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Atomistic molecular dynamics simulations are performed to study the stripelike patterns formed by phase
separation of immiscible surfactants grafted on spherical surfaces. In previous work (Phys. ReV. Lett. 2007,
99, 226106), we showed that the formation of a striped phase for a mixture of two different length surfactants
does not depend on the detailed chemistry of the molecules. Rather, the pattern is stabilized by increased
conformational entropy related to the geometry of the molecules. In this paper, we extend the atomistic
simulations of our earlier study to investigate the dependence of stripe thickness on charges on the head
groups, the relative length difference of the tail, and the strength of the repulsion between the surfactants.
Previously, we studied the dependence of the tilt angle for a homoligand surfactant on a nanoparticle surface
(J. Phys. Chem. C 2007, 111, 15857). Here, we study the dependence of the tilt angle for mixed-ligand
surfactants on a spherical nanoparticle surface. We observe that the tilt angle increases with surfactant length
but does not play a significant role in stripe formation.

1. Introduction

Self-assembled monolayers (SAMs) of surfactants adsorbed
via their head groups on solid substrates have been an active
area of research for over two decades.1-5 Because of their
stability and ease of preparation, they have served as model
surfaces for a variety of studies, including, for example,
corrosion prevention,6 interactions of biomolecules with sur-
faces,7 protein resistance,8 molecular recognition,9 and electrode
modification.10 SAMs on nanoparticle surfaces have recently
attracted attention due to their interesting optical11 and elec-
tronic12 properties and potential applications in nanolithogra-
phy,13 bottom-up assembly,14,15 catalysis,16 drug delivery,17 and
biosensing.18

SAMs of different molecules can be formed on various solid
substrates, such as gold, silver, and silicon, by spontaneous
adsorption of molecules from solution.19 Alkanethiol SAMs on
the Au(111) surface are the most widely studied because gold
can be handled in ambient conditions. SAMs of hydrocarbon
chains are the simplest ideal model system of biological
membranes and biocompatible materials.20,21 Recently, mono-
layer-protected metal nanoparticles (NPs) have found use in a
variety of fields22-27 due to their unique electronic and optical
properties. The ligand shell that forms a protecting monolayer
(alkanethiol SAM) around the NPs provides a range of interest-
ing properties, for example, solubility in many solvents,28

electron-transfer efficiency,29 electrochemical charging,30 sensing
of biomolecules,26 etc. In 2004, Jackson et al. coadsorbed two
different surfactants on gold nanoparticles to obtain a mixed
SAM that not only demonstrated an interesting striped phase

separation but is also potentially useful in protein inhibition and
catalysis31 due to the nanoscale width of the stripes.32-35

In our earlier study,33 we reproduced using atomistic MD
simulations the striped patterns observed in the Jackson et al.
experiments.32 Using dissipative particle dynamics (DPD)
simulations, we demonstrated that striped phase separation will
occur when one of the adsorbing surfactants is sufficiently longer
and/or bulkier than the other. We showed this to be the case
for immiscible mixtures of surfactants on flat surfaces as well,
again, provided the difference in length or tail bulkiness is
sufficient. We also explained that the gain of conformational
entropy of the longer or bulkier chains at an interface resulted
in a lower free energy than can be achieved from complete
demixing, resulting in microphase-separated stripes of 50:50
mixtures. In this paper, we present in section 3.1 results of
detailed atomistic molecular dynamics simulations for different
immiscible surfactant mixtures on spherical nanoparticle surfaces
that we performed to further test our earlier explanation of the
origin of striped phase formation. In section 3.2, we show how
the stripe thickness depends on various external parameters, such
as the relative length difference between the surfactants and the
strength and range of repulsion between unlike surfactants as
well as long-range electrostatic interaction. In section 3.3, we
investigate how the tilt angle of mixed-ligand surfactants on a
spherical NP surface depends on those parameters. We observe
that the average tilt angle of alkanethiols on NP surfaces is large
as compared with that on flat substrates and small as compared
with that for homoligand alkanethiols on a spherical NP surface.
We also find that the tilt angle of the surfactants does not play
a significant role in the formation of stripes.

