
Molecular Dynamics Simulations of Surfactant Functionalized Nanoparticles in the Vicinity
of an Oil/Water Interface

R. J. K. Udayana Ranatunga, Robert J. B. Kalescky, Chi-cheng Chiu, and Steven O. Nielsen*
Department of Chemistry, UniVersity of Texas at Dallas, 800 West Campbell Road, Richardson, Texas 75080

ReceiVed: June 10, 2010

The localization of nanoparticles (NPs) at fluid/fluid interfaces has emerged as an effective self-assembly
method. To understand the fundamentals of this localization mechanism, it is necessary to quantify the physical
behavior of NPs in the vicinity of a fluid interface. Conventional theories treat the NP as a rigid object whose
equilibrium position is dictated by the balance of its surface tensions with the two fluids. However, most NPs
are functionalized with “soft” organic surface layers which play a large role in determining the shape of the
NP. Through molecular dynamics simulations, we show that the functionalizing layer also greatly alters the
interfacial behavior of the NP beyond the scope of common theory. Furthermore, we characterize the effect
of the surface density of functionalizing molecules on the NP deformability. Our results have implications on
the experimental interpretation of NP contact angles and may be useful for future theory development.

Introduction

Scientific advances in recent decades have uncovered the
unique properties of nanoparticles (NPs) and the wide array of
materials that may be used to create them.1,2 In many cases the
success of incorporating NPs into industrial applications relies
on the ability to control their spatial arrangement.2-4 In this
respect the self-assembly of NPs at a fluid/fluid interface is an
elegant organizational method which allows some control over
the geometry of the NP superstructure.4,5 For example, Langmuir
trough techniques allow mechanical tuning of the interparticle
spacing in these two-dimensional assemblies,6 as well as their
deposition onto solid supports.7

The study of NPs at interfaces can be decomposed into the
energetics of localization at the interface, and the interparticle
interactions which arise among localized NPs. In this study we
focus on the affinity of individual NPs to adsorb at the interface
of two immiscible bulk phases, specifically at the interface between
oil and water. A simple treatment of the energetics of particles at
fluid/fluid interfaces was proposed by Pieranski, who reformulated
Young’s 1805 force balance argument from an interfacial free
energy viewpoint.8 According to this theory, for a spherical particle
(p) the free energy change as a function of the particle position (!
shown in Figure 1) can be given as

where !G is the free energy measured relative to the particle being
completely immersed in oil (! )-R), R is the radius of the particle,
and "pw, "po, and "ow are the particle/water, particle/oil, and oil/
water surface tensions, respectively.

Equation 1 suggests that the driving force for adsorption of
the particle at an oil/water interface is the removal of unfavorable
contact between the two liquids. For a particle of radius R, the

oil to water transfer free energy is given by !Gofw ) 4#R2("pw

- "po) and the equilibrium position of the particle, !0, can be
extracted from the minimum value of eq 1, giving the well-
known Young’s equation

In recent years treatments of rigid nanoscale particles at fluid
interfaces have incorporated concepts such as line tension,10,11

the Tolman length,12 and capillary wave broadening13 to
supplement Young’s theory. In essence these treatments involve
lower order terms in R which are neglected by Young’s theory
but grow in significance as the particle size decreases.

Equation 1 assumes a rigid spherical NP geometry. However,
NPs used in experiments are usually surface ligated with a
variety of nonrigid functionalizing molecules.14 Commonly,
polymers15 or short organic molecules16 coat NP cores in the
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!G(!) ) 2#R2(1 + !/R)("pw - "po) - "ow#(R2 - !2)
(1)

-R < ! < R

Figure 1. Schematic of a surfactant functionalized NP in the vicinity
of a fluid-fluid interface. The core is displaced from the interface by
!. hb is the NP center to ligand head vector while n̂ denotes the unit
vector normal to the interface. For our studies the surfactant ligand is
di(ethylene glycol) dodecyl ether, CH3-(CH2)11-(OC2H4O)2-H.9

cos($0) ) !0/R ) ("po - "pw)/"ow (2)
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capacity of passivating layers, modifiers, or precursors.14,16

