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ABSTRACT

Surfactant — metal interactions are important in applications like corrosion inhibition and synthesis of
metallic nanoparticles, wherein surfactants are often added above their critical micelle concentration.
Under these conditions, surfactant micelles exist in dynamic equilibrium with free surfactant molecules.
Due to their faster diffusion compared to the micelles, free surfactant molecules rapidly adsorb onto
metal-water interfaces. Therefore, adsorbing surfactant micelles invariably encounter metal-water inter-
faces with some adsorbed surfactants. We have studied, via atomistic simulations, adsorption behavior of
micelles of a quaternary ammonium-based surfactant at iron-water interfaces that are partially or fully
covered with adsorbed surfactant molecules. We find that on a partially covered surface, a micelle prefers
to adsorb on a bare metal patch. On a fully covered surface, the micelle adsorbs on top of already
adsorbed molecules and attains a hemispherical morphology. The adsorption free energy decreases as
the coverage of iron-water interface with surfactants increases.

Free energy
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1. Introduction:

Adsorption of surfactants at metal-water interfaces is a facile
way of altering the interfacial properties, and thus have found
applications in corrosion inhibition [1-7], anisotropic growth of
metallic nanoparticles [8-12], heterogeneous catalysis [13-16],
and nanofabrication [17,18]. Surfactants, or surface-active agents,
have a polar / hydrophilic head and a hydrophobic tail. At small
concentrations, surfactants molecules exist in a dispersed phase
in the aqueous environment. Above their critical micelle concen-
tration (CMC), surfactants form micellar structures wherein the
hydrophobic tails aggregate to minimize their exposure to water
with the polar heads in contact with the aqueous phase. Many
applications require surfactant solutions above their CMC [19,20].
For instance, in the synthesis of gold nanorods, concentration of
CTAB molecules is close to 0.1 M which is much above their CMC
[21,22]. Similarly, surfactants as corrosion inhibitors are effective
in retarding corrosion at surface saturation concentration, which
may be above the CMC [23,24]. Therefore, understanding surfac-
tant adsorption at metal-water interfaces above the CMC is of sig-
nificant interest. Free surfactant molecules, that is molecules that
are not part of any micelle, adsorb on a metal surface strongly
and with no free energy barrier, whereas ionic surfactant micelles
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experience a free energy barrier to adsorption [25-29]. Further-
more, surfactant micelles have a much slower diffusion than the
free surfactant molecules [30]. The combined effect of these two
phenomena is that a surfactant micelle will invariably adsorb on
a metal surface that is already partially or fully covered with sur-
factants. Adsorption behavior of micelles on these surfaces is
expected to be quite different than on bare metal surfaces. Previ-
ous works have also shown that when a surfactant micelle adsorbs
on a bare metal-water interface, it disintegrates upon adsorption
so that the constituent molecules spread of the surface [25]. In this
work, we have studied, via molecular simulations, adsorption
behavior of micelles of a quaternary ammonium-based surfactant
with a 14 carbon long alkyl tail length, Quat-14 (Fig. 1), at metal-
water interfaces that are either partially or fully covered with a
layer of adsorbed Quat-14 molecules. We define a surface as fully
covered when it does not have a large enough exposed metal
region to adsorb a complete micelle. Our results show that on a
partially covered metal surface, a surfactant micelle prefers to
adsorb on the exposed metal surface. However, on a surface where
the exposed metal surface area is not sufficient for a complete
micelle to adsorb, adsorption of the micelle is dictated by
hydrophobic interactions between the alkyl tail of the surfactants.
Hence, in this scenario, the micelle adsorbs atop the first layer of
adsorbed surfactant molecules. We find that a micelle adsorbing
on partially/fully covered surfaces does not completely disinte-
grate. The micelle adsorbing on a fully covered metal surface
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Fig. 1. Molecular structure of quaternary ammonium-based surfactant with 14
carbon long alkyl tail (n = 14), Quat-14.

attains a hemispherical morphology. In agreement with the previ-
ous studies, we observe that the micelles experience a free energy
barrier to adsorption [25,31]. The adsorption free energy of the
micelles is less favorable on the partially and the fully covered sur-
faces as compared to that on the bare metal surface.

