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A lattice model Monte Carlo study of coil-to-globule and other
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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 ensem¥lg\{ and the
amphiphile and solvent are treated within the grand canonical ensemew). Using a range of

Monte Carlo moves the phase diagram of polymer-amphiphile-solvent mixtures, as a function of
solvent quality(parametrized byy) and relative chemical potentigl, is studied for the dilute
polymer limit. The effect of increasing the polymer chain lendth,on the critical aggregation
concentratiofCAC), 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 pdN-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 interalctiing]ly,

the effect of the polymer chain lengthN, and the strength of the three-body amphiphilic
interactions,l, on the stability of the polymer-amphiphile structures is investigated.2000
American Institute of Physic§S0021-96060)51817-0

I. INTRODUCTION the solubility of polyN-isopropylacrylamidg (PNIPAM)

The coil-to-globule transition of polymers has been ex-and_ polyethyleneomde{_PEO_), respe7ct|vely. Recently, ex-
tensively studied for many reasons and also as a simpiBerimental and theoretical inter€st’” has been focused on
model for protein folding. Theoretical investigations of the coil-to-globule transition of polymers in the presence of
Flory,! Huggins?> de Gennes® and many othefs*! have ~ amphiphile. It has been found that the critical temperature, at
shown that polymer conformation depends on solvent qualityvhich a nonionic polymer, such as polyethyleneoxig&O
and other conditions such as temperature. In a good solvent poly(N-isopropylacrylamide(PNIPAM) in aqueous solu-
the repulsive monomer—monomer interactions dominate antlon undergoes the coil-to-globule transition, increases with
the polymer is a Flory coil. In a poor solvent attractive increasing amphiphile concentratiéi?®
monomer—monomer interactions dominate and the polymer |n this paper, we begin by examining the dilute am-
collapses and phase separates to a dilute phase of isolatgfliphile regime for an isolated polymer chain. It is well
collapsed globules and a concentrated phase of a polymghown that amphiphiles bind to polymers to form mixed

aggregates, though ultimately the actual situation depends Pblymer-amphiphile aggregates at quite low amphiphile con-
the experimental details. The coil-to-globule transition has

) . ctentration(critical aggregation concentration, CACHow-
been studied experimentally for a number of homopolymers
: . . : ever, there has been much debate on the type of polymer-
including polystryene (PS, poly(N-isopropylacrylamide - - .
(PNIPAM), and polyN-isopropylmethylacrylamide amphlph|le_ complex formed at the crmcal aggregation
(PNIPMAM).22-8 Computer simulatior€~22have also been concentratlon(_CA_C). There are two main models of the
used extensively to study the different aspects of the transPolymer-amphiphile g;lxed aggregate: the necklace model
tion and the properties of the coil and globule. proposed by Cabai&* where the polymer binds to the po-
Experimentally, one is restricted to solutions of ex-lar heads of a micelle in a “loopy” configuration, and the
tremely dilute polymer concentrations when studying theKokufuto modet* where the polymer backbone is incorpo-
coil-to-globule transition as phase aggregation is a problentated into the core of the micelle. Waltet al?® proposed a
Amphiphiles increase the solubility of polymers and havethird model for the pol{N-isopropylacrylamide(PNIPAM)/
been widely used to prevent aggregation in dilute polymesodium dodecyl sulfatéSDS system where two types of
solutions. Schild and Tirréif?* and Karlstromet al?® have micelles are formed: bound micelles where the polymer
performed systematic studies of the effect of amphiphiles omackbone is incorporated into the micelle core and quasi-free
micelles. Using a hybrid Monte Carlo scheme, we examine

dAuthor to whom correspondence should be addressed. the type of polymer-amphiphile complex formed at the CAC
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and the effect of increasing the amphiphile concentration omgenerate neighborhood polymer structures while maintaining
the polymer coil-to-globule transition. polymer connectivity and excluded volume constrafrits.
We have previousff*! investigated the types of There are two types of elementary polymer moves: those
polymer-amphiphile structures formed as a function of am-4nvolving the pairs monomer—solvenn@s) and monomer—
phiphile concentration and amphiphilic strength. We haveamphiphile (m2a).
shown that the amphiphile self-assembles and incorporates The acceptance or rejection of a Monte Carlo move de-
the polymer into a variety of “layered” structures depending pends on the Metropolis ratio of transition probabilities,
on the concentrations of polymer and amphiphile, the poly=exp(—AE/kgT), where AE is the total change in energy
mer chain lengtiN) and the strength of the three-body am- between the final and initial states. It may be shown that the
phiphilic interactions (=L/kgT). Here, we investigate the model depends only on the linear three-body interaction pa-
regions of stability of the polymer-amphiphile structures as aameter| S50 the relative chemical potential, and on the
function of solvent qualityy. Throughout the paper we com- following combinations of two-body interaction parameters
pared our results to the relevant experimental and theoreticg|

R S:
results where possible. o

Xm-m2s= 2l ms= Imm— I ss 3

Il. MODEL AND METHOD

We model ternary mixtures of solvelis), amphiphile Xa-m2s= Imstlas=Ima=lss, )
(a) and polymer(m) on a lattice using a hybrid Monte Carlo
schemé® The solution is incompressible so that every site Xm-m2a= I mst ma=lmm~=las, (5
on the lattice is occupied. The total number of monomers
(N, is constant as the degree of polymerizatibi and the Xa-m2a= ImsTlaa=Ima=las, ©®
number of polymer chaingM) are fixed. The polymer is B
therefore treated in a canonical ensembleM,N). The Xm-s2a=lms™ Ima; @)
number of solvent and amphiphile molecules may vary and o )
are treated in a grand canonical ensemblgV(w). Our Xa-sza™ las™ laar
model for polymer-amphiphile-solvent mixtures is defined ] 9)
by the Hamiltonian stszalss fas:

H,=H-uN,, (1) ﬁ\II interaction parameters are in units BT, and we set

BT: 1

We are interested in investigating the effect of changing
the solvent quality from an good solvent to a poor solvent on
the polymer conformation in the presence of amphiphile. A
polymer is a Flory coil in an good solvent, due to the ex-
cluded volume interactions, and a collapsed globule in a poor
solvent. Now we would like to study the collapse of the

monomer—monomer, monqmgr—solvent, monomer- olymer chain to a globule in a solvent—amphiphile solution.
amphiphile, amphiphile—amphiphile, solvent—solvent, an

S . . . nitially we set all the two-body interactions to zero and
amphiphile—solvent two-body interactions, respectively. The[herefore ally's in Egs. (3)~(9) also reduce to zero. Setting
distance between sitdsand j is denoted ag;=|f;—rj|.