Incorporation of ligands changes the surface character of the
NP and can modify the equilibrium position !0 by changing
"pw and "po. Ligands can also affect the desorption energy of a
particle from the interface. Equation 1 predicts the free energy
of localization scales as R2 which gives energies of the same
order as the thermal energy (kBT) for small NPs. To prevent
NP thermal desorption from the interface, some researchers use
amphiphilic ligands which may impart additional stability. For
example, tetra(ethylene glycol)dodecanethiol coated R ) 1 nm
gold NPs have been used to stabilize oil-in-water emulsions.17

Regardless of the type of ligand, the flexibility of these “soft”
surface layers imparts a deformability to the NP which is
increasingly important as the core radius and ligand length
become comparable. The applicability of Young’s theory is less
clear-cut for deformable nanoparticles, in particular the assump-
tion of a fixed (effective) geometry of the NP.

We address this issue using molecular dynamics (MD) studies
carried out on small deformable NPs at a representative oil/
water interface. The sizes of the components are such that the
core and the functionalizing layer are comparable. First we
calculate the free energy profiles of coated NPs in the vicinity
of an oil/water interface, and compare to Young’s theory. We
show that assuming the equilibrium position is related to the
balance of NP/solvent surface tensions can lead to erroneous
results. Subsequently, we focus on the overall shape of the NP
with an emphasis on its deformability. We discuss how this
deformability is responsible for the error and propose a
quantitative measure of NP deformation.

Methods

System Composition. To carry out the simulations, phase-
separated oil/water simulation boxes each containing a surfactant
functionalized NP were prepared as shown in Figure 1. Heptane
is chosen as the oil phase and both water and heptane are re-
presented through coarse grained (CG) models. The NP core is
modeled as a rigid hydrophobic sphere of 5.6 Å radius. The
di(ethylene glycol)dodecyl surfactants, which are also coarse
grained, are tethered onto the core at their hydrophobic terminii
following our previously published procedure.9,18 The potential
for this tethering bond is taken as U(r) ) k(r - 8.6 Å)2 where
r is the distance of the tail bead from the center of the core and
k ) 100 kcal mol-1 Å -2 is the force constant of the bond. This
potential tethers the tail of the surfactant 3.00 Å away from the
surface of the core.18 This tethering potential allows for mobility
of the surfactant over the NP core surface. The mobility can be
rationalized in two ways: (1) some bonds such as the gold-thiol
bond are genuinely mobile,19 or (2) diffusion results in an
equilibrated system, which could occur through ligand adsorp-
tion/desorption for real systems.20 Furthermore, studies we have
carried out on systems with the surfactants chemisorbed to
specific locations on the core show remarkably similar properties
to the systems with mobile bonds (see Supporting Information).
For more details of the force field we refer any interested readers
to the primary references.18,21

Four NP systems were chosen with 0, 20, 45, and 80
surfactants grafted onto the core to encompass the experimen-
tally relevant surface densities. To put these values in context,
if we assume a gold NP of the same radius, the number of
adsorption sites available would be e49.22 Images of these NPs
can be seen in Figure 4.

Determining the Interfacial Free Energy Profiles of the
NPs. The free energy profiles of the NPs in the vicinity of the
oil/water interface are computed from constrained molecular

dynamics (CMD) simulations of the different systems at fixed
! values, from ! ) -60 Å to ! ) 60 Å at intervals of !2 Å.

By choosing ! as a progress variable and collecting the mean
forces of constraint, we may use thermodynamic integration (TI)
to obtain the free energy profiles for the NPs as a function of
!. However, meniscus formation in regions B and D (see Figure
3) resulted in hysteresis in the computed free energy profiles.
To overcome this problem, separate free energy simulations
were carried out to unambiguously determine the oil to water
transfer free energy !Gofw as described below. The formation
of the meniscus occurred predominantly in region D; hence the
free energy curves in this region were adjusted so as to yield
the correct transfer free energies. These modified free energy
profiles are given in Figure 4. At each value of !, the modified
profiles correctly average over all interface fluctuations except
for the large meniscus formation in region D. Here hysteresis
makes inaccessible the relative weight to assign to the meniscus-
formed and meniscus-broken interface configurations.

