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PACS. 82.70.Uv – Surfactants, micellar solutions, vesicles, lamellae, amphiphilic systems (hy-
drophilic and hydrophobic interactions).

PACS. 68.05.-n – Liquid-liquid interfaces.

Abstract. – We study surfactants at the oil/water interface using Dissipative Particle Dy-
namics simulations at constant µsurfPT . The interfacial tension depends on the surfactant
branching in a subtle way. For a given interfacial concentration, a double-tail surfactant is
more efficient than its single-tail isomer only if the oil-head repulsion is sufficiently strong. For
a given concentration in the bulk water phase, the single-tail surfactants are more efficient in
both cases. We interpret these results in light of the molecular packing at the interface and
free-energy considerations.

Introduction. – Surfactants are molecules that consist of hydrophobic and hydrophilic
parts. Their amphiphilic nature makes them surface active and, adsorbed at the oil/water
interface, they can reduce the bare oil-water interfacial tension to very low values. Because
of this property, surfactants are used in many practical applications ranging from crude oil
recovery to state-of-the-art drug delivery [1] and are also of scientific interest. From a practical
viewpoint, it is important to understand how the efficiency in reducing the interfacial tension is
related to the structure of a surfactant. This question was already posed by Traube in 1899 [2]
and he discovered that increasing the hydrophobic tail length results in surfactants that are
more efficient (Traube’s rule). At present, the effect of branching of the hydrophobic tail is not
yet fully understood, despite the fact that many of the surfactants used in industrial applica-
tions are prepared with branched hydrocarbon tails. The effect of branching on the interfacial
tension was investigated by self-consistent field calculations [3] and molecular-dynamics sim-
ulations on model surfactants [3, 4]. These studies agree on the fact that surfactants with
two hydrophobic chains are less efficient in reducing the interfacial tension compared to their
single-tail isomers. Experimentally, however, either more, equal, or less efficient branched
surfactants are reported, depending on the details of the experimental setup [3, 5–8].

(∗) On leave at Department of Chemical Engineering, University of Amsterdam, Amsterdam, The Nether-
lands. E-mail: live.rekvig@phys.chem.ntnu.no

c© EDP Sciences
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Fig. 1 – Some of the model surfactants and their respective names. Hydrophilic head beads (h) are
shown in yellow and hydrophobic tail beads (t) are shown in gray.

Although it is assumed that branched molecules pack differently at the interface compared
to linear ones [9,10], a molecular description of their tension-reducing properties is, to the best
of our knowledge, still missing. In this work, we use Dissipative Particle Dynamics [11] (DPD)
simulations to study the effect of branching on the interfacial properties of surfactants. Our
simulations demonstrate that the head group properties determine the effect of branching on
the interfacial tension, and we explain this by means of packing and ordering of the molecules
at the interface. Furthermore, the efficiency also depends on the partitioning of the surfactant
between the bulk liquid and the interface. Molecular simulation of a system with an interface in
contact with its bulk phases cannot be used to effectively determine the bulk surfactant concen-
tration due to the very low concentrations and long diffusion times involved. Here we present
a method to overcome this problem, and report simulation results of interfacial tension vs.
surfactant concentration in the bulk for both single-tail and double-tail surfactant structures.

Method and model. – In a DPD simulation one uses dissipative and random forces in
addition to the conservative forces between the particles. The dissipative and random forces
are chosen such that a proper Boltzmann distribution of configurations is sampled correspond-
ing to the intermolecular interactions from which the conservative forces are derived [12]. In
analogy with previous simulations of surfactants using the DPD technique [13], we use soft-
repulsive interactions to mimic the mesoscopic interactions between the oil, water, and surfac-
tant molecules. In our model, we distinguish four types of particles, o, w, h, and t, to mimic
the oil, water, and the head and tail molecular groups of a surfactant, respectively. For the
conservative forces we use the conventional soft repulsive interactions F (r) = a(1− r/rcut) in
which the parameters a are chosen such as to mimic the hydrophobic and hydrophilic interac-
tions: aww = aoo = 25, ahh = 35, awo = aoh = 80, awh = 15. The tail particles are identical to
the oil particles. Our parameters are similar to those optimized by Groot [14], and reproduce
the compressibility of water and solubility of non-ionic surfactant segments. The surfactant
particles are connected via harmonic springs, with spring constant k = 100 and equilibrium
distance r0 = 0.7. Some of the surfactants models are pictured in fig. 1. This model maps typ-
ically 3-6 CH2 groups onto one tail bead [13–15]. We simulated a system with approximately
8000 particles at temperature T = 1.0 and pressure P = 23.6 corresponding to a bulk density
of 3.0. The box area was 11 × 11 and doubling the system size did not alter the results. All
properties are expressed in the usual reduced units, i.e. using rcut, repulsion parameter a = 1,
and the mass of a DPD bead as units of length, energy, and mass, respectively. The interfacial
tension was calculated by integrating the difference in normal and tangential pressure [16].

In previous simulations the interfacial tension was studied as a function of the total number
of surfactants added to the system [3,4,16,17], whereas experimentally one usually determines
the concentration of surfactants in the bulk phase. To determine the interfacial tension in a
simulation one simulates the oil/water interface explicitly. In such an inhomogeneous system
it is difficult to determine the concentration of the surfactants accurately. One not only
needs relatively large systems to minimize the influence of the interface, but also very long
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Fig. 2 – Simulation setup; the left figure is the inhomogeneous system that contains an oil/water
interface and surfactants and the right figure is the homogeneous system containing water and sur-
factants. Both systems are coupled to a reservoir, which imposes the temperature, (normal) pressure,
and chemical potential of the surfactants.

simulations since the concentration of surfactants in the bulk phase is usually very low. To
determine the interfacial tension as a function of the surfactant concentration in the bulk,
we introduce an ensemble in which we impose the temperature, (normal) pressure, and the
chemical potential of the surfactant (µsurf), see fig. 2. In this ensemble two systems are
simulated; an inhomogeneous system containing the oil/water interface and a homogeneous
system that contains the bulk water phase. The conventional DPD simulations, performed at
constant number of particles (N), volume (V ), and temperature, are combined with Monte
Carlo moves in which we attempt to change the number of surfactant particles and a move
in which we change the volume. For the inhomogeneous system we change the volume in
such a way that the area of the oil/water interface remains constant, i.e. imposing the normal
pressure. For a pure component one cannot impose both the chemical potential and the
pressure, the extensive variables N and V would be unbounded [12]. In our system we keep
the number of water (and oil) particles constant, hence fixing at least one extensive variable.

Similar to grand-canonical ensemble simulations, our ensemble relies on the successful
insertion/deletion of the particles in the system. For atoms or small molecules this can be
achieved by random insertion of the particles. For chain molecules, however, random insertion
is very inefficient. To make this type of insertion moves possible for the surfactant molecules,
we use the configurational-bias Monte Carlo technique [18] (CBMC). In a CBMC simulation
a molecule is grown atom by atom in such a way that the “empty” spaces in the system
are found. The bias introduced by this growing algorithm is removed exactly by adjusting
the acceptance rules. With this CBMC scheme we obtain a sufficient number of accepted
insertion and deletions in the inhomogeneous system to determine the interfacial concentration
and tension. For our surfactant models, the concentrations in bulk water were found to be
sufficiently low for Henry’s law to be valid:

Nsurf

V
= KHPsurf . (1)

Here KH is the Henry coefficient and Psurf is the effective partial pressure of the surfactants in
the reservoir. Psurf is directly related to µsurf , which is imposed in the inhomogeneous system.
KH is related to the excess chemical potential at infinite dilution:

KH = β exp
[ − βµexcess

surf

]
. (2)

µexcess
surf can be computed using a test particle method based on the CBMC scheme [12].

Interfacial tension vs. interfacial density. – Figure 3a) shows the interfacial tension as
a function of surfactant concentration at the interface for various surfactant structures. At
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Fig. 3 – a) Reduced interfacial tension (γ/γ0) as a function of the surfactant concentration at the in-
terface (Nsurf/A) for some single-tail (ht4, ht6, ht8) and double-tail (h(t2)2, h(t3)2, h(t4)2) surfactants
with high and low oil-head repulsion aoh. The circles are for the single-tail surfactants and the trian-
gles for the double-tail isomers, the open symbols indicate aoh = 80 and the filled symbols aoh = 30.
The surfactants have 4 (black, solid lines), 6 (red, dashed lines), and 8 (blue, dotted lines) tail beads.
b) Ordering at the interface as a function of the concentration of molecules at the interface. The or-
dering is quantified as the width of the distribution, σhead, of surfactant head groups at the interface.

low concentration we see that the different surfactant structures cause a similar reduction
of the interfacial tension. At these low interfacial concentrations the surfactants do not in-
teract and form a two-dimensional ideal gas at the interface. At higher concentrations the
surfactants interact and we observe differences between the various structures. For single-tail
surfactants (open circles), increasing the tail length results in more efficient surfactants, be-
cause of the increased excluded-volume interactions between the tails [19]. Our simulations
show that double-tail surfactants, depending on the oil-head interactions, can be either more
or less efficient compared to their single-tail isomers. For high values of the oil-head repulsion
parameter aoh = 80 we find the double-tail isomers to be more efficient, while for aoh = 30 we
find the single-tail isomers to be more efficient.