2. Methodology

2.1. Model and Simulation Details. The total energy (Vtotal)
of an alkanethiol chain is given by
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Here, Vintra represents the bonded interactions that arise from
bond stretching (Vbond), bond bending (Vangle), and torsion
(Vdihedral)

where

and

Here, rij is the bond distance between two atoms i and j and rij
eq

is the equilibrium bond length. θijk defines the angle between
three atoms, i, j, and k, and θijk

eq is the equilibrium angle. The
four atoms, i, j, k, and l, define a dihedral angle φijkl. Kij

r , Kijk
θ ,

a1, a2, and a3 are constants.
Vinter is the nonbonded interaction that we model in terms of

a short-range 6-12 Lennard-Jones (LJ) potential for head-head,
head-tail, and tail-tail interactions for like surfactants. Non-
bonded interactions between atoms or groups of atoms on unlike
surfactants are modeled via the Buckingham potential without
the attractive component (U(r) ) 500 er/0.4, where r is the
distance between unlike atoms or groups of atoms). The pairwise
additive Morse potential is used for the interaction between
sulfur and gold atoms.36 The LJ pair potential is defined by

where σij, εij, and rij are, respectively, the atomic diameter, well
depth, and distance between two interacting atoms i and j. The
LJ potential is truncated and shifted smoothly to zero at a cutoff
radius of rc:

The Morse potential is defined by

where r is the distance between surface Au atoms and sulfur
head groups and De, re, and R are empirical parameters.36 All
the interaction parameters used in our simulations are listed
elsewhere.33,37 We use the Lorentz-Berthelot combination
rules38 for the cross-interaction parameters.

We perform MD simulations in the canonical ensemble
(constant number of ligands N, volume V, and temperature T)
for SAMs of alkanethiols adsorbed on a surface of a single gold
nanosphere with a diameter of 7 nm. Experimentally, it was
found that, in the case of alkanethiol-based SAMs on a Au(111)
surface, the sulfur head groups form a (�3 × �3)R30° two-
dimensional triangular lattice with a surface density of 21.6 Å2

per chain.39 We use this surface density in our simulations. We
use a 1:1 molar composition of SH-(CH2)m-COOH and
SH-(CH2)n-CH3, where m varies from 2 to 20 and n varies
from 7 to 18. We use the united atom model for the CH2, CH3,
and OH groups and a cutoff radius of 10 Å for the nonbonded
interactions between atoms or groups of atoms on the same type
of surfactants. For the repulsive potential between atoms or
groups of atoms on unlike surfactants, we use a cutoff radius
of σs, the collision diameter. The distance between the gold
surface and the sulfur headgroup (dAu-S) of the alkanethiol is
fixed at 2.38 Å throughout the simulations.40 Other details
specific to certain systems will be mentioned while discussing
their results. To study the effect of long-range interactions on
stripe formation, we put equal, but opposite, charges on
surfactant head groups. The details of the headgroup charges
and other related parameters are discussed in section 3.2.3. All
simulations are carried out using a slightly modified version of
the DL_POLY molecular simulation package.41 We use a
Nose-Hoover thermostat to keep the system temperature
constant at any desired temperature throughout the simulations.
We use an integration time step of 2.0 fs, which yields good
conservation of energy and linear momentum. Equilibration of
the SAMs is performed over a duration of 10 ns. Different
properties are computed from configurations stored at an interval
of 10 ps from a production run of 10 ns.

2.2. Initialization. To model the gold NPs, Au atoms are
initially assigned in a random close-packed configuration on
the surface of a sphere at a surface density of 10.4 Å2/Au atom.
We then relax the system at 0 K to optimize the initial structures.
The carbon chains are initialized in the trans configuration,
perpendicular to the surface with their sulfur head groups
distributed randomly on the surface. The backbone planes of
the molecules are also randomly oriented. All atoms are assigned
random initial velocities according to the Maxwell-Boltzmann
distribution corresponding to the target temperature. We then
run the system for 10 ns until it equilibrates and the chains adopt
an equilibrated tilt angle. In these studies, we define the tilt
angle as follows. On a spherical surface, the tilt angle is defined
as the angle between two vectors: (i) a vector connecting the
sulfur head group and the odd carbons of the alkane chain and
(ii) a vector perpendicular to the surface of the sphere and
passing through the sulfur headgroup (Figure 1). The tilt angle
reported for a given choice of surfactant here is computed by
averaging over all time steps and odd carbons.

3. Results and Discussion

The model and force field parameters used here were
validated previously33 on a Au(111) surface against the experi-
mentally known tilt angle of the molecule. The results discussed
elsewhere37 confirm the validity of the model and force fields
to be used in our subsequent study.

