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Abstract
We investigate bulk and interfacial properties of a recently proposed hard-body model for a ternary mixture of amphiphilic particles,
spheres and needles using density functional theory. The simple model amphiphiles are formed by bonding a vanishingly thin needle tail radially to a hard-sphere head group. Such particles provide a natural amphiphile when added to a binary mixture of spheres and needles. As all
interactions are hard, we seek to find whether amphiphilic effects can be driven by entropy without the need to invoke attractive interactions.
In order to assess the amphiphilic character of the model we first examine the spatial and orientational distribution of the amphiphiles at the
free interface between demixed needle-rich and amphiphile-rich fluid phases of the binary amphiphile–needle subsystem. We then consider
the free interface between sphere-rich and needle-rich phases upon adding amphiphiles with low concentration to the demixed system. In
both cases the orientational distribution of the particles in the interface provides strong evidence that amphiphilic properties can arise purely
from geometrical packing effects.
 2004 Elsevier Inc. All rights reserved.

1. Introduction
Amphiphilic molecules are characterized by a hydrophilic
head group and a hydrophobic tail. The preferential adsorption of amphiphiles at oil–water interfaces facilitates
phase separation and thus gives rise to numerous industrial
and domestic applications. It is generally accepted that attractive interactions play a large role in both driving and
stabilizing amphiphilic order. The coupling between attractive forces and the intrinsic particle geometry produces the
spatial and orientational distributions characteristic of amphiphilic systems. However, it is not clear whether attractive
interactions are a fundamental requirement to reproduce
the phenomenology of amphiphilic systems, or whether attraction simply provides a stabilizing mechanism for an
essentially entropic phenomenon. In this paper we seek to
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clarify this point by investigating the properties of a model
entropic amphiphile system in the presence of inhomogeneity. Our study is not only of interest from a pure statistical
mechanics point of view; with the increasing experimental
accessibility of colloidal systems, in which energetic effects
can be largely suppressed, come realistic possibilities for
the study of hard-body amphiphiles. Significant advances
have been made in the fabrication of colloidal particles with
more complex geometry by the adhesion of simpler colloidal particles. A report of experimental progress in the
study of such “colloidal molecules” can be found in [1] in
which the authors construct composite particles by bonding
spheres together into doublet, triplet, and tetrahedral clusters.
We pose the simple question: Can amphiphilic effects
arise solely from the geometrical properties of the particles? That entropy could drive amphiphilic behavior does
not seem unreasonable; many of the phenomena usually associated with attractive interactions, such as phase separation [2–5] or wetting at substrates [6–11], have been observed in entropic systems. It is well established that simple
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hard spheres provide a good model of certain suspensions of
spherical colloids; however, hard-particle models can also be
useful in accounting for the behavior of considerably more
complex soft-matter systems. One of the early examples of
this approach originated in the 1954 paper of Asakura and
Oosawa, where they proposed a mechanism by which an
effective attraction could arise between two large spherical
colloidal particles immersed in a sea of rigid, but mutually
interpenetrable, macromolecules, the now familiar “depletion attraction” [12]. In a subsequent work Asakura and Oosawa considered the depletion attraction as a possible mechanism for the aggregation of colloids in colloid–polymer
mixtures [13]. In 1976 Vrij independently proposed the same
mechanism for aggregation and defined an explicit model
Hamiltonian for a colloid–polymer mixture, now termed the
Asakura–Oosawa–Vrij or simply the AO model [14]. This
model is a binary hard-sphere mixture in which the mutual
interaction between molecules of one of the species is set
equal to zero in order to mimic the behavior of spherical
polymer coils at low concentration or theta point conditions.
Despite the simplicity of the interactions this model provides
a reasonable description of the bulk fluid–fluid phase separation observed in real colloid–polymer mixtures [3–5,15,16]
and predicts a rich variety of inhomogeneous phenomena [6,
17,18], some of which have been observed in experiments
[7–10] and in simulations [19]. In a similar spirit, Bolhuis
and Frenkel (BF) proposed a model for a binary mixture of
spheres and rodlike particles [20] which played an important role in motivating a number of subsequent experimental
studies [2,21–23]. The spherical colloids are again modeled
as hard spheres and the rodlike particles are taken to be
infinitely thin needles of a given length. The bulk phase behavior predicted by this model is found to agree favorably
with that of real colloidal rod–sphere mixtures [2,24]. Due
to the simple nature of the interparticle interactions, accurate approximate theories have been constructed for both the
AO and BF rod–sphere models. A good description of the
bulk-phase equilibria is given by free-volume theory [20,24,
25] whereas inhomogeneous situations can be successfully
treated using modern developments in density functional
theory [26–28].
As a simple model for an amphiphilic system Bolhuis
and Frenkel considered amphiphilic particles constructed by
bonding a hard-sphere “head group” to a spherocylinder
“tail” [29]. The tails are taken to be mutually noninteracting
but retain a hard repulsion with respect to the head group.
The behavior of these model particles was found to mimic
that of real amphiphiles when they are immersed in a sea of
hard spheres. The most recent model in this hierarchy, and
the subject of the present study, is a generalization of the
sphere–needle model to a ternary mixture of amphiphiles,
spheres and needles [30], in which amphiphile particles are
constructed by radially bonding a needle to a sphere surface.
The use of needles rather than spherocylinders makes the
model amenable to theoretical analysis which is, at present,
not possible for the BF model amphiphiles. For a recent re-

