important. Another important advantage
of the oscillator approach over the sum
over states approach is that in the latter
calculation there are important interfer-
ences and cancellations among large terms
(3). This makes it hard to develop physical
intuition, and the computation becomes
very sensitive to approximations such as
truncation. Also in a sum over states ap-
proach, it is impossible to identify before-
hand which states will be dominant. The
search for the “essential states” is a major
difficulty in the modeling of optical non-
linearities. In the oscillator approach, only
the relevant oscillators show up in the
equations of motion. We thus do not end
up calculating a large number of unneces-
sary quantities.

It should be emphasized that there is no
simple one to one correspondence between
oscillators and individual eigenstates. The
oscillators are collective excitations, and
each oscillator represents many states. The
precise relation between the two pictures is a
highly nontrivial question that needs to be
explored further. Symmetry plays a very dif-
ferent role in the eigenstate and in the os-
cillator representation. In the present model,
the Hamiltonian is block diagonal into A
and B, symmetry parts, and all of the oscil-
lators may be classified into either A, or B,
type. In contrast to the description in terms
of eigenstates of the Hamiltonian, where B,
and A, states do not couple at all, B, and A,
oscillators do couple in the equation of mo-
tion (Eq. 13). This fundamental difference
between the oscillator and the eigenstate
expansions is related to the nonlinear form
of the equations of motion (a product of
B, and A, variables can have a B charac-
ter), as opposed to the eigenstates expan-
sion which are linear. Potentially this al-
lows for a relatively inexpensive method
for describing complex physical situations,
compared with the expenditure required
for eigenstate expansions.

With the current representation, we can
use the same language to describe very dif-
ferent materials and answer some of the
pressing questions raised recently (6). In
particular, we can draw a close analogy be-
tween conjugated polyenes and semiconduc-
tor quantum dots (9). The physical picture
of geometrically confined electron-hole
pairs shows an origin in common with the
blue shift of linear absorption as the size is
decreased, and with the scaling and satura-
tion of optical nonlinearities.
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Simulating the Self-Assembly of Gemini
(Dimeric) Surfactants

S. Karaborni,* K. Esselink, P. A. J. Hilbers, B. Smit,
J. Karthauser, N. M. van Os, R. Zana

The morphologies and dynamics of aggregates formed by surfactant molecules are
known to influence strongly performance properties spanning biology, household clean-
ing, and soil cleanup. Molecular dynamics simulations were used to investigate the
morphology and dynamics of a class of surfactants, the gemini or dimeric surfactants, that
are of potential importance in several industrial applications. Simulation results show that
these surfactants form structures and have dynamic properties that are drastically dif-
ferent from those of single-chain surfactants. At the same weight fraction, single-chain
surfactants form spherical micelles whereas gemini surfactants, whose two head groups
are coupled by a short hydrophobic spacer, form thread-like micelles. Simulations at
different surfactant concentrations indicate the formation of various structures, suggest-
ing an alternative explanation for the unexpected viscosity behavior of gemini surfactants.

It is well known that surfactant molecules,
which contain a hydrophobic chain and a
hydrophilic head group, can form a variety of
aggregates with properties different from
those of the unassembled molecules. Indeed,
spherical micelles, rod-like micelles, bilayers,
reverse micelles, and vesicles have all been
observed. This polymorphism forms the basis
of many biochemical processes and is used in
many industrial and household applications.
A detailed understanding of surfactant self-
assembly is therefore important in processes
ranging from the transport of molecules
through a cell membrane to the removal of
stains in a washing machine (1).

In 1974, a class of surfactants was synthe-
sized; these surfactants have two hydropho-
bic chains and two hydrophilic head groups
connected with a spacer (2). These surfac-
tants, which were later termed gemini (3) or
dimeric surfactants (4), have unusual char-
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acteristics, such as a very low critical micelle
concentration and a high efficiency in re-
ducing the oil-water interfacial tension in
comparison with conventional single-chain
surfactants. These properties suggest that
gemini may be excellent surfactants for soil
cleanup and enhanced oil recovery; gemini
are also possible candidates for the next gen-
eration of surfactants (5).

