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Free energy profiles of adsorption of surfactant micelles at metal-water interfaces
Himanshu Singh and Sumit Sharma

Department of Chemical and Biomolecular Engineering, Ohio University, Athens, OH, USA

ABSTRACT
We have studied adsorption behaviour of cationic and uncharged surfactant molecules and their micelles
at metal-water interfaces via all-atom molecular dynamics (MD) simulations. Our simulations reveal that
unaggregated surfactant molecules adsorb strongly on to the metal surface without any free energy
barrier. The adsorption behaviour of micelles is quite different. Micelles of cationic surfactants
experience a long-range free energy barrier to adsorption, which is attributed to the presence of a
corona of counterions and hydration water around these micelles, which gets disturbed as the micelles
approach the surface. Micelles of uncharged surfactants do not have a corona of counterions around
them and therefore show a barrierless free energy profile of adsorption. The micelles of both cationic
and uncharged surfactants strongly adsorb by disintegrating at the metal surface. In the disintegrated
state, the molecules comprising the micelles re-arrange to attain either a lying down configuration in
which the molecular axis is parallel to the surface or a standing up configuration in which the
molecular axis is perpendicular to the surface.
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1. Introduction

Adsorption of surfactants on metal surfaces is useful for many
technological applications, such as corrosion inhibition [1],
improving selectivity in heterogeneous catalysis [2], modulat-
ing electrochemical reactions [3] and synthesis of anisotropic
metal nanoparticles [4]. It is understood that surfactant mol-
ecules adsorb on polar interfaces in different morphologies,
like spherical [5], cylindrical [6,7], and planar morphologies
[8–11], thereby altering the interfacial thermodynamic and
transport properties [12]. Relationships between molecular
properties of surfactant molecules to their favoured mor-
phologies have been analysed via theoretical considerations
[13–15]. An important aspect of the problem is to understand
the kinetics of adsorption of surfactants on surfaces. Exper-
imentally, kinetics of adsorption is difficult to study using tech-
niques like Quartz Crystal Microbalance (QCM) because the
change in the mass associated with adsorbed surfactants is
close to the detection limit of QCM, and, there are challenges
associated with estimating the adsorbed mass accurately due
to presence of hydration water around the polar groups
[16,17]. Spatially-averaged conformations of molecules at inter-
faces can be studied via Sum Frequency Generation microscopy
but these measurements are challenging to perform at metal-
water interfaces and in dynamically evolving conditions [18].
The study of kinetics of adsorption of surfactants is compli-
cated by the fact that surfactants aggregate in micelles above
the critical micelle concentration (CMC). It is not understood
whether the micelles adsorb directly on surfaces or undergo a
morphological transformation. Formation of micelles in the
bulk aqueous phase is governed by the hydrophobic effect,
which may be different near interfaces [19]. In addition, favour-
able adsorption free energy of individual surfactant molecules

will compete with the hydrophobic interactions responsible
for the integrity of the micelles. Experiments have reported a
change in the adsorption behaviour near the CMC of
surfactants, but the underlying reason for it is not known
[20]. Previous works have shown that ionic and non-ionic sur-
factant molecules exhibit different adsorption behaviour on
polar solid-water interfaces [21,22]. One difference in the
adsorption behaviour is attributed to the adsorption of coun-
ter-ions on charged surfaces, which promotes stronger adsorp-
tion of ionic surfactants as compared to non-ionic surfactants
[23,24].

In this work, we compare the adsorption behaviour of cat-
ionic and uncharged surfactant molecules and their micelles
on metal-water interfaces by calculating their adsorption free
energy profiles using molecular simulations. We have chosen
imidazolinium-based and quaternary ammonium-based mol-
ecules (henceforth denoted as imid and quat molecules respect-
ively) as the cationic surfactants. These molecules are widely
employed as corrosion inhibitors in oil and gas pipelines
[25,26]. The structures of these molecules, along with those
of uncharged amine-based surfactants (denoted as amine and
triamine molecules) studied by us, are shown in Figure 1. We
have performed MD simulations of these surfactants in an
explicit aqueous medium and have calculated their adsorption
free energy profiles on metal-water interfaces. In addition, we
have studied adsorption behaviour of the micelles treated as
rigid bodies to identify how the adsorption propensity changes
in the absence of morphological transitions. To present a com-
plete picture of the relevant systems, we have reviewed some of
our previously published work on the adsorption behaviour of
cationic surfactants [27,28] and then have compared them with
the new simulation results of uncharged surfactants.
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2. Simulation system and methods