3.1. Structures of SAMs. In our previous study,33 we
reported first the results of atomistic simulations showing stripes
for mixtures of (i) SH-(CH2)3-CH3 and SH-(CH2)5-CH3, (ii)
SH-(CH2)10-COOH and SH-(CH2)11-CH3, and (iii)
SH-(CH2)2-COOH and SH-(CH2)2-CH3. Figure 2 shows
snapshots of the equilibrium structures from atomistic simulation

Vtotal ) Vintra + Vinter (1)

Vintra ) Vbond + Vangle + Vdihedral (2)

Vbond ) ∑
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Kij
r (rij - rij
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Vangle ) ∑
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Kijk
θ (θijk - θijk
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and experiment of two unequal length surfactants, SH-
(CH2)2-COOH and SH-(CH2)7-CH3 at 360 K on a sphere
with a diameter of 7 nm reproduced from ref 32. To determine
if the striped pattern on an NP surface is system-specific, we
simulate different pairs of immiscible surfactants. First, as in
an earlier experiment,32 we simulate the short surfactants with
carboxyl tail groups and the long surfactants with methyl tail
groups. Next we interchange the tail groups, that is, the methyl
group for the short surfactant and the carboxyl group for the
long surfactant, and finally, we simulate both surfactants with
the same methyl tail group. We observe stripes as the equilib-
rium phase in all cases (Figure 3a-c), demonstrating that the
formation of stripes for two immiscible surfactants of sufficiently
different lengths is universal and does not depend on the
chemistry of the surfactants. This confirms our earlier conclusion
based on DPD simulations only.33

In recent experiments32 and simulations,33 it was found that
a mixture of two surfactants, SH-(CH2)10-COOH and SH-
(CH2)11-CH3, of almost equal length also forms stripes. In
contrast, we predicted that a mixture of two very short
surfactants of equal length, namely, SH-(CH2)2-COOH and
SH-(CH2)2-CH3, shows bulk phase separation into a Janus
particle,42 as shown in Figure 4. We performed simulations of
these two surfactants for lengths that varied between these two
limits and find that stripes form and sharpen as the tail lengths
increase beyond three CH2 groups. These results support our
argument, based on our previous mesoscale simulations, that
stripes form only when sufficient conformational entropy is

gained by their formation so as to result in a lower free energy
than would be obtained from bulk separation. Here, that entropic
gain arises from an increased free volume for the bulkier tail
end groups (SH-(CH2)10-COOH has a bulkier tail end group
as compared with SH-(CH2)10-CH3). During the stripe forma-
tion, the entropy of the system decreases as we know that
entropy decreases during the mixing of two different pure
components. For two different length surfactants on a curved
surface, the gain of entropy for the long surfactant is large due
to availability of ample free volume around the surfactant tail
group. This entropy gain overcomes the loss of entropy due to
stripe formation.

3.2. Stripe Thickness. We next investigate the model
parameters that control stripe thickness. Our studies show that
the stripe thickness depends on various factors, such as the
solvent, the length of the alkanethiol tail, charge on the
headgroup, and other factors, as investigated below.

3.2.1. RelatiWe Length Difference (∆l). Our results in section
3.1 of two almost equal length (∆l ≈ 0) surfactants showed
that the surfactant tail length is significant in controlling the
stripe thickness.33 In Figure 5, we show the variation of stripe
thickness when the length difference between the surfactants is
nonzero (∆l ) 5) for a repulsion strength and range discussed
in section 2.1. Even for ∆l * 0, we observe a similar dependence
of stripe thickness on surfactant tail length. When both the
surfactants are short, the stripe thickness decreases rapidly with
surfactant length. Beyond a certain length however, there is no
variation of stripe thickness with further increase in surfactant
length. Though length differences are the same (five CH2 groups)
for all the systems, the gain of entropy is more for the long
surfactant because the availability of free volume for the
surfactant tail increases with surfactant length. Hence, the stripe
thickness decreases with surfactant length. Beyond a certain
length, the stripe thickness is very thin and a further gain of
entropy due to the increase in surfactant length does not have
any effect on stripe thickness. Thus, we conclude that surfactant
length is more important than length difference in controlling
the stripe thickness for any interaction strength.

3.2.2. Repulsion Strength and Range of Repulsion. Through
a change in solvent, it is possible to effect a change in the
immiscibility between the two ligands. This can be modeled
by tuning both the range and the strength of the repulsive

Figure 1. Schematic representation of the tilt angle (θ) for an
alkanethiol on a spherical nanoparticle surface.