. ) . . the two-body interactions to zero models an “athermal” sol-
Short range interactions are introduced by the functlor'(/ent in the Flory—Huggins theofyThe excluded volume
w(rij) with the propertiesw(1b)=1, w(v2b)=1, w(v3b) . \qiraints are explicitly included in our Monte Carlo
~0.75, w(2b)=0.5, and W(r;)=0 for rj>Rpya=2b, ' Xpietty inciuded in ou

. . . . . scheme. Therefore, in this scheme, setting all two-body in-
whereb is the unit spacing of the lattice. The linear three- g y

body interaction parametéir, can take on values of L teractions equal to zero models a polymer in a good
y P 9S;S solvent®1%49 To collapse the polymer we increasgs and

for the favorable monomer—amphiphile—solvemiag inter- |  simultaneously with all other two-body interactions set
actions, —L for the unfavorable monomer—amphiphile— 5 zero. Asl o andl ,, are increased it becomes more unfa-
monomer(mam), and solvent—amphiphile—solvef#as in-  yoraple for the monomers to interact with both the solvent
teractions and zero otherwise. Hepe=pu,—us is the  and the amphiphile molecules and the polymer collapses to a
relative chemical potential, where, and s are, respec-  giohule in order to minimize the number of unfavorable
tively, the chemical potentials of the amphiphile and the sol\,onomer—solvent and monomer—amphiphile interactions.

H:_Z W(rij)lsis-_z Isis-skv 2
(i) b

wherei, j, kK enumerate the lattice sites, agddenotes the

contents of theth site.lSiSj represents the two-body interac-

tions where Ipmy Imsy Imas laar lssy las are the

vent, andN, is the number of amphiphile molecules. Equations(3)—(9) then reduce to

There are several types of Monte Carlo moves used to
update the system state. The creation and destruction of the __ - =2] (10
solvent and amphiphile molecules is controlled by conven-
tional Monte Carlo spin—flip type moves. There are two such  y, _1a=2lma, (11)
moves: solvent to amphiphiles2a) and amphiphile to sol-
vent (@2s). Local internal moves and reptations are used t0  x_ m2s= Xa—m2a=0, (12
update the polymer conformation. Both use a special
method, determined by the structure of the Hamiltonian, t0  xm-s2a= Xa—s2a= Xs—s2a=0. (13
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The solubility of the polymer,y, is defined here ay something similar pertains here and at least one should take
=2lms=2lma- As x is increased it becomes more unfavor- some note of the general shape of the objects we describe. It
able for the monomers to interact with both the solvent andvould be unwise to make stronger statements than this about
amphiphile molecules, and the polymer collapses to a globeur prediction of geometry at the moment since in a sense we
ule. The valuey. is defined as the point at which the poly- obtain “model” geometries.
mer collapses to form a globule.

The Metropolis ratio of the transition probabilities for a ||| RESULTS AND DISCUSSION
monomer—solvent move 7{,,s), @ monomer—amphiphile

move (7m2a), @ solvent—amphiphile moven(,,), and a In_thg solvent rich ph_ase we examine the binding .of Fhe
amphiphile—solvent moverfy,,), now reduce to amphiphile to a Flory coil and the effect of the amphiphile
on the coil-to-globule transition on a polymer. We then ex-
XZW(r)Anm(r)—AE, amine the effect of decreasing the solubility of the polymer
MTm2s™ "mza:em( keT ' 149 (increasing y) on the conformation of the polymer—
amphiphile aggregates in the more concentrated amphiphile
_ —p—AEL regime. The investigations are made for lattice s&e,20,
nsZa—eXD( kgT ) (19 and for an isolated polymer chain of lendth The monomer

. volume fraction is¢,,= MN/S3, whereM is the number of
Na2s= Ms2ar (16) polymer chains of lengthy, andS® is the volume of the box.
hWe focus on the very dilute limitM =1, to permit a clear
discussion of the collapse of the polymer in the presence of
I;gmphiphile and polymer—amphiphile aggregation in the ab-
sence of interpolymer effects. The length of the polymer
body interaction energy between the final and initial stateCham and lattice size are chosen to ensure that. the polym_er
vas long enough to clearly study the conformational transi-

andp is the relative chemical potential, tions without any lattice size effects and yet is computation-
Obviously, the solubility of the polymer decreases as we y y P

, ally efficient.
increasey. We know from the Flory theory for polymer— . . .
solvent mixtures that the transition point occurs yat= . We exhibit results for a variety of values of the effective

+(1/JN). However, though the scaling laws are universal,thr;eE;]'ibzﬂz_";t)el\r/aeﬁlogoﬁggigirII‘S/k:r;rc’i ?0\;;;2 I%ngﬁhgf
the exact location of the transition point is not universal andPNIP .