Our simulation system comprises of surfactant molecules,
water, counterions and a gold metal surface. Partial charges
on the surfactant molecules are calculated from Density
Functional Theory (DFT) using B3LYP hybrid functional
with 6–31G(d,p) basis set and water as the implicit solvent
using Gaussian 09 [29]. Interactions of the surfactant mol-
ecules are modelled using the general amber force field
(GAFF) [30], a popular force field for organic molecules. Pre-
vious studies have compared thermodynamics and transport
properties of different surfactant molecules obtained using
molecular simulations using GAFF against experimental
data, and have shown them to be in good agreement
[31,32]. The metal surface is represented by six layers of
gold atoms arranged in the face-centred cubic structure in
the (111) plane with the lattice constant of 4.08 Å. Inter-
actions of gold atoms are modelled using the interface
force field developed by Heinz and co-workers [33], which
is compatible with GAFF. Chlorides are taken as the counter-
ions and their interactions are modelled using the Joung-
Cheatham model [34]. Water molecules are represented by
the Simple Point Charge Enhanced (SPC/E) model [35].
The metal surface is located at z = 0 plane of the simulation
box and the opposite face has an athermal surface to keep the
system volume constant. The simulation box is periodic in
the x and y directions. The simulation box size is 66 Å ×
65 Å × 150 Å. Total number of water molecules in the system
is 15,575. We perform canonical ensemble simulations while
maintaining the temperature of the system at 300 K using
Nose’-Hoover thermostat. We keep a vapour space of
∼15 Å right below the athermal surface to ensure that the
system remains at saturation pressure, and thus the overall
system is in the isothermal-isobaric ensemble [36]. In
addition to studying surfactants near the metal surface, we
have also studied their aggregation behaviour in bulk aqueous
phase in the absence of a metal surface. For this system, our

simulation box is cubic in dimensions of 65 Å × 65 Å × 65 Å,
with periodic boundary conditions in all the three directions.
This system has surfactant molecules and their counter-ions
in a bath of 9200 water molecules. In case of uncharged sur-
factant molecules, no counterions are included in the simu-
lation system. A spherical cutoff of 10 Å is chosen for
Lennard Jones (LJ) and real space part of Coulombic inter-
actions. The k-space part of Coulombic interactions is com-
puted using the particle-particle particle-mesh (PPPM)
method. All MD simulations are performed using the large-
scale atomic/molecular massively parallel simulator
(LAMMPS) software package [37].

3. Results and discussion

In straightforward MD simulations of N quaternary
ammonium (quat) and imidazolinium (imid) type surfactant
molecules near a metal surface (N = 60), it is observed that a
few surfactant molecules adsorb on the metal surface while
the remaining molecules aggregate in the aqueous phase as
almost spherical micelles [27,28]. These micelles do not adsorb
on the surface during the course of the simulations, which
suggests that the adsorption behaviour of unaggregated surfac-
tant molecules is different from their micelles. Therefore, we
have studied the adsorption behaviour of unaggregated mol-
ecules and their micelles by performing independent free
energy calculations.

3.1. Adsorption free energy profiles in infinite dilution

We have calculated adsorption free energy profiles of surfactant
molecules in infinite dilution using umbrella sampling [27]. In
this calculation, we restrain a surfactant molecule at a distance ξ
from the surface using a harmonic potential. The biasing
potential on a configuration i restrained at ξ is given by,

Vbias = k(ji − j)2 (1)

where ξi is the location of the centre of mass of the molecule in
the configuration i. To sample the umbrella sampling windows,
the ξ is varied from 3 Å to 25 Å in a series of simulations. For ξ
> 15 Å, the simulations are performed using the harmonic force
constant, k = 5 kcal/mol/Å2 and with ξ varying in increments of
1 Å. For ξ≤ 15 Å, the simulations are performed with the force
constants, k = 10, 25 and 50 kcal/mol/Å2 and with ξ varying in
increments of 0.5 Å. Larger values of k are needed for ξ≤ 15 Å
because the molecules show a strong tendency to adsorb and
thus more restraining force is needed to adequately sample
these locations. For each value of ξ, an equilibrium run of
20 ns is performed, which is followed by a production run of
40 ns. The free energy profiles are generated using the
Weighted Histogram Analysis Method (WHAM) [27]. Figure 2
shows the resultant adsorption free energy profiles of quat-10
and quat-16 molecules in infinite dilution on the metal surface
[38]. It is observed that the surfactant molecules adsorb
strongly (ΔG ≈ −35 kBT) without experiencing any free energy
barrier. Similar adsorption free energy profiles have been
reported by us for the imid molecules [27]. The inset image
shows a snapshot of a quat-10 molecule in the adsorbed

