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Abstract: Self-organization of aqueous surfactants at a planar graphite-like surface is studied by means
of coarse-grain molecular dynamics simulations. The nonionic surfactant, n-alkyl poly(ethylene oxide), and
water are both represented by coarse-grain models while an implicit representation is used for the graphite
surface. The observed morphology of the aggregated surfactants depends on the alkyl chain length.
Surfactants with a short chain form a monolayer on the graphite surface with a thickness roughly equal to
that of the alkane tail. On the other hand, longer-tail surfactants form continuous hemicylinders on the
surface with diameter ∼5.0 ( 0.5 nm, in good agreement with experimental AFM data.

Introduction

Amphiphilic molecules tend to aggregate; however, their self-
assembly at an interface can be different from that in the bulk
solution.1-4 Amphiphilic self-assembly in bulk solution results
in a variety of distinct morphologiessbilayer and multilamellar
vesicles, spherical and cylindrical (wormlike) micelles, and
bicontinuous phases.1,5-7 Recent experimental studies have
revealed that many of the aggregate geometries seen in bulk
solution can also be formed at the solid-liquid interface.8-12

Nevertheless, the structure and shape of these aggregates exhibit
different characteristics. The aggregation scenario at the solid-
liquid interface differs from its bulk counterpart in many ways.1,2

Interactions between surfactant solution and the solid surface

play a key role in this case. For example, graphite, a hydrophobic
planar substrate, exerts two major influences on the adsorbing
amphiphile geometry, namely (i) a specific interaction due to
epitaxy of the alkyl chain with the graphite crystal and (ii) a
nonspecific hydrophobic interaction between water and graphite
which drives a minimization of the graphite-water interfacial
area.

Adsorption of various amphiphiles on graphite as well as
silica and mica (both hydrophobic and hydrophilic) has been
studied extensively by different experimental techniques includ-
ing adsorption isotherms,13 surface force apparatus (SFA),14

ellipsometry,15 fluorescence decay,16-18 neutron scattering,19-22

and atomic force microscopy (AFM).8-12,23,24 In the case of
surfactants with alkyl tails, hydrophobic substrates such as
graphite interact primarily with surfactant tail groups through
van der Waals interactions. Non-hydrophobic surfaces do not
show such behavior. In addition, it has been suggested that
epitaxy is responsible for surfactant tail groups and alkane chains
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adsorbing parallel to a graphite symmetry axis, because the
positions of the carbon atoms in the alkane chain closely match
those of the graphite surface.11,25Nevertheless, similar surfactant
aggregates at the same relative orientation on the cleavage plane
of MoS2 have been observed by Manne et al.3 Furthermore,
alkanes and aliphatic alcohols both form striped structures.2,25,26

Hence, the common mechanism is speculated to be a crystalline
anisotropy in van der Waals interactions rather than a specific
correspondence between adsorbate and substrate atoms.3

Experimental studies of interfacial aggregation include zwit-
terionic surfactants on graphite, mica, gold, and silica. Manne
et al.3 showed thatn-alkyl trimethylammonium bromide (CTAB)
forms hemispherical micelles on graphite with a diameter of
∼4.7 ( 0.3 nm, which was followed by a series of studies
supporting their observation.6-9 Nonionic surfactants have been
found to adsorb strongly on graphite. Adsorption increases with
increasing concentration up to the critical micelle concentration
(cmc),27,28after which it remains fairly constant. Patrick et al.7

studied the self-assembly structures of nonionic surfactants at
graphite-liquid interfaces by varying the headgroup size. They
have concluded that C12E3 (E represents an ethyleneglycol
unit), which is geometrically capable of only forming bilayers
as a bulk lyotropic phase, forms monolayers perpendicular to
the graphite surface. On the other hand, C12E5, C12E8, and
C12E10 which are capable of forming cylindrical micelles in
solution, are found to form hemicylinders at the graphite-liquid
interface. Later Ducker and co-workers10 carried out systematic
AFM studies of the self-organization of ethylene oxide surfac-
tants by varying the alkane chain length on graphite as well as
on hydrophobic and hydrophilic silica. This study allowed them
to examine the influence of specific epitaxial binding of the
alkyl chain.