depends on the coordination humber of the lattice. Our par'—Dhase diagram is examined in three ways; by holdirgpn-

ticular model is on a cubic lattice which takes into accountStant and changing, by holdingy constant and increasing

interactions between nearest neighb@@gs diagonal neigh- # and finally by stfarting f“"f“ a cqllapsed globule_ at differ-
bors (12), long diagonal neighbor$8) and next nearest ent,.u- and d(_ec.r(.aasmq..AII S|.mulat|ons are run using pre-
neighbors(6). The transition point for our model occurs ap- equilibrated initial configurations.
proximately aty.= 2+ (1/YN). A. Investigation of the binding of the amphiphile to

We are interested in the effect of the amphiphile pres-an isolated polymer and the type of
ence on the solubility of the polymer. The linear three-bodyPolymer-amphiphile complex formed at the CAC
interaction parametetys s, is defined such that monomer— (critical aggregation concentration )

amphiphile—solvent interactions (55 or 1, have favor- We begin by looking at the binding of the amphiphile to
able energy {L), whereas monomer—amphiphile— a single polymer chain in a good solvent=0) in the dilute
monomer interactions lf,,,y) or solvent—amphiphile— amphiphile regime. Stauffét defined the characteristic mi-
solvent interactionsl{,9 have unfavorable energy—(L). celle concentratiofCMC) as the concentration where half
All other linear three-body interactions are set to zero. Thishe amphiphile present is in the form of isolated particles and
choice of interaction parameter reflects the direct tendency dhe other half is in the form of clusters consisting of two or
the amphiphile to bind to the polymer and increase its solumore neighboring molecules. We use an analogous definition
bility and the indirect tendency for the amphiphile to aggre-for the characteristic aggregation concentration of the am-
gate. This simple model may, in some respects, be viewed gshiphile in the presence of polym&EAC). We defineucac

the logical extension of the solvent—amphiphile lattice mod-and ucyc as the relative chemical potentials corresponding
els that were studied a few years d§o0*®Here, as there, we to the CAC and the CMC, respectively. Preliminary
aim to capture the essential energy scales, gross geometridaidings™ for an isolated polymer of various chain lengths at
and computational features, but certainly not detailed propt=1.0, 1.66, 5.0 showed that the behavior of the CAC with
erties. In particular, we know that lattices do distort geom-increasing polymer chain lengttN) and the type of
etries somewhat, and caution that subtle packing effectgolymer—amphiphile complex formed depend on the
which are not taken into account in this model, are oftenstrength of the amphiphilic interactiofls. We investigate in
important. However, one should not over emphasize thgreater detail the binding of the amphiphile to the polymer at
limitations of lattice models. It has been found in solvent—the CAC forN=20, 40, 80, 100, 120, 160 &+ 1.0, 1.66.
amphiphile lattice modeté® that, above the roughening Figure 1 shows the plot of the ratio of the CAC to the
temperature of a model, the conformations and gross geonEMC (CAC/CMC) versusN at |=1.0, 1.66, 5.0. We note
etries are described reasonably well. Our feeling is thathat the effect of increasing the polymer chain leng@th on

where the summation is over all the neighboring sites wit
w(r)>0, and Any(r) is the difference in the number of
monomers between the final and initial states at each inte
action distancer. AE, is the difference in the linear three-
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FIG. 1. Plot of the ratio of the CAC to the CMCAC/CMC), versusN at

1=1.0(0), I=1.66(0), andl=5.0(0). FIG. 2. Sample conformation of polymer—micelle complex formed above
the critical aggregation concentrati@BAC) for N=100 atl =1.0. Micelles
are defined here as clusters of two or more neighboring amphiphiles. Bound
micelles incorporate the backbone of the polymer chain into the core of the

the CAC is completely different dt=1.0 andl=1.66, 5.0.  micelle and are associates with the polymer. The monomers are shown in

For 1=1.66 andl=5.0 the CAC/CMC increases linearly Plack and the amphiphile in gray.

with N, whereas fol = 1.0 the CAC/CMC decreases initially

and then at a certain poiné 100) is constant with increas-

ing N. The effect of the polymer chain length on the critical actions (since L>kgT). The CAC is then defined as the
aggregation concentratiofCAC) at [=1.0 is in agreement concentration where half the bound amphiphiles are in the
with theoretical and experimental results®**>* For | form of isolated molecules and half the bound amphiphiles
=1.0, the strength of the amphiphilic interactions are com=re in the form of clusters consisting of two or more neigh-
parable tdkgT, the isolated amphiphile is in solution and the poring amphiphiles. A8l increases the number of monomers
polymer acts as a platform for forming clusters of am-jncreases, therefore it is harder for the amphiphiles to form
phiphile. AsN increases the number of favoratiteas in-  clusters and the CAC increases. Above the CAC the
teractions increase and therefore the amphlphlles form Clu%)'o|ymer_amphiphi|e forms a flat “|ayered” structure where
ters more easily and the CAC decreases. HoweverNfor the polymer is incorporated between two amphiphile mono-
=100 the increase in thenas interactions is balanced by |ayers in order to maximize the favoralfimas interactions
the fact that the amphiphile is now bound to a larger plat-agnd minimize the unfavorablenam and (sa9 interactions.

form. o _ _ Figure 3 shows a sample conformation of thiateletstruc-
Examination of the configurations of the system fr  tyre for N=40 atl = 1.66.

