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A lattice model Monte Carlo study of coil-to-globule and other
conformational transitions of polymer, amphiphile, and solvent
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and Kenneth A. Dawsona)
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A model of polymer-amphiphile-solvent systems on a cubic lattice is used to investigate the phase
diagram of such systems. The polymer is treated within the canonical ensemble (T,V,N) and the
amphiphile and solvent are treated within the grand canonical ensemble (T,V,m). Using a range of
Monte Carlo moves the phase diagram of polymer-amphiphile-solvent mixtures, as a function of
solvent quality~parametrized byx! and relative chemical potential,m, is studied for the dilute
polymer limit. The effect of increasing the polymer chain length,N, on the critical aggregation
concentration~CAC!, and the type of polymer-amphiphile complex formed above the CAC are also
examined. For some parameters, it is found that the polymer and amphiphile form a polymer-micelle
complex at low amphiphile concentrations, and that the polymer coil-to-globule transition point
increases with increasing amphiphile concentration. The resulting collapsed globule has a solvent
core and is surrounded by a layer of amphiphile. These results are in good qualitative agreement
with experimental results for the poly~N-isopropylacrylamide! ~PNIPAM!/sodium dodecyl sulfate
~SDS! system. At higher amphiphile concentrations, the polymer and amphiphile form several
layered structures depending on the strength of the three-body amphiphilic interactions,l. Finally,
the effect of the polymer chain length,N, and the strength of the three-body amphiphilic
interactions,l, on the stability of the polymer-amphiphile structures is investigated. ©2000
American Institute of Physics.@S0021-9606~00!51817-0#
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I. INTRODUCTION

The coil-to-globule transition of polymers has been e
tensively studied for many reasons and also as a sim
model for protein folding. Theoretical investigations
Flory,1 Huggins,2 de Gennes3–5 and many others6–11 have
shown that polymer conformation depends on solvent qua
and other conditions such as temperature. In a good sol
the repulsive monomer–monomer interactions dominate
the polymer is a Flory coil. In a poor solvent attractiv
monomer–monomer interactions dominate and the poly
collapses and phase separates to a dilute phase of iso
collapsed globules and a concentrated phase of a poly
aggregates, though ultimately the actual situation depend
the experimental details. The coil-to-globule transition h
been studied experimentally for a number of homopolym
including polystryene ~PS!, poly~N-isopropylacrylamide!
~PNIPAM!, and poly~N-isopropylmethylacrylamide!
~PNIPMAM!.12–16Computer simulations17–22have also been
used extensively to study the different aspects of the tra
tion and the properties of the coil and globule.

Experimentally, one is restricted to solutions of e
tremely dilute polymer concentrations when studying
coil-to-globule transition as phase aggregation is a probl
Amphiphiles increase the solubility of polymers and ha
been widely used to prevent aggregation in dilute polym
solutions. Schild and Tirrell23,24 and Karlstromet al.25 have
performed systematic studies of the effect of amphiphiles

a!Author to whom correspondence should be addressed.
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the solubility of poly~N-isopropylacrylamide! ~PNIPAM!
and polyethyleneoxide~PEO!, respectively. Recently, ex
perimental and theoretical interest26–37 has been focused o
the coil-to-globule transition of polymers in the presence
amphiphile. It has been found that the critical temperature
which a nonionic polymer, such as polyethyleneoxide~PEO!
or poly~N-isopropylacrylamide! ~PNIPAM! in aqueous solu-
tion undergoes the coil-to-globule transition, increases w
increasing amphiphile concentration.25,26

In this paper, we begin by examining the dilute am
phiphile regime for an isolated polymer chain. It is we
known that amphiphiles bind to polymers to form mixe
polymer-amphiphile aggregates at quite low amphiphile c
centration~critical aggregation concentration, CAC!. How-
ever, there has been much debate on the type of polym
amphiphile complex formed at the critical aggregati
concentration~CAC!. There are two main models of th
polymer-amphiphile mixed aggregate: the necklace mo
proposed by Cabane38,39 where the polymer binds to the po
lar heads of a micelle in a ‘‘loopy’’ configuration, and th
Kokufuto model31 where the polymer backbone is incorp
rated into the core of the micelle. Walteret al.26 proposed a
third model for the poly~N-isopropylacrylamide! ~PNIPAM!/
sodium dodecyl sulfate~SDS! system where two types o
micelles are formed: bound micelles where the polym
backbone is incorporated into the micelle core and quasi-
micelles. Using a hybrid Monte Carlo scheme, we exam
the type of polymer-amphiphile complex formed at the CA
1 © 2000 American Institute of Physics
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and the effect of increasing the amphiphile concentration
the polymer coil-to-globule transition.

We have previously40,41 investigated the types o
polymer-amphiphile structures formed as a function of a
phiphile concentration and amphiphilic strength. We ha
shown that the amphiphile self-assembles and incorpor
the polymer into a variety of ‘‘layered’’ structures dependi
on the concentrations of polymer and amphiphile, the po
mer chain length~N! and the strength of the three-body am
phiphilic interactions (l 5L/kBT). Here, we investigate the
regions of stability of the polymer-amphiphile structures a
function of solvent quality,x. Throughout the paper we com
pared our results to the relevant experimental and theore
results where possible.

II. MODEL AND METHOD

We model ternary mixtures of solvent~s!, amphiphile
~a! and polymer~m! on a lattice using a hybrid Monte Carl
scheme.40 The solution is incompressible so that every s
on the lattice is occupied. The total number of monom
(Nm) is constant as the degree of polymerization~N! and the
number of polymer chains~M! are fixed. The polymer is
therefore treated in a canonical ensemble (T,V,N). The
number of solvent and amphiphile molecules may vary a
are treated in a grand canonical ensemble (T,V,m). Our
model for polymer-amphiphile-solvent mixtures is defin
by the Hamiltonian

Hm[H2mNa , ~1!