Measurement of the NP Transfer Free Energy. The free
energy profiles of the NPs as a function of their interfacial
position ! were obtained using constrained MD followed by
thermodynamic integration (TI). However, meniscus formation
led to an observed hysteresis in the profile, resulting in
uncertainty in the transfer free energy values !Gofw. Since the
transfer free energy is a state function, we changed the path for
its calculation to avoid hysteresis.

To eliminate hysteresis, the oil/water interface was rigidified
through the use of wall potentials to which the NP is transparent.
The wall potentials are based on a weakly attractive Lennard-
Jones potential centered at z ) 0, such that the solvents are
separated by the wall but still feel an attractive potential which
prevents them from diffusing away from the interface. Mass
density profiles of oil and water before application of the
dividing potential (Figure 2a) and after the application of the
dividing potential (Figure 2b) are shown in Figure 2. The NPs
(including the surfactant ligands) do not directly feel the effects
of this potential. Since the introduction of a rigid wall tends to
structure the fluid adjacent to it, we iteratively adjusted the
potential to attenuate water structuring. The potential shown in
Figure 2c eliminates almost all of the water structuring that
would be caused by a purely Lennard-Jones function. The
intramolecular interactions in heptane make it less susceptible
to structuring so that we simply used a Lennard-Jones function
for the heptane wall. After application of this potential wall,
the TI method can be accurately used because a meniscus does

Figure 2. The top panel (a) shows the mass density profile of a water/
heptane simulation box with no external potential applied. The middle
panel (b) shows the density profile after application of the partitioning
potential. The potentials applied on the oil and water phases are shown
in the bottom (c) panel, where the water potential is engineered to
attenuate density oscillations in the water phase.
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not form. The resulting free energy profile is influenced by the
artificial wall constraint imposed on the interface. In particular,
this indirectly affects the constraint force on the NP. However,
the transfer free energy !Gofw is unaffected by this artificial
transfer path.

Antistructuring Water Wall Potential. The structuring of
water at a rigid wall is well-known.23-25 This structuring extends
deep into the water phase and would cause oscillations in the
free energy profiles calculated in determining the transfer free
energy. In principle these oscillations would not affect the
!Gofw value as long as the !-range used extends far enough.
However, to alleviate this structuring and hence use a smaller
!-range the potential applied on the water beads is adjusted to
oppose the structuring. The adjustment is made iteratively
according to the correction function26

where Un(z) is the nth iteration of the potential, kB the Boltzmann
constant, and T the temperature. Here, gn(z) is the volume
number density of water beads for the nth iteration and gtarget(z)
is the target density profile. We chose a horizontal target density
profile beyond the first hydration layer. Starting from a simple
Lennard-Jones potential, two iterations of this scheme produced
the potential plotted in Figure 2 which gives very little struc-
turing of water beyond the above-mentioned primary hydration
layer.

Simulation Details. Molecular dynamics simulations were
carried out with the MPDyn27 package using the force field of
Shinoda et al21 and Kalescky et al.18 The rRESPA28 multiscale
time step algorithm was used with a time step of 10 fs for all
long ranged intermolecular interactions and a 1 fs time step for
all other interactions. The simulation box sizes for the CMD
runs were "130 # 130 # 260 Å 3 corresponding to "50000
CG beads. The Nosé-Hoover thermostat,29 at 300.15 K and an
Andersen barostat30 (acting parallel to n̂ with an external
pressure of 0.1 MPa) were applied for all simulations. All

simulations were initially run for 1 ns prior to data collection
runs of at least 5 ns.

Results and Discussion

Representative snapshots of the system are shown in Figure
3. From our observations, five distinct regions can be identified
with regard to the behavior of the ligands. The regions are (A)
deep in the oil phase, (B) in the oil phase close to the interface,
(C) at the interface, (D) in the water phase close to the interface,
and (E) deep in the water phase.