To obtain a molecular understanding of the results we investigate the ordering and packing
of the surfactants at the interface. A schematic picture of these results is shown in fig. 4. We
have computed the width of the distribution of the head groups normal to the interface.
Figure 3b) shows that for both the single-tail and double-tail surfactants decreasing the oil-
head repulsion results in a broader distribution but this effect is much more pronounced for
double-tail molecules. We also investigated the degree of alignment of the bond between
hydrophilic and hydrophobic beads with the interfacial normal. The double-tail surfactants
lose more bond order than the single-tail isomers when the repulsion parameter is lowered (not

aoh =80 aoh =80 aoh =30 aoh =30

Fig. 4 – Schematic picture of singe-tail and double-tail surfactants at the oil/water interface. The
four surfactant types are arranged from left to right in order of decreasing efficiency.
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Fig. 5 – Reduced interfacial tension (γ/γ0) as a function of the bulk surfactant concentration (Nsurf/V )
in the water phase for aoh = 80.

shown). Inspection of the snapshots of the simulation shows that the molecular explanation
of the broadening and the loss of bond order is that the molecules with less hydrophobic
headgroups stagger at the interface, as shown schematically in fig. 4. In such an arrangement
the excluded-volume interactions are far less efficient in reducing the interfacial tension.

If the oil-head interaction is sufficiently repulsive, the surfactants order nicely at the inter-
face. The distribution of the head groups normal to the interface is narrow and the double-
tail molecules experience stronger excluded-volume interactions than the single-tail ones. If
the oil-head interaction is decreased, the double-tail molecules stagger, resulting in weaker
excluded-volume interactions between them compared to the single-tail isomers. Hence, if
we use surfactants with sufficiently hydrophilic head groups, double-tail surfactants are more
efficient than single-tail ones for a given interfacial concentration. It is interesting to compare
our results with the theoretical calculations [3, 19]. In these theories the head groups are
assumed to be in a fixed plane (i.e. fig. 4, left). With this assumption, the surfactants are not
allowed to adopt a staggered conformation (i.e. fig. 4, right).

Interfacial tension vs. bulk concentration. – When we compare the interfacial tension as
a function of the bulk concentration of surfactants the picture changes. Figure 5 shows that
although the double-tail isomers are more efficient for a given interfacial concentration, they
are less efficient for a given bulk concentration.

The reason for this is as follows: At a given interfacial concentration the effective repulsion
between the tails is higher compared to their single-tail isomers (see fig. 4). As a consequence,
the chemical potential of these double-tail isomers is significantly higher for the same interfacial
concentration. However, in bulk water the Henry coefficient is of the same order of magnitude
for single-tail and double-tail molecules. This implies that the concentration of double-tail
surfactants in the bulk water phase must be much higher to yield the same (equilibrium)
concentration at the interface. At this point, it is important to note that our results on the
efficiency should not be confused with the effectiveness of a surfactant, defined as the lowest
interfacial tension that can be reached by adding surfactant. The effectiveness is usually
determined by the interfacial tension at the critical micelle concentration (CMC). If the CMC
for a double-tail surfactant is much higher compared to its single-tail isomer, lower interfacial
tension can be obtained by using double-tail surfactants.
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For the models we have studied, the efficiency at the interface of the double-tail surfactants
did not compensate for the reduced ease of adsorption. It is therefore tempting to conclude
that it is not possible to synthesize double-tail surfactants that require a lower bulk concen-
tration to reduce the interfacial tension by the same amount as their single-tail isomers. Of
course, in our model we have coarse-grained all interactions into very simple potentials. In
this process we may have lost the subtleties that may make real double-tail surfactants more
efficient than their single-tail isomers.

Summary. – We have shown that a bulk solution in equilibrium with an interface can
be simulated using a constant µsurfPT ensemble. Moreover, the ordering of head groups
normally to the interface can explain why branching of the hydrophobic tail can have either
a positive or a negative effect on a surfactant’s tension-reducing abilities. Finally, for double-
tail surfactants there are two opposing effects: the more efficient the surfactants are at the
interface, the higher the bulk concentrations required to get them to the interface.
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Abstract

We have used dissipative particle dynamics (DPD) to simulate surfactant

monolayers on the interface between oil and water. With a simple surfactant

model, we investigate how variations in size and structure of surfactants in�u-

ence their ability to reduce the interfacial tension. In particular, we studied

the e�ect of branching of the hydrophobic tail. We found that branched sur-

factants are more e�cient at the interface than linear ones only if the head

groups are su�ciently hydrophilic to prevent the molecules from staggering.

By combining DPD with a Monte Carlo method, we have imposed constant

surfactant chemical potential and (normal) pressure in separate simulations

of bulk and interface. From this, we can determine the bulk concentration

needed to obtain a given interfacial tension. We found that higher concentra-

tions of branched surfactants are required to obtain the same reduction of the

interfacial tension. We argue that the stronger excluded volume interactions

which make branched surfactants more e�cient at the interface compared to

their linear isomers at the same time make them less inclined to adsorb at the

interface.
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We have used dissipative particle dynamics to simulate amphiphilic monolayers on the interface
between oil and water. An ultralow interfacial tension is imposed by means of Monte Carlo to
resemble the amphiphilic films that separate oil and water regions in microemulsions. We calculate
the bending modulus by analyzing the undulation spectrum. By varying the surfactant chain length
and topology we investigate the effect of surfactant structure and composition of the monolayer on
the bending moduli. We find that increasing the thickness has a larger effect than increasing the
density of the layer. This follows from the observations that at a given interfacial tension, the
bending modulus increases with chain length and is larger for linear than branched surfactants. The
increase with chain length is approximately linear, which is slower than the theoretical predictions
at a fixed area. We also investigated a binary mixture of short and long surfactants compared to pure
layers of the same average chain length. We find a roughly linear decrease in bending modulus with
mole fraction of short surfactants. Furthermore, the mixed film has a lower bending modulus than
the corresponding pure film for all mole fractions. Linking the bending moduli to the structure of the
surfactants is an important step in predicting the stability of microemulsions. © 2004 American
Institute of Physics. @DOI: 10.1063/1.1645509#

I. INTRODUCTION

The interaction between two interfaces of amphiphilic
molecules is of importance in many systems: Membrane–
membrane interaction in biological systems is one example,1

another is microemulsions.2,3 Microemulsions are surfactant-
rich emulsions where hydrophilic and hydrophobic regions
are so well mixed that the interfaces dominate. They can take
on many structures such as water droplets in oil, oil droplets
in water, spongelike, bicontinuous structures, and lamellar
phases. To better understand the behavior of such systems we
would like to relate the mesoscopic properties of the inter-
face to the structure of the surface active molecules which
constitute the interface. The relation goes via a description of
the interfacial properties: the interfacial tension and the elas-
tic constants. These properties describe the energy of an in-
terface with a given area and principal curvatures c1 and c2 ,4

E5E dAS g1

k

2
~c11c222c0!2

1k̄c1c2D . ~1!

Here, g is the interfacial tension, k is the bending modulus, k̄
is the saddle-splay ~Gaussian! modulus, and c0 is the spon-
taneous curvature. Previously we investigated the depen-
dence of the interfacial tension g on surfactant structure.5

Here we examine how this structure influences the bending
modulus k.