2. Simulation system and methodology

Our simulation system comprises an iron surface submerged in
water. The surface is prepared with different coverages of adsorbed
surfactants using a procedure described later. Single Point Charge /
Enhanced (SPC/E) water model is employed [32]. SPC/E is a widely
used model that matches water’s experimental liquid state density,
diffusion constant, and radial distribution function. The iron sur-
face is represented as a Body Centered Cubic (BCC) lattice with
six layers since iron has BCC crystal structure at room temperature
and pressure [33]. Interaction parameters of the iron surface with
water and other species are taken from the Interface force field
developed by Heinz group [34]. The iron surface is treated as
charge neutral. Adsorption of a micelle of Quat-14 is studied by
determining the free energy as a function of distance from the
metal surface using umbrella sampling [35]. Partial charges on
the Quat-14 molecule are calculated by performing B3LYP level
Density Functional Theory (DFT) with 6-31G(d,p) basis set in impli-
cit water solvent using Gaussian 09 [36]. Interactions of Quat-14
are modeled by the General Amber Force Field (GAFF) [37]. Chlo-
ride ions are used as counter ions and their interaction parameters
are taken from the Joung-Cheatham model [38]. Long range
Coulombic interactions are calculated using Particle-Particle Parti-
cle Mesh Ewald summation. A spherical cutoff of 10 A is chosen for
Lennard Jones as well as the real space part of Coulombic interac-
tions. We use PACKMOL to generate initial configurations of the
simulation system [39].

Simulations are performed in the canonical ensemble (constant
number of particles N, temperature T, and volume V) using the
Nose-Hoover thermostat. The time-step of the simulations is cho-
sen to be 2 fs (fs). Periodic boundary conditions (PBC) are applied
in the x and y directions with the metal surface occupying the
z = 0 plane. The opposite face of the simulation box has reflecting
boundary condition to keep the system volume fixed. The simula-
tion box size is taken as L, = L, = 55 A and L, = 130 A. Above the
water column, ~20 A vacuum space is maintained to keep the sys-
tem at saturation pressure at T = 300 K. A wall, which is reflective
only to the surfactant molecules is placed 20 A below the water
column so as to prevent the surfactants from adsorbing at the
vacuum-water interface. Iron atoms are kept frozen during the
simulations as suggested in the Interface force field [34]. In addi-
tion to the above described simulation, we have performed
isothermal-isobaric ensemble simulations to generate surfactant
micelles in the aqueous phase. All simulations are performed using
the Large-scale Atomic/Molecular Massively Parallel Simulator
(LAMMPS) [40].
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2.1. Adsorption free energy calculations

We have calculated the adsorption free energy of a Quat-14
micelle on iron surfaces that are partially or fully covered with
adsorbed Quat-14 molecules using umbrella sampling [35]. For
the umbrella sampling simulations, we choose center-of-mass dis-
tance of the micelle from the iron surface, ¢ as the order parameter.
The biasing potential is thus given by: U(¢, &)=1K(& — &)?% where K
is the force constant, ¢ is the set value of center-of-mass distance
for the umbrella sampling window, and ¢; is center-of-mass dis-
tance from the iron surface for a given configuration. The value
of K is chosen to ensure that the adjacent umbrella sampling win-
dows have sufficient overlap. The value of ¢ is varied in different
umbrella sampling windows so as to cover all distances from the
interface to the bulk aqueous phase.

For obtaining a free energy profile, we generate over eighty
overlapping umbrella sampling windows with K = 8.5 K,T/A? for
¢>15 A, K=16.89 K,T/A? for 10 A< ¢ <15 A, and for ¢ < 10 A,
we choose K between 40 and 250 K,T/A? to ensure good sampling
of all values of ¢. We perform equilibration of each umbrella sam-
pling window for 50 ns to 100 ns, and then perform three 10-20 ns
production runs. The umbrella sampling bias is removed via the
weighted histogram method (WHAM) to obtain the adsorption free
energy profiles as a function of £[41]. We have performed umbrella
sampling simulations using COLVARS package in LAMMPS [42]. We
have also determined the adsorption free energy profile of a Quat-
14 molecule in infinite dilution using umbrella sampling following
a procedure similar to the one described above.