=100 atl=1.0 show that isolated amphiphile molecules
bind to the polymer before the onset of the cooperative as-
sociation at the CAC. This indicates a strong hydrophobic
interaction between the polymer and amphiphile. Above the
CAC, we find that there are two types of polymer-bound
micelles: the first type is where the polymer backbone is
incorporated into the amphiphile cluster and the second type
is where the amphiphile cluster is associated with the poly- : ‘ ‘,
mer. There are also free amphiphiles in solution. Figure 2
shows a sample conformation of the polymer—amphiphile f
complex formed above the CAC fod=100 atl=1.0. Fi-
nally, above the CMC the amphiphile forms unbound mi-
celles in solution. Using our simple Monte Carlo hybrid
scheme, we find that the binding of the amphiphile to the
polymer and the type of polymer—amphiphile complex
formed is similar to that proposed by Waltet al2® for the i
poly(N-isopropylacrylamidg and sodium dodecyl sulfate '
(PNIPAM-SDS system. ‘4 r

The plots of the ratio CAC/CMC versus for | =1.66
andl =5.0 are less typical of experimentally observed situa-
tions. Atl_:_l'66’ 5.0 the amphiphile binds to the polymer aSFIG. 3. Sample conformation of the collapsed polyrpéatelet structure
soon as it is added to the system due to the strength of thgimed beyond the CAC foN=40 atl=1.66. Solvent is represented as
favorable(masg interactions and the unfavorahlsag inter- (white), amphiphile(gray), and polymer(dark gray/black

g

S45

e
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In more concentrated amphiphile regimes a wide variety
of structures are formed, from expanded coils to several dif-
ferent lamellar structures, depending on the polymer chain
length (N), the strength of the amphiphilic interactionk (
=L/kgT) and the relative chemical potentialw).
Previously®*! we found that at=1.0, for N<80 the poly-
mer expands in the more concentrated amphiphile regimes to
form an expanded coil, whereas fde=80 the polymer and
amphiphile collapses to anterlayered sandwiclstructure in
the amphiphile rich regime and then re-expands to a coil in
the amphiphile dense regime. Hox 1.66 the polymer col-
lapses to glateletstructure above the CAC and in the am-
phiphile rich regime forms a series ofultilayered sandwich
structures where the number of layers increase with increas-
ing amphiphile concentration. Finally, in the amphiphile
dense regime the polymer re-expands to an expanded coil.
Sample conformations of anterlayered sandwiclstructure
(N=100J)=1.0) and amultilayered sandwictstructure (\
=100)/=1.66) 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 the
polymer—amphiphile structures formed &&1.0 and |
=1.66 forN=40, 100 as a function of the solvent qualfy
and relative chemical potentidlu). In investigating the
phase diagram of a single polymer as a functiony@nd u
we determine four broad regions of interest: the dilute am-
phiphile regime ft<w4), the intermediate amphiphile re-
gime (u1<u<u,), the more concentrated amphiphile re-
gime (u,<u<ws), and the amphiphile dense regimg (
>pu3). We find that in the dilute amphiphile regimeu (
<u4) the transition points are self-consistent since, regard-
less of how we construct the partial phase diagtaynhold- (b)
ing u constant, varying, or by keepingy constant, varying
w), they are fixed. This is a reassuring check on the simulariG. 4. Sample conformations d8) an interlayered sandwictstructure
tion. However, foru> u,, especially at=1.66, we find that formed atI=1.0 and (b) a multilayer sandwichstructure formed at
the polymer structures exhibit metastability as we incregase =1.66 forN=100 aty=0.0 in the amphiphile rich phase. Fiir=100 at

. . |=1.66, xy=0.0 the number of polymer layers in a sandwich structure in-
We have shown that fdr= 1.0, aty= 0.0 the behavior of crease from twdbilayer) to three or morgmultilayen with increasingu.

the CAC with increasing polymer chain lengt, and the  polymer monomers are shown in black, with only the neighboring solvent
type of polymer-micelle complex formed above the CAC ismolecules shown in whitéup to next nearest neighborsThe amphiphile

in good qualitative agreement with experimental results. Wénolecules are represented by a gray background.

investigate the effect of increasing the amphiphile concentra-

tion on the polymer coil-to-globule transition fdd= 100, at

|=1.0. Figure 5 shows the phase diagram of the system faas it is stabilized by the favorablenag interactions and the
N=100 atl=1.0 as a function ofy and u, where ucac= unfavorablegmamn) and(sa9 interactions. During the coil-to-
—2.65,u1=pucmc=—1.6, u,=0.6, andu3z=3.0. We begin globule transition the mixed polymer—amphiphile aggregates
by examining the phase diagram fr=100,1=1.0 in the  undergo profound restructuring: solvent is enclosed in the
dilute amphiphile regime,u<ucyc. At very low am-  globule due to the unfavorablenam) interactions and am-
phiphile concentrationsy< ucac, the coil-to-globule tran-  phiphile is bound to the outside of the globule due to the
sition point, x., increases slightly with increasing as am-  favorable (mag interaction. Comparable observations are
phiphile binds to the polymer and increases its solubility duemade in experimental work by Waltet al2® for PNIPAM—

to favorable(mag interactions. This is in agreement with SDS system. Figure 6 shows sample conformationsNor
experimental and theoretical result€8*53’Above the CAC =100 atl=1.0 of a collapsed globule in the presence of
the amphiphile binds to the polymer to form a mixed amphiphile at(a) u=-—5.0 (below the CAQ and (b)
polymer—amphiphile aggregate and there is a dramatic inu=—2.0 (above the CAQ

crease in they, value. y. increases linearly fou> ucac Figure 7 shows the plot of the heat capaciy,/kg, and
because the polymer—micelle complex is harder to collapsthe radius of gyrationRy, versusy, for N=100,1=1.0, at
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FIG. 5. The phase diagram for an isolated polymer of lefgth100, is

plotted forl =1.0 as a function of the relative chemical potentigland the
polymer solubility, y. As u increases the number of amphiphile molecules
increase and the system goes from a solvent rich regjae ,), to an
intermediate amphiphile—solvent regimg,< u<pu,) to a more concen-
trated amphiphile regimeu,<u<wu3) and finally to an amphiphile dense
regime (u>us). peac= —2.65, u1=pcuc=—1.6, 1,=0.6, and us

