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We present a lattice model of amphiphile, solvent and polymer. The model is simulated in a hybrid
Monte Carlo scheme using the grand canonical ensemble for solvent and amphiphile, and the
canonical ensemble for the polymer. The model has been studied for a limited range of parameters,
albeit consistent with the most elementary properties of surfactants and polymer. However, despite
this apparently very simple set of microscopic interactions, a number of concentration-dependent
effective interactions emerge, and cause conformational transitions of the polymer. We examine
surfactant-polymer binding curves to relate these conformational changes of the polymer to binding.
We have established the viability of using Monte Carlo simulations to study solutions of
amphiphile, polymer and solvent. @998 American Institute of Physics.
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I. INTRODUCTION els, there is no real specification of the solvent as water,

In the late 1980s and early 1990s numerous researche‘raé(cem via the interactions. In any case, we may for our

focused on models of self assembly relevant toPresent purpose use “water” and “solvent” interchange-

amphiphile-watefr* and amphiphile-oil-water mixtures® ably, providing these issues are borne in mind,

Considerable advances were made in experifight The simulation consists of a variety of Monte Carlo
simulatiot?~17 and theor§'®-23 and the connections be’_ moves. Those controlling the movements of the polymer are

tween ther?-2 Simultaneously, much of the basic intellec- (€ conventional local bond movements and reptatich

tual infrastructure to understand solutions of polymisee, while those_,- dealing wiFh solvent and amphiphile.particles are
e.g., Refs. 27—30, and references thereias developed and qf conyentlpnal spin-flip type. There.ar(_a two main relaxation
careful comparisons to experiment were matiE. times in this model, one for amphiphile and solvent mol-
Recent experimental interest has tended more towar8CUl€S:7iai, and the other for the polymer chaig,, . The
mixtures of amphiphile-polymer and solvent, as evidenced@haracteristic relaxation time for a single spin grand canoni-
by work in synthetic polyme?3=*! and biopolymerd2-51  cal ensemble isjoq=S*, whereSiis the lattice sizer,oy is
The reasons are, in part’ that many of the most importarﬁhe relaxation time of a connected ObjeCt and should scale
practical questions from the food, cosmetics, pharmaceuticaPughly asN® where local moves dominates in dilute so-
and other industries revolve around these types of mixturedytions) and N* for reptation, whereN is the length of the
the classical oil-water-amphiphile systems having beerpolymer.

mainly the preserve of the oil industry. This trend will un-  All of these issues, as well as the normal practices of
doubtedly grow. It is our opinion that elegant science iscomputer simulation are taken into account in our work,
emerging from studies of these novel systems. though we do not emphasize the technicalities in this presen-

In this paper we intend to show that a lattice model maytation. One point however is worth making. Thus, the pres-
be adapted to permit the study of these ternary mixtures. ence of the amphiphile, and also the possibility of conforma-
tional collapse has been found to require reptation moves in
even dilute polymer systems, in contrast to previous studies.
Il. MODEL AND METHOD Without attention to such issues it is rather hard to find many
In this model of ternary mixtures containing polymers, of the transitions discussed here. Naturally we have checked
amphiphile and solvent the degree of polymerisatidh énd  that the presence of the transitions is unaffected by changing
concentration of the polymerd() are fixed, whereas the the balance between the different types of move—a property
number of solvent and amphiphile particles may vary. Theof the state of equilibrium, within the obvious constraint that
polymer is therefore treated within the canonical ensembleeptation is a significant and important move through the
(T,V,N) and the solvent and amphiphile molecules withinrange of polymer concentration.
the grand canonical ensembl€,{/, ). It is worth noting at We consider a simple lattice model of three-component
this point that when we use the term solvent we normallymixtures. The Hamiltonian for a polymer-water-amphiphile
have water in mind. However, as with all such lattice mod-system is comparable to that of oil-water-amphiphile
modelst®!® but with the addition of polymer molecules re-