The basic understanding from all of these studies is that the
initial adsorption step for all amphiphilic molecules is a
templated adsorption of the aliphatic chain along one of the
graphite symmetry axes up to coverage by a horizontal
monolayer. The striped phase thus formed orients subsequent
adsorption, which occurs through hydrophobic association. Two-
step adsorption isotherms of surfactants on graphite support this
mechanism.28

Despite such extensive experimental studies, computational
studies in this regard are scarce. An obvious choice to gain
insights into the mechanism behind the experimental observa-
tions is to carry out computer simulations based on fully
atomistic models. However, the time- and length scales for
amphiphilic adsorption on a surface from the bulk solution are
too long to be conveniently studied by such simulations.29-31The
long time and length scales of such self-assembly phenomena
put it beyond the reach of atomistic simulations. Balasubrama-
nian et al.29 studied adsorption on surfaces using an extremely
detailed representation. Klein et al.30 studied the interaction of

the CTAB surfactant with graphite by using a united atom
model. Starting from a preassembled monolayer of CTAB at
the graphite-water interface, they could show that the mono-
layer gradually reorganizes into hemicylinders. However, their
study was restricted by a relatively small system size and short
simulation time. Here, we adopt an intermediate coarse-grain
simulation approach that can allow the study of such macro-
scopic self-assembly phenomena while still being computation-
ally viable. Recent studies have shown that simulations based
on coarse-grain models can successfully bridge the gap between
specific atomistic simulations and generic stochastic modeling.
For example, Smit et al.32 observed the spontaneous self-
assembly of surfactants into micelles for the first time by using
such models. Lipowsky et al.,33 Klein et al.,34-37 and Marrink
et al.38-41 developed robust coarse grain models for biological
systems. Schick and co-workers42 successfully studied mem-
brane fusion using coarse-grain models. These studies demon-
strated the success of coarse-grain models in studying a variety
of macroscopic phenomena, such as biomembrane self-as-
sembly,34,36,37 membrane42 and vesicle fusion,40,41 and ion
translocation across a lipid bilayer.43 Recently, we have
developed a coarse grain model for diblock copolymers44 and
showed that they spontaneously self-assemble into various
morphologies including bilayers, as well as both spherical and
wormlike micelles depending on the hydrophilic content.45

Accordingly, in this study we model both the surfactants and
solvent (water) using a coarse grain (CG) approach, while an
implicit representation is used for an immobile graphite surface.
Even in atomistic simulations an implicit surface is commonly
used.30,46

Methods

In the present study we utilize a CG model for the nonionic
surfactant, alkylpoly(ethylene oxide) (CmEn). In the CG representation
we group three consecutive backbone atoms along with their hydrogen
atoms into a single CG site. As noted in previous studies,34-36,47

grouping three linear-CH2- entities into a single unit preserves the
basic structural information reasonably well. The hydrophilic part
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consists of ethylene oxide repeating units. The monomer unit-CH2-
CH2-O- is grouped as a CG repeating unit and is represented by
EO. In earlier studies, Klein et al.34 developed a CG model for
dimyristoylphosphatidylcholine (DMPC) lipids, which include hydro-
carbon tails. Later they presented47 a systematic method to coarse-grain
alkane chains with any number of atoms. In the present study we use
a similar method to determine the CG parameters for the alkyl part. In
a previous study we developed the CG parameters for PEO-PEE
diblock copolymers.43 Hence, we have adopted the EO parameters from
that work. The intermolecular interactions between EO and hydrophobic
units (SM and ST, see Figure 1) are obtained by matching the CG
simulation radial distribution functions with that obtained from all-
atom simulations. Details of the coarse-grain procedure for all of these
units including water (which is represented as a loose grouping of three
real water molecules) can be found in our previous studies.34,35,44