=3.0, whereucac and ucyc are the relative chemical potentials corre-
sponding to the critical amphiphile concentrati®AC) and the critical ~ (P)
micelle concentratioflCMC), respectively. Ag increases the polymer solu-

bility decreases and the polymer—amphiphile structures collapse to a globl:!G. 6. Sample conformations fdd=100,=1.0 at(a) «=—5.0 and(b)

lar structure. The regions of stability of the different polymer—amphiphile = —2.0 of a collapsed globule in the solvent rich phase. The monomers
structures are =#Flory coil, ll=overextended coil, Ikexpanded coil, —are shown in dark gray with black bonds and the amphiphiles are shown
IV =platelet V=interlayered sandwictstructure, Vi=multi-layered sand- ~ pale gray. The solvent molecules are not shown.

wich structure, and &collapsed globule. The thick solid lines with circles

correspond to continuous transitions. Long-dashed lines with squares corre-

spond to discontinuous transitions. The dotted line divides the region of . . .
stability of the Flory coil(l) and the overextended cdll). The line of plus ~ Cr€asingu. Figure 8 shows a sample conformation of a re-
signs indicates the crossover frompiatelet structure(IV) to multilayer stricted coil atu=—1.8 for y=0.32.

sandwichstructure(Vl) and a line of stars indicates the crossover from the

region of stability of theinterlayered sandwiclstructure(V) and of the

multilayer sandwicfstructurestVi). C. Conformational transitions of a single polymer
chain, N=100, in the presence of amphiphile
(amphiphilicity, /=1.0) as u is increased, holding x
constant

several different values qgi. We see a dramatic increase in We now examine in more detail the effect of increasing
the transition point and a broadening of the collapse transix, while keepingy constant, on the stability of the polymer—
tion with increasingu(u> ucac)- This indicates that the amphiphile structures. Figure 9 shows plots of the heat ca-
amphiphile remains firmly associated with the polymer dur-pacity, Cy /kg and radius of gyrationRy, versusu, for N

ing the coil-to-globule transition. The increase in the transi-=100,1=1.0, at several different values gf For N= 100,

tion temperature and broadening of the collapse transitioh=1.0 aty=0.0 there are three peaks in the heat capdBty
with increasing amphiphile concentration has been observeB1, C). In the dilute amphiphile regimeu<ucuc) the
experimentally by Waltert al?® for PNIPAM—SDS sys- polymer chain is a Flory coil. Ag: is increased further the
tems. It was also found experimentally that the polymersystem undergoes a solvent—amphiphile phase separation
globules can be expanded to form coils by the addition ofpeak B and the polymer expands to an overextended coil.
amphiphile. Aty=0.32, we find that foru> ucac the col-  In the amphiphile rich phase, the polymer collapses from an
lapsed polymer globule expands to a restricted coil with in-overextended coil to form a polymer—amphiphiteerlay-
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FIG. 8. A sample conformation of a restricted coil fér=100,I =1.0 in the
solvent rich phase gi=—1.8, y=0.32. Only monomerg&dark gray/black
and nearest neighboring amphiphile molecuyleht gray) are represented.

(b) x
FIG. 7. (a) Plot of the running average of the heat capadity/kg, versus . . . .
y, for N=100 atl=1.0 at differentu. Here u=—-5.00), u=—4.007),  number of layers in theandwichstructure increases to maxi-
u=—3.000), u=—2.50), u=—2.2+), u=—2.0V), and pu=—1.80%). mize the favorable(mas interactions. In the dense am-
(b) Plot of the radius of gyrationR,, versusy for N=100 atl=1.0 at  phiphile region there is not enough solvent to stabilize the

u=-5.00), u=—-3.00¢), u=—2.2+), andu=—1.80*). Note the behav- - -
ior of the heat capacityCy /kg, and the radius of gyratiorRy, versusy ;igivg(:h structure and the polymer expands to a coil at

changes abovecac, the relative chemical potential corresponding to the
critical aggregation concentratid@AC), whereucac=—2.65 forN=100 At x=0.5 we find that foN=100,| = 1.0 the polymer is
atl=1.0. a collapsed globule in the dilute amphiphile regiop (
<ueme)- In the intermediate region, the number of am-
phiphiles increases rapidly with and the polymer expands
ered sandwiclstructure[Fig. 4(a)] at peak B1 and then as  from a globule to glateletstructure at peak V. Just after the
increases further the polymer re-expands to form an exsolvent—amphiphile phase separatipeak B, the polymer
panded coil at peak C. Foar>0.0, we will label the peak in rearranges from alateletstructure to ailayer structure to
the heat capacity corresponding to the collapse of the polymaximize the favorabldmag interactions. Finally, in the
mer from a coil-like structure to aandwichstructure peak dense amphiphile regime the polymer re-expands to a coil-
B1* and the peak corresponding to the re-expansion of théke structure at peak T For y=0.8 there are only two
polymer to a coil-like structure, peak*C peaks in the heat capacity, B and Z. Peak B corresponds to
At x=0.32 for N=100, | =1.0, the polymer is a col- the solvent—amphiphile phase separation. In the amphiphile
lapsed globule in the very dilute amphiphile regimg ( rich phase it is harder to collapse the polymer because it is
<umcac)- As u increases the number of favoralfleag in- unfavorable to have amphiphile enclosed in the globule due
teractions and unfavorablenam), (sag interactions increase to the unfavorablémam) interactions. Peak Z corresponds to
and the polymer expands from a collapsed globule to a rethe region of stability of asandwichstructure where the
stricted coil. Atu=ucumc, the polymer undergoes what ap- three-body amphiphilic interactior{snas, mam, sasriefly
pears to be a discontinuous transitiggeak R from a re-  stabilize thesandwichstructure. Fory>0.8 there is only one
stricted coil to aplateletstructure to maximize the favorable peak in the heat capacity corresponding to the solvent—
(mag interactions and minimize the unfavoralfleam and  amphiphile phase separation and the polymer is a collapsed
(sa9 interactions. Asu increases, the solvent and am- globule.
phiphile phase separate and the polymer expands from a The observation of morglateletlike objects in some
plateletto a coil-like structure at peak B. In the amphiphile parts of the phase diagram could originate, in part, from the
rich phase, the polymer collapses from the coil-like structuraunderlying lattice structure of this model. However, this is
to abilayer sandwictstructure at peak Bl As w increases probably not the sole cause of the phenomenon which, we
further the number of solvent molecules decrease and thieel, is likely to have firm physical underpinnings. In the
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FIG. 10. (a) Plot of the heat capacityCy/kg, versusy, for N=100, |
FIG. 9. (a) Plot of heat capacityCy /kg, versusu, for N=100,I=1.0 at ~ =1.0 at fixedu. (b) Plot of the radius of gyrationR,, versusy, for N
x=0.0(0), x=0.320), x=0.5(¢ ), andxy=0.8(+). (b) Plot of the ra- =100, 1=1.0 at different u. Here u=-1.000), w=0.00), wu