In a mixture of water and single-chain
surfactants, the system tries to minimize its
free energy by forming micelles in which the
hydrophobic chains are brought together to
minimize the contact with water. The hy-
drophilic head groups are kept near the wa-
ter and away from each other as a result of
electrostatic repulsions. In a gemini surfac-
tant the two head groups are chemically
linked by a hydrophobic spacer; as a conse-
quence, a compromise has to be found for
the location of the spacer depending on its
length and flexibility and on the degree of
repulsion between the two similarly charged
head groups. For example, when the spacer
length is shorter than the equilibrium dis-
tance between two charged head groups, the
spacer will be fully extended to minimize the
repulsion between the head groups. This po-
sitioning leads to a large unfavorable contact
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of the spacer with the water. In cases where
the spacer is longer than the equilibrium dis-
tance between two charged head groups, the
spacer will not be fully extended and will try
to minimize its contact with the water. This
reaction will, of course, depend to a large
extent on the flexibility of the spacer. There-
fore, characteristics such as the spacer’s
length and flexibility are essential in deter-
mining the shape of the surfactant aggregate.
To investigate systematically the effect of
the spacer characteristics such as length and
flexibility, we have performed molecular dy-
namics simulations on a model water-surfac-
tant system. This model’s main features are
the preferred interactions of the hydrophilic
surfactant head groups with the solvent and
the preferred interactions of the hydropho-
bic chain groups with each other. With this
simple model, we were able to predict that
single-chain surfactants with different head
groups would self-assemble into various
shaped micelles (6, 7). The shapes of the
micelles found in the simulations closely re-
sembled those found experimentally (8, 9)
[and predicted by geometric principles (10)].
In addition to successfully predicting the ge-
ometry of single-chain surfactant aggregates,
the simple model had been used to predict
the operation of three mechanisms for oil
solubilization in micellar solutions and to
calculate the rates of solubilization (11).
The five molecules shown in Fig. 1 have
been investigated in these simulations: four
dimeric surfactants with spacers of various
lengths and a single tail surfactant. In all
simulations, the initial positions of the sur-
factant molecules were randomly chosen and
the weight fractions were equal (=16%).
Figure 2 shows the structures that are
formed by self-assembly. The differences
among these structures are striking. In gen-
eral, the geometries of aggregates formed by
gemini surfactants are very different from

Fig. 1. Various molecules used in simulations. Wa-
ter molecules are represented by one water-like
particle. Surfactants are represented by a combina-
tion of water-like and oil-like particles. Water-like
particles interact by way of a Lennard-Jones poten-
tial with a cutoff chosen to be large enough to in-
clude excluded volume effects and attractive forces.
Surfactant tail particles interact with each other by
way of a Lennard-Jones potential with a large cutoff
and with the water molecules by way of a Lennard-
Jones potential with a cutoff small enough to include
no attractive forces. Surfactant head groups inter-
act with each other through the repulsive part (ex-
cluded volume) of the Lennard-Jones potential and
with the water by way of a Lennard-Jones potential
with a large cutoff (water-like particles) (7). Particles

those formed by single-chain surfactants.
Whereas the single-chain surfactants form
mostly spherical micelles (see Fig. 2A),
gemini surfactants with a single spacer (spac-
er = 1) form linear thread-like micelles (Fig.
2B), and gemini surfactants with a spacer of
two or more oil-like particles (spacer = 2)
form a mixture of spheroids and tree-like
micelles (Fig. 2C). Our results for the short
spacer (spacer = 1) are in agreement with
the cryo-transmission electron micrographs
of Zana and Talmon (4), which show that
dimerization of n-dodecyltrimethylammo-
nium bromide (DTAB) to a 12-2-12, 2Br~
bis (quaternary ammonium bromide) mole-
cule in which the two dodecyl chains (C;,)
are linked at the head groups by a —(CH,),—
spacer (C,) gives strongly entangled thread-
like micelles.

The formation of a specific aggregate
shape for a certain gemini surfactant de-
pends on the equilibrium separation be-
tween head groups due to repulsions, the
degree of hydrophobicity of the spacer (that
is, its tendency to be away from the solvent),
and the amount of flexibility of the spacer
(that is, its capability to pack away from the
solvent). It is foreseeable that at different
spacer lengths, and thus spacer locations,
aggregates with different shapes will form.

One of the surprising properties of gemini
surfactants has been observed by Kern and
colleagues (12). They report that the viscos-
ity of a solution, consisting of a gemini sur-
factant having a short spacer, increases six
orders of magnitude as the surfactant con-
centration is increased. This increase in vis-
cosity is attributed to the formation of a
network of entangled thread-like micelles.
Upon further increase in concentration,
Kern et dal. noted an unexpected decrease in
viscosity, a fact that they attributed to the
decrease in effective length of the thread-
like micelles, which in turn is due to a
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i
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on the surfactant tails and the spacers do not correspond to a single methylene or methyl group but to
approximately two to three methylenes. Neighboring particles on the same molecule are connected by
harmonic springs of length o, the size parameter in the Lennard-Jones potential. The simulations, which
were done on a 400 transputer parallel computer, were performed at constant number of particles (V),
volume (V), and reduced temperature, kT/e = 2.4, where e is the energy parameter in the Lennard-Jones
potential. The simulation box consisted of 32,000 particles periodically repeated in all three directions.
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Fig. 2. (A) Representative snapshot of the sim-
ulation box of the single-chain surfactant shown
in Fig. 1. At the end of the simulation there were
19 micelles formed. The most probable aggre-
gate number is 23. For reasons of clarity, only a
few aggregates chosen randomly are shown in
the snapshot. (B) Instantaneous configuration of
one aggregate containing 189 gemini surfac-
tants with a spacer of one oil-like particle be-
tween the head groups (spacer = 1in Fig. 1). (C)
Instantaneous configuration of two aggregates
of 249 and 18 gemini surfactants with a spacer
of two oil-like particles between the head groups
(spacer = 2 in Fig. 1). In all three simulations, the
weight fraction of surfactants is ~16%. For rea-
sons of clarity, water molecules are not shown,
the particles that belong to the head groups are
displayed in yellow, and those belonging to the
surfactant tails are shown in red.
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decrease in electrostatic interactions (12). In
our simulations, we observed that at low
concentrations the gemini surfactants with
the short spacer (spacer = 1) formed linear
thread-like micelles (Fig. 2B). At higher
concentrations, tree-like micelles were
formed with random connections between
the trunk and branches (Fig. 3).