3. Results and discussion
3.1. Micelle adsorption on a partially covered iron surface

As a first step, we have studied adsorption of a Quat-14 mole-
cule in infinite dilution at the iron-water interface. Similar to our
previous results for the gold surface, we find that the Quat-14
molecule adsorbs strongly at the iron-water interface with an
adsorption free energy of 40 + 1.73 kgzT. The free energy profile
shows no free energy barrier and the adsorbed molecule lies paral-
lel to the surface (Fig. 2). Next, we investigate the adsorption
behavior of surfactant micelles. To create a surface which is par-
tially covered with surfactants, we randomly insert 20 Quat-14
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Fig. 2. Adsorption free energy of a Quat-14 surfactant in infinite dilution at the
iron-water interface. Error bars are standard deviation in the free energy profile
generated from three independent simulations.
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molecules in the simulation box and equilibrate the system for
200 ns in the canonical ensemble (T = 300 K) to allow the mole-
cules to adsorb on the surface and attain an equilibrium configura-
tion. Only 8 surfactant molecules adsorb and the remaining form a
micelle. The micelle remains in the bulk aqueous phase in the sim-
ulation. We perform the simulation for another 100 ns to ensure
that no further adsorption occurs. This result is expected as we
have shown in our previous work that ionic micelles have an
appreciable free energy barrier to adsorption on metal surfaces
[25,31].

The eight adsorbed surfactants aggregate in the adsorbed state
and cover ~38% of the iron surface. We employ umbrella sampling
methodology to study the adsorption free energy of the micelle on
this partially covered surface. Since the umbrella sampling bias
potential is applied only in the direction perpendicular to the plane
of the surface, the micelle is free to diffuse parallel to the surface,
that is along the x and y axes. Our simulations reveal that the
micelle tends to adsorb onto the region with an exposed iron patch.
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The free energy profile obtained from umbrella sampling is shown
in the Fig. 3. There is a free energy barrier of ~10 kgT as the micelle
approaches the surface. Our previous work has shown that this free
energy barrier is associated with the perturbation of the spheri-
cally symmetric hydration shell of counterions that surround the
micelle [25,29]. In our previous work, we have confirmed this
assertion by showing that the free energy barrier disappears for a
charge-neutral micelle wherein there are no counterions in the
system [29]. Once this free energy barrier is overcome, two mini-
mum in the free energy profile are observed. The local minimum
at ~8 A is associated with a solvent-seperated adsorbed configura-
tion of the micelle. In this configuration, some polar groups do con-
tact the metal surface but a layer of water prevents the alkyl tails
from contacting the surface (Fig. 3). The global free energy mini-
mum is observed at ~6 A. In this configuration, the micelle is in
contact with the surface with no solvent in-between. In this config-
uration, there is partial disintegration of the micelle. We speculate
that the micelle disintegrates only partially because the entire iron
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Fig. 3. a) Free energy profile of adsorption of a Quat-14 micelle on the iron surface that is partially covered by Quat-14 molecules as a function of distance of the micelle from
the surface, ¢. Error bars are standard deviation in the free energy profile generated from three independent simulations. The snapshot on the left shows the configuration of
the system at the global minimum of the free energy. The micelle is in contact with the surface. The snapshot on the right shows the configuration at the solvent-separated
minimum. In the snapshots, the cyan colored beads represent water, the yellow beads represent the alkyl tail, and the red beads represent the polar head group. The grey
beads represent the iron atoms. b) Snapshots from umbrella sampling windows associated with ¢ = 35 A, 23 A and 6 A. Water molecules have been removed for better
visualization. Green beads represent the counterions. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article.)