Nevertheless, we mention a few salient details here.
The CG polymer chain is constructed by using the center of mass

position of each monomer in the corresponding all atom (AA)
surfactant. Consecutive sites are bonded through a harmonic potential
of the form,Ubond(rij) ) (kb/2) (rij - ro)2 where the equilibrium bond
distance is denoted byro andkb is the bond force constant. The bond
angle between three consecutive units is governed by a cosine angle
potential,33 Ubend (θijk) ) kθ[(θijk - θo)2], whereθijk is the bond angle
formed by sitesi, j, andk andθo represents the equilibrium bond angle.
Table 1 of the Supporting Information summarizes the bond distance
and bond angle parameters needed for the present simulation. Wherever
we have encountered the need for new parameters, we obtained them
by comparing the corresponding target observable obtained from all
atom simulations as before.33,34,44

In the present study we deal with two different surfactants, namely,
penta(oxyethylene)-n-dodecyl ether (C12E5) and tri(oxyethylene)-n-
decyl ether (C10E3). Prior to adsorption studies we have calculated
various static and dynamic properties of these surfactants in bulk
solution to test the robustness of the present model and presented them
in the Supporting Information.

In the CG representation, the interacting sites are larger than their
atomistic counterparts, resulting in much smoother potentials. The

nonbonded interactions among hydrophobic sites are modeled with
Lennard-Jones potentials of the form,U(rij) ) (27/4)ε[(σ/rij)p - (σ/
rij)q], ε andσ correspond to the well-depth and van der Waals diameter
of the corresponding species, respectively. We usep ) 9 andq ) 6 in
this case. To determine the parametersε and σ we have chosen
experimental bulk density and surface tension as target observables
(taken from the literature47). Both ε and σ are adjusted until the
simulations satisfactorily reproduce experimental bulk density and
surface tension, respectively. More details in this regard can be found
elsewhere.43 For the self-interaction among water (W) sites we usep
) 6 andq ) 3 in the L-J potential. We developed tabulated potentials
for poly(ethylene glycol) in our earlier study.44 The interacting potential
parameters among and between all the CG units are presented in Table
2 of the Supporting Information.

Having parametrized the surfactants and water we turn our attention
to graphite. Typically atomistic simulations involving a graphite-liquid
interface use an implicit representation of graphite where the liquid
particles interact with the surface through an external field.30,48-51 We
have developed a CG model for graphite in this spirit.52 Briefly, the
atomistic field experienced by each of the liquid atoms comprising a
CG unit, along with the direct interactionsbetweenthese atoms, is
converted into an effective field between the center of mass of the atoms
and the surface. This is accomplished by forming the probability
distribution, Pi, from each atomistic potentialUi (Pi ) exp(-âUi))
multiplying them all together to get the joint distribution,Pjoint ) ΠiPi,
and then computing the marginal distribution of the center of mass.
Details on our implicit representation of graphite can be found in the
Supporting Information.

Simulation Details. Surfactant molecules (C10E3 and C12E5) are
constructed using the CG parameters mentioned above. Due to the CG
representation, each surfactant has 7 (C10E3) or 10 (C12E5) CG units
(including the end groups). The simulation system is constructed in a
box with a basic unit containing 5 fully hydrated surfactants with 180
CG water sites. Although it is common to use a 10 fs time step in CG
simulations, we employ a relatively smaller 3 fs time step in this work
because of the implicit presence of the surface. The surfactants are
initially placed randomly in water. This system is then allowed to relax
and equilibrate at 303 K. We then replicated the simulation cell in the
x-, y-, andz-directions 4× 4 × 5 times, respectively, to generate a
larger system. After delicate adjustments to remove overlapping water
molecules, the final resulting system contains 400 surfactants and 14 400
CG water sites, corresponding to more than 43 000 real water molecules.
As before, the simulation system is allowed to relax and equilibrate at
303 K for 1.8× 105 time steps. As mentioned in earlier studies,34,52

the CG approach involves smoother potentials, which essentially results
in time scales that are 2 orders of magnitude larger than all atom
simulation times. All the times reported in this article are in terms of
the number of time steps employed in the simulations.

