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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 nee
dially to a hard-sphere head group. Such particles provide a natural amphiphile when added to a binary mixture of spheres and nee
interactions are hard, we seek to find whetheramphiphilic effects can be driven by entropy without the need to invoke attractive interaction
In order to assess the amphiphilic character of the model we first examine the spatial and orientational distribution of the amphiph
free interface between demixed needle-rich and amphiphile-rich fluid phases of the binary amphiphile–needle subsystem. We the
the free interface between sphere-rich and needle-rich phases upon adding amphiphiles with low concentration to the demixed
both cases the orientational distribution of the particles in the interface provides strong evidence that amphiphilic properties can a
from geometrical packing effects.
 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Amphiphilic molecules are characterized by a hydrophili
head group and a hydrophobic tail. The preferential
sorption of amphiphiles at oil–water interfaces facilita
phase separation and thus gives rise to numerous indu
and domestic applications. It is generally accepted that a
tractive interactions play a large role in both driving a
stabilizing amphiphilic order.The coupling between attrac
tive forces and the intrinsic particle geometry produces
spatial and orientational distributions characteristic of a
phiphilic systems. However, it is not clear whether attrac
interactions are a fundamental requirement to reprod
the phenomenology of amphiphilic systems, or whether
traction simply provides a stabilizing mechanism for
essentially entropic phenomenon. In this paper we see
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clarify this point by investigating the properties of a mod
entropic amphiphile system in the presence of inhomog
ity. Our study is not only of interest from a pure statistic
mechanics point of view; with the increasing experimen
accessibility of colloidal systems, in which energetic effe
can be largely suppressed, come realistic possibilities fo
the study of hard-body amphiphiles. Significant advan
have been made in the fabrication of colloidal particles w
more complex geometry by the adhesion of simpler c
loidal particles. A report of experimental progress in
study of such “colloidal molecules” can be found in[1] in
which the authors construct composite particles by bond
spheres together into doublet, triplet, and tetrahedral c
ters.

We pose the simple question: Can amphiphilic effe
arise solely from the geometrical properties of the pa
cles? That entropy could drive amphiphilic behavior d
not seem unreasonable; many of the phenomena usual
sociated with attractive interactions, such as phase se
tion [2–5] or wetting at substrates[6–11], have been ob
served in entropic systems. It is well established that sim
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hard spheres provide a good model of certain suspensio
spherical colloids; however, hard-particle models can als
useful in accounting for the behavior of considerably m
complex soft-matter systems. One of the early example
this approach originated in the 1954 paper of Asakura
Oosawa, where they proposed a mechanism by whic
effective attraction could arise between two large sphe
colloidal particles immersed in a sea of rigid, but mutua
interpenetrable, macromolecules, the now familiar “de
tion attraction”[12]. In a subsequent work Asakura and O
sawa considered the depletion attraction as a possible m
anism for the aggregation of colloids in colloid–polym
mixtures[13]. In 1976 Vrij independently proposed the sa
mechanism for aggregation and defined an explicit mo
Hamiltonian for a colloid–polymer mixture, now termed t
Asakura–Oosawa–Vrij or simply the AO model[14]. This
model is a binary hard-sphere mixture in which the mu
interaction between molecules of one of the species is s
equal to zero in order to mimic the behavior of spher
polymer coils at low concentration or theta point conditio
Despite the simplicity of the interactions this model provid
a reasonable description of the bulk fluid–fluid phase sep
tion observed in real colloid–polymer mixtures[3–5,15,16]
and predicts a rich variety of inhomogeneous phenomen[6,
17,18], some of which have been observed in experim
[7–10] and in simulations[19]. In a similar spirit, Bolhuis
and Frenkel (BF) proposed a model for a binary mixture
spheres and rodlike particles[20] which played an impor
tant role in motivating a number of subsequent experime
studies[2,21–23]. The spherical colloids are again mode
as hard spheres and the rodlike particles are taken t
infinitely thin needles of a given length. The bulk phase
havior predicted by this model is found to agree favora
with that of real colloidal rod–sphere mixtures[2,24]. Due
to the simple nature of the interparticle interactions, accu
rate approximate theories have been constructed for bot
AO and BF rod–sphere models. A good description of
bulk-phase equilibria is given by free-volume theory[20,24,
25] whereas inhomogeneous situations can be succes
treated using modern developments in density functio
theory[26–28].