Free Energy Profiles. The free energy profiles (see Figure
4) illustrate the interfacial activity of all the NP systems. On
the basis of the transfer free energies, the presence of 20
surfactants increases the hydrophobicity of the NP surface when
compared to the bare NP. This is because the alkane block of
the surfactants is exposed to the solvent. With higher coverage
of surfactants (45, 80) the alkane segments of the surfactants
are buried by the head groups, creating a hydrophilic surface
which results in successively lower !Gofw values. The profiles
are also broader than those predicted by theory because of
interactions between the surfactants and the interface at distances
greater than contact due to dispersion forces.

It is apparent that addition of surfactants onto the core
successively stabilizes the interfacial localization. To reconcile
this result with the theory given in eq 1, we must increase the
effective radius of the NP. In doing so we assume that the theory
captures the NP behavior by assigning an effective radius (Reff)
to the particle, whereby the behavior of the whole NP is captured
in an implicit manner. An expression for this effective radius
can be derived using the transfer free energy, !Gofw ) 4#R2("pw

- "po), in conjunction with Young’s equation (eq 2)

This simple expression is appealing because it does not
involve NP/solvent surface tensions, which are difficult to
determine (either by experimental or theoretical means) but

Figure 3. Constrained molecular dynamics simulations were carried out on the NPs at !2 Å intervals from deep in heptane (A) to deep in water
(E). Four nanoparticle systems were used with 0, 20, 45, and 80 surfactants tethered to the NP core, respectively. Snapshots of the 20 surfactant
system are shown in the main figure while the insets show the 80 surfactant system at similar positions.

Un+1(z) ) Un(z) + kBT ln[ gn(z)

gtarget(z)] (3)

Reff ) -
!Gofw

4#!0"ow
(4)
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rather only terms which are accurately known, namely, !0,
!Gofw and "ow (50.1 mN m-1). The resulting Reff values for
the four NP systems are given in Figure 4. It is apparent that
these results are erroneous as some of the values (for the 45
and 80 surfactant coated NPs) are not physical.

To explain this unphysical result, we focus on the interpretation
of the NP equilibrium position !0. Young’s theory equates !0/R to
the relative surface tensions of the two NP/solvent interfaces.
Consequently, a rigid spherical NP with !0 ) 0 should have equal
surface tensions with the two solvents and thus !Gofw ) 0. The
free energy profile for the 80 surfactant system clearly shows that
this is not the case: !0 " 0 but !Gofw is -64.8 kcal mol-1. The
asymmetry of the ligands between the two fluid phases can cause
an unequal surface area of the NP in the two fluid phases. Therefore
the surface tensions need not be similar between the NP and the
two fluid environments to observe !0 " 0. The converse is also
true, namely, !Gofw ) 0 need not correspond to !0 ) 0. These
inconsistencies have important implications because !0/R (equiva-
lently the equilibrium contact angle) is typically how the localiza-
tion behavior is assessed experimentally. It is clear for the systems
considered here that interpreting contact angles in the framework
of Young’s theory leads to an incorrect understanding of the
energetics of NP localization at a fluid/fluid interface. Moreover,
incorporation of line tension into Young’s theory does not change
this conclusion as demonstrated in detail in the Appendix.

Shape Deformation. We have argued that shape changes of
the NP can alter the interpretation of contact angle data. Previous
work by Bresme and co-workers31 has established that al-
kanethiol passivated NPs show “lenslike” shapes at an air/water
interface. This could be expected from an energetics standpoint
whereby adopting a disklike shape removes more fluid/fluid
contact. In other publications the same authors derive the
theoretical free energy expression for anisotropic rigid particles
at a liquid/liquid interface, which predicts deeper free energy
wells for oblate spheroids32 compared to their spherical coun-
terparts. In bulk phases however, the flexibility of the func-
tionalizing molecules allows the NPs to adopt a spherical shape.
Discussion of the energetics of particle adsorption is rarely
inclusive of the concept of shape deformation. As a first step
in motivating this discussion, we study the ability of a NP to
deform in response to its environment.