view of hard-particle models we refer the reader to [31].
Despite the simplicity of our model amphiphiles an experimental realization still presents a considerable challenge.
Spherical PMMA, polystyrene, or silica particles all provide a good approximation to idealized hard spheres and thin
boehmite rods coated with silica have properties similar to
our ideal needles. Fusion of these existing particles would
well approximate our amphiphilic particles.
In this paper we investigate the distribution of hardbody amphiphilic particles at the interface between two fluid
phases. We both extend and draw connections between previous studies in which the free interface between demixed
fluid phases in the binary needle–sphere mixture [32] and the
adsorption at a hard wall of the same model amphiphiles [33]
were considered. In order to fully assess the ternary mixture we have followed a systematic program consisting of a
full investigation of the bulk thermodynamics of the three
binary subsystems [30], namely the sphere–needle (SN),
amphiphile–needle (AN), and amphiphile–sphere (AS) mixtures, a study of the pure amphiphilic system adsorbed at
a hard wall [33] and of the free interface in the demixed SN
system [32]. Here we extend the study of [32] and investigate
the free interface of the AN mixture. We then consider the
full ternary amphiphile–sphere–needle (ASN) mixture and
analyze the distribution of amphiphiles in the free interface
between demixed sphere-rich and needle-rich phases when
small concentrations of amphiphile are added.
The paper is organized as follows. In Section 2 we define
the model. In Section 3 we give a description of the density
functional theory and define the order parameters used for
quantitative analysis. In Section 4 we present our results and
in Section 5 we give concluding remarks and present possibilities for future study.

2. The model
We consider a ternary mixture consisting of amphiphiles,
needles, and spheres [30]. Fig. 1 shows a sketch of the mixture. The interaction between particles is infinitely repulsive