dius of gyration Ry, versusu for N=100,1=1.0 at differenty. Here,y =~ =1.0(¢), ©=2.0(+). The peaks in the heat capacity and the correspond-
=0.0(0), x=0.320), x=0.5(¢), x=0.8(+), and x=1.0(V). The ing changes in the radius of gyration of the polymer are labeled F, B,
peaks in the heat capacity and the corresponding changes in the radius ¥, and X to facilitate discussion in the text.
gyration of the polymer are labeled R, V, B, B1,B1C, C, and Z to
facilitate discussion in the text.
by looking at the intermediate amphiphile regime,1.6
<u<0.6, where aty=0.0 the polymer is an overextended
absence of polymer, parts of the phase diagram are domgoil. At = —1.0 there are two peaks in the heat capacity:
nated by lamellar amphiphile states. These originate in thgeak A which corresponds to the conformational transition
microscopic interactions that produce a curvature energyfrom an overextended coil togateletstructure, and peak W
The presence of polymer we argue, shifts this tendency in thehich corresponds to the collapse of the polymer from a
parameter space, and it is likely that in some systems flatplateletto a globule. The peak corresponding to collapse of
tened micellar objects do associate with polymers. The roléhe polymer from an overextended coil tpkateletstructure
of the lattice is likely to overemphasize these natural effectsis labeled A as a similar coil-to-platelet transition occurs at
x=0.0 with increasingu at |=1.66. As y increases, the
polymer tries to minimize the number of unfavorable two-
D. (.:onformation.al transitions of a single.pollymer body monomer—solventm-s) and monomer—amphiphile
chain, N=100, in the presence of amphiphile (m-a) interactions. However, the linear three-body am-
(amphiphilicity, /=1.0) as y is increased, holding  p phiphilic interactiongmasg, (mam), and(sa9 cause the poly-
constant L . .
mer to initially collapse to glateletstructure as this maxi-
We now investigate the effect of decreasing the polymemizes the favorablémas interactions while minimizing the
solubility, i.e., increasing, on the stability of the polymer— unfavorable fn—a), (m-s), (mam, and(sag interactions.
amphiphile structures fop> ucuc. We examine the plots As y increases further the unfavorable two-bady-a, m-s
of the heat capacityC, /kg, and radius of gyrationRy, interactions outweigh the linear three-body amphiphilic in-
versusy for N=100 atl = 1.0 in the intermediate amphiphile teractions stabilizing th@latelet structure and the polymer
regime atu=—1.0 (solvent rich phageand x=0.0 (am-  collapses to form a globule. A¢=0.0 the polymer expands
phiphile rich phasg and in the more concentrated am- with increasingu to an overextended coil in the amphiphile
phiphile regime atu=1.0 andu=2.0 (Fig. 10. We begin rich phase £=0.0). At ©=0.0 we find that ag increases
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the polymer undergoes two discontinuous transitions: fronk. Investigating the effect of changing the polymer

an overextended coil to lailayer sandwichstructure at peak chain length, N, and the strength of the

B1* and from thebilayer to a collapsed globule at peak X. three-body amphiphilic interactions,

At higher u, peak X corresponds to the collapse of an!/—L/ksT. onthe phase diagram of the system

interlayered/multilayered sandwichktructure to a globule. We now compare the phase diagram fé=100 atl

The polymer collapses with increasingin order to mini- =1.0 as a function of and x and the phase diagrams for

mize the unfavorable two-body monomer—solvent andN=40,l=1.0(Fig. 11 andN=100,l=1.66(Fig. 12 to see

monomer—amphiphile interactions while maximizing the fa-the effect of the polymer chain length, and the strength of the

vorable (mag interactions. The transition point at which amphiphilic interactions on the phase diagram. We note that

these “intermediate” polymer—amphiphile structures col-the phase diagrams 1.0 forN=40 andN=100 are very

lapse to a globule increases with increasjaglue to the similar. ForN=40 atl=1.0 the polymer undergoes a con-

increase in the number of favorablmag and unfavorable tinuous transition from a Flory coil to a collapsed globule in

(mar) interactions. thg dilute amphiphile regime. Comparison of the transition
We now examine the more concentrated amphiphile reP0ints forN=40 andN =100 at thex = —5.0 shows thaj.

gion, y< < us, for N=100 atl = 1.0 whereu,=0.6 and decreases with mcr_easmg which is thle same as for pure

115=3.0. At y=0.0, the polymer is amterlayered sandwich Polymer—solvent mixture$ xc(1/VN)]*. Here x. for N

structure for 0.6 u<1.4 and an expanded coil far>1.4.  _ 20:1=1.0 also increases fqucac<p<pcuc but not as