The solid-liquid interfaces are present in the simulation cell, a
distanced ()12 nm) apart. Given the field between a liquid particle at
heightz > 0 above a solid surface atz ) 0, U(z), the particles in our
setup experience a field (U(d/2 + z) +U(d/2 - z)) between surfaces at
z ) -d/2 andz ) d/2. In practice three-dimensional periodic boundary
conditions are used by taking the unit cell to have a height in the
z-direction larger thand, so that the solid surfaces are separated on
one side with liquid and on the other side with enough vacuum to form
a buffer zone through which all the interaction potentials decay
essentially to zero.U(z) decays to zero by 2.4 nm, much shorter than
the graphite-graphite interseparation (12 nm).
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Figure 1. Coarse-grain mapping of an all-atom (AA) C12E5 surfactant
molecule. The hydrophobic (CH2-CH2-CH2) and hydrophilic (CH2-CH2-
O) monomer units are represented by coarse-grain units SM and OE,
respectively. End groups, namely CH2-OH and CH2-CH2-CH3, are
represented by OA and ST, respectively. Color for the AA scheme: oxygen
- red, carbon - yellow, and hydrogen - white.
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Results and Discussion

We studied the self-assembly and self-organization of both
C10E3 and C12E5 surfactants. We describe the results for each
system separately. However, prior to self-assembly, to study
both the robustness of the present CG model and the surfactant
self-assembly in bulk water we carried out simulations of
water-surfactant binary mixtures with varying mole fractions.
Transport properties obtained from CG simulations are found
to be in good agreement with the experimental findings.53

Similar results are obtained by using C10E3 surfactants (details
can be found in the Supporting Information).

C10E3 Adsorption on Graphite. Snapshots of the C10E3
simulation with the graphite surface are presented in Figure 2.
From the initial random configuration, surfactants begin coating
the graphite surface (Figure 2A). Simultaneously, they start self-
assembling in the bulk water away from the surface. The initial
coating is fast because the surface is uncoated, and the adsorp-
tion rate decreases gradually as the surfaces becomes coated.
This is expected, since the surface becomes increasingly unavail-
able for adsorption with time. However, the self-assembly in
bulk solution becomes predominant once the graphite surface
is fully coated. Structural analysis shows that during the initial
coating stages the alkyl tails lay horizontal on the graphite sur-
face. At this stage the surfactants in bulk water feel less attrac-
tion toward the surface because their interaction with the surface
is screened. As a result, the adsorption rate decreases drastically.
A snapshot after 0.3× 105 time steps is shown in Figure 2B.
As shown, at this stage the surfactants remaining in bulk water
self-assemble and form a spherical micelle. This also reveals
that these surfactants are capable of forming micelles in bulk
water by spontaneous self-assembly. In the process of random
motion, this micelle diffuses toward one of the graphite surfaces.

A completely different adsorption method is observed once
the micelle reaches the graphite vicinity. The surfactant head-
groups near the surface interact with those of the surfactants
already adsorbed on the graphite.54,55At this point, we find that
the micelle starts “feeding” the graphite surface (Figure
2B).

The feeding mechanism transfers aqueous surfactant ag-
gregates to the semi-coated graphite surface. As the extent of
feeding increases, the thickness of the monolayer also increases,
indicating that the surfactants start changing their orientation
from near parallel to perpendicular on the graphite surface.
“Feeding” continues until the entire micelle is adsorbed onto
the graphite surface. The C10E3 adsorption thus leads to an
aggregate with the shape of a near perfect monolayer on the
graphite surface. This aggregate continues to reorganize itself
until it forms a monolayer coating the graphite surface as shown
in Figure 2D. However, the complete adsorption of the micelle
onto the graphite surface indicates that the surfactant concentra-
tion might not be sufficient to cover the entire graphite surface
utilized in the present simulations. We will come to this point
during the discussion of C12E5 adsorption.