To illustrate the NP deformability two measures of surfactant
conformation are used. First, the radius of gyration of the three

coated NPs is plotted in Figure 5 as a function of !. The radius of
gyration Rg was chosen as a well-defined measure of the extension
of the ligands which also incorporates the particle core size. Here

where ri is the position of the ith surfactant bead, rNP is the
nanoparticle core position, and N the total number of surfactant

Figure 4. The free energy profiles of the four NP systems. All the NPs show surface activity, which is augmented with surfactant functionalization.
The equilibrium positions (!0, in Å), free energy minima (!G(!0), in kcal mol-1), oil to water transfer free energies (!Gofw, in kcal mol-1) and
the effective radii (Reff, in Å) from eq 4 are given to the right. Details on how accurate values for !0 are obtained may be found in the Supporting
Information.

Figure 5. The top panel shows the radius of gyration Rg for the three
functionalized NP systems as a function of !. The bottom panel shows
a measure of the orientation of the surfactants, given by the averaged
dot product of hb and n̂ as a function of ! for the same systems.

Rg
2 ) 1

N" #
i)1

N

(ri - rNP)2$ (5)
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beads. To characterize the surfactant orientation, a second measure
given by

was used (see Figure 5), which evaluates the averaged dot product
of hb (the NP center to surfactant head vector) and n̂ (the interface
normal unit vector) as a function of !. Here S is the number of
surfactants bound to the NP.

From these two measures it is clear that in the uniform
hydrophobic environment of region A, the ligands are swollen
but show no preferred orientation. In region B, the surfactant
ligands extend upward to interact with the interface. At the
interface (region C) the ligands form an annular ring around
the NP core which curves up into the water phase. The behavior
of the NP in regions D and E is similar to that in regions B and
A, respectively, except that in water the ligands tend to collapse
onto the NP core leading to a smaller radius of gyration. It is
clear from these measures that the NP functionalized with 80
surfactants shows the least variation in its properties while the
greatest variation is shown by the 20 surfactant coated NP. In
other words the 20 surfactant system is “softer” than the 80
surfactant system.

The softness of a particle is a concept acknowledged in many
fields. For example, measures of softness are often used to
predict packing patterns of NP superstructures.33 One measure
of softness is the ratio of the NP core radius to the fully extended
length of the surface ligand.33,34 Such a measure would be
inadequate for our purposes because, for example, the softness
value would not change with bound surfactant density. Here
we propose a simple measure to quantify this effect: the system
deformability

where Rg(w) and Rg(o) are the radius of gyration of the NP in
bulk water and bulk oil, respectively, and C is a scaling factor
taken to be C ) 20. The susceptibility to deform is measured
through the difference of Rg values in the bulk solvents, since

the ligands will swell to different degrees in response to their
hydrophobic/hydrophilic environment. Measurement of Rg in a
homogeneous environment also avoids the need to quantify
nonspherical geometries.

The % values for the surfactant functionalized systems are
given in Figure 6, which also shows the ligand density around
the three coated NP systems in the same regions (A-E) shown
in Figure 3. It can be noted that systems with high deformability
show large variations in their properties (see Figure 5) while
systems with low deformability show little variation.

Conclusions

In summary we have used molecular dynamics simulations
to characterize the behavior of surface-ligated NPs in the vicinity
of an oil/water interface. Studies of four NPs with different
coverages of a surfactant ligand showed that the coating has a
large effect on the NP interfacial activity. Inadequacies in
Young’s equation were exposed due to the assumption that the
contact angle represents the difference in NP/solvent surface
tensions. Morever, it is not apparent that modifications of
Young’s equation aid in improving our physical understanding
of the observed behavior. For example, addition of a free energy
contribution due to line tension still results in !Gofw ) 0 S
!0 ) 0, which was the same problem we found with Young’s
equation. The main source of error in the theory is brought about
by the flexibility of the surface functionalizing ligands which
allow the particle to deform from an idealized spherical shape.
Furthermore, the change in the NP interface binding free energy
and transfer free energy with the number of bound surfactants
is significant enough that a proper theoretical treatment may
need to explicitly account for the deformable ligand surface.
We defined a system deformability parameter % to quantify the
susceptibility of different NPs to deform. This measure may
prove useful in studies which explicitly include ligands in the
discussion of the physical behavior of NPs in the vicinity of a
fluid interface.