. . 9 . . .
dauthor to whom all correspondence should be addressed. placmg' th? oif® A pamCUI?r expression of this type of
DEstablished at Queens University Belfast and University College Dublin. model is given by the effective Hamiltonian,
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HMEH_Ei MsiEH_(Mst+MaNa)v 1) I I
H= —<Z> w(r”)lsisj—(% lss;50 ) —
ij 1
wherei,j,k enumerate the lattice sites, asddenotes the

contents of theith site. Each site may be occupied by a

monomer (n), solvent §) or amphiphile &) molecules and

vacancies are not admitted. The chemical pOtemilg;llcan FIG. 1. An example of elementary monomer move on 2D lattice, where

take on three possible valu%, s OF ZEero depending on represents either a solvent or amphiphile molecule that is to be exchanged

whether the sité is occupied by an amphiphile, a solvent ™ & monomer.

molecule or by a monomer. Hefd, and N are the total

number of amphiphile and solvent sites, respectively, such

that N,+Ng+N=S% with S being the linear size of the For a ternary system, one has to take into account the

|lattice. change in energy due to the three-body interactions as well
I, is @ 3x3 symmetric matrix of two body interactions  as that due to the two-body interactions. A monomer-solvent

representing the monomer-mononigy,,, monomer-solvent or a monomer-amphiphile attempted move is accepted or

Ims, monomer-amphiphile I ,,,, solvent-solvent, |, rejected based on th®ETROPOLIS ratio of the transition

solvent-amphiphilel s, and amphiphile-amphiphilé,,, in-  probabilities7,,,s and 7,4, respectively,

e s o e s o g g, o] MDA,
: KYs, Vmas= €X T , 5
may take three values; L for monomer-amphiphile-solvent B
(I'ma9 and solvent-amphiphile-monomelrf,,) interactions, =3 W(rAEa(r)—AE,
—L for monomer-amphiphile-monomer {,,) and solvent- ana:eX% KeT , (6)

amphiphile-solvent I;,9 interactions, and zero otherwise.

The distance between sitésand j is denoted as; =|r;
] i =l w(r)>0. AE,4(r) is the difference in the the two-body

—1jl andw(r;;) is a function with the property(b)=1, ;000 tion energy between the final and initial states at each
whereb is the lattice spacing. Short range interactions are

introduced by settingv(r)=0 for r>R here R interaction distance, rAE, is the difference in the three-
I=2b Il:] our c};se IIEa%Ak/l sit_e interacts Wni]tix,its\lvneares?zxeighpc’dy interaction energy between the final and initial state.
bors  (,;=b;w(b)=1.0), diagonal neighbors r{ E_(X), the three-body interaction energy of sktén a row of

— \2b:w(y/2b) = 1.0) long-diagonal  neighbors r( sitesvwxyz, is calculated by summing the terms s ,
il . H | . .
= \/3b;w(y/3b)=0.75) and next-nearest neighbors;; ( ls,s,s, @ndlsss - F(?r e?xample,_lf t.he contents of the. sites
—2b;w(2b)=0.5). See Ref. 29 for more details. We note,’WXyZ are amphiphile-amphiphile-monomer-amphiphile-
however, that here use is made of periodic rather than refle@0lVent, therg, (X)=laam* lamat Imas=L. o
tive boundary conditions to improve equilibration properties. ~ The élementary spin-flip of a solvent to an amphiphile is
We shall use the units of measurement in which the latticéccepted with theaeTROPOLIS ratio of the transition prob-
spacingb=1 andkgT=1. ability #¢,,. The METROPOLIS ratio of the transition prob-
Local internal moves and reptations are used to updat@Pility for a spin-flip of an amphiphile to a solvent;; is
the polymer conformation. Both use a special method, detethe reciprocal ofys,, . Thus
mined by the structure of the Hamiltonian, to generate neigh- — 3 W(r)AEgu(r)—AE, — p
borhood polymer structures while maintaining polymer con- Ns2a= EX KT ,
nectivity and excluded volume constraints. There are two B
types 01; elemenltary pog/melr moves: tF]hohsle in\aolving Ithe Nans= 773*2;, (8
airs polymer-solvent and polymer-amphiphile. The simplest L . . . .
zxamgley of an elementar;y ymonomepr Iranove for a tpwo_where the summation is again over all the neighboring sites
dimensional(2D) lattice is presented in Figure 1 where with v.v(r)>0. and AEq,(r) is the difference n Fhe ‘V.VO'.
represents either a solvent or amphiphile molecule that is t ody interaction energy for a solvent to amphiphile spin-flip
be exchanged for a monomer. In this case, for neares between the final and initial states at each interaction dis-
neighbor interactions onlyR..,.=b), the energy difference tance, r. The model defined by Ed) in the grand canonical