Figure 1. (Colour online) Structure of (a) imidazolinium-based (imid), (b) quatern-
ary ammonium-based (quat), (c) amine-based (amine), and (d) amine-based (tria-
mine) surfactant molecules employed in this study. The subscript n indicates the
length of the alkyl tail. The molecules studied by us are imid-10, imid-17, quat-
10, quat-16, amine-10, triamine-10 which have 10, 17, 10, 16, 10 and 10 carbon
atoms in their alkyl tails, respectively.
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state. It is seen that the most favourable configuration of the
molecule is to lie flat on the surface.

3.2. Adsorption free energy profiles of surfactant
micelles

As discussed above, our straightforward MD simulations have
revealed that the surfactant molecules aggregate in micelles in
the aqueous phase. To study their aggregation tendency, we
have performed simulations of these molecules in the bulk aqu-
eous phase in the absence of a metal surface. Our MD simu-
lations of imid and quat type surfactants show that these
molecules aggregate in micelles of 18–19 molecules. We do
not get larger micelles even when a simulated annealing is per-
formed from 400 K to 300 K in steps of 10 K [27,28]. From the
radius of gyration tensor of these micelles, the asphericity
values are found to be close to 0.15, indicating that these
micelles are nearly spherical and have a radius of ∼15 Å
[27,28]. The uncharged molecules also form spherical micelles.
The asphericity values of amine-10 and triamine-10 micelles,
each comprising of 18 molecules are 0.13 and 0.15 respectively.
Unlike the cationic surfactants, the uncharged molecules are
able to form micelles of size larger than 18 molecules. The
inability of cationic surfactants to form larger micelles is prob-
ably due to the unfavourable Coulombic interactions between
the surfactant molecules [39]. The micelles of uncharged sur-
factants have a higher packing density. The number densities
(number of heavy atoms per unit volume of micelle) of
amine-10 and triamine-10 micelles comprising of 18 molecules
are 0.37 heavy atoms/Å3 and 0.33 heavy atoms/Å3 respectively,
whereas those of imid-10 and quat-10 micelles are 0.28 heavy
atoms/Å3 and 0.26 heavy atoms/Å3 respectively [39]. Figure 3
shows snapshots of the different surfactant micelles formed
in our simulations. The polar head groups can be seen pointing

outwards towards the aqueous phase. This result is supported
in Figure S1 (Supporting Information), which shows the distri-
bution of polar head groups as a function of their distance from
the centre of mass of the micelles.

3.2.1. Micelles of cationic surfactants
To calculate the free energy profiles of adsorption of micelles,
we place one micelle in the aqueous phase at different distances
from the metal surface, ξ. The micelle is restrained close to ξ via
the above described umbrella sampling methodology but with
the modification that now the biasing potential (equation (1))
is applied to the centre of mass of the micelle. In these simu-
lations, for ξ > 25 Å, the harmonic force constant, k = 5 kcal/
mol/Å2 is used and ξ is varied in increments of 1 Å. For ξ≤
25 Å, we have employed k = 10, 25, and 50 kcal/mol/Å2 and
with ξ varied in increments of 0.5 Å. At each location, an equi-
librium run of 40 ns is followed by a production run of 40 ns,
except at distances close to the surface (ξ≤ 20 Å), wherein a
longer equilibrium run (∼100–200 ns) is needed to attain equi-
librium configuration of the micelles. Figure 4 shows the
adsorption free energy profiles of the imid-17 and quat-10
micelles [28].

It is observed in Figure 4 that the cationic micelles experi-
ence a repulsion from the metal surface even up to ξ = 50 Å.
Since the radius of the micelles is ∼15 Å, this is a long-range
repulsion. This long-range repulsion is attributed to the pres-
ence of a solvation shell of counter-ions and water molecules
surrounding the micelle, which interacts with the adsorbed
layers of water on the metal surface [27,28] (kindly refer
Figures S2–S4 (Supporting Information) that show the radial
distribution functions of counterions around the polar head,
water molecules around the counterions and the adsorbed
layers of water on the metal surface). Once this barrier is over-
come, Figure 4 shows that the free energy of adsorption of the
micelles is favourable. It is observed that the micelles adsorb
strongly by disintegrating at the metal surface. The complete
disintegration of the micelles occurs in a timescale of ∼200 ns
[28]. Figure 5 shows snapshots of the imid-17 micelle obtained
from an unbiased simulation at different times when the
micelle is initially placed on the metal surface. The snapshots
show that the imid-17 micelle completely disintegrates on the
metal surface over time. Upon disintegration, the constituent
molecules of the micelle lie flat on the metal surface. A movie
of the disintegration of the micelle is shown in Movie S1.