H52(̂
i j &

w~r i j !I sisj
2 (

~ i jk !
I sisj sk

, ~2!

where i, j, k enumerate the lattice sites, andsi denotes the
contents of thei th site.I sisj

represents the two-body intera
tions where I mm, I ms, I ma , I aa , I ss, I as are the
monomer–monomer, monomer–solvent, monome
amphiphile, amphiphile–amphiphile, solvent–solvent, a
amphiphile–solvent two-body interactions, respectively. T
distance between sitesi and j is denoted asr i j 5urW i2rW j u.
Short range interactions are introduced by the funct
w(r i j ) with the properties;w(1b)51, w(&b)51, w()b)
50.75, w(2b)50.5, and w(r i j )50 for r i j .Rmax52b,
whereb is the unit spacing of the lattice. The linear thre
body interaction parameter,I sisj sk

, can take on values of1L

for the favorable monomer–amphiphile–solvent~mas! inter-
actions, 2L for the unfavorable monomer–amphiphile
monomer~mam!, and solvent–amphiphile–solvent~sas! in-
teractions and zero otherwise. Herem5ma2ms is the
relative chemical potential, wherema and ms are, respec-
tively, the chemical potentials of the amphiphile and the s
vent, andNa is the number of amphiphile molecules.

There are several types of Monte Carlo moves used
update the system state. The creation and destruction o
solvent and amphiphile molecules is controlled by conv
tional Monte Carlo spin–flip type moves. There are two su
moves: solvent to amphiphile (s2a) and amphiphile to sol-
vent (a2s). Local internal moves and reptations are used
update the polymer conformation. Both use a spe
method, determined by the structure of the Hamiltonian
Downloaded 06 Oct 2003 to 137.43.24.7. Redistribution subject to AIP
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generate neighborhood polymer structures while maintain
polymer connectivity and excluded volume constraints.9,19

There are two types of elementary polymer moves: th
involving the pairs monomer–solvent (m2s) and monomer–
amphiphile (m2a).

The acceptance or rejection of a Monte Carlo move
pends on the Metropolis ratio of transition probabilities,h
5exp(2DE/kBT), where DE is the total change in energ
between the final and initial states. It may be shown that
model depends only on the linear three-body interaction
rameter,I sisj sk

, the relative chemical potential,m, and on the
following combinations of two-body interaction paramete
I sisj

:

xm2m2s52I ms2I mm2I ss, ~3!

xa2m2s5I ms1I as2I ma2I ss, ~4!

xm2m2a5I ms1I ma2I mm2I as , ~5!

xa2m2a5I ms1I aa2I ma2I as , ~6!

xm2s2a5I ms2I ma , ~7!

xa2s2a5I as2I aa , ~8!

xs2s2a5I ss2I as . ~9!

All interaction parameters are in units ofkBT, and we set
kBT51.

We are interested in investigating the effect of chang
the solvent quality from an good solvent to a poor solvent
the polymer conformation in the presence of amphiphile
polymer is a Flory coil in an good solvent, due to the e
cluded volume interactions, and a collapsed globule in a p
solvent. Now we would like to study the collapse of th
polymer chain to a globule in a solvent–amphiphile solutio
Initially we set all the two-body interactions to zero an
therefore allx’s in Eqs.~3!–~9! also reduce to zero. Settin
the two-body interactions to zero models an ‘‘athermal’’ s
vent in the Flory–Huggins theory.1 The excluded volume
constraints are explicitly included in our Monte Car
scheme. Therefore, in this scheme, setting all two-body
teractions equal to zero models a polymer in a go
solvent.9,19,40 To collapse the polymer we increaseI ms and
I ma simultaneously with all other two-body interactions s
to zero. AsI ms and I ma are increased it becomes more unf
vorable for the monomers to interact with both the solve
and the amphiphile molecules and the polymer collapses
globule in order to minimize the number of unfavorab
monomer–solvent and monomer–amphiphile interactions

Equations~3!–~9! then reduce to

xm2m2s52I ms, ~10!

xm2m2a52I ma , ~11!

xa2m2s5xa2m2a50, ~12!

xm2s2a5xa2s2a5xs2s2a50. ~13!
 license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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7713J. Chem. Phys., Vol. 112, No. 17, 1 May 2000 Coil-to-globule and other conformational transitions
The solubility of the polymer,x, is defined here asx
52I ms52I ma . As x is increased it becomes more unfavo
able for the monomers to interact with both the solvent a
amphiphile molecules, and the polymer collapses to a g
ule. The valuexc is defined as the point at which the pol
mer collapses to form a globule.

The Metropolis ratio of the transition probabilities for
monomer–solvent move (hm2s), a monomer–amphiphile
move (hm2a), a solvent–amphiphile move (hs2a), and a
amphiphile–solvent move (ha2a), now reduce to

hm2s5hm2a5expS x( rw~r !Dnm~r !2DEL

kBT D , ~14!

hs2a5expS 2m2DEL

kBT D , ~15!

ha2s5hs2a
21 , ~16!

where the summation is over all the neighboring sites w
w(r ).0, and Dnm(r ) is the difference in the number o
monomers between the final and initial states at each in
action distance,r. DEL is the difference in the linear three
body interaction energy between the final and initial sta
andm is the relative chemical potential.

Obviously, the solubility of the polymer decreases as
increasex. We know from the Flory theory for polymer–
solvent mixtures that the transition point occurs atxc. 1

2

1(1/AN). However, though the scaling laws are univers
the exact location of the transition point is not universal a
depends on the coordination number of the lattice. Our p
ticular model is on a cubic lattice which takes into accou
interactions between nearest neighbors~6!, diagonal neigh-
bors ~12!, long diagonal neighbors~8! and next neares
neighbors~6!. The transition point for our model occurs a
proximately atxc. 1

41(1/AN).
We are interested in the effect of the amphiphile pr

ence on the solubility of the polymer. The linear three-bo
interaction parameter,I sisj sk

, is defined such that monomer
amphiphile–solvent interactions (I mas or I sam) have favor-
able energy (1L), whereas monomer–amphiphile
monomer interactions (I mam) or solvent–amphiphile–
solvent interactions (I sas) have unfavorable energy (2L).
All other linear three-body interactions are set to zero. T
choice of interaction parameter reflects the direct tendenc
the amphiphile to bind to the polymer and increase its so
bility and the indirect tendency for the amphiphile to agg
gate. This simple model may, in some respects, be viewe
the logical extension of the solvent–amphiphile lattice mo
els that were studied a few years ago.42–46Here, as there, we
aim to capture the essential energy scales, gross geome
and computational features, but certainly not detailed pr
erties. In particular, we know that lattices do distort geo
etries somewhat, and caution that subtle packing effe
which are not taken into account in this model, are of
important. However, one should not over emphasize
limitations of lattice models. It has been found in solven
amphiphile lattice models47,48 that, above the roughenin
temperature of a model, the conformations and gross ge
etries are described reasonably well. Our feeling is t
Downloaded 06 Oct 2003 to 137.43.24.7. Redistribution subject to AIP
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something similar pertains here and at least one should
some note of the general shape of the objects we describ
would be unwise to make stronger statements than this a
our prediction of geometry at the moment since in a sense
obtain ‘‘model’’ geometries.