As a simple model for an amphiphilic system Bolh
and Frenkel considered amphiphilic particles constructe
bonding a hard-sphere “head group” to a spherocylin
“tail” [29]. The tails are taken to be mutually noninteract
but retain a hard repulsion with respect to the head gr
The behavior of these model particles was found to mi
that of real amphiphiles when they are immersed in a se
hard spheres. The most recent model in this hierarchy,
the subject of the present study, is a generalization of
sphere–needle model to a ternary mixture of amphiph
spheres and needles[30], in which amphiphile particles ar
constructed by radially bonding a needle to a sphere sur
The use of needles rather than spherocylinders make
model amenable to theoretical analysis which is, at pres
not possible for the BF model amphiphiles. For a recen
f
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view of hard-particle models we refer the reader to[31].
Despite the simplicity of our model amphiphiles an exp
imental realization still presents a considerable challe
Spherical PMMA, polystyrene, or silica particles all pr
vide a good approximation to idealized hard spheres and
boehmite rods coated with silica have properties simila
our ideal needles. Fusion of these existing particles wo
well approximate our amphiphilic particles.

In this paper we investigate the distribution of ha
body amphiphilic particles at the interface between two fl
phases. We both extend and draw connections between
vious studies in which the free interface between dem
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 m
ture we have followed a systematic program consisting
full investigation of the bulk thermodynamics of the thr
binary subsystems[30], namely the sphere–needle (SN
amphiphile–needle (AN), and amphiphile–sphere (AS) m
tures, a study of the pure amphiphilic system adsorbe
a hard wall[33] and of the free interface in the demixed S
system[32]. Here we extend the study of[32] and investigate
the free interface of the AN mixture. We then consider
full ternary amphiphile–sphere–needle (ASN) mixture a
analyze the distribution of amphiphiles in the free interf
between demixed sphere-richand needle-rich phases wh
small concentrations of amphiphile are added.

The paper is organized as follows. In Section2 we define
the model. In Section3 we give a description of the densi
functional theory and define the order parameters use
quantitative analysis. In Section4 we present our results an
in Section5 we give concluding remarks and present po
bilities for future study.

2. The model

We consider a ternary mixture consisting of amphiphi
needles, and spheres[30]. Fig. 1shows a sketch of the mix
ture. The interaction between particles is infinitely repuls

Fig. 1. The model ternary mixture consisting of amphiphiles (A), sphere
(S), and needles (N). All interactions are infinitely repulsive for spatial o
laps. The needles are of vanishing thickness and, therefore, have no m
interaction. The amphiphile particles are formed by bonding a needle ra
ally to a sphere surface.
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The amphiphilic particles consist of a hard sphere of dia
eterσA and an infinitely thin needle of lengthLA bonded
radially to the sphere surface. We will henceforth refer
the sphere as the amphiphile “head” and the bonded ne
as the “tail.” The position vectorr which locates the par
ticle is taken to be the center point of the sphere and
direction of the tail is specified by a unit vectorΩ which,
in the planar geometry under consideration, lies at an a
of θ to thez-axis. When calculating inhomogeneous dens
profiles we choose a coordinate system such thatθ = 0 cor-
responds to a particle configuration where the tail point
the negativez-direction. The needles have lengthLN and, as
they are of vanishing thickness, have no mutual interact
The third species are simple hard spheres of diameterσS. In
order to reduce the number of free parameters we con
the special caseσ ≡ σA = σS, L ≡ LA = LS, andσ = L.
With the size ratios thus specified we are left with three th
modynamic control parameters,ηS ≡ σ 3

SπρS/6, the packing
fraction of spheres,ηA ≡ σ 3

AπρA/6, the packing fraction o
the spherical amphiphile heads and the reduced needle
sity ρ∗ ≡ σNL2

NρN. It is to be emphasized that the theory
in no way constrained by our choice of size ratios and ca
lations for other choices ofσS, σA, LS, andLA are no more
difficult than for the case we study here.