A. Faeli Qadikolae and S. Sharma

surface is not available for it to spread and adsorb to form a mono-
layer. The overall adsorption free energy of the micelle is found to
be —13 £ 1.5 kgT. After the adsorption of the micelle, the surface
coverage increases from 38% to 78%. It is interesting to note that
the solvent-separated local minimum in the free energy profile
at ~8 A observed here is absent in the free energy profiles associ-
ated with micelles adsorbing on gold surfaces. This is attributed to
the stronger affinity of the iron surface for water as compared to
the gold surface.

As the next step, we introduce another Quat-14 micelle in the
simulation box to study its adsorption on the iron surface with
the adsorbed surfactant coverage of 78%. On this surface, there is
no bare patch of metal that is large enough to adsorb the entire
micelle. Hence, we refer to this surface as fully covered with sur-
factants. For this step, we first generate a Quat-14 micelle by sim-
ulating Quat-14 molecules in bulk water in an isothermal-isobaric
simulation. Then we insert the micelle in our simulation system by
removing appropriate number of water molecules so that the sys-
tem size does not change. For this micelle, we employ the same
umbrella sampling simulation procedure as described above to
generate the adsorption free energy profile. Fig. 4 shows adsorp-
tion free energy profile of the second micelle. As before, there is
a free energy barrier to adsorption of ~10 kgT. Since the magnitude
of the free energy barrier is similar to the one obtained for the first
micelle, this implies that this barrier is not influenced by the nat-
ure of the surface. Location of the barrier associated with the sec-
ond micelle shifts to a larger distance because the surface is now
fully covered with surfactants. In contrast to the first micelle, we
find that the second micelle prefers to adsorb on top of the already
adsorbed surfactants. Therefore, when the surface is largely cov-
ered with surfactants, the hydrophobic interactions between the
alkyl tails of the already adsorbed surfactants and the surfactants
in the micelle dictate the adsorption process. As a result, the over-
all surface coverage does not change much after adsorption of the
micelle (discussed later). It is also interesting to note that the free
energy profile shows only a single minimum in the adsorbed state,
that is there is no solvent separated free energy minimum.

Fig. 5 shows the surface coverage before and after the adsorp-
tion of micelles on the partially and fully covered surfaces. Inter-
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Fig. 4. Free energy profile of adsorption of a micelle on the iron surface that is
covered with surfactant molecules. Error bars are standard deviation from three
independent simulations. The inset shows a snapshot of the system at the free
energy minimum. The brown and the green beads represent alkyl tail and the polar
head group respectively of the surfactant molecules that form the micelle. The
yellow and the red beads represent the alkyl tail and the polar head group
respectively of the already adsorbed surfactants. The grey beads represent the iron
atoms. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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estingly, on the partially covered surface, the surface coverage
jumps from 38% to 78% after the adsorption of the micelle, because
the micelle adsorbs on the bare metal patch. On the other hand, on
the fully covered surface, the surface coverage increases by <5%
after adsorption of the micelle. This is so because the micelle
adsorbs atop the already adsorbed surfactant molecules.

Fig. 6(a) shows the distributions of distance of the polar heads
of surfactant molecules of the micelle adsorbed on the partially
and the fully covered surfaces. The distributions are calculated
when the micelle is at its free energy minimum in the adsorbed
state. On the partially covered surface, there is a large peak in
the distribution at ~3.5 A, which shows that most surfactant mole-
cules adsorb on the bare metal region of the surface. In contrast, on
the fully covered surface, there is a much smaller peak at ~3.5 A
and a broad distribution at distances >10 A, which implies that
the micelle is adsorbing on top of the already adsorbed molecules
and the micelle does not break upon adsorption. Fig. 6(b) shows
the orientational distribution of the surfactants belonging to the
micelle adsorbing on the partially and fully covered surfaces. The
distributions are calculated when the micelles are at their free
energy minimum in the adsorbed state. The angle 0 is the angle
that the alkyl tail of the surfactants makes with the surface normal.
On the partially covered surface, there is a large peak at 90° imply-
ing that the surfactants prefer to lay parallel to the surface, similar
to the configuration observed for a surfactant molecule adsorbing
in infinite dilution. In the case of fully covered surfaces, the orien-
tational distribution is broad for 6 > 80°, which is indicative of a
hemispherical configuration of the micelle. Interestingly, attain-
ment of a hemispherical configuration by an adsorbing Quat
micelle has previously been reported by us, wherein we employ
an umbrella sampling based methodology to determine the most
stable adsorbed morphology of the micelle [28].