III. RESULTS AND DISCUSSION

In the solvent rich phase we examine the binding of
amphiphile to a Flory coil and the effect of the amphiph
on the coil-to-globule transition on a polymer. We then e
amine the effect of decreasing the solubility of the polym
~increasing x! on the conformation of the polymer–
amphiphile aggregates in the more concentrated amphip
regime. The investigations are made for lattice size,S520,
and for an isolated polymer chain of lengthN. The monomer
volume fraction isfm5MN/S3, whereM is the number of
polymer chains of length,N, andS3 is the volume of the box.
We focus on the very dilute limit,M51, to permit a clear
discussion of the collapse of the polymer in the presence
amphiphile and polymer–amphiphile aggregation in the
sence of interpolymer effects. The length of the polym
chain and lattice size are chosen to ensure that the poly
was long enough to clearly study the conformational tran
tions without any lattice size effects and yet is computatio
ally efficient.

We exhibit results for a variety of values of the effectiv
three-body interaction constant,l 5L/kBT, over a range of
amphiphile–solvent concentrations and for 0<x,1.0. The
phase diagram is examined in three ways; by holdingm con-
stant and changingx, by holdingx constant and increasin
m, and finally by starting from a collapsed globule at diffe
ent m and decreasingx. All simulations are run using pre
equilibrated initial configurations.

A. Investigation of the binding of the amphiphile to
an isolated polymer and the type of
polymer-amphiphile complex formed at the CAC
„critical aggregation concentration …

We begin by looking at the binding of the amphiphile
a single polymer chain in a good solvent (x50) in the dilute
amphiphile regime. Stauffer49 defined the characteristic mi
celle concentration~CMC! as the concentration where ha
the amphiphile present is in the form of isolated particles a
the other half is in the form of clusters consisting of two
more neighboring molecules. We use an analogous defini
for the characteristic aggregation concentration of the a
phiphile in the presence of polymer~CAC!. We definemCAC

and mCMC as the relative chemical potentials correspond
to the CAC and the CMC, respectively. Prelimina
findings41 for an isolated polymer of various chain lengths
l 51.0, 1.66, 5.0 showed that the behavior of the CAC w
increasing polymer chain length~N! and the type of
polymer–amphiphile complex formed depend on t
strength of the amphiphilic interactions~l!. We investigate in
greater detail the binding of the amphiphile to the polymer
the CAC forN520, 40, 80, 100, 120, 160 atl 51.0, 1.66.

Figure 1 shows the plot of the ratio of the CAC to th
CMC ~CAC/CMC! versusN at l 51.0, 1.66, 5.0. We note
that the effect of increasing the polymer chain length~N! on
 license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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the CAC is completely different atl 51.0 andl 51.66, 5.0.
For l 51.66 and l 55.0 the CAC/CMC increases linearl
with N, whereas forl 51.0 the CAC/CMC decreases initiall
and then at a certain point (N'100) is constant with increas
ing N. The effect of the polymer chain length on the critic
aggregation concentration~CAC! at l 51.0 is in agreemen
with theoretical and experimental results.25,26,50,51 For l
51.0, the strength of the amphiphilic interactions are co
parable tokBT, the isolated amphiphile is in solution and th
polymer acts as a platform for forming clusters of a
phiphile. AsN increases the number of favorable~mas! in-
teractions increase and therefore the amphiphiles form c
ters more easily and the CAC decreases. However, foN
>100 the increase in the~mas! interactions is balanced b
the fact that the amphiphile is now bound to a larger p
form.

Examination of the configurations of the system forN
5100 at l 51.0 show that isolated amphiphile molecul
bind to the polymer before the onset of the cooperative
sociation at the CAC. This indicates a strong hydropho
interaction between the polymer and amphiphile. Above
CAC, we find that there are two types of polymer-bou
micelles: the first type is where the polymer backbone
incorporated into the amphiphile cluster and the second t
is where the amphiphile cluster is associated with the po
mer. There are also free amphiphiles in solution. Figur
shows a sample conformation of the polymer–amphiph
complex formed above the CAC forN5100 at l 51.0. Fi-
nally, above the CMC the amphiphile forms unbound m
celles in solution. Using our simple Monte Carlo hybr
scheme, we find that the binding of the amphiphile to
polymer and the type of polymer–amphiphile compl
formed is similar to that proposed by Walteret al.26 for the
poly~N-isopropylacrylamide! and sodium dodecyl sulfat
~PNIPAM–SDS! system.

The plots of the ratio CAC/CMC versusN for l 51.66
and l 55.0 are less typical of experimentally observed situ
tions. At l 51.66, 5.0 the amphiphile binds to the polymer
soon as it is added to the system due to the strength of
favorable~mas! interactions and the unfavorable~sas! inter-

FIG. 1. Plot of the ratio of the CAC to the CMC~CAC/CMC!, versusN at
l 51.0 ~s!, l 51.66 ~h!, and l 55.0 ~L!.
Downloaded 06 Oct 2003 to 137.43.24.7. Redistribution subject to AIP
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actions ~since L.kBT). The CAC is then defined as th
concentration where half the bound amphiphiles are in
form of isolated molecules and half the bound amphiphi
are in the form of clusters consisting of two or more neig
boring amphiphiles. AsN increases the number of monome
increases, therefore it is harder for the amphiphiles to fo
clusters and the CAC increases. Above the CAC
polymer–amphiphile forms a flat ‘‘layered’’ structure whe
the polymer is incorporated between two amphiphile mo
layers in order to maximize the favorable~mas! interactions
and minimize the unfavorable~mam! and ~sas! interactions.
Figure 3 shows a sample conformation of thisplateletstruc-
ture for N540 at l 51.66.

FIG. 2. Sample conformation of polymer–micelle complex formed abo
the critical aggregation concentration~CAC! for N5100 atl 51.0. Micelles
are defined here as clusters of two or more neighboring amphiphiles. Bo
micelles incorporate the backbone of the polymer chain into the core of
micelle and are associates with the polymer. The monomers are show
black and the amphiphile in gray.