We find that agy increases, regardless of the initial polymer dr?ﬂ”;?;::g:;im'\' :)13]% Fglrl\rln:ef%xl ziaosifnx;oé(\)/’e?sex-
structure the polymer collapses first taraultilayered sand- i Mcme oy P

wich structure and then to a globule. Figure 10 shows sampl'([aende coil during the solvent—amphiphile phase separation

lots of the heat it d radi f i P and then collapses to an expanded coil. In the intermediate
pcislc(; Oe e: ca{:)ham ylan a |u_s;) ?yra |odn vepg 'rh amphiphile regime ficyc<m<u,), as y is increased the
#=1.0(0), where the polymer is amterlayere sandwic polymer undergoes discontinuous transitions. The polymer
at y=0.0, and foru=2.0(+), where the polymer is an ex-

o B X initially collapses from an overextended coil tpkateletin
panded coil aj=0.0. Atu=1.0 asy increases there aré tWo o gq|yent rich phase or sandwichstructure in the am-

peaks in the heat capacity; peak F and peak X. Peak F COppiphile rich phase and then collapses to a globule. The
responds to the collapse of the polymer fromimterlayered  ¢rossover fronplateletto sandwichstructure shifts to lower
sandwichstructure to anultilayered sandwicland occurs at w with increasingy. This is to be expected as tisandwich
very low x. Peak X occurs at much highgrand corresponds  strycture is more stable than tpéateletas it has more fa-
to the conformational transition from @multilayered sand- yorable (mag interactions. The region of stability of these
wich to a globule. Atu=2.0, asy increases the polymer “layered” structures forN=40 is much narrower than for
collapses initially from an expanded coil toraultilayered N=100 due to the shorter chain lengffewer favorable
sandwichat peak BX and then to a collapsed globule at (mag and unfavorabléman) interactions. In the more con-
peak X. Themultilayered sandwichpolymer—amphiphile centrated amphiphile regime, the collapse from the expanded
structure collapses with increasingto minimize the unfa- coil to a globule also occurs at lowgffor N=40 than for
vorable monomer—solvent interactions while maximizing theN=100 due to smaller number @ihas interactions stabiliz-
favorable(masg interactions. Asu increases the number of ing the coil. We find that abl increases the region of stabil-
layers in amultilayered sandwiclstructure increase, and the ity of the polymer—amphiphile structures increase and it is
sandwich-to-globule transition point increases as it becomelarder to collapse the polymer to a globule, especially in the
harder to rearrange the amphiphile so it is excluded from th@mphiphile rich phase.
center of the globule. We sketch the phas_e diagram fé=100 atl=1.66 as a

In the dense amphiphile phasg us), asy increases unction of  and x (Fig. 12, where pcac=—3.8, 1

the polymer undergoes a continuous transition from an ex- —0.5, “2:0‘6’_ and,u3_= 7.0. At1=1.66 the ar;:_pf;]lphlllc
panded coil to a globule. This is similar to the coil-to-globule (mam, sas, masinteractions are very strong which means

transition in the solvent rich phase. However, in the densé\hat the amphl_phlle binds to the_pqumer as soon as it Is
added to solution and the amphiphile monolayer does not

e i o s a0 b, A 00, fr=100| 1.8 h palymer &
. . . . a Flory coil in the very dilute amphiphile regime
sults in unfavorablémam) interactions. It is harder to col- y y phip gime(

X o <pucac)- As u increases the polymer collapses tplatelet
lapse the polymer to a globule in the dense amphiphile ez cyre and this may be rationalized as reducing the effec-

gime than in the solvent rich regime due to the unfavorablg;, o bending energy of the amphiphile monolayer. Phete-
(mam interactions. The transition point decreases onlyqtis stable in the solvent rich phase ot ucac as this flat
slightly with increasingu, as the decrease in the number of «|ayered” structure maximizes the favorablenas interac-
(maé interactions StabIIIZIng the expanded coil is COUnter'tions and minimizes the unfavoraMman') and (Sas inter-
balanced by the increase in the numbefroém) interactions  actions. As the system undergoes the solvent—amphiphile
destabilizing the globule. The collapse transition is muchphase separation thgateletstructure expands initially and
broader in the dense amphiphile regime as it is very hard tehen collapses in the amphiphile rich phase tilayer sand-
collapse the polymer from a swollen globule to a completelywich structure. Asu increases the number of solvent mol-
collapsed globule due to the unfavoraldean) interactions. ecules decreases, and in order to maximize the favorable
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Hone o FIG. 12. The phase diagram fof=100 atl = 1.66 plotted as a function of

p and y. As u, the relative chemical potential, increases the number of
FIG. 11. The phase diagram fof=40 atl = 1.0 is plotted as a function of amphiphile molecules increase and the system goes from a solvent rich
w and y. As u, the relative chemical potential, increases the number off€gime (w<u,), to an intermediate amphiphile—solvent regime; € u
amphiphile molecules increase and the system goes from a solvent ricf #2), to @ more concentrated amphiphile regimg € u< u3), and finally
regime (w<u,), to an intermediate amphiphile—solvent regime, € to the amphiphile dense regime.$ us). wcac=—3.5, u1=-1.0,
<pu,), to an amphiphile-rich regimeu(>u,). pmeac=—1.75, u;=—1.5, =0.4, andu;=7.0. Asy increases the polymer solubility decreases and the
and u,=0.7. As y increases the polymer solubility decreases and thePolymer—amphiphile structures collapse to a globular structure. The regions
polymer—amphiphile structures collapse to a globular structure. The region@f stability of the different polymer—amphiphile structures aré-lory coil,

of stability of the different polymer—amphiphile structures arélory coil, Il =overextended coil, Ik-expanded coil, IV platelet VI=multilayer
Il =overextended coil, Ik-expanded coil, IV=platelet VI=sandwich sandwichstructure, VIkplateletandsandwichstructures, and &collapsed

structure, and &collapsed globule. The thick solid lines with circles cor- globule. Region VIl is denoted by solid lines with plus maiks) and
respond to continuous transitions. Long-dashed lines with squares corr&orresponds to where both thiateletandsandwichstructures coexist. The

spond to discontinuous transitions. The dotted line divides the regions ofhick solid lines with circles correspond to continuous transitions. Long-
stability of the Flory coil(l), the overextended coill), and expanded coil ~ dashed lines with squares and error bars correspond to discontinuous tran-

(1. The line of plus signs indicates the crossover fropiaeletstructure sitions. Error bars are shown for the discontinuous transition from layered
(IV) to sandwichstructures(V1). This crossover is not sharp and shifts with Polymer—amphiphile structures to collapsed globule.
increasingy to lower u.