Figure 2. SH-(CH2)2-COOH:SH-(CH2)7-CH3 surfactant mixture
of SAMs from (a) atomistic simulation and (b) experiment.32

Figure 3. Snapshots of the SAMs for different surfactant mixtures of
surfactants: (a) bulky carboxyl group is on the short surfactant, (b)
bulky carboxyl group is on the long surfactant, and (c) both the tail
ends have the same methyl group. The dark (blue) and light (yellow)
beads are head groups of surfactants that are short and long,
respectively.
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interaction between the two ligand types. We varied the
interaction range from σs (collision diameter) to 14 Å and the
strength by a factor of 8; the results are summarized in Figure
6. When the range of repulsion between the interaction sites of
the unlike surfactants is very short and equal to their collision
diameter, we do not observe any significant dependence of stripe
thickness on repulsion strength (Figure 6a). However, when the
range of repulsion between the interaction sites is 14 Å much
larger than the collision diameter (Figure 6b, c), we observe
that the stripe thickness decreases with increasing repulsion
strength by a factor of 4 and 8. If the range of repulsion between
the interaction sites is very short, the increase of repulsion

strength does not have any effect on their mutual interactions
because one surfactant cannot see its nearest neighbor. But when
the range of repulsion is more, the increase in repulsion strength
has a significant effect on their mutual interactions.

In the case of an experiment, a change in solvent changes
the immiscibility between the surfactants. This effect can be
considered by changing the repulsion strength and range of
repulsion between the surfactants. By changing the pH of a
system, more negative charge is induced on thiol head groups.
Hence, repulsion between the surfactant will increase due to
the increase in pH. Thus, it should be possible to obtain stripes
of different thicknesses by the judicious choice of solvent or
by reducing the salt pH.

3.2.3. Electrostatic Interactions. We expect that long-range
electrostatic interaction between the surfactant head groups
should play a significant role both in stabilizing the stripes and
in controlling their thickness. Earlier studies showed that the
self-assembly of cationic-anionic incompatible mixtures on flat
and cylindrical surfaces form microphase separated structures.43-45

The structures of the equilibrium phases largely depend on the
charge ratio, that is, on the strength of the long-range attraction
between unlike charges and the repulsion between like
charges.43-45 Mathematically, the role of charge in modifying
bulk phase separation is identical to the role of polymeric
constraints in block copolymers and chemical reactions in
reacting, immiscible mixtures. These studies all indicate the
important role of long-range, effectively repulsive interactions
in stabilizing microphase separated structures.

In this study, we use two identical, but immiscible, model
surfactants. We consider 50% of the surfactant as type I, whose
head groups are positively charged, and the other 50% as type
II, whose head groups are negatively charged. The interaction
parameters between the surfactants are identical with respect
to the choice of alkanethiol, but the mass of the atoms and the
repulsion strength between the unlike surfactants are chosen so
that they form a completely phase-separated structure for zero
headgroup charges (Figure 7). Because the lengths of the two
surfactant types are equal and there is no bulky head group on
either type, there is no conformational entropic gain from
forming stripes.32,33 However, the charge on the head group
increases, stripes emerge33 as expected, and the stripe thickness
decreases significantly with increasing charge magnitude. Thus,
electrostatic interactions can be used to enhance stripe formations.

Figure 4. Snapshots of the SAMs for two approximately equal length surfactants with increasing tail lengths. Both the surfactants have (a) 2 CH2

groups, (b) 4 CH2 groups, (c) 5 CH2 groups, and (d) 10 CH2 groups.

Figure 5. Variation of stripe width as a function of surfactant length
for a mixture of SH-(CH2)m-COOH and SH-(CH2)n-CH3, where m
varies from 3 to 9 and n varies from 8 to 14. The length difference (∆l
) 5 CH2 groups) is fixed.

Figure 6. Snapshots of the SAMs for two different surfactant mixtures
with increasing repulsion between the unlike surfactants: (a) mixture
of SH-(CH2)5-COOH and SH-(CH2)8-CH3, where the range of
repulsion is equal to the collision diameters of the interaction sites, (b)
mixture of SH-(CH2)2-COOH and SH-(CH2)7-CH3, and (c)
SH-(CH2)5-COOH and SH-(CH2)8-CH3, where the range of repul-
sion is 14 Å.

Figure 7. Variation of stripe width for different head group charges
for a 1:1 mixture of two different types of surfactants. The surfactants
contain equal, but opposite, head group charges.

