactant molecules at random locations and
orientations in the simulation box [Figure 1(e)].
The simulation box is periodic in the X and Y directions, and a

metal surface comprising of six layers of gold atoms arranged in
(111) Miller index occupies the z = 0 face of the simulation box.
The opposite face of the simulation box has an athermal

Figure 1.Molecular structures of (a) cationic quat surfactants (n = 3 and 11 for quat-4 and quat-12, respectively), (b) alkanethiol surfactant (n = 9 for
decanethiol), and (c) phosphate monoester surfactant (n = 11 for pe-12). (d) ξ(z, zo, n,m) as a function of z forN = 1. The values of other parameters
are z0 = 18 Å, n = 2, and m = 4. (e) Initial configuration of the simulation system with quat-12 molecules near the gold-water interface. The red beads
represent the aromatic rings, the yellow beads represent the alkyl tails of the surfactant molecules, the blue beads represent the bromide counterions,
and the cyan dots represent water molecules. Gold atoms are shown as orange beads.
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reflective wall. A vacuum region of∼10 Å is kept above the water
column to ensure that the system pressure remains at the
saturation pressure corresponding to T = 300 K.31 To prevent
the surfactant molecules from accumulating at the air−water
interface,18 we place a barrier in the form of a wall at ∼15 Å
below the air−water interface, which is permeable to the water
molecules but not to the surfactant molecules and counterions.
The top three layers of the gold lattice are mobile, whereas the
bottom three layers are immobile. Area of the gold surface
exposed to the aqueous medium, equal to the x-y dimensions of
the simulation box, is 49.04 Å × 49.97 Å. Partial charge on each
atom of a surfactant molecule is calculated from density
functional theory (DFT) calculations using B3LYP hybrid
functional theory with the 6-31G(d,p) basis set in implicit water
using Gaussian 16.32 Interaction potential parameters of
surfactant molecules are obtained from the General Amber
Force Field (GAFF).33 Water molecules are represented using
the extended simple point charge (SPC/E) model.34 Interaction
potential parameters of gold atoms are obtained from the
interface force field developed by Heinz and co-workers.35

Bromide and sodium ions are introduced as the counterions for
the cationic and the anionic surfactant molecules, respectively,
and their interaction potential parameters are obtained from
Joung and Cheatham’s model.36 The overall system is charge-
neutral. The gold−thiol interaction is obtained from a previous
work.37 The cutoff distances for Lennard-Jones and short-range
Coulombic interactions are taken as 10 Å. The long-range
Coulombic interactions are calculated using the particle−
particle particle mesh (pppm) method. The simulations are
performed in the canonical ensemble (constant number of
particles N, volume V, and temperature T) at a temperature of
300 K.
We have employed the above-described umbrella sampling

methodology to study the equilibrium adsorption morphology
of five different surfactant systems−quat-12, quat-4, decanethiol,
an equimolar mixture of quat-12 and pe-12, and an equimolar
mixture of quat-12 and quat-4. All simulations are performed
with the same molar concentration of surfactants. In each
umbrella sampling window, the system is equilibrated for the
first 40 ns, and the next 40 ns are used for free energy
calculations. More details of the umbrella sampling parameters
and simulation system sizes are discussed in the Supporting
Information.

3. RESULTS AND DISCUSSION
3.1. Adsorption of Quat-12 Molecules. The free energy

profile, ΔF as a function of ξ of quat-12 molecules, is shown in
Figure 2(a).
The minimum in the ΔF is observed at ξ = 27.5, which

corresponds to the most stable adsorbed morphology. A long
(275 ns) unbiasedMD simulation at ξ = 27.5 does not drift away
to any other value of ξ [Figure S1, Supporting Information]. The
equilibrium morphology comprises of a layer of molecules lying
flat on the metal surface, and on top of it, a hemispherical micelle
of surfactants is adsorbed [Figure 2(b)]. The top view shows
that the metal surface is nearly fully covered by the quat-12
molecules. Due to the long alkyl tails, quat-12 molecules have
strong hydrophobic interactions among themselves. The ΔF is
shown only for the range of 18 < ξ < 43, as beyond this range, the
ΔF > 100 kBT. There is a free energy barrier of ∼4 kBT at ξ =
26.25, which is associated with a micelle approaching the surface
from the bulk aqueous phase [Figures S2 and S3, Supporting
Information]. In our previous work, we have shown that a

cationic micelle encounters a free energy barrier to adsorption
when it approaches the metal surface.38−40 In the bulk phase,
quat-12 molecules are stable in a micellar state, due to the
favorable micellization free energy.41