between the final and initial states for a monomer—solven?nsefmbiﬁ for fmph'pg"? anld Solven('; andl in thteh can?r:!cal
move AE,,»s and a monomer-amphiphile moweE,,, is one for the polymer obviously depends only on the relative
chemical potentialu=pu,— us. We see that replacmy_:psi

where the summation is over all the neighboring sites with

Y

AE 9= 2l ms— I mm— s ©)) by Ms,~ Ms in Eq. (1) to excludeu from consideration re-
sults in a trivial constant shifd ,—H ,+ ws(S*—N), that
AEmoa=lmst Ima— lmm—las- (4)  does not affect the thermodynamics.
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It may be shown that the modetlepends only on the
following combinations of two-body interaction parameters

Xm-s2a= I ms™ I mas

ISiSj: Xa-s2a=las™ laa; 9
Xs-s2a=lss— las-

which are in units ofkgT. Equations (5)—(8) for the

Xa-m2s=Imstlas— Ima=—lss, METROPOLISratio of transition probabilities are rearranged in

terms of interaction parameters and the difference in the

number of neighboring monomers, solvent molecules and
Xa-m2a=Imstlaa=Ima=las; amphiphiles:

Xm-m2s= 2l ms= Imm=lss>

Xm-m2a= I mst Ima=Imm—las,

Xm—m2sZW(I)ANK(N) + Xa—mosZ W(r)An,(r)—AE,
Mm2s™ €X KT ) (10
B
Xm-m2a2W(r)ANG(r) + Xa—meaZW(r)Ang(r)—AE_
Mm2a= € KaT ) (11
B
Xm—s2a2rW(IN)ANK(N) 4 Xa— 5222 W(rNANG(r) X5 5222 W(r)ANG(r) —AE — 1
Ms2a= €X + ) (12
ke T keT
|
where the summation is over all the neighboring sites with —u—AE,
w(r)>0 and An.(r) is the difference in the number of ﬂsza:ex%?), (14
monomers between the final and initial states at each inter- B
action distancey,. Likewise,An,(r) andAng(r) are, respec- .
tively, the difference in the number of amphiphiles and the ~ 7a2s= 7s2a- (15
number of solvent molecules between the final and initial
states at each interaction distance, Note that this choice of interaction parameters has the direct

It is clear that, as with all of these types of lattice mod-tendency to favor amphiphile binding to the polymer, and the
els, there are a number of parameters that must be fixed iadirect tendency to favor micelle formation relative to iso-
order to reflect the common experimental regimes. Howevenated amphiphile in solvent. This seems to be a sensible place
in this paper we intend mainly to show that the model mayto begin our studies. For polymer-amphiphile-solvent sys-
be simulated, and that a number of interesting physical phe:ems we will exhibit results for a variety of values of the
nomena are present for the simplest choices of interactiongffective three-body interaction constaht: L/kgT, over a
In our discussion all the couplings in Equati®) are zero, range of amphiphile-solvent concentrations. Despite this ap-
only the three-body interaction parametefy s,, is non-zero.  parently very simple set of microscopic interactions, a num-

Of course, there are still connectivity and excluded vol-ber of concentration-dependent effective interactions emerge,
ume constraints for the polymer which are taken into accounand cause conformational transitions of the polymer. This is
explicitly. If the amount of amphiphile is small, arranged by a motif that we shall seek to emphasize in our current pre-
the appropriate choice qf we would recover in this case a sentation.
self-avoiding random walk for the chain producing the Flory Finally, let us comment on the way physical quantities
exponent of the Flory coiV~ £.2°%®|t is quite interesting to  are calculated. For a given set of the model paraméseich
see how the presence of the amphiphile would affect thasl,u,N,S and so o using the hybridveTROPOLIS algo-
system via the three-body interactions. That will be the mairrithm we produce a large set €j statistically independent
subject of our current study. In practice this has the follow-configurations of the system by equilibrating different initial
ing implications. Only three independent triplet arrange-states. Any physical observablg, discussed below is ob-
ments of polymer monomersn), amphiphile @), and sol- tained as a statistical average which is approximated by the
vent (s) have non-zero three-body interactions. The lineaformula’
triplets (mag have the favorable energyL, while the oth-
ers, (mam and (a9 are both unfavorable with energy 10
—L. Equations(9)—(11) for the METROPOLIS ratio of the (Ay~— 2 A, (16)
transition probabilities §,,s, 7m2a » 7s2a) reduce to =1

whereA; are the values of this observable for itle member
of the set ofQ statistically independent configurations. Typi-

cally Q~10°,10".