(m-s), (m-a) interactions cause compaction. We find at

(masg interactions the number of layers insandwichstruc- =1.66, that asy increases the polymer—amphiphile “lay-
ture increases. Finally, in the dense amphiphile regime therered” structures collapse to form a flatter more ordered glob-
is not enough solvent to stabilize these “layered” structuresule than at = 1.0. Figure 13 shows a sample conformation of
and the polymer expands to an expanded coil. the collapsed globule faX=100,1=1.66 atu=—1.0. This

At x=0.0 for N=100,1=1.66, the polymer is a Flory globule structure is similar to the orientationally ordered
coil in the very dilute amphiphile phase. Asis increased globules found by Kuznetsogt al®? for homopolymers in
the polymer undergoes a continuous transition to a collapsegure solvent with two-body and three-body interactions. At
globule. In the dilute amphiphile regimg& ncac), thereis  1=1.66, the plateletto-globule and sandwichto-globule
very little amphiphile present and we find that the coil-to- transitions occur at much highgrthan forl =1.0. If we hold
globule transition occurs at the samg as forN=100 atl  constant and increage we find that theplateletandsand-
=1.0. For ucac<m<pus, the preferred structure of the wich structures collapse to a globule through a series of lay-
polymer—amphiphile aggregates is a flat “layered” struc-ered structures such as those shown in Fig. 14. The interme-
ture. As y increases, the two-body monomer—amphiphilediate collapse structures are a compromise between
(m—a) and monomer—solventr{—s) interactions become minimizing the bending of the amphiphile monolayeraxi-
more unfavorable and the polymer collapses to try to mini-mizing favorable (mag interactiong and maximizing the
mize the monomer—amphiphile and monomer—solvent coneompaction(minimizing unfavorable monomer—solvent and
tacts. The three-body amphiphilic interaction makes longnonomer—amphiphile interaction$n the solvent rich phase
straight pieces of chain more favorable, while the two-bodythe intermediate collapse structure is a flat globule consisting
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FIG. 13. A sample conformation of a collapsed globule #2100, |
=1.66 atu=—2.0. Only monomersdark gray/black and nearest neigh-
boring amphiphile moleculedight gray) are represented.

of a layer of monomer—solvent—monomer molecules be-
tween two amphiphile monolayers and surrounded by sol-
vent[Fig. 14@)]. In the amphiphile rich phase the interme-
diate collapse structure is betweesamdwichstructure and a
globule [Fig. 14b)]. We note that in the intermediate am-
phiphile region w;<u<u,) the platelet and sandwich
structures coexist. This region of co-existence increases with |
increasingy. In the dense amphiphile regime.& u3), the
polymer is a expanded coil g=0.0. The collapse transition
from an expanded coil to a globule in the amphiphile rich
regime occurs at highey, for [ =1.66 than fol = 1.0 due to
the increased strength of the unfavorafstean) interactions
which inhibit collapse.

IV. CONCLUSION

In this paper we have extended our earlier work to in-
vestigate the stable phases and structure of the phase diagran|
for polymer—amphiphile—solvent mixtures. However, as yet ()
we are able to study only relatively dilute polymer solutions.

Also, in the dilute polymer and amphiphile regime, we in- FIG. 14. Sample conformations of a semicollapsed globuleNfer100, |

vestigate the effect of the polymer on the CM&itical mi-  =1.66 in(a) the solvent rich phase at=—3.0 and(b) the amphiphile rich

celle concentration the type of polymer—amphiphile com- Phase aw=2.0. In the solvent rich phasig.=~3.0(a)] the monomers
L dark gray/blackand nearest neighboring amphiphile moleculigght gray)

plex f_o.rmed’ and the effect of the amphiphile on the collaps re shown on a white background which represents the solvent. In the am-

transition of the polymer. We find that for=1.0 the behav-  phiphile rich phase x=2.0(b)] the monomer(dark gray/black and the

ior of the CAC with increasing polymer chain length and thenext nearest neighboring solvent molecufesite) are shown on a light

type of polymer—micelle complex formed is in good qualita- 9ray background which represents the amphiphiles.

tive agreement with theoretical and experimental

results25:26.50.51

First, we have investigated the effect of increasing thetative agreement with those found experimentally by Walter
amphiphile concentration on the polymer coil-to-globuleet al?® for a poly(N-isopropylacrylamideand sodium dode-
transition. ForN=100 atl=1.0, we find that in the dilute cyl sulfate(PNIPAM—-SDS system in aqueous solution.
amphiphile regime g¢<ucue) as x increases the polymer Second, we have examined the effect of changing the
undergoes a continuous transition from a Flory coil to a col-solvent quality(parameterized by) on the stability of the
lapsed globule. We find that above the CAC the polymemolymer—amphiphile structures in the dilute polymer limit.
collapses to a globule surrounded by a layer of amphiphilelFor N=100, | =1.0 in the intermediate amphiphile regime,
and that the transition poink,., increases dramatically with > ucuc, asy increases the polymer collapses initially to a
increasing the amphiphile concentration. We also find thatlayered” polymer—amphiphile structure and then to a glob-
for N=100 atl = 1.0 the collapsed globule can be expandedule, both of which are discontinuous transitions. The number
by adding more amphiphile. These results are in good qualief “layers” in the polymer—amphiphile structure increases
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