Figure 3(a) shows distribution of orientation of the alkyl tails
of adsorbed quat-12 molecules with respect to the surface
normal in the equilibrium adsorbed morphology. The angle θ is
defined as the angle between the end-to-end vector of the alkyl
tails and the surface normal. The cartoons shown in the inset
explain the various features of the distribution. The peak at θ ≈
90° corresponds to the adsorbed monolayer of lying-down
molecules. The broad plateau for θ∈ (90°, 180°) shows that the
adsorbed micelle is hemispherical in shape as shown in the inset.
Therefore, in the equilibrium adsorbedmorphology, the quat-12
molecules adsorb as a hemispherical micelle sitting on top of a
monolayer of lying-down molecules. Figure 3(b) shows
distribution of the orientation of the aromatic rings of the
adsorbed quat-12 molecules with respect to the surface normal,
where φ is the angle between the surface normal and the vector
normal to the plane of the aromatic ring. The peak at φ < 15° is
due to the lying-down molecules wherein the aromatic ring is
parallel to the surface. The uniform distribution for φ ∈ (30°,
90°) is from the hemispherical micelle.
Due to diffusive barriers, the equilibrium adsorbed morphol-

ogy is not attained in an unbiased MD simulation [Figure S4(a),
Supporting Information]. Other morphologies, such as a
monolayer of molecules lying parallel to the surface [Figure
S4(b), Supporting Information, with ξ0 = 20] or a monolayer of
molecules standing-up on the surface [Figure S4(c), Supporting
Information, with ξ0 = 47], are free-energetically unfavorable.
[Also, refer to Table S1, Supporting Information, for
comparison of ensemble-average energies of the equilibrium
configuration and standing-up configuration.]

3.2. Adsorption of Quat-4 Molecules. Figure 4(a) shows
the free energy profile,ΔF of quat-4 molecules as a function of ξ.
The equilibrium morphology corresponding to the free energy
minimum at ξ = 24 is shown in Figure 4(b). Unlike the quat-12
molecules, quat-4molecules do not aggregate in the bulk to form
micelles because of their smaller alkyl tails. The quat-4molecules
adsorb by lying flat onto themetal surface and do not completely
cover the surface. There are ∼19 quat-4 molecules adsorbed in

Figure 2. (a) Free energy profile, ΔF as a function of the adsorption
number function, ξ, of quat-12 molecules near the metal-water
interface. The inset image shows the top view of the equilibrium
adsorption morphology corresponding to the free energy minimum.
(b) Side view of the equilibrium adsorption morphology. Error bars in
(a) are obtained from three independent estimates of the free energy
profile.
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the equilibrium adsorbed morphology. The sparse adsorption of
quat-4 molecules is attributed to the accumulation of charged
head groups on the surface, which makes further adsorption
unfavorable. The distributions of the orientation of alkyl tails
and the aromatic rings of the adsorbed molecules with respect to
the surface normal are shown in Figure S5 [Supporting
Information].
From the contrasting adsorption behavior of quat-12 and

quat-4 molecules, it is concluded that the accumulation of
charge limits the adsorption of cationic surfactants. In the case of
quat-12molecules, the strong hydrophobic interactions between
the alkyl tails result in a configuration wherein a hemispherical
micelle adsorbs on top of a monolayer of molecules lying parallel
to the surface. Interestingly, the morphology with micelles of
adsorbed surfactant molecules atop a monolayer of molecules
lying parallel to the surface has been proposed before based on
AFM imaging.10 Surfactant molecules with small alkyl tails
(<C6) show a significantly reduced corrosion inhibition
efficiency.42,43 Furthermore, sum frequency generation (SFG)

experiments performed on quat-4 adsorbed at the gold-water
interface show a weakly adsorbed layer.18 This result is
rationalized by our findings that quat-4 molecules only partially
cover the surface.