The energy of an interface is, to a first approximation,
characterized by its interfacial tension, which is a measure of
the energy cost of increasing the interfacial area by one unit.
For interfaces between oil and water, or air and water, the
tension will normally be high and the two phases will be well
separated. Furthermore, the interfaces are essentially flat on
the scale involving hundreds of molecules. The interfacial
tension can however be substantially lowered by adding a
surfactant. The surfactant molecules will adsorb on the inter-
face with their hydrophilic part in the water phase and the
hydrophobic part in the oil phase. When the surfactant cov-
erage is high, the energy cost of increasing the area of an
interface can become very low. Under these circumstances
the bending modulus becomes important. k characterizes the
resistance of the interface towards bending. A low bending
modulus means large thermal undulations. Such fluctuations
give rise to entropic repulsive forces between two interfaces
close to each other such as two bilayers in lamellar phases or
two monolayers separating the oil and water regions in a
microemulsion.6 Microemulsions are characterized by low
interfacial tension. Their phase ~oil-in-water, water-in-oil,
lamellar, or bicontinuous! is therefore largely dictated by the
spontaneous curvature and bending modulus.7

Experimentally, k can be determined using high-
resolution scattering techniques.8 The spectrum of undulation
modes is measured and fitted to the spectrum predicted by
the Hamiltonian model Eq. ~1!. It is now possible to compute
k in molecular dynamics simulations in much the same way.
This was first done by Goetz et al.9 who studied a lipid bi-

a!Author to whom correspondence should be addressed. Electronic mail:
live.rekvig@phys.chem.ntnu.no
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layer. They found two regimes: The spectral intensity of
wave lengths on the molecular scale ~protrusion modes!
scaled as q2, where q52p/l and l is the undulation wave-
length. The intensity of the longest wave lengths scaled as
q4, and from the intensity of these modes, k was extracted.

Whereas Goetz et al. used an iterative procedure to find
the area corresponding to a tensionless membrane, Lindahl
and Edholm10 employed a pressure scaling scheme to simu-
late a tensionless bilayer. This study showed an anticorrela-
tion between area fluctuations and the intensity of undulatory
modes. It therefore seems natural to use a simulation scheme
that includes the natural area fluctuations when sampling the
undulation spectrum. Several computational studies of bi-
layer rigidity have followed.11–13 Laradji and Mouritsen14

studied a monolayer on the oil/water interface with molecu-
lar dynamics. Using symmetric surfactants and special
boundary conditions, they investigated the effect of surfac-
tant density on g and k. They found that k decreases with
increasing surfactant density for low densities but increases
with further increase of the surfactant density.

A few theoretical studies based on the mean-field ap-
proach have addressed the effect of structure and composi-
tion on the elastic constants in detail.15–19 The results differ
qualitatively with respect to the dependence of k on chain
length and on mole fractions of cosurfactants. The theoretical
approaches differ in a few respects; one of the differences
being fixed area versus fixed interfacial tension. In this paper
we describe large scale particle simulations that further in-
vestigate these issues.

Previous simulation studies used molecular
dynamics9,10,14 with a united atoms model10 or a Lennard-
Jones based model.9,14 In this simulation study we use a
more coarse-grained approach: A simple model of head, tail,
water, and oil beads captures the essential properties of ter-
nary systems such as phase separation and adsorption.
Changes in surfactant structure such as chain length and
branching can easily be realized. We calculate bending
moduli for a variety of surfactant structures and binary mix-
tures of surfactants. The aim is a molecular understanding of
the bending modulus. This is important because it is agreed
that the bending modulus is a key parameter in understand-
ing structure and phase behavior of microemulsions.20

We have chosen a coarse-grained method, dissipative
particle dynamics ~DPD! to govern the particle dynamics.
The advantage of DPD over molecular dynamics is that the
accessible time and length scales are increased by approxi-
mately an order of magnitude. We use a Monte Carlo tech-
nique to vary the box shape during the simulations according
to a specified constant interfacial tension.21 In this manner
we can compare the bending moduli for monolayers at the
same interfacial tension, resembling saturated, low-tension
layers such as in a microemulsion.

II. MODEL AND SIMULATION DETAILS

A. Dissipative particle dynamics

In DPD, conservative, random, and dissipative forces act
between two particles i and j which are a distance r i j apart,

Fi j5Fi j
C~r i j!1Fi j

R ~r i j!1Fi j
D~r i j!, ~2!

where the forces are of the form

Fi j
C

5a i jw
C~r i j!r̂i j , ~3!

Fi j
R

5swR~r i j!u i jr̂i j , ~4!

Fi j
D

52hwD~r i j!~ r̂i j•vi j!r̂i j . ~5!

Here, vi j is the velocity difference for the two particles, r̂i j is
the unit vector pointing from particle i to particle j . u is a
random number between 0 and 1, a i j , s and h determine the
amplitude of the conservative, random and dissipative forces,
respectively, while the w’s are weight functions. To obey the
fluctuation-dissipation theorem, we must have wD

5(wR)2,
and the system temperature will follow from the relation
between s and h : s2/h52kT .22 We use the same integra-
tion algorithm, weight functions, and parameters as Groot
and Warren,23

wC~r !5wR~r !5AwD~r !5w~r !, ~6!

where

w~r !5H 12

r

rc
for r,rc

0 for r>rc.

~7!

Throughout this paper we use reduced units. rc is the
unit of length, kT ~the temperature of the thermostat! is the
unit of energy, and the mass unit is the mass of a DPD bead.
In these units, s53.0 and h54.5.

B. Model

We use a coarse-grained approach where one DPD-
particle represents a group of atoms, or a liquid volume.
Water beads, oil beads, head groups, and tail groups are de-
noted by w, o, h, and t, respectively. The tail beads are iden-
tical to the oil beads. Some of the model surfactants investi-
gated are shown in Fig. 1. A surfactant molecule consists of
head groups and tail groups connected by harmonic springs:

Fi j
Bond

52ks~r i j2r0!r̂i j . ~8!

We choose ks5100 and r050.7. Water and oil are repre-
sented by a single bead for simplicity. One tail bead typically
represents a few CH2 groups.24–26 The repulsion parameters
used are shown in Table I. These are taken from Groot,25

FIG. 1. Some of the model surfactants investigated in this study and the
nomenclature used. The white particles are hydrophilic beads ~h! and the
gray particles hydrophobic tails ~t!.
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except that we used aoo525 instead of 15. This change has
been made to obtain similar bulk densities in the oil and in
the water phase ~see also Ref. 5!.

C. Simulation details

The systems contained typically 32 000 beads. The num-
ber of surfactant molecules used varied from 600 for the
largest and up to 1400 for the smallest, of which not all are at
the interface. This gave equilibrium areas of typically
22322. Periodic boundary conditions were applied in all
three directions. All simulations were performed at a bead
density of 3.0 and with a time step of 0.03.

After an equilibrium area was reached, each system was
simulated for at least 8000 Monte Carlo steps. Each Monte
Carlo step consists of either a series of DPD steps ~between
1 and 200 with equal probability! or an attempt to change the
box shape.

Figure 2 shows a snapshot of two monolayers with a
total of 618 h2t5 surfactant molecules. The 16 000 oil beads
and 16 000 water beads are not shown for clarity. Due to the
high repulsion between hydrophilic and hydrophobic beads
~Table I! all the surfactant molecules are at the interfaces. If
the interfacial tension is very low, the film is not strictly flat
and undulatory waves can be observed.

D. Constant NgT conditions

We perform most simulations in a constant NgT en-
semble. The monolayers in microemulsions usually have ul-
tralow interfacial tensions, but the area per surfactant mol-
ecule may vary depending on the surfactant. A constant g is
thus a better reference state than constant area per molecule
when comparing with experiments. Also, it is hard to impose
a given area per molecule because not all surfactant mol-
ecules are necessarily at the interface; some may form mi-
celles or dissolve in water.

By simulating a constant NgT ensemble we allow for
the natural local area fluctuations in real systems. Lindahl
and Edholm found that area fluctuations and undulations are
weakly anticorrelated.10 This indicates that area fluctuations
may influence the undulation intensity. We will therefore
compare the constant area and constant interfacial tension
schemes in Sec. II G.

Constant interfacial tension is achieved in the simula-
tions by combining DPD with a Monte Carlo scheme.28 The
box volume is kept constant while the shape of the box is
allowed to fluctuate according to the specified g.21

For surfactants on an oil/water interface, the interfacial
tension depends on the amount and the type of surfactant. We
find that g50 can be obtained with surfactants as small as
ht3 . Starting the simulation with a large area, the area will
decrease until the surfactant density at the interface corre-
sponds to that of zero interfacial tension. The tensionless
interface will coexist with surfactant molecules dissolved in
bulk or micelles. For ht and ht2 surfactants g50 could not
be obtained. When imposing a too low interfacial tension in
the simulations, an equilibrium box area cannot be estab-
lished. The area continues to decrease while the surfactant
molecules migrate into the water phase and eventually form
various aggregates.