C12E5 Adsorption on Graphite.The adsorption mechanism
of C12E5 is similar to that of C10E3 during the initial stages.
The initial fast coating followed by the slow adsorption rate is
observed in this case as well. However, the micelle formation
in bulk is predominant in this case. We observe the formation
of two separated micelles in the center of the simulation cell
(which is the farthest distance from either of the graphite
surfaces). We find that, despite the occasional interactions, these
micelles do not fuse into a single micelle. This reveals that the
micelles are saturated in terms of surfactant concentration. As
before, when a micelle reaches the vicinity of a graphite surface,
it gets dragged toward the surface. Once again the micelle
adsorbs onto the graphite surface by a “feeding” mechanism,
as described in the case of C10E3. The surfactant concentration
on the surface increases. At this point, the other micelle moves
toward the opposite surface and starts feeding (see Figure 3).
By a similar mechanism the micelle gets adsorbed onto the other
surface.

Once the adsorption process is completed, reorganization
starts. The self-organization on a graphite surface in this case
results in the formation of hemicylinders as shown in Figure
3F. A different view of this structure shows that these hemi-
cylindrical structures extend in the direction parallel to the
graphite surface and they are indeed hemicylinders rather than
hemispheres (Figure 4). Such hemicylinder formation has been
observed in experimental studies and is a focus of active debate.
This is the first such simulation study to observe hemicylindrical
formation on a solid substrate. The lateral spacing between
hemicylinders is calculated as 5.0( 0.5 nm, which agrees well
with the experimental predictions.3

To study whether such a structural feature is just a coinci-
dence, we have constructed two different additional simulation
systems (i) with a system size 4 times the size mentioned above
(1600 surfactants) and (ii) another system with lower surfactant
concentration (see the Supporting Information). In both the cases
simulations yielded results similar to those above, revealing that
the hemicylindrical aggregates observed in our simulations are
indeed not influenced by the starting configuration of the

(53) Lopez, C. F.; Moore P. B.; Shelley, J. C.; Shelley, M. Y.; Klein M. L.;
Comput. Phys. Commun.2002, 147, 1.

(54) Feitosa, E.; Brown, W.; Vasilescu, M.; Swanson-Vethamuthu, M.;Mac-
romolecules1996, 29 (21), 6837.

(55) In principle, when the micelle reaches a partially coated surface, the
polyethylene headgroups repel each other due to electrostatic interactions.
We speculate that the strong attractive interaction between the graphite
surface and carbon atoms of surfactant dominates. As a result micelles
gradually get adsorbed onto the graphite surfaces.

Figure 2. Adsorption of C10E3 surfactants onto graphite surfaces from
bulk solution as observed in coarse-grain molecular dynamics simulations.
Graphite surfaces are placed one above and one below the water+ surfactant
slab. Water is shown in light blue. Surfactant end groups are shown by
ball representation, while the rest of the surfactant is represented by a stick
representation. (A) Initial configuration, (B) and (C) self-assembled
surfactants getting adsorbed onto graphite surfaces by the feeding mecha-
nism, and (D) monolayer formation after self-organization.
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simulation system. Hence, we conclude that the hemicylinder
formation on graphite is a common feature for this class of
surfactants.

The surfactant adsorption mechanism onto a graphite surface
is studied in more detail. Figure 5 shows the number of C12E5
surfactants adsorbed onto the graphite surfaces as a function of
time. Simulations reveal that the initial rapid adsorption is
followed by a slow reorganization for a long time. After 1.3×
106 time steps, a sudden jump in the adsorption kinetics is
observed, a time when one of the micelles reaches the surface
vicinity and starts “feeding”. The time points corresponding to
micelle adsorption by the “feeding mechanism” are marked as
A, B, and C. This is observed for both the surfaces and is
highlighted by a circle in Figure 5. Once the micelle is

completely adsorbed onto the surface, self-organization begins
as explained above, leading to the final configuration as shown
in Figures 3F and 4. A similar but relatively faster feeding
mechanism is observed in the case of C10E3.