3.3. Adsorption of Decanethiol Molecules. Next, we
study the adsorption behavior of decanethiol molecules that are
charge-neutral and have a long alkyl tail. The thiol group has a
strong affinity for the metal surface. The ΔF of decanethiol
molecules as a function of ξ is shown in Figure 5(a), and a side-

view snapshot of the equilibrium adsorbedmorphology is shown
in Figure 5(b). Decanethiol molecules display a much denser
packing in the adsorbed state as compared to the cationic
molecules. The number of adsorbed decanethiol molecules is
∼196 as compared to ∼30 molecules in the quat-12 system. A
bilayer morphology is observed in which the first layer comprises

Figure 3. Distribution of the orientation of (a) alkyl tails and (b) aromatic rings of adsorbed quat-12 molecules on the metal surface. In (a), θ is the
angle between the end-to-end vector of the alkyl tails and the surface normal. In (b),φ is the angle between vectors normal to the aromatic ring and the
surface normal. The distribution profiles are normalized by ⟨N⟩ sin(θ) and ⟨N⟩ sin(φ), respectively, where ⟨N⟩ is the ensemble-average number of
adsorbed molecules. A molecule is considered as adsorbed when its center-of-mass lies within one molecular length (∼23 Å) from the metal surface.
The height of the adsorbed hemispherical micelle is around one molecular length. In (b), a large peak for 0° < φ < 15° indicates that for the molecules
lying down on the surface, the aromatic rings are parallel to themetal surface. The uniform distribution observed for 30° <φ < 90° is from the adsorbed
hemispherical micelle.

Figure 4. (a) Free energy profile, ΔF as a function of the adsorption
number function, ξ, of quat-4 molecules near the metal-water interface.
The inset image shows the top view of the equilibrium adsorption
morphology corresponding to the free energy minimum. (b) Side view
of the equilibrium adsorption morphology. Error bars in (a) are
obtained from three independent estimates of the free energy profile.

Figure 5. (a) Free energy profile, ΔF as a function of the adsorption
number function, ξ, of decanethiol molecules. The inset image shows
the top view of the equilibrium adsorbed morphology corresponding to
the free energy minimum at ξ = 161. (b) Side view of the equilibrium
adsorbed morphology. Error bars in (a) are obtained from three
independent estimates of the free energy profile. The red beads
represent the thiol groups, and the yellow beads represent the alkyl tails
of the molecules.
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of the molecules aligned in a standing-up orientation on the
surface, and the second layer is comprised of the molecules
aligned parallel to the surface. The number of decanethiol
molecules is ∼147 in the first adsorbed layer and ∼49 in the
second adsorbed layer. The bilayer adsorption of decanethiol
has also been reported in electrochemical impedance spectros-
copy experiments.44 The distribution of the orientation of
molecules in the adsorbed bilayer is shown in Figure S6
[Supporting Information]. The dense packing of decanethiol
molecules on the metal surface is explained by the lack of charge
accumulation, strong thiol-metal interactions, and favorable
hydrophobic interactions between the alkyl tails.
3.4. Adsorption of Equimolar Mixture of Quat-12 and

Pe-12 Molecules. Since the accumulation of charge is
identified as a factor that limits adsorption, a mixture of cationic
and anionic surfactants may show a synergistic improvement in
the adsorption. To study this, we have examined adsorption
behavior of an equimolar mixture of cationic quat-12 and
anionic pe-12 molecules. Figure 6 shows the ΔF and the

corresponding equilibrium adsorbed morphology of this system.
Interestingly, a significantly greater number of adsorbed
molecules is observed: ∼43 as compared to ∼30 in a pure
quat-12 system. Electrochemical measurements have previously
shown that quat-14 and pe-12 molecules individually show a
similar adsorption tendency.45 This simulation result suggests
that as hypothesized, a mixture of cationic and anionic surfactant
molecules shows synergistic improvement in the adsorption.
The presence of oppositely charged molecules on the surface
reduces the amount of charge accumulation and favors a denser
adsorption morphology.46 The distribution of the orientation of
alkyl tails of the adsorbed molecules with respect to the surface
normal is shown in Figure S7 [Supporting Information].
3.5. Adsorption of Equimolar Mixture of Quat-12 and

Quat-4 Molecules. We have also studied the adsorption
behavior of an equimolar mixture of quat-12 and quat-4
molecules. Figure 7 shows the ΔF and the corresponding

equilibrium adsorbed morphology of this system. It is observed
that the quat-12 molecules adsorb in the aggregated state but are
not organized in a hemispherical micelle as before [Figure S8(a),
Supporting Information]. The quat-4 molecules adsorb by lying
parallel onto the surface [Figure S8(b), Supporting Informa-
tion]. We do not observe any synergistic improvement in the
adsorption behavior in this mixture.
For inhibiting corrosion, the ability of the adsorbed surfactant

molecules to exclude water from the metal surface is desired.47

In Figure 8, we compare the density profiles of water in the
absence and presence of the adsorbed morphologies of all five
surfactant systems studied. It is observed that decanethiol
molecules, due to their strong packing in the adsorbed state, are
the most efficient in excluding water from the interface. After