E. Undulatory fluctuations

To compute the bending moduli we analyze the fluctua-
tions of the interface. The first step is to characterize the
interface. For a sufficiently large number of surfactant mol-
ecules the interface can be described by continuum theory.4

Let h(x ,y) be the local displacement from the average posi-
tion of the interface, h(x ,y)5z(x ,y)2z0 , where z is the
direction normal to the interface and z0 is the average posi-
tion of the interface. We will now rewrite Eq. ~1! in terms of
h(x ,y) as h(x ,y) can be monitored easily in the simulations.
For small curvatures, c11c25¹2h and dA
5dxdyA11(¹h)2. For now we assume c050 in Eq. ~1!.
The surface integral over c1c2 is constant when the topology
does not change, specifically, it is zero for a film.29 This
implies that k̄ does not affect the energy fluctuations in a
monolayer and henceforth not the calculations of the bending
moduli. It also means that this elastic constant can not be
determined by studying a given topology as in this study.
The leading terms in curvature become30

e~h~x ,y !![~E~h~x ,y !!2E~0 !!/A ~9!

5

g

2
~¹h~x ,y !!2

1

k

2
~¹2h~x ,y !!2. ~10!

TABLE I. Repulsion parameters a i j . w5water bead, o5oil or tail group,
and h5head group.

w o h

w 25 80 15
o 80 25 80
h 15 80 35

FIG. 2. Snapshot of 618 h2t5 surfactant molecules at zero interfacial tension.
Head beads are in yellow and tail beads in gray. The head beads have been
drawn larger compared to the tail beads to visualize the high head–head
repulsion. Water ~in the middle! and oil ~on the sides! have been omitted for
clarity. @Picture prepared with VMD ~Ref. 27!.# ~Color online only.!
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While the last term is the energy cost related directly to the
bending of the monolayer, the first term on the right de-
scribes the energy cost due to an increase in area upon bend-
ing. Fourier transformation of Eq. ~10! gives

ẽ~ h̃~q !!5

g

2
q2h̃~q !2

1

k

2
q4h̃~q !2. ~11!

According to the equipartition principle,

^ ẽ~ h̃~q !!&5

1

A

kBT

2
~12!

such that

^uh̃~q !u2&5

kBT

A
~gq2

1kq4!21. ~13!

For short wavelengths the continuum picture is not valid.
Molecular protrusions characterize the interface and these
will be described by a protrusion tension s similar in nature
to the interfacial tension,10

^uh̃~q !u2&5

kBT

A
~sq2!21. ~14!

Because we have applied a coarse-grained surfactant model,
we will not investigate the interface at this level of detail.

Equation ~13! predicts the spectral intensities of each
undulation mode as a function of wave vector q . From the
simulation we can obtain ^uh̃(q)u2& by monitoring h(x ,y)
and by fitting the results to Eq. ~13!, the elastic constants can
be estimated.

F. Spectral analysis

To perform spectral analysis we need to monitor the lo-
cal position z(x ,y) of each of the two interfaces. Note that
we treat the two monolayers separately. The periodic bound-
ary conditions prohibit simulation of a single monolayer be-
tween oil and water. A grid with 30330 points was assigned
to each interface. In the systems with high concentration of
surfactants we defined the position of the interface locally
from the positions of the surfactant head groups connected to
the first tail bead. Two practical problems arise: First, how to
determine whether a surfactant molecule belongs to one of
the two interfaces or not. If it is dissolved in the bulk phases
or is part of a micelle it should be disregarded when the
position of the interface is calculated. Second, for each grid
point (i , j), the position z(i , j) must be defined as some
~weighted! average of the z-coordinates of the surfactant
head groups nearby.

To determine which surfactant molecules belong to the
interface, we used a cluster algorithm with the following
criteria: Given two cut-off parameters Rxy and Rz , two mol-
ecules a and b belong to the same cluster if

~1! (za
h
2zb

h)2
,Rz

2,
~2! (xa

h
2xb

h)2
1(ya

h
2yb

h)2
,Rxy

2 ,
~3! (za

t
2zb

t )2
,Rz

2,
~4! (xa

t
2xb

t )2
1(ya

t
2yb

t )2
,Rxy

2 ,
~5! (za

h
2za

t )/uza
h
2za

t u5(zb
h
2zb

t )/uzb
h
2zb

t u,

where superscript h denotes the head bead closest to the tail
and t the tail bead closest to the head. The four first criteria
ensure that both the two head groups and the two tail groups
are close. The last criterion states that their head–tail bonds
must have the same direction projected onto the interfacial
normal. This is efficient in filtering out single surfactant mol-
ecules or micelles very close to the interface. Different val-
ues for the parameters Rz and Rxy were used depending on
the type of surfactant~s!. This involved some trial and error
until the two largest clusters correctly included all and only
those surfactant molecules making up the interface. Visual
inspection of snapshots in which molecules belonging to the
two largest clusters were color-marked served as a final
check. Typical values that gave a good description of the
interface were Rz50.921.1 and Rxy51.822.1. For each
surfactant type and density, we found a range in which small
variations d of Rz and Rxy did not affect the number of sur-
factant molecules in the interface. Then all the surfactant
molecules at the interfaces are included in the cluster and
those that are a distance between Rz and Rz1d away are
filtered out with the bond direction criterion anyway.

Figure 3 shows an example configuration with 50% ht5
and 50% ht surfactant at g50.1g0 where g053.45 is the
bare oil–water interfacial tension. Only the head groups and
the tail groups attatched to them are shown for clarity. The
small surfactant molecules are soluble in water and there are
also a few micelles. In Fig. 3~a! the head groups of the large
and small surfactant molecules are shown in yellow and
green, respectively, the tails are in gray and red. In Fig. 3~b!

FIG. 3. Snapshots from a system with 50% ht5 and 50% ht surfactant at
interfacial tension g50.1g0 . Only the head groups and the first tail bead
~the one connected to the head! are shown. The head beads have been drawn
larger compared to the tail beads to visualize the high head–head repulsion.
Water ~in the middle! and oil ~on the sides! as well as the four last tail beads
of ht5 have been omitted for clarity. ~a! and ~b! represent the same configu-
ration. In ~a! beads are colored according to type: ht5 heads in yellow, ht5

tails in gray, ht heads in green, and ht tails in red. In ~b! the head groups are
colored yellow if they are assigned to the interface and red otherwise. @Pic-
ture prepared with VMD ~Ref. 27!.# ~Color online only.!
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the surfactants are colored according to the outcome of the
cluster analysis: Surfactants that are determined to be part of
the interface have yellow head groups, while the rest have
red head groups.

The position z(i , j) must be defined as some function of
the z-coordinates of surfactant molecules close to the grid
point, for example,

z~ i , j !5

(krk
2pzk

(krk
2p , ~15!

where rk5(xk2Di)2
1(y k2D j)2 and the sum is over all

surfactant molecules that have rk,R . R must be large
enough such that at least one molecule is assigned to the grid
point but small enough such that z(i , j) is indeed the local
position. A high p gives the molecules close to the grid point
more weight. We chose p55 and R around unity to get 1–4
surfactant molecules within R . We find that the values cho-
sen for R , p and the number of grid points affect the inten-
sity of the highest q-modes ~protrusion modes!. However,
they have only a negligible effect on the low q-modes from
which we determine the bending modulus.

For the systems with few or zero surfactant molecules
~the first four points in Fig. 5 below! the interface could not
be described by the surfactants alone so we used a different
definition of the interface. We let all pairs consisting of one
hydrophobic and one hydrophilic bead which were closer
than rc contribute to the interface. Now all surfactant mol-
ecules are at the interfaces so no cluster routine was needed.
The assignment of positions to grid points were done in the
same way as for high surfactant concentrations.

The two-dimensional discrete Fourier transformation
yields

h̃~ iq , jq!5 (
i50

n21

(
j50

n21

h~ ir , j r!expH 22pi

n
~ iriq1 j r jq!J .

~16!

We can replace h(ir , j r) by z(ir , j r) in Eq. ~16! as the con-
stant z0 vanishes in the summation. After averaging h̃(iq , jq)
over all snapshots we can obtain h̃(qr) for qr

5A(iq
2
1 jq

2)2p/Lx , where Lx is the average box size in x
and y direction and (iq

2
1 jq

2)<(n21)2.
Figure 4 shows the spectral intensity S(q)5^uh̃(q)u2A&

versus q52p/l , where A is the average box area and l is
the undulation wave length for h2t5 surfactants at g50. The
full line in Figs. 4~a! and 4~c! represents S(q)51/(3.3q4).
The agreement with Eq. ~13! is very good: At long wave-
lengths, the continuum picture is valid and S(q)51/(kq4).
In the log/log plot we can identify q24 behavior for low q
values and a transition towards q22 behavior for high q .
When plotting 1/(S(q)q2) versus q2 we get a straight line in
the continuum regime, where k is the slope and g is the
crossing with the y-axis.