Such a drastic change in aggregate struc-
ture usually has a significant influence on
viscosity. Ideally, one would be able to cal-
culate the viscosity directly from our simula-
tions. Because the viscosity is extremely sen-
sitive to the entanglements of various mi-
celles and only very few micelles are formed
in the present gemini simulations, such a
calculation would suffer from finite size ef-
fects. To make the connection between the
observed changes in the structures of the
aggregates and the viscosity behavior, we
rely on the theory of Lequeux (13). In this
theory, a reptation model is used to show
that branched micelles with sliding cross-
links have a lower viscosity than the corre-
sponding thread-like micelles, suggesting
that the decrease of viscosity observed by
Kern et al. (12) may be due to the formation
of tree-like micelles.

There is no experimental evidence that
tree-like micelles exist. In view of the nov-
elty of these self-assembled shapes, it is
worthwhile to understand how they are
formed. In our simulations, we observed that
tree-like micelles formed in different stages.
At the start of the simulation there were
only monomeric gemini that aggregated ini-
tially into spherical micelles. These micelles
subsequently collided to form cylinders. Both
of these processes seem to be limited to a
large extent by diffusion, either of the mono-
mers or of spherical micelles. However,
when cylinders are formed, several collisions
are needed before a successful aggregation is
seen (Fig. 4A). Successful collisions appear

Fig. 3. Instantaneous configuration of one aggre-
gate formed by gemini surfactants with a spacer
of one oil-like particle between the head groups
(spacer = 1in Fig. 1). Surfactant weight fraction is
~28%. Colors are the same as those in Fig. 2.
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to occur when a section on the surface of the
aggregate that has a low density of hydro-
philic head groups of the surfactants comes
into contact with a similar section from a
different aggregate.

Collisions between cylinders sometimes
lead to randomly branched structures, even
though, from an energetic point of view,
“reactions” between the cylinders’ caps are
more favorable and more probable. In fact,
tree-like micelles have been theoretically
judged to be unlikely because of the presence
of “seams.” The cost in bending energy of
these “seams” is assumed to be prohibitive
because the surfactant films are bent on a
molecular scale (14). Theories of surfactant
self-assembly stipulate that aggregates have a
preferred curvature and molecular packing
that are determined by the molecular struc-
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Fig. 4. (A) Running average aggregate size as a
function of simulation time steps. The average ag-
gregation size for single-chain surfactants reaches
equilibrium more quickly than the average size for
gemini surfactants. The variation is due to the dif-
ferent growing mechanisms for aggregates con-
sisting of single-chain and gemini surfactants. (B)
Probability of finding an angle 6 between the two
chains of the gemini surfactant with spacer = 1. At
cos § = 1, the two chains are parallel to each other;
at cos 8 = 0, the two chains are perpendicular to
each other; and at cos 6 = —1, the two chains are
pointing in opposite directions. The inset shows the
probability only for those molecules in which the
two chains form an angle of 90° or more with each
other.
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ture of the surfactants (10). Thus, aggregates,
which assume a curvature or packing drasti-
cally different from the preferred curvature
or packing, have a high bending energy and
so have a low probability of being present in
solution. The formation of tree-like micelles
indicates the coexistence of a molecular
packing in the “branches” and “trunks” that
isdrastically different from that in the “seams.”
Tree-like micelles are likely characteristic
of aggregates formed by gemini surfactants
because of the presence of two tails and a
chemical link between the two head groups
of the gemini. One way to test this conclu-
sion is to compare the orientation of mole-
cules in the thread-like and tree-like mi-
celles. The results in both cases show that
the two chains of the gemini surfactant tend
to be parallel to each other (Fig. 4B). This
orientation is expected because the number
of gemini in the “trunks” and “branches” of
the tree-like micelle significantly outnumber
the surfactants in the “seams.” However, if
one looks only at the molecules for which
the chains make an angle of 90° or more
with each other, it is clear that the proba-
bility of such molecules is consistently higher
in the tree-like than in the thread-like mi-
celles. This difference is due to those mole-
cules that are located in the “seams” of tree-
like micelles. Molecules in which the two
tails form an angle of 90° or more with
each other are capable of lying partly in
the “branch” and partly in the “trunk” of
the tree-like micelles. These molecules act
as locks between the “branch” and
“trunk,” overcoming the high cost in free
energy associated with the nonpreferred
curvature and molecular packing.
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