FIG. 3. Sample conformation of the collapsed polymerplatelet structure
formed beyond the CAC forN540 at l 51.66. Solvent is represented a
~white!, amphiphile~gray!, and polymer~dark gray/black!.
 license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



et
di
a
(

s

il i

-

ea
ile
co

he

m
-
e-

rd

ula

e

is
W
tr

f

u
h

d
i

ps

tes
the

he
re

r
of

in-

ent

7715J. Chem. Phys., Vol. 112, No. 17, 1 May 2000 Coil-to-globule and other conformational transitions
In more concentrated amphiphile regimes a wide vari
of structures are formed, from expanded coils to several
ferent lamellar structures, depending on the polymer ch
length ~N!, the strength of the amphiphilic interactionsl
5L/kBT) and the relative chemical potential~m!.
Previously40,41 we found that atl 51.0, for N,80 the poly-
mer expands in the more concentrated amphiphile regime
form an expanded coil, whereas forN>80 the polymer and
amphiphile collapses to aninterlayered sandwichstructure in
the amphiphile rich regime and then re-expands to a co
the amphiphile dense regime. Forl>1.66 the polymer col-
lapses to aplateletstructure above the CAC and in the am
phiphile rich regime forms a series ofmultilayered sandwich
structures where the number of layers increase with incr
ing amphiphile concentration. Finally, in the amphiph
dense regime the polymer re-expands to an expanded
Sample conformations of aninterlayered sandwichstructure
(N5100,l 51.0) and amultilayered sandwichstructure (N
5100,l 51.66) are shown in Figs.~4a! and ~4b!, respec-
tively.

B. Coil-to-globule transition of an isolated polymer
chain in the presence of amphiphile

We now investigate the regions of existence of t
polymer–amphiphile structures formed atl 51.0 and l
51.66 forN540, 100 as a function of the solvent quality~x!
and relative chemical potential~m!. In investigating the
phase diagram of a single polymer as a function ofx andm
we determine four broad regions of interest: the dilute a
phiphile regime (m,m1), the intermediate amphiphile re
gime (m1,m,m2), the more concentrated amphiphile r
gime (m2,m,m3), and the amphiphile dense regime (m
.m3). We find that in the dilute amphiphile regime (m
,m1) the transition points are self-consistent since, rega
less of how we construct the partial phase diagram~by hold-
ing m constant, varyingx, or by keepingx constant, varying
m!, they are fixed. This is a reassuring check on the sim
tion. However, form.m1 , especially atl 51.66, we find that
the polymer structures exhibit metastability as we increasx.

We have shown that forl 51.0, atx50.0 the behavior of
the CAC with increasing polymer chain length,N, and the
type of polymer-micelle complex formed above the CAC
in good qualitative agreement with experimental results.
investigate the effect of increasing the amphiphile concen
tion on the polymer coil-to-globule transition forN5100, at
l 51.0. Figure 5 shows the phase diagram of the system
N5100 at l 51.0 as a function ofx and m, wheremCAC5
22.65,m15mCMC521.6,m250.6, andm353.0. We begin
by examining the phase diagram forN5100, l 51.0 in the
dilute amphiphile regime,m,mCMC. At very low am-
phiphile concentrations,m,mCAC, the coil-to-globule tran-
sition point,xc , increases slightly with increasingm as am-
phiphile binds to the polymer and increases its solubility d
to favorable~mas! interactions. This is in agreement wit
experimental and theoretical results.25,26,36,37Above the CAC
the amphiphile binds to the polymer to form a mixe
polymer–amphiphile aggregate and there is a dramatic
crease in thexc value. xc increases linearly form.mCAC

because the polymer–micelle complex is harder to colla
Downloaded 06 Oct 2003 to 137.43.24.7. Redistribution subject to AIP
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as it is stabilized by the favorable~mas! interactions and the
unfavorable~mam! and~sas! interactions. During the coil-to-
globule transition the mixed polymer–amphiphile aggrega
undergo profound restructuring: solvent is enclosed in
globule due to the unfavorable~mam! interactions and am-
phiphile is bound to the outside of the globule due to t
favorable ~mas! interaction. Comparable observations a
made in experimental work by Walteret al.26 for PNIPAM–
SDS system. Figure 6 shows sample conformations foN
5100 at l 51.0 of a collapsed globule in the presence
amphiphile at ~a! m525.0 ~below the CAC! and ~b!
m522.0 ~above the CAC!.

Figure 7 shows the plot of the heat capacity,CV /kB , and
the radius of gyration,Rg , versusx, for N5100, l 51.0, at

FIG. 4. Sample conformations of~a! an interlayered sandwichstructure
formed at l 51.0 and ~b! a multilayer sandwichstructure formed atl
51.66 for N5100 atx50.0 in the amphiphile rich phase. ForN5100 at
l 51.66, x50.0 the number of polymer layers in a sandwich structure
crease from two~bilayer! to three or more~multilayer! with increasingm.
Polymer monomers are shown in black, with only the neighboring solv
molecules shown in white~up to next nearest neighbors!. The amphiphile
molecules are represented by a gray background.
 license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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several different values ofm. We see a dramatic increase
the transition point and a broadening of the collapse tra
tion with increasingm(m.mCAC). This indicates that the
amphiphile remains firmly associated with the polymer d
ing the coil-to-globule transition. The increase in the tran
tion temperature and broadening of the collapse transi
with increasing amphiphile concentration has been obse
experimentally by Walteret al.26 for PNIPAM–SDS sys-
tems. It was also found experimentally that the polym
globules can be expanded to form coils by the addition
amphiphile. Atx50.32, we find that form.mCAC the col-
lapsed polymer globule expands to a restricted coil with

FIG. 5. The phase diagram for an isolated polymer of lengthN5100, is
plotted forl 51.0 as a function of the relative chemical potential,m, and the
polymer solubility,x. As m increases the number of amphiphile molecu
increase and the system goes from a solvent rich regime (m,m1), to an
intermediate amphiphile–solvent regime (m1,m,m2) to a more concen-
trated amphiphile regime (m2,m,m3) and finally to an amphiphile dens
regime (m.m3). mCAC522.65, m15mCMC521.6, m250.6, and m3