Study of Striped Phase Separation J. Phys. Chem. C, Vol. 114, No. 45, 2010 19185



3.3. Tilt Angle. Alkanethiols are known to tilt when adsorbed
onto a surface. There are several studies of the tilted structures
of alkanethiol SAMs on flat gold surfaces.1,2,46 In an earlier
study, we investigated the tilt angle for homoligand surfactants
on gold nanoparticle surfaces.37 Here, we present the tilt angle
for mixed-ligand surfactants on a spherical surface, compare
with our previous findings for homoligands, and ascertain the
effect of tilt angle on stripe formation.

3.3.1. Effect of Molecular Length on Tilt Angle. We
compute the tilt angle for mixed-ligand SAMs on a spherical
NP surface with a diameter of 7 nm at 300 K for different sets
of molecules. Figure 8a, b shows the tilt angle probability
distributions for short and long surfactants for two different
cases. In case 1, the relative length difference ∆l between the
surfactants is fixed; in case 2, the length of the short surfactant
is fixed, whereas the length of the long surfactant increases, so
that ∆l varies. In both cases, we observe that the average tilt
angle for the longer surfactant is between 4° and 5° larger than
that of the shorter surfactant. For ∆l * 0, the extra space
available for the tail of the longer surfactant33 allows the
molecule to adopt a larger tilt angle than for ∆l ) 0 or than in
the homoligand case. On a spherical surface, we find the tilt
angle of the long surfactant is always greater than that of the
short surfactant.

3.3.2. Temperature Dependence. Figure 9 shows the varia-
tion of tilt angle for mixed-ligand (m ) 4 and n ) 9) SAMs at
three different temperatures on an NP surface with a diameter
of 7 nm. The average tilt angles for both ligands are almost
equal at very high temperature (e.g., at 900 K). As the tem-
perature decreases, the tilt angles for both surfactants increase,
but the increase is larger for the longer surfactant than for the
shorter surfactant, as expected from the finding in section 3.3.1.
This is, again, due to the lack of available space for the short
surfactant to tilt appreciably.

3.3.3. Effect of Tilt Angle on the Formation of Stripes. An
earlier experimental study indicated that the tilt angle of the
surfactant on a spherical surface may have some effect on the
formation of stripelike microphase separation.32 To test this, we
initially place all the surfactants perpendicular to the surface
and treat them as rigid to minimize the tilt angle. Throughout

the simulation, we do not allow the surfactants to tilt with respect
to the surface normal but instead allow them to move around
the NP surface, keeping a zero tilt angle. We find that the 1:1
mixture of two unequal length surfactants (Figure 10a) and two
almost equal length surfactants (Figure 10b) forms stripes with
approximately the same stripe thickness as we observe when
the surfactants are allowed to tilt freely on the surfaces. Our
results, therefore, demonstrate that the tilt angle is not required
to form stripes on NP surfaces and, in fact, has little effect on
stripe width, as can be seen by comparing the image in Figure
10b with those in Figures 3c and 4c. Anecdotally, we do find
that, in the systems where tilt is allowed, the phase separation
occurs approximately 4 times faster.

Figure 8. Distributions of tilt angles for mixtures of two unequal length surfactants as (a) both tail lengths increase to keep ∆l ) constant and (b)
only the longer tail increases so that ∆l * constant.

Figure 9. Distributions of tilt angle for a 1:1 mixture of
SH-(CH2)4-COOH and SH-(CH2)9-CH3 surfactants at three different
temperatures.
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4. Conclusions

Atomistic molecular dynamics simulations of mixed-ligand
surfactant SAMs have been carried out using a united-atom
model to investigate the molecular packing of surfactants on a
NP surface. Our studies confirm our earlier finding33 that the
formation of equilibrium stripe patterns does not depend on the
chemical compositions of the surfactants but depends on their
geometry. Our studies show that the stripe thickness depends
on various factors, such as the length of the individual
surfactants, length difference between the surfactants, the
repulsion strength, and range of repulsion, and can be enhanced
by long-range electrostatic interaction. We also studied the
dependence of tilt angle for mixed-ligand surfactants on a
spherical NP surface. At high temperature, the tilt angles of
both the long and the short surfactants are almost equal, but at
low temperature, the long surfactant is more tilted than the short
surfactant. We find that the mixture of two surfactants forms
stripes even for zero tilt angle. This indicates that the tilting of
the surfactants on a spherical NP surface is not required for
stripe formation. Our results suggest possible design strategies
for obtaining stripes of different thicknesses on spherical NPs.
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Figure 10. Snapshots of two different mixtures: (a) equal length and
(b) unequal length. The tilt angle of surfactants on the spherical surface
is kept at approximately zero throughout the simulations.
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