Figure 6. (a) Free energy profile, ΔF as a function of the adsorption
number function, ξ, of an equimolar mixture of quat-12 and pe-12
molecules near themetal-water interface. The inset image shows the top
view of the equilibrium adsorbedmorphology corresponding to the free
energy minimum. (b) Side view of the equilibrium adsorbed
morphology. Error bars in (a) are obtained from three independent
estimates of the free energy profile. The red and green beads represent
the head groups of quat-12 and pe-12 molecules, respectively, and the
yellow beads represent the alkyl tails of both the molecules. The blue
and black beads represent the counterions: bromide and sodium ions,
respectively.

Figure 7. (a) Free energy profile, ΔF as a function of the adsorption
number function, ξ, of an equimolar mixture of quat-12 and quat-4
molecules near themetal-water interface. The inset image shows the top
view of the equilibrium adsorption morphology corresponding to the
free energy minimum at ξ = 26. (b) Side view of the equilibrium
adsorption morphology. Error bars in (a) are obtained from three
independent estimates of the free energy profile. The red beads
represent the aromatic rings of the quat molecules. The alkyl tails of two
kinds of quat molecules are differentiated by yellow and brown beads,
each representing the tails of quat-12 and quat-4 molecules,
respectively. Figure S18 compares the ΔF of the mixture of quat
molecules with the profiles of pure quat-12 and quat-4 molecules. The
ΔF of the mixture shows a broader range of ξ at the minimum, implying
that many different adsorbed configurations are possible. The
distributions of the orientation of alkyl tails of the adsorbed molecules
with respect to the surface normal are shown in Figure S8.

Figure 8. Density profile of water as a function of distance, z, from the
metal surface in the absence and presence of adsorbed surfactants.
Water is completely excluded from the metal surface in the case of
decanethiol adsorption, whereas layers of water close to the metal
surface are observed in other systems.
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decanethiol, the quat-12 + pe-12 mixture comes next, followed
by quat-12, quat-12 + quat-4/quat-4. This result is in agreement
with prior electrochemical observations in which decanethiol
molecules showed better corrosion inhibition efficiency in
comparison to the quat molecules.43,44

Since in equilibrium the adsorbed state has the same chemical
potential as the bulk, increasing bulk concentration is expected
to influence the adsorbed state. That said, experiments have
shown that as the bulk concentration is increased, the surface
concentration eventually reaches surface saturation. Further
increase in the bulk concentration has no effect on the surface
concentration.48 Therefore, for the bulk concentrations larger
than the surface saturation concentration, one would expect
little or only nonspecific adsorption of surfactants to occur. Our
simulations have been performed at the bulk concentrations
above the surface saturation concentration, and we have ensured
that the system is large enough that the adsorbed morphologies
so obtained are not artifacts of a limited number of surfactant
molecules in the system. For the quat-12 system, it will be
interesting to study what happens when the systems are large
enough that multiple micelles can adsorb on the surface.
Performing atomistic level simulations of such large systems is
prohibitive. Therefore, one approach would be to use a coarse-
grained representation of surfactant molecules.

4. CONCLUSIONS
We introduce a new umbrella sampling-based methodology that
enables the study of equilibrium adsorbed morphologies of
surfactant molecules at interfaces. Using our methodology, we
have compared the equilibrium adsorbed morphologies of
cationic surfactants of different alkyl tail lengths (quat-12 and
quat-4), an uncharged surfactant (decanethiol), a mixture of
cationic and anionic surfactants (quat-12 and pe-12), and a
mixture of quat-12 and quat-4 surfactants. Our results show that
cationic surfactants with small alkyl tail lengths (quat-4) attain
only partial coverage of the surface with the molecules lying
parallel to the surface. The cationic molecules with longer tail
lengths (quat-12) adsorb as micelles sitting on top of a
monolayer of molecules lying parallel to the surface. In contrast
to the cationic surfactants, charge-neutral decanethiol adsorbs as
a self-assembled bilayer with the molecules standing up in the
first layer and densely packing the surface. Mixtures of cationic
and anionic surfactants show a synergistic improvement in the
adsorption behavior. Overall, it is concluded that the
accumulation of charge limits adsorption, whereas lateral
hydrophobic interactions between the alkyl tails favor
adsorption. Our simulation methodology can be employed to
study many different surfactant systems and will help in
providing a rational understanding of the rich adsorption
behavior of surfactants on metallic, polar, and hydrophobic
surfaces.
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