The box dimensions limit the lowest q mode we can
measure to qmin52p/AA . We stress that Eq. ~13! is valid in
the continuum limit so 1/(S(q)q2) versus q2 is only linear in
the limit q→0. This means that there is some uncertainty in
the extrapolation needed to determine k. Thus a systematic
error due to the finite system size might add to the statistical

errors shown in the plots. All k values reported here have
been calculated by fitting the first four points ~weighted by
their statistical errors! to y5g1kx . The reported error bars
include results and uncertainties if we fit to three or five
points.

G. Comparison between constant g and constant
A simulations

To compare the results and accuracy in the constant in-
terfacial tension and the constant area ensemble, we studied
the dependence of k on interfacial density for the ht4 surfac-
tant. First we performed constant area simulations with vari-
ous surfactant concentrations. We sampled the interfacial
tension and continued the simulations imposing this interfa-
cial tension. We found no difference in results between the
two ensembles within the uncertainty of the results ~see Fig.
5 in Sec. III A!. However, the accuracy differs. Because the
constant interfacial tension is more time consuming, the
NVT ensemble is more efficient for a given CPU time, but

FIG. 4. Spectral intensities for h2t5 at g50. The slopes of the full and dotted
lines represent the values for k and the lower and upper error bars in Fig. 11,
respectively.
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for a given number of DPD steps, the NgT ensemble gives
better accuracy. This is mainly because there is no uncer-
tainty in g, and the accuracy of g influences the accuracy in
k when fitted to Eq. ~13!.

We perform most simulations in the NgT ensemble to
compare different structures and compositions at the same
~zero or very low! interfacial tension, resembling saturated
monolayers and microemulsion conditions.

H. Asymmetric surfactants

Equation ~10! is valid for interfaces where the preferred
curvature is zero, for example bilayers or monolayers of sur-
factants which are symmetric in the sense that they do not
prefer to bend towards either the oil or the water phase. The
surfactants studied here are, like most real surfactants, asym-
metric. However, in a simulation with periodic boundary
conditions the interfaces are constrained to be flat on aver-
age. This means that the average curvature, c̄5^c11c2&/2
50, differs from the preferred curvature c0 which is deter-
mined by the characteristic volume v0 , chain length ls and
head group area a0 of the surfactant.4

The replacement of c0 with c̄ in Eq. ~1! may in general
lead to a distribution of modes differing from Eq. ~13!. This
would be observed in the fluctuation spectrum with S(q)
differing from Eq. ~13!. Since the model fits the spectrum
well, we neglect this error. Specifically, we can check the q2

dependence since the interfacial tension is imposed and can
also be calculated independently from the pressure tensor.31

We obtain the interfacial tension on the y-axis within the
errors by extrapolating the linear part to q50 @Fig. 4~a!#. We
conclude that Eq. ~13! is a good description of the fluctuation
spectrum within the uncertainties of the method.

In real microemulsions where c̄Þ0 curvature fluctua-
tions appear as deviations in droplet shape and size from
spheres with radius c0

21. The size and shape fluctuations can
be described in terms of spherical harmonics.32,33 That al-
lows experimentalists to extract the bending moduli from
analyzing the neutron scattering on microemulsion
droplets.20,34 Those bending moduli describe the energy cost
of curvature deviations away from the average droplet size
with radius c0

21. The bending moduli reported here describe
instead the average energy cost of curvature deviations away
from a flat surface.

III. RESULTS AND DISCUSSION

We will here determine how the bending modulus de-
pends on the molecular structure and composition of surfac-
tants. First we investigate the dependence on density for a
simple linear surfactant ~Sec. III A!. This is done using both
the constant area and constant interfacial tension ensembles
for comparison. The remaining simulations will be at a con-
stant low interfacial tension to resemble the conditions in
microemulsions. We use g50 or g50.1g0 where g053.45
is the bare oil–water interfacial tension.

A. Effect of surfactant density

For the linear surfactant ht4 we studied the dependency
on interfacial density. We performed both constant area

simulations and constant interfacial tension simulations. Fig-
ure 5 shows that the bending modulus increases monoto-
nously with increasing density of surfactant. While the area
fluctuations increase with increasing density due to lower
interfacial tension, bending the sheet becomes increasingly
energy costly. Without surfactant, bending of the layer has
little effect on the packing, only on the area. The bending
modulus is therefore very low. With surfactant at the inter-
face, bending involves squeezing of the chains on one side of
the layer. Oil and water molecules close to the surface can
easily diffuse away from the compressed volume but the sur-
factant molecules cannot. As their density increases, steric
forces due to bending increase accordingly.

A nonmonotonic dependence of k with area per surfac-
tant molecule for weak linear surfactants was reported
previously.14 Local fluctuations in the alignment at the inter-
face can decrease the bending modulus from the bare oil/
water value. This effect disappears as the density increases
and/or as the surfactant molecules become longer or stronger,
i.e., when their tendency to align increases. For dense mono-
layers and/or strong surfactants the tendency to align perpen-
dicular to the interface will increase monotonously with sur-
factant density. The surfactants investigated in this study, in
particular the ht4 surfactant in Fig. 5, must be regarded as
strong surfactants in the sense that the solubility in water5 is
very low. Because of the coarse-graining they represent
larger surfactants than the Lennard-Jones based four- and
eight-beaded surfactants in Ref. 14. This might account for
the qualitative difference observed.

B. Effect of chain lengths

We simulated monolayers of linear surfactants of type
htn , n51 – 6 in the constant interfacial tension ensemble. A
tensionless state could be obtained for n>3. Figure 6 shows
that the bending modulus increases linearly with the number
of tail beads. As the monolayer becomes thicker, the energy
cost of bending the monolayer increases. For monolayers of
surfacants with a given area per molecule, one intuitively
expects the energy cost of bending the membrane to increase
as the tails become longer. Here we find that this is also true

FIG. 5. Bending modulus as a function of surfactant density of ht4 surfac-
tant. The simulations at constant interfacial tension ~circles! are continua-
tions of simulations at constant area ~squares!, imposing the average inter-
facial tension from the constant area simulations. Sampling was done during
53105 DPD steps in both cases.
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if one compares the different chain lengths at the same inter-
facial tension rather than interfacial density. This means that
the chain length affects bending moduli more than the pack-
ing density does. Both g02g and k increase with interfacial
density and/or chain lengths. It is, however, interesting to
note that k is more sensitive to these parameters than g is.
For a given increase in chain length, the density can be low-
ered to give the same g. k, however, depends more strongly
on chain length than density and will increase unless the
density is further decreased.

Figure 6 suggests a linear increase with chain length in
the given range. Theory predicts a power-law k}np, p
52 – 3,4,16 often used as a theoretical reference in
experiments.34–37 However, in the theory the area per mol-
ecule is kept constant. That is not the case in our simulations
nor in the experimental situation. The rate of increase in Fig.
6 would be higher if one compared different surfactants at a
given density rather than at a given interfacial tension. This
follows from two observations: The surfactant density at a
given interfacial tension increases with increasing tail
length,5 and the bending modulus increases with density for
a given chain length ~Fig. 5!. Our results are in accordance
with theory at similar conditions.17,38

It is interesting to make a more detailed comparison with
the experimental data. A tail bead in our model represents
approximately three CH2 groups. The surfactants in Fig. 6
therefore correspond to chains with 9–18 alkyl units, which
are typical lengths of real surfactants. 2k1k̄ has been mea-
sured experimentally for surfactants with number of alkyl
units between 8–12 ~polyethyleneglycol alkyl ethers34,36!
and 12–18 (n-alkyl-n-dodecyldimethylammonium
bromides37 and alkyl amine oxides36!. The data are fit to
power laws with p52.3 and p52.95 grounded on the theo-
retical prediction at constant area. However, with only 3–4
points for each surfactant type and some scattering in the
results they could equally well fit a linear curve in the same
range, especially because an investigation towards n50 is
impossible both in experiments and simulations ~at g.0).

C. Effect of adding cosurfactant

Figure 7 shows the bending modulus as a function of
mole fraction of cosurfactant ~ht! added to the ht5 surfactant.
Also shown is the effect of reducing the chain length for all

the surfactant molecules to the same average. We see that the
effect of replacing some long surfactant molecules with short
ones is larger than the effect of reducing the chain length of
all molecules. A low tension monolayer cannot be obtained
with all surfactant types, see discussion in Sec. II D. We
therefore used g50.1g0 except for xht50.9 and xht51.0
where we used g50.2g0 . Those two points are therefore
slightly higher than the trend in Fig. 7 suggests.