—AEL), 13

Tm2s= TTm2a= eXF( kaT
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lll. RESULTS AND DISCUSSION N=20
We shall make no attempt to exhaustively analyze the Lo ' ' ' !
many-dimensional phase diagram of this model and concen- ll
trate instead on thé term mediated conformational transi- 0.8 -
tions for the polymer. We have carried out extensive calcu- ¢
lations for a variety of chain length$y=20,40,80 at three 0.6 -
values ofl =L/kgT=1.0, 1.66 and 5.0. Some calculations
with N=100 forl =1.35,1.4,1.45 have also been carried out.
These investigations have been made for lattice s&e, 04 1
=20, and mostly the dilute polymer limit in which only one
chain is present in that volume. The chain volume fraction is 02 -

therefore ¢.=M/S*=1/20°, where M is the number of
polymer chains an&® is the volume of the box. In addition
we have, forN=40, made preliminary investigations of a T-3.0
chain concentration that is closer to the pure polymer semi-

dilute regime,¢.=10/2C, in order to exhibit the feasibility

of our study. FIG. 2. Plot of the mean volume fraction of amphiphitg,versusu, the

One reason for focusing on the very dilute limit is to r:eléltc')\g )Chem'cal potential foN=20, 1=1.0(0), 1=1.66() and |
permit a clear discussion of such phenomena as amphiphile- '
polymer binding curve, in the absence of inter-polymer ef-
fects, the subject of much recent experimentalThe polymer partitions into the surfactant phase, and we note
work #34548:54=39n our binding curve work we consider only the combination of attraction of amphiphile to polymer and
the lowest range of free amphiphile concentration to avoiceffective amphiphile-amphiphile attractions tends to stretch
complications of more extended bound clusters. This issuthe polymer(Figure 4 implying that the amphiphile rich
will be revisited in a later publication. We shall pl@ phase is a good solvent for this choice of parameters.
=(ny)/nys versusc; , the mean volume fraction of free am- For 1=1.66(1) and N=20, we note the emergence of
phiphile, as this is the typical quantity emerging from am-two new phenomena at~ — 3.4 (peak A and atu~+3.4
phiphile selective electrode measureméne, e.g., Refs. 48 (peak Q. Possibly these transitions are symmetry related but
and 60—-63 and references thejeiderenys, the number of as we shall see, not in any simple manner. A similar pattern
available binding sites for a polymer, is constant as a bindingf transitions has been observed Fer5.0 also. Comparison
site is defined as a site that is within an interaction distancef R, (Figure 4 and other observables indicates that peak A
r<2 of a monomer moleculeng=26). Also, n, is the corresponds to a strong shrinkage of the polymer chain. Ex-
number of amphiphiles bound to a polymer or the number olmination of the configuration fal=20 as well as much
occupied binding sites for a polymer. Correspondinglyis  larger chains {l=40,80), where the phenomenon persists
the mean volume fraction of bound amphiphitg, is the and becomes more pronounced, indicates that the chain
mean volume fraction of free amphiphile aodis the mean forms aplateletstructure. We exhibit a sample conformation
volume fraction of total amphiphile;=c,+c;. We will be  for N=40 andN =80 (Figure 5. The reason for the collapse
able to compare this data to calculated heat capacities,
Cy/kg, and the polymer radius of gyratioRy, which are

defined as N=20
c 1 T S
o = T2 (H = (), { 5
. 7 G, /ky
RS:<W > (r_)n—r_,;)2>, 20000 | ]

whereH is defined in Eq(2) andr_,), are the coordinates of
the nth monomer along the chain. This will enable one to
connect binding to the conformational transitions of the
polymer. In Figure 2 we relate the relative chemical potential
to concentration by plotting: versusc,, the mean volume
fraction of amphiphile.