It is to be noted that the free energy profiles in Figure 4 are
plotted only up to 10 kBT in order to show the long-range free
energy barrier clearly. The true minimum of the free energy
profiles would be a much lower value, approximated to be
the summation of the adsorption free energies of all the con-
stituent molecules. Disintegration of micelles at metal-water
interfaces can be understood by comparing the free energy
associated with the formation of a micelle in the bulk phase
(ΔGmicellization) with the free energy of the molecules adsorbing
on the surface (ΔGadsorption). We have previously calculated
ΔGmicellization of an imid-10 micelle comprising of N = 18 mol-
ecules to be ∼ −68 kBT [38]. ΔGadsorption for these molecules
will be N x (−30) kBT ∼ −540 kBT [27]. Hence, ΔGadsorption

<< ΔGmicellization, which suggests that the micelle has a tendency
to disintegrate upon adsorption on the metal surface.

Figure 2. (Colour online) Adsorption free energy profiles of quat-10 and quat-16
molecules in infinite dilution on a gold lattice; inset: equilibrium adsorbed
configuration of the quat-10 molecule. Error bars are calculated by generating
three independent free energy profiles. The centres of metal atoms in the topmost
layer of the metal surface are located at ξ = 0 Å. Water molecules are represented
in cyan colour and the gold lattice is represented by orange beads. The blue bead
represents the counterion, chloride.
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Experiments have reported that quaternary ammonium surfac-
tants adsorb on a gold surface in the lying-down configuration,
similar to our simulation results [40].

To prove that the disintegration of the micelles is respon-
sible for their strong adsorption, we calculate the adsorption
free energy profiles of the micelles by treating them as rigid
bodies. We create a rigid micelle by selecting a configuration
of the non-rigid micelle which has the same values of aspheri-
city and squared radius of gyration as the averaged values of the
non-rigid micelle in the bulk aqueous phase. In a rigid micelle,
all intra-molecular interactions are set to zero. The external

forces and torques act on the centre of mass of the micelle.
Hence, a rigid micelle cannot deform like the non-rigid micelle.
Free energy profiles of adsorption of the rigid and the non-rigid
imid-10 and quat-16 micelles are shown in Figure 6 [28].

It is observed in Figure 6 that there is a long-range free
energy barrier to adsorption of the rigid micelles, as in the
case of the non-rigid micelles. However, the adsorption free
energy of the rigid micelles is much smaller in comparison to
the non-rigid micelles. This confirms our assertion that when
the micelles do not disintegrate, they only have a weak tendency
to adsorb on the metal surface. Another difference that is

Figure 3. (Colour online) Snapshots of (a) an imid-10 micelle, (b) an imid-17 micelle, (c) a quat-10 micelle, (d) a quat-16 micelle, (e) an amine-10 micelle, and (f) a triamine-
10 micelle, respectively. Red beads represent the polar head groups, and the yellow beads represent the alkyl tails.

Figure 4. (Colour online) Free energy profiles of the adsorption of (a) imid-17, and (b) quat-10 micelles. Error bars are calculated by generating three independent free
energy profiles. Adapted with permission from Singh and Sharma [28]. Copyright (2020) American Chemical Society.
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noticed is that the free energy barrier of the rigid micelles is lar-
ger and has a peak at 18 Å as opposed to 22 Å in the case of the
non-rigid micelles. At this peak, the micelles partially lose their
solvation shell because of their proximity to the metal surface.
In the case of non-rigid micelles however, this loss in energetics
is compensated by the rearrangement of the molecules com-
prising the micelle. The absence of this rearrangement in the
case of rigid micelles results in a larger free energy barrier.

Free energy profiles for the rigid micelles are only ascer-
tained up to 15.5 Å from the metal surface because that is the
closest distance that these micelles can attain owing to their
rigidity. Figure 7 shows the equilibrium adsorbed morphology
of a (a) rigid micelle and (b) a non-rigid micelle on the metal
surface. The non-rigid imid-17 micelle is disintegrated with
its molecules lying flat on the surface.