53.0, wheremCAC and mCMC are the relative chemical potentials corr
sponding to the critical amphiphile concentration~CAC! and the critical
micelle concentration~CMC!, respectively. Asx increases the polymer solu
bility decreases and the polymer–amphiphile structures collapse to a g
lar structure. The regions of stability of the different polymer–amphiph
structures are I5Flory coil, II5overextended coil, III5expanded coil,
IV5platelet, V5interlayered sandwichstructure, VI5multi-layered sand-
wich structure, and G5collapsed globule. The thick solid lines with circle
correspond to continuous transitions. Long-dashed lines with squares c
spond to discontinuous transitions. The dotted line divides the regio
stability of the Flory coil~I! and the overextended coil~II !. The line of plus
signs indicates the crossover from aplatelet structure~IV ! to multilayer
sandwichstructure~VI ! and a line of stars indicates the crossover from
region of stability of theinterlayered sandwichstructure~V! and of the
multilayer sandwichstructures~VI !.
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creasingm. Figure 8 shows a sample conformation of a r
stricted coil atm521.8 for x50.32.

C. Conformational transitions of a single polymer
chain, NÄ100, in the presence of amphiphile
„amphiphilicity, lÄ1.0… as m is increased, holding x
constant

We now examine in more detail the effect of increasi
m, while keepingx constant, on the stability of the polymer
amphiphile structures. Figure 9 shows plots of the heat
pacity, CV /kB and radius of gyration,Rg , versusm, for N
5100, l 51.0, at several different values ofx. For N5100,
l 51.0 atx50.0 there are three peaks in the heat capacity~B,
B1, C!. In the dilute amphiphile regime (m,mCMC) the
polymer chain is a Flory coil. Asm is increased further the
system undergoes a solvent–amphiphile phase separ
~peak B! and the polymer expands to an overextended c
In the amphiphile rich phase, the polymer collapses from
overextended coil to form a polymer–amphiphileinterlay-

u-

re-
of

FIG. 6. Sample conformations forN5100, l 51.0 at ~a! m525.0 and~b!
m522.0 of a collapsed globule in the solvent rich phase. The monom
are shown in dark gray with black bonds and the amphiphiles are sh
pale gray. The solvent molecules are not shown.
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ered sandwichstructure@Fig. 4~a!# at peak B1 and then asm
increases further the polymer re-expands to form an
panded coil at peak C. Forx.0.0, we will label the peak in
the heat capacity corresponding to the collapse of the p
mer from a coil-like structure to asandwichstructure peak
B1* and the peak corresponding to the re-expansion of
polymer to a coil-like structure, peak C* .

At x50.32 for N5100, l 51.0, the polymer is a col-
lapsed globule in the very dilute amphiphile regime (m
,mCAC). As m increases the number of favorable~mas! in-
teractions and unfavorable~mam!, ~sas! interactions increase
and the polymer expands from a collapsed globule to a
stricted coil. Atm.mCMC, the polymer undergoes what ap
pears to be a discontinuous transition~peak R! from a re-
stricted coil to aplateletstructure to maximize the favorabl
~mas! interactions and minimize the unfavorable~mam! and
~sas! interactions. Asm increases, the solvent and am
phiphile phase separate and the polymer expands fro
platelet to a coil-like structure at peak B. In the amphiphi
rich phase, the polymer collapses from the coil-like struct
to a bilayer sandwichstructure at peak B1* . As m increases
further the number of solvent molecules decrease and

FIG. 7. ~a! Plot of the running average of the heat capacity,CV /kB , versus
x, for N5100 at l 51.0 at differentm. Here m525.0~s!, m524.0~h!,
m523.0~L!, m522.5~x!, m522.2~1!, m522.0~,!, and m521.8~.!.
~b! Plot of the radius of gyration,Rg , versusx for N5100 at l 51.0 at
m525.0~s!, m523.0~L!, m522.2~1!, andm521.8~.!. Note the behav-
ior of the heat capacity,CV /kB , and the radius of gyration,Rg , versusx
changes abovemCAC , the relative chemical potential corresponding to t
critical aggregation concentration~CAC!, wheremCAC.22.65 forN5100
at l 51.0.
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number of layers in thesandwichstructure increases to max
mize the favorable~mas! interactions. In the dense am
phiphile region there is not enough solvent to stabilize
sandwich structure and the polymer expands to a coi
peak C* .

At x50.5 we find that forN5100,l 51.0 the polymer is
a collapsed globule in the dilute amphiphile region (m
,mCMC). In the intermediate region, the number of am
phiphiles increases rapidly withm and the polymer expand
from a globule to aplateletstructure at peak V. Just after th
solvent–amphiphile phase separation~peak B!, the polymer
rearranges from aplateletstructure to abilayer structure to
maximize the favorable~mas! interactions. Finally, in the
dense amphiphile regime the polymer re-expands to a c
like structure at peak C* . For x50.8 there are only two
peaks in the heat capacity, B and Z. Peak B correspond
the solvent–amphiphile phase separation. In the amphip
rich phase it is harder to collapse the polymer because
unfavorable to have amphiphile enclosed in the globule
to the unfavorable~mam! interactions. Peak Z corresponds
the region of stability of asandwichstructure where the
three-body amphiphilic interactions~mas, mam, sas! briefly
stabilize thesandwichstructure. Forx.0.8 there is only one
peak in the heat capacity corresponding to the solve
amphiphile phase separation and the polymer is a collap
globule.

The observation of moreplateletlike objects in some
parts of the phase diagram could originate, in part, from
underlying lattice structure of this model. However, this
probably not the sole cause of the phenomenon which,
feel, is likely to have firm physical underpinnings. In th

FIG. 8. A sample conformation of a restricted coil forN5100, l 51.0 in the
solvent rich phase atm521.8, x50.32. Only monomers~dark gray/black!
and nearest neighboring amphiphile molecules~light gray! are represented.
 license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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absence of polymer, parts of the phase diagram are do
nated by lamellar amphiphile states. These originate in
microscopic interactions that produce a curvature ene
The presence of polymer we argue, shifts this tendency in
parameter space, and it is likely that in some systems
tened micellar objects do associate with polymers. The
of the lattice is likely to overemphasize these natural effe

D. Conformational transitions of a single polymer
chain, NÄ100, in the presence of amphiphile
„amphiphilicity, lÄ1.0… as x is increased, holding m
constant