Fig. 1. The model ternary mixture consisting of amphiphiles (A), spheres
(S), and needles (N). All interactions are infinitely repulsive for spatial overlaps. The needles are of vanishing thickness and, therefore, have no mutual
interaction. The amphiphile particles are formed by bonding a needle radially to a sphere surface.
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for spatially overlapping configurations and zero otherwise.
The amphiphilic particles consist of a hard sphere of diameter σA and an infinitely thin needle of length LA bonded
radially to the sphere surface. We will henceforth refer to
the sphere as the amphiphile “head” and the bonded needle
as the “tail.” The position vector r which locates the particle is taken to be the center point of the sphere and the
direction of the tail is specified by a unit vector Ω which,
in the planar geometry under consideration, lies at an angle
of θ to the z-axis. When calculating inhomogeneous density
profiles we choose a coordinate system such that θ = 0 corresponds to a particle configuration where the tail points in
the negative z-direction. The needles have length LN and, as
they are of vanishing thickness, have no mutual interaction.
The third species are simple hard spheres of diameter σS . In
order to reduce the number of free parameters we consider
the special case σ ≡ σA = σS , L ≡ LA = LS , and σ = L.
With the size ratios thus specified we are left with three thermodynamic control parameters, ηS ≡ σS3 πρS /6, the packing
fraction of spheres, ηA ≡ σA3 πρA /6, the packing fraction of
the spherical amphiphile heads and the reduced needle density ρ∗ ≡ σN L2N ρN . It is to be emphasized that the theory is
in no way constrained by our choice of size ratios and calculations for other choices of σS , σA , LS , and LA are no more
difficult than for the case we study here.
The model we employ is closely related to that of Bolhuis and Frenkel [29]; in fact the BF model amphiphile is
obtained by simply replacing the needle tail with a mutually noninteracting spherocylinder. The two models become
identical in the limit of vanishing spherocylinder radius.
For nonzero spherocylinder radii the present model is much
more accessible to theoretical analysis than the BF model.
From a conceptual point of view our model is rather different from that of BF, as it is fully additive; the noninteracting
nature of the tails arises as a consequence of the vanishing
thickness. Needle interactions can then be included, if necessary, to second virial level in the spirit of Onsager [34], albeit
at the expense of increased computational complexity [35].

refer the reader to [30]. Numerical minimization of the functional for inhomogeneous situations is performed using standard iterative techniques [32]. In the case of the ternary ASN
mixture we have to minimize the grand potential, Ω, with respect to variation of three inhomogeneous density profiles,
δΩ/δρA (r, Ω) = δΩ/δρN(r, Ω) = δΩ/δρS (r) = 0, where
ρA (r, Ω), ρN (r, Ω), and ρS (r) are the density profiles of
amphiphiles, needles, and spheres, respectively. To obtain
free interface profiles is somewhat easier than in the case
of a discontinuous external potential [33], where the complex nonconvex shape of the model amphiphiles demands a
very careful treatment of the angular discretization.
In order to analyze the behavior of the nonspherical particles we consider two characteristic distributions obtained
from the full profiles ρi (r, Ω), i = A, N. The first is the
orientation-averaged profile which describes the distribution
of the centers of mass,
 2
d Ω
ρ̄i (r) =
(1)
ρi (r, Ω).
4π
The second is an orientational order parameter, which is
different for needles and amphiphiles. For amphiphiles we
consider the average
 2
d Ω
−1
cos θ  = ρ̄A (r)
(2)
ρA (r, Ω) cos θ,
4π
whereas for the needles, due to the inflection symmetry
Ω → −Ω, we use
 2


d Ω
P2 (cos θ ) = ρ̄N (r)−1
(3)
ρN (r, Ω)P2 (cos θ ),
4π

3. Method

4. Results

Density functional theory (DFT) is a powerful tool in the
study of inhomogeneous fluids [36]. We employ the DFT
of [30], which successfully extends Rosenfeld’s fundamental measures theory [37,38] to systems of nonconvex particles with orientational degrees of freedom. Although we
consider only the special case of a ternary mixture, the theory is formulated for a general multicomponent mixture of
spheres, needles, and amphiphiles, with arbitrary size ratios
between species. Within the framework of fundamental measure theory the excess free energy is expressed as the spatial
integral over a function of weighted densities. The weighted
densities are constructed by convolving the equilibrium density profile with geometrically determined weight functions
which are characteristic of the particle shapes. For details we

4.1. Amphiphile–needle binary mixture

where P2 (x) = (3x 2 − 1)/2 is the second Legendre polynomial. For free interface studies of the ternary mixture we set
the coordinate origin (in z) to the position of the Gibbs di0
viding surface for spheres; i.e., −∞ dz (ρs (z) − ρs (−∞)) +
∞
0 dz (ρs (z) − ρs (∞)) = 0. For the AN mixture we fix
the origin according to the Gibbs dividing surface of amphiphiles.