3.2.2. Micelles of uncharged surfactants
In the previous section, we show that the cationic micelles
experience a long-range free energy barrier to adsorption
because of the presence of a large corona of counter-ions and

water molecules in their solvation shell. In this section, we dis-
cuss the adsorption free energy profiles of micelles of
uncharged molecules that do not have a corona of counterions.
We have studied the adsorption behaviour of amine-10 and
triamine-10 micelles (Figure 3). Each micelle studied by us
comprises of 18 molecules. Figure 8(a) shows the adsorption
free energy profiles of the non-rigid and the rigid amine-10
micelles, and Figure 8(b) shows the adsorption free energy
profile of the non-rigid triamine-10 micelle.

Interestingly, it is observed that there is no free energy
barrier to the adsorption of the uncharged micelles, which
suggests that the free energy barrier in the case of cationic
micelles is due to the corona of the counterions. Figure 8(a)
also shows that the rigid amine-10 micelle has a weaker adsorp-
tion free energy as compared to the non-rigid micelle, high-
lighting that the disintegration of the micelles is responsible
for their strong adsorption. The free energy profiles for the
non-rigid micelles is plotted only up to 14 kBT in order to
clearly highlight the difference between the profiles of the
rigid and the non-rigid micelles. These free energy profiles

Figure 5. (Colour online) Unbiased MD simulation showing the adsorption and disintegration of imid-17 micelle on the metal surface. Adapted with permission from
Singh and Sharma [28]. Copyright (2020) American chemical Society.
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suggest that the adsorption of uncharged micelles is kinetically
favoured over the adsorption of cationic surfactants on
uncharged metal surfaces.

Figure 9 depicts the equilibrium morphology of the
uncharged micelles in the absorbed state after an unbiased
simulation run of 200 ns. The amine micelle is disintegrated

Figure 6. (Colour online) Free energy profiles of adsorption of the rigid and the non-rigid micelles of (a) imid-10, and (b) quat-16 molecules. The error bars are determined
from three independent free energy profiles. Adapted with permission from Singh and Sharma [28]. Copyright (2020) American Chemical Society.

Figure 7. (Colour online) Snapshot of (a) a rigid quat-16 micelle, and (b) a non-rigid imid-17 micelle adsorbed on the metal surface at equilibrium. Water molecules are
not shown for clarity. Adapted with permission from Singh and Sharma [28]. Copyright (2020) American Chemical Society.

Figure 8. (Colour online) Free energy profiles of the adsorption of (a) the rigid and the non-rigid amine-10 micelles, and (b) the non-rigid triamine-10 micelle. The error
bars are determined from three independent free energy profiles.

6 H. SINGH AND S. SHARMA



with its molecules lying flat on the surface. On the other hand,
the triamine micelle is disintegrated with its molecules standing
up on the surface, with most of the polar head groups (17 out of
18) pointing down towards the metal and the hydrophobic tails
pointing up towards the bulk aqueous phase. Figure S5 (Sup-
porting Information) shows the average orientation of the mol-
ecules in the adsorbed state of the micelles. Movie S2 shows the
kinetics of disintegration of the triamine micelle on the metal
surface, where the micelle rearranges in a way that its constitu-
ent molecules stand up on the surface.

The difference between an amine and a triamine molecule is
their polar head group. The triamine molecule has three amine
groups which makes it a strongly polar group as compared to
the amine molecule, which has only one amine group. The
orientation of the molecules on the surface depends upon the
strength of interaction of their polar head groups with the
metal surface [14]. The triamine molecules prefer to stand-up
on the surface because in the lying-down configuration, the
interaction of the head group with the surface is weaker as
only one nitrogen can be in contact with the surface. The kin-
etics of adsorption of the triamine micelle suggests how the
islands of molecules standing-up on the surface, as reported
in the experiments may form during the adsorption process.

4. Conclusions

We have studied adsorption behaviour of surfactants at metal-
water interfaces using atomistic simulations. We report that the
adsorption behaviour depends on the aggregated state of the
surfactants. In the unaggregated state, the molecules have a
strong tendency to adsorb without any free energy barrier.
Micelles of cationic surfactants experience a long-range free
energy barrier to adsorption on an uncharged metal surface
because they have a corona of counterions surrounding the
micelles which gets disturbed as the micelles approach the sur-
face. Uncharged micelles, devoid of a corona of counterions
show a barrierless adsorption free energy profile. In addition,

we show that the micelles adsorb strongly on to the metal sur-
face upon disintegration. Rigid micelles, which cannot disinte-
grate, show only a weak tendency towards adsorption. Finally,
we show that in the disintegrated state, the surfactant molecules
can attain a lying-down configuration or a standing-up
configuration depending upon the strength of interaction of
their head groups with the metal surface.
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