The model we employ is closely related to that of B
huis and Frenkel[29]; in fact the BF model amphiphile i
obtained by simply replacing the needle tail with a mu
ally noninteracting spherocylinder. The two models beco
identical in the limit of vanishing spherocylinder radiu
For nonzero spherocylinder radii the present model is m
more accessible to theoretical analysis than the BF mo
From a conceptual point of view our model is rather diff
ent from that of BF, as it is fully additive; the noninteracti
nature of the tails arises as a consequence of the vanis
thickness. Needle interactionscan then be included, if nece
sary, to second virial level in the spirit of Onsager[34], albeit
at the expense of increased computational complexity[35].

3. Method

Density functional theory (DFT) is a powerful tool in th
study of inhomogeneous fluids[36]. We employ the DFT
of [30], which successfully extends Rosenfeld’s fundam
tal measures theory[37,38] to systems of nonconvex pa
ticles with orientational degrees of freedom. Although
consider only the special case of a ternary mixture, the
ory is formulated for a general multicomponent mixture
spheres, needles, and amphiphiles, with arbitrary size r
between species. Within the framework of fundamental m
sure theory the excess free energy is expressed as the s
integral over a function of weighted densities. The weigh
densities are constructed by convolving the equilibrium d
sity profile with geometrically determined weight functio
which are characteristic of the particle shapes. For detail
r

-

g

al

refer the reader to[30]. Numerical minimization of the func
tional for inhomogeneous situations is performed using s
dard iterative techniques[32]. In the case of the ternary AS
mixture we have to minimize the grand potential,Ω , with re-
spect to variation of three inhomogeneous density profi
δΩ/δρA(r,Ω) = δΩ/δρN(r,Ω) = δΩ/δρS(r) = 0, where
ρA(r,Ω), ρN(r,Ω), andρS(r) are the density profiles o
amphiphiles, needles, and spheres, respectively. To obtai
free interface profiles is somewhat easier than in the
of a discontinuous external potential[33], where the com-
plex nonconvex shape of the model amphiphiles deman
very careful treatment of the angular discretization.

In order to analyze the behavior of the nonspherical p
ticles we consider two characteristic distributions obtai
from the full profilesρi(r,Ω), i = A,N. The first is the
orientation-averaged profile which describes the distribu
of the centers of mass,

(1)ρ̄i (r) =
∫

d2Ω

4π
ρi(r,Ω).

The second is an orientational order parameter, whic
different for needles and amphiphiles. For amphiphiles
consider the average

(2)〈cosθ〉 = ρ̄A(r)−1
∫

d2Ω

4π
ρA(r,Ω)cosθ,

whereas for the needles, due to the inflection symm
Ω → −Ω, we use

(3)
〈
P2(cosθ)

〉 = ρ̄N(r)−1
∫

d2Ω

4π
ρN(r,Ω)P2(cosθ),

whereP2(x) = (3x2 − 1)/2 is the second Legendre polyn
mial. For free interface studies of the ternary mixture we
the coordinate origin (inz) to the position of the Gibbs di
viding surface for spheres; i.e.,

∫ 0
−∞ 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 am
phiphiles.

4. Results

4.1. Amphiphile–needle binary mixture

The AN mixture is similar to the SN mixture, with th
important distinction that both species possess orientati
order. The angular distribution of amphiphiles in the int
face between demixed phases constitutes the first true te
the amphiphilic character of the model, beyond the initial in
dications provided by trends in the bulk phase equilibria[30]
and the structure of the one-component amphiphile sys
adsorbed at a hard-wall substrate[33]. Due to the similarity
of the AN and SN binary mixtures we expect there to b
close correspondence betweenρS(r) in the SN mixture and
ρ̄A(r) in the AN mixture. Indeed, the noninteracting ch
acter of the amphiphile tails suggests that for fluid state
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Fig. 2. The bulk fluid–fluid demixingphase diagram of the AN mixture fo
L = σ , whereL is the tail length andσ is the sphere diameter, as a functi
of amphiphile packing fractionηA and scaled needle reservoir density,ρr∗ .
The tie lines correspond toρr∗ = 19, 21, 23, 25 (from bottom to top) an
indicate the coexisting states for which we perform detailed studies o
free interface. The broken line shows the phase boundary of the SN m
for comparison, where the horizontalaxis denotes the packing fraction
spheres,ηS.

may be useful to regard the AN mixture as a perturbed
mixture.