The effect of binary mixture versus single-component
monolayer was also investigated using mean-field theory as-
suming constant area15,16,19 and assuming saturated
monolayers.17,18 Szleifer et al.15 predicted that the bending
modulus of an equimolar mixture could become as low as
that of a membrane composed of only the short molecules.
Cantor17 found no pronounced difference between a mixed
and pure monolayer at any average chain length. Our results
are somewhat in between: A lower k for the binary mixture,
decreasing with mole fraction of the ht surfactant. The cal-
culations in Ref. 17 are carried out under the condition of
‘‘saturated’’ monolayers, which is similar to imposing a low
interfacial tension. In Ref. 16 the monolayers are compared
at a given area, i.e., not accounting for the variation in sur-
face density. It is therefore interesting to note that our simu-
lation results differ qualitatively from both these works.

The suppression of a possible spontaneous curvature c0

might have an effect on the measured k. Calculations have
shown that the cosurfactant has a larger effect on the curva-
ture than on the bending modulus.18 Here, a mean curvature
of zero is forced through the periodic boundary conditions.

A reduction in bending rigidity with addition of short
chain surfactant was also observed experimentally. Gradziel-
ski et al. studied a binary mixture of C12E5 and C8E2 surfac-
tant ~polyethyleneglycol alkyl ethers! and found a trend and
values very similar to those in Fig. 7.36 It was also found that
the decrease in k upon adding cosurfactant depends on the
difference in chain length between the short and long surfac-
tants; short surfactants reducing k more for a given mole
fraction.35,39

An interesting question is how k behaves at low mole
fractions of ht. Figure 8 shows a linear decrease in the range

FIG. 6. Bending modulus as a function of the number of tail beads n for htn

surfactants at g50.
FIG. 7. Bending modulus as a function of mole fraction of cosurfactant
added to the ht5 surfactants ~squares, lower x-axis! and as a function of
chain length n for pure htn surfactants ~circles, upper x-axis!. The imposed
interfacial tension was g50.1g0 ~open symbols! except for xht50.9 and
xht51.0 which are at g50.2g0 ~solid symbols!.
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of investigation. Mean-field theory at constant area predicts
that the film can become very flexible by adding only a small
amount of cosurfactant, i.e., a hyperbolic decrease in k with
mole fraction.16,19 Without the constant area constraint the
decrease is linear for x,0.6.17 This is consistent with our
results. The available experimental data also supports a lin-
ear decrease.36 It therefore seems that a constant area con-
straint overestimates the efficiency of cosurfactants in reduc-
ing the film rigidity.

We will now discuss the results of Fig. 7 in terms of the
chain packing constraints.16,40 Short molecules acting as
spacers between longer molecules reduce the chain–chain
repulsion. That is particularly beneficial for a curved mono-
layer because the available area decreases towards the end of
the chain, see Fig. 9. The cartoon shows how the available
chain area changes with bending for surfactant molecules of
uniform length and for a mixture between short and long
surfactants. For those of uniform length, the area per chain
segment increases close to the water phase and decreases
towards the end of the chain compared to the flat layer. This
is also the case for the mixed monolayer, but here this is
highly beneficial as the density of chain segments is higher
close to the water phase. This explains the difference be-
tween the two curves in Fig. 7. Figure 7 also suggests that
the effect of the spacers is highest when the mole fractions
are roughly equal. A snapshot from the simulation with xht

50.5 was shown in Fig. 3.
To investigate possible ordering in the two-component

monolayer we calculated the two-dimensional radial distri-
bution function g2D(r) ~Fig. 10!. r is here the distance be-

tween two surfactant head groups projected onto the inter-
face. Note that the absence of hard-core repulsion between
DPD beads allow beads to overlap. Also, there is short-range
order but no long-range order. The ht5 – ht5 , ht5 – ht, and
ht–ht distributions differ for all mole fractions. This indi-
cates short-range order in the distribution of the two types.
The first peak is higher for pairs of different surfactants and
the difference increases with decreasing difference in the
mole fractions. This indicates a preference for ht5 molecules
to be surrounded by ht molecules and vice versa. This is
expected as the entropic repulsion between chains is higher
for the surfactants with longer chains, and it supports the
packing order shown in Figs. 9~b! and 9~d!.

D. Linear versus branched surfactants

The difference between linear and branched surfactants
with the same number of chain segments is interesting both
from a theoretical and practical view point. Previously we
reported that these branched surfactants are more efficient
than the linear ones in reducing the interfacial tension:5 At
the same area density of surfactants, the branched give a
lower interfacial tension. We will now determine the effect of
branching on the bending modulus.

We simulated monolayers of the linear surfactant h2t5
and the branched surfactant h2t(t2)2 at g50 and at g
50.1g0 . The results are shown in Fig. 11. The linear surfac-
tant has a higher bending modulus than the branched surfac-
tant. Because the linear one has higher g for a given density,
its packing is denser at a given g. Due to the double chain of
h2t(t2)2 , we might expect it to have a bending modulus simi-
lar to h2t2 or h2t3 at the same interfacial tension. Given the
linear increase in k with chain length ~Fig. 6!, the difference
between branched and linear surfactants is as expected.

Cosurfactant was added to both linear and branched sur-
factants. This decreases the difference between the two. It
has less effect on the branched surfactant because its double
tail already acts as a kind of spacer.

FIG. 8. Bending modulus as a function of mole fraction of cosurfactant
added to ht5 and h2t5 surfactants at g50.1g0 .

FIG. 9. Cartoon showing medium-length surfactants and a mixture of long-
and short-chain surfactants at a planar and curved interface.

FIG. 10. Two-dimensional radial distribution function for head beads of
pairs of ht5 – ht5 , ht5 – ht, and ht–ht molecules for various mole fractions of
cosurfactant. Numbers on the y-axis refer to graphs for xht50.10. Graphs
for the other mole fractions have been shifted down by 0.2, 0.4, 0.6, and 0.8,
respectively.
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IV. CONCLUSION

One important result of this paper is that the thickness of
the layer affects the rigidity more than the density of the
layer: g decreases and k increases with both increasing den-
sity and increasing chain length. However, at given g, i.e.,
accounted for a difference in density, k still increases with
chain length.

Our simulations are performed at constant low interfa-
cial tension, corresponding to microemulsion monolayers.
We calculated values for k versus chain length for a one-
component layer and versus mole fraction of cosurfactant for
a binary mixture. The results differ qualitatively from theo-
retical predictions that assume constant area density. We find
that k increases roughly linearly with chain length for a
given head group. This is within the uncertainties of the ex-
periments available, although these are often compared to
theoretical predictions at constant area density. With this as-
sumption the chain length increases faster. We also found
that mixtures of short and long surfactants are more flexible
than medium length surfactants of the same average chain
length, but the decrease is roughly linear in mole fraction and
less dramatic than without taking the density variations into
account.
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22 P. Español and P. B. Warren, Europhys. Lett. 30, 191 ~1995!.
23 R. D. Groot and P. B. Warren, J. Chem. Phys. 107, 4423 ~1997!.
24 P. Prinsen, P. B. Warren, and M. A. J. Michels, Phys. Rev. Lett. 89, 148302

~2002!.
25 R. D. Groot, Langmuir 16, 7493 ~2000!.
26 R. D. Groot and K. Rabone, Biophys. J. 81, 725 ~2001!.
27 W. Humphrey, A. Dalke, and K. Schulten, J. Mol. Graphics 14, 33 ~1996!.
28 S. M. Willemsen, T. J. H. Vlugt, H. C. J. Hoefsloot, and B. Smit, J.

Comput. Phys. 147, 507 ~1998!.
29 G. Gompper, Soft Matter, Complex Materials on Mesoscopic Scales, Vol.

10 in Matter and Materials, edited by J. K. G. Dhont, G. Gompper, and D.
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chung, Jülich, Germany, 2002!, pp. B9.1–B9.46.

30 W. Helfrich, Z. Naturforsch. A 33A, 305 ~1978!.
31 D. Frenkel and B. Smit, Understanding Molecular Simulations: From Al-

gorithms to Applications, 2nd ed. ~Academic, San Diego, 2002!.
32 S. A. Safran, J. Chem. Phys. 78, 2073 ~1983!.
33 S. T. Milner and S. A. Safran, Phys. Rev. A 36, 4371 ~1987!.
34 M. Gradzielski, D. Langevin, and B. Farago, Phys. Rev. E 53, 3900

~1996!.
35 C. R. Safinya, E. B. Sirota, D. Roux, and G. S. Smith, Phys. Rev. Lett. 62,

1134 ~1989!.
36 M. Gradzielski, D. Langevin, T. Sottmann, and R. Strey, J. Chem. Phys.