The AN mixture is similar to the SN mixture, with the
important distinction that both species possess orientational
order. The angular distribution of amphiphiles in the interface between demixed phases constitutes the first true test of
the amphiphilic character of the model, beyond the initial indications provided by trends in the bulk phase equilibria [30]
and the structure of the one-component amphiphile system
adsorbed at a hard-wall substrate [33]. Due to the similarity
of the AN and SN binary mixtures we expect there to be a
close correspondence between ρS (r) in the SN mixture and
ρ̄A (r) in the AN mixture. Indeed, the noninteracting character of the amphiphile tails suggests that for fluid states it
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Fig. 2. The bulk fluid–fluid demixing phase diagram of the AN mixture for
L = σ , where L is the tail length and σ is the sphere diameter, as a function
of amphiphile packing fraction ηA and scaled needle reservoir density, ρ∗r .
The tie lines correspond to ρ∗r = 19, 21, 23, 25 (from bottom to top) and
indicate the coexisting states for which we perform detailed studies of the
free interface. The broken line shows the phase boundary of the SN mixture
for comparison, where the horizontal axis denotes the packing fraction of
spheres, ηS .

may be useful to regard the AN mixture as a perturbed SN
mixture.
For simplicity we consider the case LA = LN = σA . It is
convenient to present results in a semi-grand-canonical ensemble in which the amphiphiles are treated canonically but
are coupled to a reservoir of needles at fixed chemical potential. Fig. 2 shows the bulk fluid–fluid binodal in this (ηA , ρ∗r )
plane, where ρ∗r = σN L2N ρNr is the reduced needle density in
the reservoir. For the present size ratio, the critical point of
the AN mixture lies at larger values of ρ∗r than for the equivalent SN mixture with LN = σS . This is an intuitive result,
as the replacement of spheres by amphiphiles suppresses the
tendency to demix. The presence of the amphiphile tails increases the similarity of the two species in the mixture and
thus enhances their miscibility.
We now consider the properties of the planar interface between demixed needle-rich and amphiphile-rich fluid
phases. The four tie-lines in Fig. 2 are located at ρ∗r = 19,
21, 23, and 25 and indicate the states for which we carry
out detailed structural investigation of the interface. In this
(ηA , ρ∗r ) representation the tie lines are horizontal, which is
simply a consequence of coupling the system to a needle
reservoir. The tie lines become skewed in a fully canonical
(ηA , ρ∗ ) representation.
The profiles in Fig. 3a show the angle-averaged density of
amphiphiles through the interface. As anticipated, the profiles closely resemble those of the spheres in the SN mixture
when calculated at equivalent state points. However, the oscillations which occur on the amphiphile-rich side of the
interface for larger values of ρ∗r have larger amplitude than
those seen in the sphere profiles of the SN mixture [35].
Comparison between the binodal curves for the present AN
mixture and the SN mixture shows that, for a given ρ∗r value,
the coexisting sphere liquid density is considerably larger
for the SN mixture than the corresponding amphiphile liquid
density in the AN mixture. We can therefore conclude that

Fig. 3. The angle-averaged density profile of amphiphiles, ρ̄A (z), as a function of the scaled coordinate perpendicular to the interface, z/σ , in the AN
binary mixture. Results are shown for needle reservoir density ρ∗r = 19, 21,
23, 25 corresponding to the state points marked in Fig. 2. The sphere profile
of the SN mixture at ρ∗r = 23 is also shown for comparison. Although the
coexisting sphere liquid is denser than in the corresponding AN mixture, the
oscillations are less pronounced. (b) The orientational order parameter for
amphiphiles, cos θ , as a function of z/σ in the AN binary mixture. The
positive peak demonstrates the tendency for the amphiphile tails to point
into the needle-rich phase.