In Figure 6 relevant thermodynamic quantities for three
different components (namely the hydrophobic and hydrophilic
parts of the surfactant and water) are plotted as a function of
simulation time. As shown in Figure 6I, the enthalpies of both
hydrophilic and hydrophobic blocks of the surfactant signifi-
cantly decrease during the adsorption process. Nevertheless, the
hydrophobic block shows a relatively larger decrease. This
reveals that the hydrophobic interaction with the surface might
be relatively more important in driving the adsorption process.

Figure 3. Snapshots of C12E5 surfactant adsorption onto hydrophobic surfaces as observed in CG simulations. Color and other details are identical to those
in Figure 2.

Figure 4. Hemicylinders formed by C12E5 surfactant adsorption onto a
graphite surface are shown in different orientations. Snapshots are tilted
(relative to each other) away from the graphite surface. Water is not shown
for clarity. An additional figure is presented in the Supporting Information.

Figure 5. Number of surfactants adsorbed onto each of the graphite surfaces
is shown separately (black and red) as a function of simulation time. Increase
in adsorption at later stages is due to micelle “feeding” and is highlighted
by a circle. The crucial time steps for micelle adsorption are marked by A,
B, and C.

A R T I C L E S Srinivas et al.

852 J. AM. CHEM. SOC. 9 VOL. 128, NO. 3, 2006



Interestingly, water contributes to a great extent toward lowering
enthalpy as shown in Figure 6II. This can be interpreted in a
straightforward manner. The initially self-assembled surfactant
micelle gets adsorbed onto the graphite surface by dislodging
the water molecules in the vicinity of the graphite surface,
thereby reducing the water contact with the hydrophobic surface.
After the initial decrease in enthalpy (as shown in Figure 6II)
during the micelle adsorption, two major dips in the enthalpy
curve are observed (marked by A and B in the figure). Each
dip corresponds to a surfactant micelle adsorption on graphite
surface). On the other hand, during the self-organization process
no significant variation in enthalpy is observed.

Conclusions

We have studied the adsorption of nonionic surfactants onto
a graphite surface by means of coarse-grain molecular dynamics

simulations. The CG approach allowed us to probe macroscopic
phenomena such as self-assembly, adsorption, and self-
organization of the surfactants at reasonable length and time
scales with affordable computational effort. Prior to the adsorp-
tion studies we studied the dynamics of individual surfactants
in bulk water as a function of mole fraction. This allowed us to
test the performance of the present CG model for nonionic
surfactant systems. We found that both C10E3 and C12E5 show
similar adsorption kinetics. In both cases a rapid adsorption rate
is followed by slower adsorption as the surfaces saturate with
surfactants. This mechanism transfers entire surfactant ag-
gregates from the aqueous phase to the solid-liquid interface.
Once graphite reaches a semi-coated stage, micelle formation
is observed in bulk water. The “feeding” mechanism, by which
the aggregates that have been self-assembled in bulk water
adsorb onto the semi-coated graphite surface, is found to be
effective in both cases. Once the adsorption is completed, the
surfactants start reorganizing. The self-organization in the case
of C10E3 results in a near perfect monolayer, while hemicyl-
inder formation parallel to the graphite surface is observed in
the case of C12E5. The hemicylinder diameter is found to be
5.0 ( 0.5 nm, in good agreement with the experimental
predictions.3 Additionally, insights into the adsorption mecha-
nism are provided by the enthalpy studies.

Since the adsorption on a graphite surface has been explored
successfully, as a next step it would be interesting to extend
the present model to study the adsorption of similar (and other)
surfactants on materials such as carbon nanotubes.2,4 Such
studies will not only test the present generic model but might
also provide novel insights into the mechanism of separation
of carbon nanotubes from bundles and ropes. Indeed, studies
in this direction are currently under active investigation.
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Figure 6. Enthalpy variation during the surfactant adsorption onto graphite
surfaces is shown as a function of simulation time. (I) Both hydrophilic
and hydrophobic blocks show similar decreases in enthalpy. (II) Results
for water are shown. In all the figures A, B, and C represent the
corresponding time steps shown in Figure 5.
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