106, 8232 ~1997!.
37 J. Eastoe, D. Sharpe, R. K. Heenan, and S. Egelhaaf, J. Phys. Chem. B

101, 944 ~1997!.
38 C. Guerra, A. M. Somoza, and M. M. Telo da Gama, J. Chem. Phys. 109,

1152 ~1998!.
39 M. Gradzielski, Langmuir 14, 6037 ~1998!.
40 I. Szleifer, A. Ben-Shaul, and W. M. Gelbart, J. Phys. Chem. 94, 5081

~1990!.

FIG. 11. Bending modulus for linear and branched surfactants as a function
of mole fraction of ht surfactant added. The squares denote h2t51ht and the
circles denote h2t(t2)21ht. The open symbols are at g50.1g0 and the solid
symbols are at g50.

4905J. Chem. Phys., Vol. 120, No. 10, 8 March 2004 The effect of surfactant structure on monolayer bending



Paper IV



P H Y S I C A L R E V I E W L E T T E R S week ending
19 MARCH 2004VOLUME 92, NUMBER 11
Chain Length Dependencies of the Bending Modulus of Surfactant Monolayers

Live Rekvig,1,* Bjørn Hafskjold,1 and Berend Smit2

1Department of Chemistry, Norwegian University of Science and Technology, N-7491 Trondheim, Norway
2Department of Chemical Engineering, University of Amsterdam, Nieuwe Achtergracht 166, 1018 WV Amsterdam, The Netherlands

(Received 22 October 2003; published 15 March 2004)
116101-1
The effect of the surfactant chain length n on the bending modulus � of surfactant monolayers is
simulated with a mesoscopic oil-water-surfactant model. We confirm a power law, � / np, as predicted
by mean-field theory and found experimentally, and find p � 1:5 at a constant surface density and
p � 1:0 at a constant interfacial tension. This agrees quite well with both mean-field theory (p � 2–3,
assuming constant surface density) and experiments (at constant surface tension). Our results suggest
that the previously reported agreement between theory and experiment may be fortuitous and caused by
the difference in surfactant types.

DOI: 10.1103/PhysRevLett.92.116101 PACS numbers: 61.20.Ja, 68.05.Gh, 82.70.–y
it is very difficult to measure or to control the area per surfactant molecule is constructed by connecting
Sufficiently far from a critical point, the properties of
an oil-water interface are governed by the interfacial
tension. To minimize the surface free energy, the system
adopts a configuration that minimizes the interfacial area.
Adding surfactant can dramatically change the properties
of the interface. Because of their amphiphilic character,
surfactant molecules adsorb at the oil-water interface and
reduce the interfacial tension. Depending on the surfac-
tant structure, the interfacial tension can become so low
that the free energy associated with changes of the cur-
vature of the interface has to be taken into account to
understand the properties of the interface [1]. For ex-
ample, the formation of microemulsion and other phases
in surfactant-oil-water systems are explained in terms of
the bending modulus which characterizes the free ener-
gies of the interface related to changes in the curvature.

Whereas we do have a good understanding of how
changes in the surfactant structure influence the interfa-
cial tension, relatively little is known of how these
changes affect the bending modulus of the interface.
Only recently, the relation between the bending modulus
and surfactant chain length has been addressed both
experimentally, using high-resolution scattering tech-
niques [2], and theoretically, using mean-field theories
[3,4]. On the basis of these theories, the experimental
data are interpreted [5–7] with a power-law dependence
of the bending modulus � as a function of the chain
length n:

� / np: (1)

Mean-field theories predict p � 2–3 [1,8], but a recent
study shows a strong density dependence [4]. The contin-
uum elasticity theory gives p � 3 [1], and experiments
indicate p� 3 [5,6]. However, most experiments measure
only the combination �� ���=2 where ��� is the saddle splay
modulus [5,6,9].

The mean-field predictions of p are based on compari-
son of surfactant monolayers of various chain lengths that
have the same surface density (Nsurf=A). Experimentally,
0031-9007=04=92(11)=116101(4)$22.50 
surfactant. The experiments have been performed at simi-
lar (very low) interfacial tension. This implies that the
surface density of surfactant varies with n and therefore
these experiments may not be compared directly with the
theoretical predictions. This issue motivated us to study
the bending modulus of surfactant monolayers using mo-
lecular simulations. In this Letter, we introduce a meso-
scopic oil-water-surfactant model and use dissipative
particle dynamics to compute the effect of changes in
the surfactant chain length on the bending modulus both
at a given interfacial tension and at a given surface
density.

Computing the bending modulus in a molecular simu-
lation is very CPU intensive since one has to analyze the
fluctuations of the interface. This requires long simula-
tions on a relatively large system [10]. The height fluctua-
tions in the monolayer can be written in terms of
wavelength dependent undulation modes via a Fourier
transform. By assuming equipartition, we can relate
these undulation modes for small values of the wave
vector q to the interfacial tension 	 and the bending
modulus [1,10],

hj~hh�q	j2i �
kBT
A

1

	q2 � �q4
; (2)

where kBT is Boltzmann’s constant times the temperature
and A is the projected area of the interface onto a plane
parallel with the interface. This method has been used to
compute the bending modulus of a biological membrane
[10,11] and a surfactant monolayer [12]. These simula-
tions are important since they demonstrate the feasibility
of the method. However, the data are focused on only a
few configurations and therefore do not give us sufficient
insight into the surfactant chain length dependence to test
the theoretical predictions.

In our work, we use a mesoscopic oil-water-surfactant
model [13,14] in which oil and water are represented
by spherical particles denoted o and w, respectively. A
2004 The American Physical Society 116101-1



FIG. 1 (color online). Snapshot of two monolayers of ht4 sur-
factants at 	 � 0. Head beads are in light gray or yellow and
tail beads are in dark gray. Water (in the middle) and oil (on the
sides) are not shown.

P H Y S I C A L R E V I E W L E T T E R S week ending
19 MARCH 2004VOLUME 92, NUMBER 11
hydrophilic head particles h and hydrophobic tail par-
ticles t with harmonic springs. By changing the number
of tail particles, we can study the effect of chain length
on the properties of the system.We use dissipative particle
dynamics (DPD) to simulate our system. In DPD, we
distinguish three types of forces; random forces, dissipa-
tive forces, and conservative forces. The random and
dissipative forces are chosen such that a canonical en-
semble is sampled. We use the conventional forms which
have been described extensively in the literature [15]. The
conservative forces define the mesoscopic model. We use
the commonly used soft-repulsive interaction model [16]
to describe the forces between the o, w, h, and t particles:

f �rij	 � aijr̂rij

�
1�

rij
rc

if rij < rc
0 if rij � rc;

(3)

where rc is the cutoff radius of the potential, rij is the
distance between particles i and j, and aij is the repulsion
parameter that defines the model. These parameters are
chosen such that oil and water particles do not mix and
the head and tail particles are hydrophilic and hydro-
phobic, respectively (aww � aoo � 25, aow � aoh � 80,
awh � 15, and ahh � 35, with tail particles identical to
oil particles). The spring constant and equilibrium length
of the harmonic spring connecting the surfactant seg-
ments are ks � 100 and r0 � 0:7, respectively. These
parameters are based on the work of Groot [16] and
have been obtained from a coarse graining procedure
that ensure that the water particles at T � 1 and � � 3
reproduce the compressibility of water at ambient con-
ditions. The surfactant parameters have been obtained
from a mapping on Flory-Huggins solubility parameters
of ionic surfactants, in which one DPD particle typically
corresponds to three carbon atoms in the surfactant chain.
We use chain lengths that range from 2 to 7 DPD beads
corresponding to experimental chain lengths that range
from 6 to 21 carbon atoms. Previous studies of mono-
layers and bilayers have shown that DP models capture
essential features of real systems [13,17,18].

Throughout this Letter, we use reduced units; rc is the
unit of length and kBT the unit of energy. In our simula-
tions we used up to 48 000 particles at � � 3. The number
of surfactants varied from 800 to 1400 and the size of the
periodic simulation box was chosen such that the area was
approximately 23
 23. The equations of motion are
solved using the algorithm of Groot and Warren [15]
with a time step of 0.03.

In the mean-field theories, the number of surfactants
per unit area is input and thus fixed. The simulations are
more similar to the experimental situation in the follow-
ing sense:Water and oil particles separate into two phases.
Because of periodic boundary conditions there are two
interfaces, but the system is large enough for these to be
independent of each other. In contrast to the mean-field
approach, the surfactants are not constrained to be at the
interface but may leave the interface and form (inverse)
116101-2
micelles in the oil or water phase. Although micro-
emulsions are regarded as isotropic one-phase systems,
there are oil rich and water rich regions separated by
saturated monolayers on a scale corresponding to our
simulation box. A two-phase system with very low inter-
facial tension is therefore a good representation of a real
microemulsion. A typical snapshot of the two monolayers
is shown in Fig. 1.