the enhanced oscillations present in the ρ̄A (r) profile are not
due to simple differences in the bulk phase boundary. Larger
differences between coexisting gas and liquid densities give
rise to a sharper interface and therefore increase packing effects. The fact that the difference in coexisting densities is
smaller in the AN mixture, for a given ρ∗r value, than for
the SN mixture, suggests that the presence of the tails enhances the packing structure of amphiphiles over that of pure
spheres. Indeed, examination of the hard-wall profiles in [33]
gave preliminary evidence that at liquid densities the amphiphile profiles tend to be more structured than their sphere
counterparts. As the crystalline phases of the mixture are not
known, the largest needle reservoir packing we consider is
ρ∗r = 25, for which the coexisting amphiphile liquid lies at
ηA ∼ 0.4. Provided the region of fluid–solid coexistence for
the AN mixture is not substantially different from that of the
SN mixture the state points considered here should all remain safely below the triple point.
Fig. 3b shows the orientational order parameter for amphiphiles, a value of +1 (−1) corresponds to total perpendicular (parallel) alignment of the amphiphile tails with respect to the interface. The state point ρ∗r = 19 lies close to
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Fig. 4. The needle order parameters in the AN mixture as a function
of the scaled coordinate perpendicular to the interface, z/σ . (a) The angle-averaged needle density, ρ̄∗ . (b) The orientational order parameter,
P2 (cos θ ). In both cases we display the needle order parameters for the
SN mixture at ρ∗r = 23 for comparison. Although the magnitude of the orientational ordering is clearly larger in the SN mixture, due to differences in
the bulk phase diagram, the needles exhibit considerably more structure.

the bulk critical point and the interface is diffuse with correspondingly weak orientational order, the maximum value of
cos θ  only reaching ∼0.05. Nevertheless, the amphiphile
tails still display a clear tendency to point into the needlerich phase, even though the spatial density variation is weak.
For larger values of ρ∗r the effect increases significantly. For
ρ∗r = 25, the highest value considered, the peak in the distribution reaches ∼0.25, indicating strong orientational ordering at the interface. These orientational distributions provide
the first indication that our hard body particles can behave as
realistic amphiphiles in the presence of inhomogeneity. On
the amphiphile-rich side of the interface cos θ  shows oscillatory behavior (Fig. 3b), similar to the oscillations in ρ̄A
(Fig. 3a). This suggests a strong coupling between center-ofmass and orientational order.
The needle order parameters, shown in Figs. 4a and 4b,
lend further evidence for increased spatial–orientational coupling in the AN mixture relative to the SN mixture. For a
given value of ρ∗r the magnitude of orientational order in the
SN mixture is significantly larger than in the AN mixture
due to the stiffer interface. However, the oscillatory structure exhibited by the needle profiles in the AN mixture is
much more pronounced than in the SN case.
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Fig. 5. The bulk phase diagram of the ternary ASN mixture. (a) The (ηS , ρ∗r )
plane for a fixed amphiphile chemical potential µA . Dotted line, µA = 0,
solid line, µA = 15, broken line, µA = 18, and dot-dashed line, µA = 20.
(b) The (ηA , ρ∗r ) plane for µA = 15, 18, and 20. In both representations the
tie lines are horizontal.