Fig. 7 shows density profiles of water as function of distance
from the surface that is associated with different locations of the
micelle. When the micelle is far from the surface, water is strongly
adsorbed in two distinct adsorbed layers. The peaks of the
adsorbed layers of water decrease when the micelle is at the free
energy minimum at ~ 8 A on the partially covered surface, that
is in the solvent-separately configuration. The peaks of the
adsorbed layers of water further decrease when the micelle is at
the global minimum at ~6 A on the partially covered surface.
The density profile of water does not drop significantly for the fully
covered surface as compared to the partially covered case because

100
o) 3
$— — -
2 s S
80 < Re)
&
S 60
[+
)
>
o
O 40
o
Q
&8
e
& 20
0

Micelle adsorption on
partially covererd surface fully covererd surface

Micelle adsorption on

Fig. 5. Surface coverage before and after the adsorption of the micelle on a partially
and a fully covered iron surface. On a partially covered surface, the micelle adsorbs
on the bare metal patch, which results in a significant increase in the coverage. On
the fully covered surface, the micelle adsorbs on top of the already adsorbed
corrosion inhibitor molecules and the surface coverage does not increase much.
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Fig. 6. (a) Distribution of distance of the polar heads, and (b) orientational distribution of surfactant molecules belonging to the micelle adsorbing on the partial and the fully
covered surfaces. The distributions are calculated when the micelle is in the adsorbed state at the free energy minimum. 6 is the angle that the alkyl tail makes with the
surface normal [(b) inset]. The distribution in (b) is normalized by the number of adsorbed surfactant molecules and sin 6.

the surface coverage does not change much with the adsorption of
the second micelle.

In the larger context of the phenomena of surfactant adsorption
on solid interfaces, our work provides interesting insights. It is well
established that hydrophobic interactions between the alkyl tails
of surfactants not only impact the CMC in bulk aqueous phase,
but also dictate the formation of well-packed adsorption mor-
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Fig. 7. Density profiles of water as function of distance from the surface. The ‘No
micelle’ profile represents the case when the micelle is far from the surface and the
surface is partially covered with surfactants. The ‘Partially covered’ profile
represents the case when the micelle is adsorbed at its free energy minimum on
the partially covered surface. The ‘Partially covered, solvent separated’ profile refers
to the case when the micelle is in the solvent-separated configuration on the
partially covered surface. The ‘Fully covered’ profile refers to the case when the
micelle is adsorbed on the fully covered surface.

phologies [43-46]. This work highlights the role of hydrophobic
interactions during the adsorption of micelles when the surfaces
are partially or fully covered with surfactants. When the surface
is only partially covered, the hydrophobic interactions cause the
attainment of aggregated morphologies of adsorbed surfactants
that leave behind bare metal patches. In contrast, on a fully cov-
ered surface, adsorption of the micelle is governed by the
hydrophobic interactions between the alkyl tails of adsorbed sur-
factants and those in the micelle. While our work has studied the
adsorption of pure surfactant micelles at metal-water interfaces,
it can potentially be useful for envisioning the adsorption behavior
of more complex systems, including the assemblies of surfactants
with polymers and the self-assembled structures of block copoly-
mers [47,48].

4. Conclusions

We have studied adsorption behavior of micelles of a quater-
nary ammonium-based surfactant (Quat-14) on iron-water inter-
faces that are partially or fully covered by Quat-14 molecules.
We find that on a partially covered surface, the micelle prefers to
adsorb on the bare metal patch. On a fully covered surface, the
adsorption is driven by hydrophobic interactions between the alkyl
tails of adsorbed inhibitor molecules and the molecules comprising
the micelle. In this case, the micelle adsorbs on the surface in a
hemispherical configuration. The adsorption free energy of the
micelle decreases as the coverage of the surface with inhibitor
molecules increases. In all cases, micelles experience a free energy
barrier to adsorption.
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