For simplicity we consider the caseLA = LN = σA. It is
convenient to present results in a semi-grand-canonica
semble in which the amphiphiles are treated canonically
are coupled to a reservoir of needles at fixed chemical po
tial. Fig. 2shows the bulk fluid–fluid binodal in this(ηA, ρr∗)
plane, whereρr∗ = σNL2

Nρr
N is the reduced needle density

the reservoir. For the present size ratio, the critical poin
the AN mixture lies at larger values ofρr∗ than for the equiv-
alent SN mixture withLN = σS. This is an intuitive result
as the replacement of spheres by amphiphiles suppress
tendency to demix. The presence of the amphiphile tails
creases the similarity of the two species in the mixture
thus enhances their miscibility.

We now consider the properties of the planar in
face between demixed needle-rich and amphiphile-rich fl
phases. The four tie-lines inFig. 2 are located atρr∗ = 19,
21, 23, and 25 and indicate the states for which we c
out detailed structural investigation of the interface. In t
(ηA, ρr∗) representation the tie lines are horizontal, which
simply a consequence of coupling the system to a ne
reservoir. The tie lines become skewed in a fully canon
(ηA, ρ∗) representation.

The profiles inFig. 3a show the angle-averaged density
amphiphiles through the interface. As anticipated, the
files closely resemble those of the spheres in the SN mix
when calculated at equivalent state points. However, the
cillations which occur on the amphiphile-rich side of t
interface for larger values ofρr∗ have larger amplitude tha
those seen in the sphere profiles of the SN mixture[35].
Comparison between the binodal curves for the presen
mixture and the SN mixture shows that, for a givenρr∗ value,
the coexisting sphere liquid density is considerably lar
for the SN mixture than the corresponding amphiphile liq
density in the AN mixture. We can therefore conclude t
-

-

e

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

the enhanced oscillations present in theρ̄A(r) profile are not
due to simple differences in the bulk phase boundary. La
differences between coexisting gas and liquid densities
rise to a sharper interface and therefore increase packing e
fects. The fact that the difference in coexisting densitie
smaller in the AN mixture, for a givenρr∗ value, than for
the SN mixture, suggests that the presence of the tails
hances the packing structure of amphiphiles over that of
spheres. Indeed, examination of the hard-wall profiles in[33]
gave preliminary evidence that at liquid densities the
phiphile profiles tend to be more structured than their sp
counterparts. As the crystalline phases of the mixture are n
known, the largest needle reservoir packing we consid
ρr∗ = 25, for which the coexisting amphiphile liquid lies
ηA ∼ 0.4. Provided the region of fluid–solid coexistence
the AN mixture is not substantially different from that of t
SN mixture the state points considered here should al
main safely below the triple point.

Fig. 3b shows the orientational order parameter for a
phiphiles, a value of+1 (−1) corresponds to total perpe
dicular (parallel) alignment of the amphiphile tails with r
spect to the interface. The state pointρr∗ = 19 lies close to
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Fig. 4. The needle order parameters in the AN mixture as a func
of the scaled coordinate perpendicular to the interface,z/σ . (a) The an-
gle-averaged needle density,ρ̄∗ . (b) The orientational order paramete
〈P2(cosθ)〉. In both cases we display the needle order parameters fo
SN mixture atρr∗ = 23 for comparison. Although the magnitude of the o
entational ordering is clearly larger in the SN mixture, due to difference
the bulk phase diagram, the needles exhibit considerably more structu

the bulk critical point and the interface is diffuse with cor
spondingly weak orientational order, the maximum value
〈cosθ〉 only reaching∼0.05. Nevertheless, the amphiph
tails still display a clear tendency to point into the need
rich phase, even though the spatial density variation is w
For larger values ofρr∗ the effect increases significantly. F
ρr∗ = 25, the highest value considered, the peak in the di
bution reaches∼0.25, indicating strong orientational orde
ing at the interface. These orientational distributions provide
the first indication that our hard body particles can behav
realistic amphiphiles in the presence of inhomogeneity.
the amphiphile-rich side of the interface〈cosθ〉 shows os-
cillatory behavior (Fig. 3b), similar to the oscillations in̄ρA

(Fig. 3a). This suggests a strong coupling between cente
mass and orientational order.