We now investigate the effect of decreasing the polym
solubility, i.e., increasingx, on the stability of the polymer–
amphiphile structures form.mCMC. We examine the plots
of the heat capacity,CV /kB , and radius of gyration,Rg ,
versusx for N5100 atl 51.0 in the intermediate amphiphil
regime atm521.0 ~solvent rich phase! and m50.0 ~am-
phiphile rich phase!, and in the more concentrated am
phiphile regime atm51.0 andm52.0 ~Fig. 10!. We begin

FIG. 9. ~a! Plot of heat capacity,CV /kB , versusm, for N5100, l 51.0 at
x50.0(s), x50.32(h), x50.5(L), andx50.8(1). ~b! Plot of the ra-
dius of gyration,Rg , versusm for N5100, l 51.0 at differentx. Here,x
50.0(s), x50.32(h), x50.5(L), x50.8(1), and x51.0(,). The
peaks in the heat capacity and the corresponding changes in the rad
gyration of the polymer are labeled R, V, B, B1, B1* , C, C* , and Z to
facilitate discussion in the text.
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by looking at the intermediate amphiphile regime,21.6
,m,0.6, where atx50.0 the polymer is an overextende
coil. At m521.0 there are two peaks in the heat capac
peak A* which corresponds to the conformational transiti
from an overextended coil to aplateletstructure, and peak W
which corresponds to the collapse of the polymer from
platelet to a globule. The peak corresponding to collapse
the polymer from an overextended coil to aplateletstructure
is labeled A* as a similar coil-to-platelet transition occurs
x50.0 with increasingm at l 51.66. As x increases, the
polymer tries to minimize the number of unfavorable tw
body monomer–solvent~m–s! and monomer–amphiphile
~m–a! interactions. However, the linear three-body a
phiphilic interactions~mas!, ~mam!, and~sas! cause the poly-
mer to initially collapse to aplateletstructure as this maxi-
mizes the favorable~mas! interactions while minimizing the
unfavorable (m–a), (m–s), ~mam!, and ~sas! interactions.
As x increases further the unfavorable two-bodym–a, m–s
interactions outweigh the linear three-body amphiphilic
teractions stabilizing theplatelet structure and the polyme
collapses to form a globule. Atx50.0 the polymer expands
with increasingm to an overextended coil in the amphiphi
rich phase (m>0.0). At m50.0 we find that asx increases

of

FIG. 10. ~a! Plot of the heat capacity,CV /kB , versusx, for N5100, l
51.0 at fixedm. ~b! Plot of the radius of gyration,Rg , versusx, for N
5100, l 51.0 at different m. Here m521.0(s), m50.0(h), m
51.0(L), m52.0(1). The peaks in the heat capacity and the correspo
ing changes in the radius of gyration of the polymer are labeled F, B1* , A* ,
W, and X to facilitate discussion in the text.
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the polymer undergoes two discontinuous transitions: fr
an overextended coil to abilayer sandwichstructure at peak
B1* and from thebilayer to a collapsed globule at peak X
At higher m, peak X corresponds to the collapse of
interlayered/multilayered sandwichstructure to a globule
The polymer collapses with increasingx in order to mini-
mize the unfavorable two-body monomer–solvent a
monomer–amphiphile interactions while maximizing the
vorable ~mas! interactions. The transition point at whic
these ‘‘intermediate’’ polymer–amphiphile structures c
lapse to a globule increases with increasingm due to the
increase in the number of favorable~mas! and unfavorable
~mam! interactions.

We now examine the more concentrated amphiphile
gion, m2,m,m3 , for N5100 atl 51.0 wherem250.6 and
m353.0. At x50.0, the polymer is aninterlayered sandwich
structure for 0.6,m,1.4 and an expanded coil form.1.4.
We find that asx increases, regardless of the initial polym
structure the polymer collapses first to amultilayered sand-
wich structure and then to a globule. Figure 10 shows sam
plots of the heat capacity and radius of gyration versusx for
m51.0(L), where the polymer is aninterlayered sandwich
at x50.0, and form52.0(1), where the polymer is an ex
panded coil atx50.0. Atm51.0 asx increases there are tw
peaks in the heat capacity; peak F and peak X. Peak F
responds to the collapse of the polymer from aninterlayered
sandwichstructure to amultilayered sandwichand occurs at
very low x. Peak X occurs at much higherx and corresponds
to the conformational transition from amultilayered sand-
wich to a globule. Atm52.0, asx increases the polyme
collapses initially from an expanded coil to amultilayered
sandwichat peak B1* and then to a collapsed globule
peak X. The multilayered sandwichpolymer–amphiphile
structure collapses with increasingx to minimize the unfa-
vorable monomer–solvent interactions while maximizing
favorable~mas! interactions. Asm increases the number o
layers in amultilayered sandwichstructure increase, and th
sandwich-to-globule transition point increases as it beco
harder to rearrange the amphiphile so it is excluded from
center of the globule.

In the dense amphiphile phase (m.m3), asx increases
the polymer undergoes a continuous transition from an
panded coil to a globule. This is similar to the coil-to-globu
transition in the solvent rich phase. However, in the de
amphiphile regime there is very little solvent present so
polymer globule contains amphiphile in the center which
sults in unfavorable~mam! interactions. It is harder to col
lapse the polymer to a globule in the dense amphiphile
gime than in the solvent rich regime due to the unfavora
~mam! interactions. The transition point decreases o
slightly with increasingm, as the decrease in the number
~mas! interactions stabilizing the expanded coil is count
balanced by the increase in the number of~mam! interactions
destabilizing the globule. The collapse transition is mu
broader in the dense amphiphile regime as it is very har
collapse the polymer from a swollen globule to a complet
collapsed globule due to the unfavorable~mam! interactions.
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E. Investigating the effect of changing the polymer
chain length, N, and the strength of the
three-body amphiphilic interactions,
lÄL Õk BT, on the phase diagram of the system