4.2. The amphiphile distribution at the needle–sphere
interface
We next consider the question of how the amphiphiles are
distributed at the free interface in a demixed SN mixture. In
the following we restrict ourselves to low amphiphile chemical potentials, µA , such that the needle–sphere interface is
only slightly modified by the presence of amphiphiles. We
use µA as a control parameter to vary the number of amphiphilic particles entering the system. In the limit µA =
−∞ we recover the binary SN mixture. The chemical potential is normalized through choice of the thermal wavelength
ΛA such that Λ3A = πσA3 /6, and is expressed in units of thermal energy kB T , where kB is Boltzmann’s constant and T is
the temperature.
In order to fully understand the inhomogeneous ternary
mixture it is first necessary to determine the location of the
phase boundaries of the bulk system. To display the ternary
phase diagrams in the most accessible way we first show the
(ηs , ρ∗r ) plane for a fixed amphiphile chemical potential, µA .
This allows clear identification of the coexisting sphere densities. Fig. 5a shows the (ηs , ρ∗r ) plane for four different values of amphiphile chemical potential µA = 0, 15, 18, and 20.
For values of µA  10 the phase boundary becomes indistinguishable from that of the SN mixture [35] on the scale of
Fig. 5a. For µA = 15 very few amphiphiles enter the system
and the binodal is only slightly perturbed from the pure SN
case. Increasing the amphiphile chemical potential to values
µA > 15 causes a dramatic change in the qualitative shape
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Fig. 6. The bulk phase diagram of the ternary ASN mixture in the (ηS , ρ∗ )
plane at four different values of the amphiphile chemical potential, µA . (a)
µA = 0, which, on the scale of the figure, is indistinguishable from the
pure SN mixture for which µA = −∞, (b) µA = 15, (c) µA = 18, and (d)
µA = 20. As µA is further increased the critical point touches the vertical
axis and then disappears. This signifies phase separation in the AN binary
mixture.

of the binodal, with the critical point shifting to lower values
of ηs . Fig. 5b shows the (ηA , ρ∗r ) plane and gives the coexisting amphiphile density in each phase. For reasons of clarity
we omit the result for µA = 20. In each case the larger of

the two coexisting amphiphile densities corresponds to the
sphere-rich phase, reflecting the fact that the hard-body amphiphiles prefer to mix with spheres than needles, at least for
the size ratios considered here. Fig. 6 shows the same phase
boundaries in the (ηS , ρ∗ ) plane which allows determination
of the coexisting needle densities.
We next consider the distribution of amphiphiles at the
interface of a demixed SN mixture. For the purpose of illustration we display results for the state point ρ∗r = 23,
µA = 18, which is well away from the critical point and
thus ensures a sizable difference in coexisting sphere densities. The value of µA = 18 is sufficiently large to ensure
that a reasonable number of amphiphiles can enter the system without modifying the bulk phase boundaries strongly.
Fig. 7a shows the sphere profile, Fig. 7b the angleaveraged needle density, and Fig. 7c the needle orientational
order parameter. All three profiles lie close to those of the
pure SN mixture being only weakly perturbed by the presence of amphiphiles. The needles order perpendicular to the
interface on the needle-rich side and parallel on the sphererich side. While the parallel ordering is a rather trivial packing effect the perpendicular ordering is more interesting and
reflects the tendency of the needles to poke through the gaps
in the effective wall of spheres. The fact that our theoretical
approach can capture the perpendicular order illustrates the
level of sophistication of the fundamental measures method
in accounting for subtle packing effects in hard-particle systems.
Fig. 7d shows the angle-averaged amphiphile density profile. The amphiphiles show a clear tendency to agglomerate
at the SN interface with a peak in the amphiphile density
which approaches twice the bulk value in the sphere-rich
phase. By increasing ρ∗r to values greater than the ρ∗r = 23
considered here we find that the peak in amphiphile density
at the interface becomes increasingly pronounced, relative to
the bulk amphiphile densities. However, such states could be
metastable with respect to possible crystalline phases.
Fig. 7e shows the orientational order parameter of amphiphiles. The strong positive peak in this quantity represents a key result of this work and clearly demonstrates that
our model amphiphiles undergo ordering in the interfacial
region which mimics that observed in real amphiphilic systems. The peak reaches a value of ∼0.25 indicating that
this is a strong effect. Recall that a value of unity corresponds to a delta-distribution of amphiphile orientations at
θ = 0. Indeed, the orientational ordering of the amphiphiles
is an order of magnitude larger than that of needles. The
peak located at z/σ ∼ −0.4 approximately corresponds to
the Gibbs dividing surface of amphiphiles. Recall that we
define our origin according to the Gibbs dividing surface
of spheres. The orientational order parameter also presents
a “shoulder” feature at z/σ ∼ 0.75 which corresponds to
the peak in the average density. In the absence of excess
amphiphile adsorption at the interface the orientational order would decay into the bulk phases on either side of the
dividing surface with similar decay lengths. However, the
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Fig. 7. Order parameter profiles of the ASN ternary mixture for ρ∗r = 23 and µA = 18. (a), (b), and (c) show the sphere density, the angle-averaged needle
density, and the orientational order parameter, respectively, as a function of scaled distance along the z-axis. Due to the low amphiphile density in the system
all three profiles lie close to those in the SN system. The angle-averaged amphiphile density profile, (d), exhibits a well-defined peak which reflects the
agglomeration of amphiphiles at the interface. The positive value of the orientational order parameter of amphiphiles, (e), indicates that the amphiphiles
collected at the interface have tails which point preferentially into the needle-rich phase.