Experimentally, it is also difficult to control the num-
ber of surfactants at the interface. The experimental data
at various chain lengths refer to different surface den-
sities but to similar (very low) interfacial tensions. To
mimic the experimental setup, we also perform simula-
tions in which we impose the interfacial tension. At
random intervals in the DPD simulation, we perform a
Monte Carlo move in which we change the area of the
simulation box in such a way that the total volume of the
system remains constant. This attempt to change the area
is accepted or rejected with a probability given by

acc�o ! n	 � min�1; expf � �Un �Uo

� 	�An � Ao	�=kBTg	; (4)

where n and o denote the new and old configuration, re-
spectively, A is the area of the simulation box and U is the
total potential energy. In both constant area and constant
tension ensembles, we could compute an average density
of surfactants at the interface, N=A, by employing a clus-
ter algorithm to decide which surfactants are at the inter-
face [14]. A is the area of the simulation box, or the
average box area in the constant tension simulations.
The surface tension was computed via the difference in
normal and tangential pressure [19]. The surface tension
versus surface density equation of state was the same in
the two ensembles.
116101-2
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The height fluctuations of the interface were calculated
as in Ref. [14]. Figure 2 shows some typical results of the
Fourier analyses. The lines correspond to the fits of Eq. (2)
to the results for low wave numbers. The fits give both the
interfacial tension and the bending modulus. The data for
the interfacial tension correspond nicely to the values that
are imposed or computed from the pressure components,
indicating that the assumptions behind Eq. (2) are justi-
fied. Note that the use of Eq. (2) implies that we assume a
zero average curvature of the interface and compute the
free energy costs related to deviations from this flat inter-
face. This condition is imposed on the system by the
periodic boundary conditions. Experimentally, the asym-
metric surfactants that we consider in the simulations
may give an interface with a (small) nonzero curvature.

Figure 3 shows the bending modulus for htn surfactants
(n � 2–7) as a function of the surface density 3(a) and
interfacial tension 3(b). Although we performed rela-
tively long simulations, the scatter in the data is large,
illustrating that the bending modulus is difficult to com-
pute accurately [10]. This makes it difficult to compute
the chain length dependence of � from simulations at a
single surface density or interfacial tension. Figure 3
shows that, by systematically varying the surface density
and interfacial tension, we can determine the dependence
of � on these properties for various chain lengths. We
observe that the bending modulus increases monotoni-
cally with the density of surfactants at the interface.
Bending the interface becomes increasingly costly be-
cause of the packing constraints of the surfactants at
the interface. Similar results have been obtained by
Laradji and Mouritsen [12].

To determine the chain length dependence at a given
surface density or a given interfacial tension, we made
linear fits to the results in Fig. 3 for each chain length.
From the lines in Fig. 3(a), we computed data points
for some densities (shown in Fig. 4, solid symbols).
Similarly, the lines in Fig. 3(b) were used to obtain the
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FIG. 2. Fourier spectra for some typical simulations. The
lines are fits of the four lowest q values to 1=�	q2 � �q4	,
where 	 is the imposed surface tension. 	0 is the bare oil-water
interfacial tension.
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open symbols in Fig. 4. Each of the data sets in Fig. 4
were fitted to the line � � a� bnp. The solid lines are
constant density lines and the dashed lines are constant
tension lines. Under both conditions, the bending modu-
lus increases with chain length. However, the behavior
is qualitatively different when the monolayers have the
same surface density and when they have the same inter-
facial tension. Equal surface densities give p � 1:4–1:6,
while equal interfacial tensions give p � 0:91–0:98. As
the chain length increases, bending the interface becomes
increasingly difficult because of packing constraints.
However, the surface density will be lower for the longer
surfactants at a given interfacial tension. This results
in a decrease of the bending modulus, which explains
the lower value for p in the case of equal interfacial
tensions. In both cases, the exponent is not constant but
increases with increasing density and decreasing tension,
respectively.

It is instructive to make a more detailed comparison
with the experimental data. In our model, a tail bead cor-
responds to approximately three CH2 groups of a surfac-
tant tail. The surfactants shown in Fig. 4 correspond
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FIG. 3. Bending modulus for htn surfactants as a function of
surfactant concentration at the interface (a) and interfacial ten-
sion (b). �, n� 2; 4, n� 3; �, n� 4; �, n� 5; 5, n� 6,
pentagon, n � 7. Open symbols denote data from constant area
simulations and solid symbols denote data from constant in-
terfacial tension simulations. The lines are linear fits to the data
for each chain length.
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FIG. 4 (color online). Bending modulus as a function of chain
length. The solid symbols are for N=A � 0:65 (4), N=A � 0:70
(�), N=A � 0:75 (�), and N=A � 0:80 (�). The open symbols
are for 	 � 0 (4), 	 � 0:1	0 (�), 	 � 0:2	0 (�), and 	 �
0:3	0 (�). The lines are fits to � � a� bnp. Solid lines are
constant density lines and dashed lines are constant tension
lines. The points are experimental values: � denotes �� ���=2
for CiDMAO (amine oxides) from Ref. [6]. � denotes �� ���=2
for Ci-C12 dialkylammoniumbromides from Ref. [9]. + denotes
� for CiE4 and 
 for CiE5 (polyethyleneglycol alkyl ethers)
from Ref. [20]. � denotes �� ���=2 for CiE5 from Ref. [6]. We
used the mapping n � i=3.
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therefore to chains with 6-21 alkyl units. Experimentally,
the bending modulus has been determined for chains with
8-18 alkyl units [5,6,9,20]. In Fig. 4, we plotted data from
Refs. [6,9,20] that have three or more chain lengths for a
given head group and oil type. It is remarkable that our
simple model gives such a good estimate of �. It repro-
duces not only the qualitative behavior, but also the order
of magnitude (in units of kBT). Gradzielski et al. found
�� ���=2 / n2:95 [6]. This appears to be in contrast with
our simulation, which shows that at constant interfacial
tension, p � 1. However, if we distinguish between data
with different head groups, p � 1 seems to be an equally
good estimate also for the experimental data. Accurate
data for a wider chain length range would be required to
confirm our hypothesis that experiments at constant in-
terfacial tension will yield an exponent that is signifi-
cantly lower than that predicted by mean-field theories at
constant density.

Finally, we remark that also our exponent p at fixed
density is lower than the theoretical predictions [1,8].
With three CH2 groups per bead, rc � 6:5 �A [17] and we
get areas per molecule in the range 40–60 �A2 at 	 � 0,
depending on the chain length. The theoretical calcula-
tions by Würger show that, only at very low surface areas,
we would expect p � 3 [4]. However, as we study a self-
assembled monolayer, such densities are inaccessible in
practice.

In this Letter, we have shown that molecular simula-
tions using a mesoscopic oil-water-surfactant system can
be used to systematically investigate the effect of changes
116101-4
in the surfactant structure on the bending modulus. We
confirm a power-law variation with chain length.
However, our simulations indicate that the exponent of
this power law depends crucially on the experimental
conditions. Since the experiments have been performed
at different conditions than for which the theoretical
predictions have been made, the apparent agreement of
the experimental and theoretically predicted exponent
might not hold. Further study is required to determine
whether this deviation is related to differences in the
models being considered or to the underlying assumptions
in the theory.
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Molecular simulations of surface forces and �lm
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Abstract

We use Dissipative Particle Dynamics (DPD) and molecular models to
simulate interacting oil/water/surfactant interfaces. The system comprises
sections of two emulsion droplets separated by a �lm. The �lm is in equi-
librium with a continuous phase, in analogy with the surface force apparatus
(SFA). This is achieved by combining DPD with a Monte Carlo scheme to sim-
ulate a �V T ensemble. The setup enables the computation of surface forces
as a function of the distance between the two interfaces, as well as the detec-
tion of �lm rupture. We studied monolayers of non-ionic model surfactants at
di�erent densities, and compared oil-water-oil and water-oil-water emulsion
�lms. Between surfactant monolayers facing each other tails-on (water-oil-
water �lms), we observed repulsive forces due to the steric interaction be-
tween overlapping hydrophobic tails. The repulsion increases with surfactant
density. Conversely, no such repulsion is observed between surfactant mono-
layers facing each other heads-on. Instead, the �lm ruptures, the monolayers
merge, and a channel forms between the two droplet phases. Film rupture can
also be induced in the water-oil-water �lms by forcing the interfaces together.
The separation at rupture increases for oil-water-oil �lms and decreases for
water-oil-water �lms when the surfactant density increases. The results are in
qualitative agreement with existing theories of emulsion stability in creams, in
particular with the channel nucleation theory based on the natural curvature
of surfactants.
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