Appendix

Proof that !0 ) 0 S !Gofw ) 0 in the Presence of Line
Tension ". It is clear from eq 2 and the definition of !Gofw )
4#R2("pw - "po) that !0 ) 0S !Gofw ) 0 for Young’s theory.
However for a deformable NP we showed this is not true. Here

Figure 6. Average bead density projected onto a plane parallel to the interface normal n̂. The letter denotes the region while the number denotes
the surfactant coverage of the NP core. As the NP moves across the interface, the surfactants show preferential orientations. The deformability
values (%) explained in the text are given in the rightmost column.

" #
i)1

S

n̂ · (hbi/ |hbi|)/S$ (6)

% )
C|Rg(o) - Rg(w)|

Rg(w) + Rg(o)
(7)
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we prove that supplementing Young’s equation with a contribu-
tion due to line tension does nothing to resolve this discrepancy.

According to the modified Young’s equation35 the free energy
of a radius R particle at a distance ! from an oil/water interface,
from a reference state in oil (! ) -R), is

Here & is the three-phase line tension and 2#(R2 - !2)1/2 is the
length of the three-phase contact line.

The derivative of eq 8 with respect to ! is

We would like to prove that !0 ) 0S !Gofw ) 0, where !0

is the equilibrium position of the particle and !Gofw is the oil
to water transfer free energy.

Proof that !0 ) 0 w !Gofw ) 0. Since !0 corresponds to
a free energy minimum, the left-hand side of eq 9 is zero.
Therefore

Since !Gofw ) 4#R2("pw - "po), it follows that !Gofw )
0; i.e., the transfer free energy is zero when the particle has an
equilibrium position (free energy minimum) of !0 ) 0.

Proof That !Gofw ) 0 w !0 ) 0. When the transfer free
energy is zero, the first term on the right-hand side of eq 9 is
zero. We can find the equilibrium position, !0, by finding the
global minimum of !G(!) with respect to ! (eq 8). First let us
find the extremum points by setting !!G/!! ) 0 in eq 9

Clearly !0 ) 0 is a solution. By substituting !0 ) 0 into eq 8,
with !Gofw ) 0, we obtain

The free energy expression when the particle is completely
submerged in either bulk phase corresponds to !G ) 0 (because
"pw ) "po). Therefore, as long as "ow g 2&/R, !0 ) 0 gives a
lower free energy than when ! ) -R or R. For a representative
particle size of R ) 1 nm at an oil/water interface with "ow !
50 mN m-1, this corresponds to a threshold value of & ! 2.5 #
10-11 N. Specifically, with a negative line tension or a positive
line tension lower than 2.5 # 10-11 N, the particle will have
lower energy at ! ) 0 compared to the bulk liquid phases.

Since !0 ) 0 is only one solution to eq 10, to look for other
possible solutions consider !0 * 0. In this case, rearrangement
of eq 10 gives

This equation only holds when & g 0, since both "ow and (R2 -
!0

2) g 0. For & g 0, we can simplify this equation to obtain

To see if this !0 value corresponds to a global minimum, we
again substitute it into the free energy expression (eq 8)

Clearly this !0 value corresponds to a free energy which is
necessarily higher than when the particle is completely sub-
merged in either liquid.

Therefore for a particle with zero transfer free energy, either
the equilibrium position will be at !0 ) 0 or the particle is so
destabilized by the line tension that it will show only metastable
states at the interface.

Supporting Information Available: Details on the method
of evaluating !0 and comparison of mobile surfactants versus
statically bound surfactants for the 20 surfactant system. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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