The needle order parameters, shown inFigs. 4a and4b,
lend further evidence for increased spatial–orientational c
pling in the AN mixture relative to the SN mixture. For
given value ofρr∗ the magnitude of orientational order in th
SN mixture is significantly larger than in the AN mixtu
due to the stiffer interface. However, the oscillatory str
ture exhibited by the needle profiles in the AN mixture
much more pronounced than in the SN case.
Fig. 5. The bulk phase diagram of the ternary ASN mixture. (a) The(ηS, ρr∗)

plane for a fixed amphiphile chemical potentialµA. Dotted line,µA = 0,
solid line,µA = 15, broken line,µA = 18, and dot-dashed line,µA = 20.
(b) The(ηA , ρr∗) plane forµA = 15, 18, and 20. In both representations
tie lines are horizontal.

4.2. The amphiphile distribution at the needle–sphere
interface

We next consider the question of how the amphiphiles
distributed at the free interface in a demixed SN mixture
the following we restrict ourselves to low amphiphile che
ical potentials,µA, such that the needle–sphere interfac
only slightly modified by the presence of amphiphiles.
useµA as a control parameter to vary the number of a
phiphilic particles entering the system. In the limitµA =
−∞ we recover the binary SN mixture. The chemical pot
tial is normalized through choice of the thermal wavelen
ΛA such thatΛ3

A = πσ 3
A/6, and is expressed in units of the

mal energykBT , wherekB is Boltzmann’s constant andT is
the temperature.

In order to fully understand the inhomogeneous tern
mixture it is first necessary to determine the location of
phase boundaries of the bulk system. To display the ter
phase diagrams in the most accessible way we first show
(ηs, ρ

r∗) plane for a fixed amphiphile chemical potential,µA.
This allows clear identification of the coexisting sphere d
sities.Fig. 5a shows the(ηs, ρ

r∗) plane for four different val-
ues of amphiphile chemical potentialµA = 0, 15, 18, and 20
For values ofµA � 10 the phase boundary becomes indis
guishable from that of the SN mixture[35] on the scale o
Fig. 5a. ForµA = 15 very few amphiphiles enter the syste
and the binodal is only slightly perturbed from the pure
case. Increasing the amphiphilechemical potential to value
µA > 15 causes a dramatic change in the qualitative sh
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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
pure SN mixture for whichµA = −∞, (b) µA = 15, (c)µA = 18, and (d)
µA = 20. AsµA is further increased the critical point touches the vert
axis and then disappears. This signifies phase separation in the AN binary
mixture.

of the binodal, with the critical point shifting to lower valu
of ηs. Fig. 5b shows the(ηA, ρr∗) plane and gives the coexis
ing amphiphile density in each phase. For reasons of cl
we omit the result forµA = 20. In each case the larger
the two coexisting amphiphiledensities corresponds to th
sphere-rich phase, reflecting the fact that the hard-body
phiphiles prefer to mix with spheres than needles, at leas
the size ratios considered here.Fig. 6shows the same pha
boundaries in the(ηS, ρ∗) plane which allows determinatio
of the coexisting needle densities.

We next consider the distribution of amphiphiles at
interface of a demixed SN mixture. For the purpose o
lustration we display results for the state pointρr∗ = 23,
µA = 18, which is well away from the critical point an
thus ensures a sizable difference in coexisting sphere
sities. The value ofµA = 18 is sufficiently large to ensur
that a reasonable number of amphiphiles can enter the
tem without modifying the bulk phase boundaries strong

Fig. 7a shows the sphere profile,Fig. 7b the angle-
averaged needle density, andFig. 7c the needle orientationa
order parameter. All three profiles lie close to those of
pure SN mixture being only weakly perturbed by the pr
ence of amphiphiles. The needles order perpendicular t
interface on the needle-rich side and parallel on the sph
rich side. While the parallel ordering is a rather trivial pa
ing effect the perpendicular ordering is more interesting an
reflects the tendency of the needles to poke through the
in the effective wall of spheres. The fact that our theoret
approach can capture the perpendicular order illustrate
level of sophistication of the fundamental measures me
in accounting for subtle packing effects in hard-particle s
tems.

Fig. 7d shows the angle-averaged amphiphile density
file. The amphiphiles show a clear tendency to agglome
at the SN interface with a peak in the amphiphile den
which approaches twice the bulk value in the sphere-
phase. By increasingρr∗ to values greater than theρr∗ = 23
considered here we find that the peak in amphiphile den
at the interface becomes increasingly pronounced, relati
the bulk amphiphile densities. However, such states cou
metastable with respect to possible crystalline phases.

