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Effect of surfactant structure on interfacial properties
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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].
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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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