agglomeration of amphiphiles on the sphere-rich side of the
interface increases the penetration of parallel order into the
sphere-rich phase. Preliminary results suggest that for larger
values of ρ∗r there is an increase in both the height of the
peak in the orientational order parameter and the extent of
the shoulder feature. It might be intuitively expected that
larger ρ∗r values would lead to a thinner layer of orientational
ordering due to the increasing sharpness of the interface.
However, the competition between the effects of increasing
interfacial sharpness and increasing agglomeration of amphiphiles at the interface renders the thickness of the spatial
orientation layer a nontrivial quantity.

5. Discussion
We have shown that a simple entropic model can successfully reproduce the phenomenology of amphiphilic particles

at planar free interfaces. In the case of the demixed AN binary mixture the amphiphiles in the interfacial region tend
to order perpendicular to the interface with tails which point
preferentially into the needle-rich phase. In the ternary ASN
mixture, when the density of amphiphiles is small, the amphiphiles agglomerate at the interface between sphere-rich
and needle-rich phases, where they exhibit strong orientational ordering reminiscent of real amphiphilic systems. Although we consider an idealized model we believe that our
qualitative findings are robust to perturbation and hope that
our work will motivate future experimental studies of colloidal amphiphiles. The tunable nature of the interactions in
colloidal systems, together with their experimental accessibility, has shed light on several fundamental aspects of liquid
state physics which could not be addressed in atomic systems. By regarding colloids as model atoms one can take advantage of the increased length and time scales to investigate
basic phenomena and test microscopic theories. Some exam-

502

J.M. Brader, M. Schmidt / Journal of Colloid and Interface Science 281 (2005) 495–502

ples of the success of this approach are the clarification of the
role of attraction in the formation of stable liquid–vapor coexistence [15,16,25], increased understanding of the kinetics
of crystallization [39] and, most recently, the successful verification of capillary wave theory by direct observation of
thermally excited fluctuations of the free interface [40]. We
suggest that similar insight into amphiphilic behavior may
be gained from the study of colloidal amphiphilic systems.
The results presented here are very encouraging but it remains an open question as to whether our model amphiphiles
are sufficient to stabilize higher level inhomogeneous structures. Perhaps the most likely structures to be formed by
our model amphiphiles are spherical micelles. When a low
concentration of amphiphile particles is added to a pure
system of needles, a depletion attraction acts between the
amphiphile heads, which leads to clustering. The orientational preference shown by the amphiphiles at the free AN
interface, see Fig. 3, suggests that amphiphiles arriving at
an existing cluster will tend to orient with tails pointing
away from the center of mass, thus forming a micelle rather
than an inverse micelle. The formation of such micelles and
higher structures such as bilayer membranes or vesicles has
been carried out for a phenomenological amphiphile model
in [41] and it seems intuitive that similar effects could be
presented by our microscopic model. Such an investigation
would provide a natural extension of the present work.
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