Fig. 7e shows the orientational order parameter of a
phiphiles. The strong positive peak in this quantity rep
sents a key result of this work and clearly demonstrates
our model amphiphiles undergo ordering in the interfa
region which mimics that observed in real amphiphilic s
tems. The peak reaches a value of∼0.25 indicating that
this is a strong effect. Recall that a value of unity cor
sponds to a delta-distribution of amphiphile orientation
θ = 0. Indeed, the orientational ordering of the amphiph
is an order of magnitude larger than that of needles.
peak located atz/σ ∼ −0.4 approximately corresponds
the Gibbs dividing surface ofamphiphiles. Recall that w
define our origin according to the Gibbs dividing surfa
of spheres. The orientational order parameter also pre
a “shoulder” feature atz/σ ∼ 0.75 which corresponds t
the peak in the average density. In the absence of ex
amphiphile adsorption at the interface the orientationa
der would decay into the bulk phases on either side of
dividing surface with similar decay lengths. However,
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Fig. 7. Order parameter profiles of the ASN ternary mixture forρr∗ = 23 andµA = 18. (a), (b), and (c) show the sphere density, the angle-averaged n
density, and the orientational order parameter, respectively, as a function of scaled distance along thez-axis. Due to the low amphiphile density in the syste
all three profiles lie close to those in the SN system. The angle-averaged amphiphile density profile, (d), exhibitsa 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.
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agglomeration of amphiphiles on the sphere-rich side of
interface increases the penetration of parallel order into
sphere-rich phase. Preliminary results suggest that for la
values ofρr∗ there is an increase in both the height of
peak in the orientational order parameter and the exten
the shoulder feature. It might be intuitively expected t
largerρr∗ values would lead to a thinner layer of orientation
ordering due to the increasing sharpness of the interf
However, the competition between the effects of increas
interfacial sharpness and increasing agglomeration of
phiphiles at the interface renders the thickness of the sp
orientation layer a nontrivial quantity.

5. Discussion

We have shown that a simple entropic model can succ
fully reproduce the phenomenology of amphiphilic particles
r

.

l

-

at planar free interfaces. In the case of the demixed AN
nary mixture the amphiphiles in the interfacial region te
to order perpendicular to the interface with tails which po
preferentially into the needle-rich phase. In the ternary A
mixture, when the density of amphiphiles is small, the a
phiphiles agglomerate at the interface between sphere
and needle-rich phases, where they exhibit strong orie
tional ordering reminiscent of real amphiphilic systems.
though we consider an idealized model we believe that
qualitative findings are robust to perturbation and hope
our work will motivate future experimental studies of co
loidal amphiphiles. The tunable nature of the interaction
colloidal systems, together with their experimental access
bility, has shed light on several fundamental aspects of liq
state physics which could not be addressed in atomic
tems. By regarding colloids as model atoms one can take
vantage of the increased length and time scales to invest
basic phenomena and test microscopic theories. Some e
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ples of the success of this approach are the clarification o
role of attraction in the formation of stable liquid–vapor c
existence[15,16,25], increased understanding of the kinet
of crystallization[39] and, most recently, the successful v
ification of capillary wave theory by direct observation
thermally excited fluctuations of the free interface[40]. We
suggest that similar insight into amphiphilic behavior m
be gained from the study of colloidal amphiphilic system

The results presented here arevery encouraging but it re
mains an open question as to whether our model amphip
are sufficient to stabilize higher level inhomogeneous st
tures. Perhaps the most likely structures to be formed
our model amphiphiles are spherical micelles. When a
concentration of amphiphile particles is added to a p
system of needles, a depletion attraction acts between th
amphiphile heads, which leads to clustering. The orienta
tional preference shown by the amphiphiles at the free
interface, seeFig. 3, suggests that amphiphiles arriving
an existing cluster will tend to orient with tails pointin
away from the center of mass, thus forming a micelle ra
than an inverse micelle. The formation of such micelles
higher structures such as bilayer membranes or vesicle
been carried out for a phenomenological amphiphile mo
in [41] and it seems intuitive that similar effects could
presented by our microscopic model. Such an investiga
would provide a natural extension of the present work.
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