We now compare the phase diagram forN5100 at l
51.0 as a function ofx and m and the phase diagrams fo
N540, l 51.0 ~Fig. 11! andN5100, l 51.66~Fig. 12! to see
the effect of the polymer chain length, and the strength of
amphiphilic interactions on the phase diagram. We note
the phase diagrams atl 51.0 forN540 andN5100 are very
similar. ForN540 at l 51.0 the polymer undergoes a con
tinuous transition from a Flory coil to a collapsed globule
the dilute amphiphile regime. Comparison of the transiti
points forN540 andN5100 at them525.0 shows thatxc

decreases with increasingN, which is the same as for pur
polymer–solvent mixtures@xc}(1/AN)#1. Here xc for N
540, l 51.0 also increases formCAC,m,mCMC but not as
dramatically as forN5100. ForN540, l 51.0 atx50.0, as
m increases (m.mCMC) the polymer expands to an over e
tended coil during the solvent–amphiphile phase separa
and then collapses to an expanded coil. In the intermed
amphiphile regime (mCMC,m,m2), as x is increased the
polymer undergoes discontinuous transitions. The polym
initially collapses from an overextended coil to aplatelet in
the solvent rich phase or asandwichstructure in the am-
phiphile rich phase and then collapses to a globule. T
crossover fromplatelet to sandwichstructure shifts to lower
m with increasingx. This is to be expected as thesandwich
structure is more stable than theplatelet as it has more fa-
vorable ~mas! interactions. The region of stability of thes
‘‘layered’’ structures forN540 is much narrower than fo
N5100 due to the shorter chain length@fewer favorable
~mas! and unfavorable~mam! interactions#. In the more con-
centrated amphiphile regime, the collapse from the expan
coil to a globule also occurs at lowerx for N540 than for
N5100 due to smaller number of~mas! interactions stabiliz-
ing the coil. We find that asN increases the region of stabi
ity of the polymer–amphiphile structures increase and i
harder to collapse the polymer to a globule, especially in
amphiphile rich phase.

We sketch the phase diagram forN5100 atl 51.66 as a
function of m and x ~Fig. 12!, where mCAC523.8, m1

520.5, m250.6, andm357.0. At l 51.66 the amphiphilic
~mam, sas, mas! interactions are very strong which mea
that the amphiphile binds to the polymer as soon as i
added to solution and the amphiphile monolayer does
want to bend. Atx50.0, forN5100, l 51.66 the polymer is
a Flory coil in the very dilute amphiphile regime (m
,mCAC). As m increases the polymer collapses to aplatelet
structure and this may be rationalized as reducing the ef
tive bending energy of the amphiphile monolayer. Theplate-
let is stable in the solvent rich phase form.mCAC as this flat
‘‘layered’’ structure maximizes the favorable~mas! interac-
tions and minimizes the unfavorable~mam! and ~sas! inter-
actions. As the system undergoes the solvent–amphip
phase separation theplatelet structure expands initially and
then collapses in the amphiphile rich phase to abilayer sand-
wich structure. Asm increases the number of solvent mo
ecules decreases, and in order to maximize the favor
 license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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~mas! interactions the number of layers in asandwichstruc-
ture increases. Finally, in the dense amphiphile regime th
is not enough solvent to stabilize these ‘‘layered’’ structu
and the polymer expands to an expanded coil.

At x50.0 for N5100, l 51.66, the polymer is a Flory
coil in the very dilute amphiphile phase. Asx is increased
the polymer undergoes a continuous transition to a collap
globule. In the dilute amphiphile regime (m,mCAC), there is
very little amphiphile present and we find that the coil-t
globule transition occurs at the samexc as forN5100 at l
51.0. For mCAC,m,m3 , the preferred structure of th
polymer–amphiphile aggregates is a flat ‘‘layered’’ stru
ture. As x increases, the two-body monomer–amphiph
(m–a) and monomer–solvent (m–s) interactions become
more unfavorable and the polymer collapses to try to m
mize the monomer–amphiphile and monomer–solvent c
tacts. The three-body amphiphilic interaction makes lo
straight pieces of chain more favorable, while the two-bo

FIG. 11. The phase diagram forN540 at l 51.0 is plotted as a function o
m and x. As m, the relative chemical potential, increases the number
amphiphile molecules increase and the system goes from a solvent
regime (m,m1), to an intermediate amphiphile–solvent regime (m1,m
,m2), to an amphiphile-rich regime (m.m2). mCAC521.75, m1521.5,
and m250.7. As x increases the polymer solubility decreases and
polymer–amphiphile structures collapse to a globular structure. The reg
of stability of the different polymer–amphiphile structures are I5Flory coil,
II5overextended coil, III5expanded coil, IV5platelet, VI5sandwich
structure, and G5collapsed globule. The thick solid lines with circles co
respond to continuous transitions. Long-dashed lines with squares c
spond to discontinuous transitions. The dotted line divides the region
stability of the Flory coil~I!, the overextended coil~II !, and expanded coil
~III !. The line of plus signs indicates the crossover from aplateletstructure
~IV ! to sandwichstructures~VI !. This crossover is not sharp and shifts wi
increasingx to lower m.
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(m–s), (m–a) interactions cause compaction. We find al
51.66, that asx increases the polymer–amphiphile ‘‘lay
ered’’ structures collapse to form a flatter more ordered gl
ule than atl 51.0. Figure 13 shows a sample conformation
the collapsed globule forN5100, l 51.66 atm521.0. This
globule structure is similar to the orientationally order
globules found by Kuznetsovet al.52 for homopolymers in
pure solvent with two-body and three-body interactions.
l 51.66, the platelet-to-globule and sandwich-to-globule
transitions occur at much higherx than forl 51.0. If we hold
m constant and increasex, we find that theplateletandsand-
wich structures collapse to a globule through a series of l
ered structures such as those shown in Fig. 14. The inter
diate collapse structures are a compromise betw
minimizing the bending of the amphiphile monolayer@maxi-
mizing favorable ~mas! interactions# and maximizing the
compaction~minimizing unfavorable monomer–solvent an
monomer–amphiphile interactions!. In the solvent rich phase
the intermediate collapse structure is a flat globule consis
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FIG. 12. The phase diagram forN5100 atl 51.66 plotted as a function of
m and x. As m, the relative chemical potential, increases the number
amphiphile molecules increase and the system goes from a solvent
regime (m,m1), to an intermediate amphiphile–solvent regime (m1,m
,m2), to a more concentrated amphiphile regime (m2,m,m3), and finally
to the amphiphile dense regime (m.m3). mCAC.23.5, m1521.0, m2

50.4, andm357.0. Asx increases the polymer solubility decreases and
polymer–amphiphile structures collapse to a globular structure. The reg
of stability of the different polymer–amphiphile structures are I5Flory coil,
II5overextended coil, III5expanded coil, IV5platelet, VI5multilayer
sandwichstructure, VII5plateletandsandwichstructures, and G5collapsed
globule. Region VII is denoted by solid lines with plus marks~1! and
corresponds to where both theplateletandsandwichstructures coexist. The
thick solid lines with circles correspond to continuous transitions. Lo
dashed lines with squares and error bars correspond to discontinuous
sitions. Error bars are shown for the discontinuous transition from laye
polymer–amphiphile structures to collapsed globule.
 license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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of a layer of monomer–solvent–monomer molecules
tween two amphiphile monolayers and surrounded by
vent @Fig. 14~a!#. In the amphiphile rich phase the interm
diate collapse structure is between asandwichstructure and a
globule @Fig. 14~b!#. We note that in the intermediate am
phiphile region (m1,m,m2) the platelet and sandwich
structures coexist. This region of co-existence increases
increasingx. In the dense amphiphile regime (m.m3), the
polymer is a expanded coil atx50.0. The collapse transition
from an expanded coil to a globule in the amphiphile ri
regime occurs at higherxc for l 51.66 than forl 51.0 due to
the increased strength of the unfavorable~mam! interactions
which inhibit collapse.

IV. CONCLUSION

In this paper we have extended our earlier work to
vestigate the stable phases and structure of the phase dia
for polymer–amphiphile–solvent mixtures. However, as
we are able to study only relatively dilute polymer solution
Also, in the dilute polymer and amphiphile regime, we i
vestigate the effect of the polymer on the CMC~critical mi-
celle concentration!, the type of polymer–amphiphile com
plex formed, and the effect of the amphiphile on the collap
transition of the polymer. We find that forl 51.0 the behav-
ior of the CAC with increasing polymer chain length and t
type of polymer–micelle complex formed is in good qualit
tive agreement with theoretical and experimen
results.25,26,50,51

First, we have investigated the effect of increasing
amphiphile concentration on the polymer coil-to-globu
transition. ForN5100 at l 51.0, we find that in the dilute
amphiphile regime (m,mCMC) as x increases the polyme
undergoes a continuous transition from a Flory coil to a c
lapsed globule. We find that above the CAC the polym
collapses to a globule surrounded by a layer of amphiph
and that the transition point,xc , increases dramatically with
increasing the amphiphile concentration. We also find t
for N5100 atl 51.0 the collapsed globule can be expand
by adding more amphiphile. These results are in good qu

FIG. 13. A sample conformation of a collapsed globule forN5100, l
51.66 atm522.0. Only monomers~dark gray/black! and nearest neigh-
boring amphiphile molecules~light gray! are represented.
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tative agreement with those found experimentally by Wa
et al.26 for a poly~N-isopropylacrylamide! and sodium dode-
cyl sulfate~PNIPAM–SDS! system in aqueous solution.

Second, we have examined the effect of changing
solvent quality~parameterized byx! on the stability of the
polymer–amphiphile structures in the dilute polymer lim
For N5100, l 51.0 in the intermediate amphiphile regim
m.mCMC, asx increases the polymer collapses initially to
‘‘layered’’ polymer–amphiphile structure and then to a glo
ule, both of which are discontinuous transitions. The num
of ‘‘layers’’ in the polymer–amphiphile structure increas

FIG. 14. Sample conformations of a semicollapsed globule forN5100, l
51.66 in~a! the solvent rich phase atm523.0 and~b! the amphiphile rich
phase atm52.0. In the solvent rich phase@m523.0(a)# the monomers
~dark gray/black! and nearest neighboring amphiphile molecules~light gray!
are shown on a white background which represents the solvent. In the
phiphile rich phase@m52.0(b)# the monomer~dark gray/black! and the
next nearest neighboring solvent molecules~white! are shown on a light
gray background which represents the amphiphiles.
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with increasingm, from aplateletstructure~one layer!, to a
bilayer sandwichstructure ~two layers! to a multilayered
sandwich~three/four/five layers!. We know of no current ex-
perimental data to confirm our observations about these
tened micellar structures. The transition point correspond
to the collapse of a ‘‘layered’’ structure to a globule i
creases with increasingm due to the increase in the numb
of amphiphilic ~mas, mam, sas! interactions stabilizing the
structure. In the very dense amphiphile regime the polym
again undergoes a discontinuous transition from an expan
coil to a globule. In this regime, there is amphiphile is in t
center of the globule, which is unfavorable due to the un
vorable ~mam! interactions and results in a very broad co
lapse transition.

Third, we have also investigated the effect of decreas
the polymer chain length~N! and increasing the strength o
the amphiphilic interactions~l! on the polymer–amphiphile–
solvent phase diagram. Comparison of the phase diagram
N540 andN5100 at l 51.0 shows that, in the very dilut
amphiphile regime, the coil-to-globule transition point i
creases with decreasingN. This is the same as for pur
polymer–solvent mixture. Atl 51.0 we find that forN540
the coil-to-globule transition point increases abovemCAC but
not as dramatically as forN5100. In the more concentrate
amphiphile regime, the stability of the polymer–amphiph
‘‘layered’’ structures increases with increasingN due to the
increased number of~mas! and ~mam! interactions. In the
dense amphiphile phase, the transition point correspon
to the collapse of an expanded coil to a globule increase
x with increasingN. Comparison of the phase diagrams f
N5100 at l 51.0 andl 51.66 shows that asl increases the
stability of the polymer–amphiphile ‘‘layered’’ structures in
creases dramatically. Atl 51.66, it is much harder to col
lapse the polymer–amphiphile ‘‘layered’’ structures and
expanded coil to a globule. Also atl 51.66 the structure of
the globule is flatter and more ordered as it is harder to b
the amphiphile monolayer at higher values ofl.

To conclude, in this paper we have extended previ
work and begun to explore, albeit in a schematic way,
phase behavior of polymer–amphiphile–solvent systems
ing Monte Carlo simulation. We realize that there are lim
tations present in our simulation. Amongst these is an ov
estimation of the sharpness of polymer coil-to-globu
transition due to crystallization effects and other lattic
induced effects and the fact that we do not take into acco
packing effects on the geometry of the polymer–amphiph
structures. However, we do not expect the limitations to
reflected in any more serious manner in the polyme
amphiphile–solvent system studied here than in the es
lished two and three component amphiphile systems.
have found that, for some parameters, we have good q
tative agreement with experiment. For other parameters
find novel structures, which may yet be observed in exp
ment.
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