1000.0 +

0.0 =5 1 1 ) 1 ) | | S
We begin by examining the heat capaciB, /kg, plot- —6.0-5.0-4.0-3.0-2.0-1.0 0.0 1.0 2.0 3.0 40 50 6.0
ted againsj for N= 20 (Figure 3, where only the strongest H —
polymer conformational transitions are visible. Faor

= 1-0(9) there is a simple broaq maximu(peak B corre- ~ andl=1.66(1). Each peak is labelled A, B and C to facilitate discussion of
sponding to a type of amphiphile-solvent phase separatiorphase transitions in the text.

FIG. 3. Plot of the heat capacitf, /kg, versusu for N=20, | =1.0(0)
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N=20 N = 40

43 ; e
41
3.9

I 3.7

Rg[b%.s
3.3
3.1
2.9

2.7
2.5

1 1 '

2'3 1 1 1 1 1 1 1 ] 1
-6.0-5.0-4.0-3.0-2.0-1.0 0.0 1.0 2.0 3.0 4.0 5.0 6.0

TR

FIG. 4. Plot of the polymer radius of gyratioR, , versusu for N=20, |
=1.0(0) and1=1.661). A, B and C correspond to peaks in the heat
capacity,Cy, /kg , for the same parameters.

is that some amphiphile has bound to the polymer because of N 80
the favorable fhag interaction. However, the consequence
is, especially for an incompletely covered chain, a number of
unfavorable §ag interactions arise. As the amphiphile con-
centration increases the system ultimately finds the means to
minimize the unfavorables@g interactions and maximize
the favorable (hag interactions by collapsing into glatelet
structure shown in Figure 5. In brief then, the amphiphile is
binding to the polymer with the head-group strongly attached
to the polymer. The result is that amphiphile tails are ex-
posed to solvent and avoid this by collapse. We accept that
the choice of interactions we have made is quite limited and
the details of the collapsed structures would need to be ex-
amined further. However, we have at least an analogy of the
phenomena observed when, for example, giant DNA col-
lapses in the presence of cationic lipfds.

Consider again Figures 3 and 4. For=20 and | :
=1.66 as we pass through peak B there is at first sufficient b
amphiphile to disrupt thelateletand, as fol = 1.0, the am- )
phiphile behaves as a good solvent leading to expansion of
the chain. However, remarkably, beyond peak B we see arf!G. 5. Visual representation of the collapsed polyrpéatelet structure

other collapse where the system is amphiphile rich. In such %Iormed beyond peak A fdr=1.66,N=40 (&) andN =80 (b). This is a very

) T ] ilute solution of amphiphile and polymer in the solvent-rich phase. Solvent

case with much amphiphile and only a little solvent, the onlyis represented agvhite), amphiphile(gray and polymer(dark gray/black

way to preserve the favorable monomer-amphiphile-solvent

interactions is aandwichstructure such as that exhibited for

N=80 in Figure 6. Note the remarkable emergence of effecealculations would be required. However, the overall scheme

tive concentration dependent interactions. Now, beyond pealkas already begun to emerge. As the concentration of am-

C we return finally to the amphiphile dense regime where thehiphile increases there is a simple phase separation between

polymer is fully expanded as it is essentially experiencing awvater-rich and amphiphile-rich phase, a transition that would

good solvent. All the comments we have madeNer 20 are  terminate in a critical point as the temperature increases.

equally relevant for our observations ®=40,80 at| However, buried within this, for lower temperaturds>(1)

=1.0,1.66,5.0, though the phenomena become more prdhere are two polymer conformational transitions at very low

nounced, and transitions sharper with increasing chaipolymer concentrations. These are not macroscopic phase

length. In Figure 7, we show the heat capacity for chains ofransitions, in the same sense that simple single chain col-

N=40 atl =1.66. lapse is not a phase transition. However for high polymer
We will not yet attempt to present even the low polymerconcentrations this situation may change.

concentration cut of the phase diagram since more extensive Let us now turn to the binding of amphiphile to the

J. Chem. Phys., Vol. 108, No. 4, 22 January 1998
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0

.00 &
0.000  0.001 0.002 0003 0.004  0.005

Cf—>

FIG. 8. Plot of the amphiphile-polymer binding curvesversusc;, for
N=20,1=1.000), I=1.66), | =5.0(¢ ). Here = (ny)/nys, wheren,,

is the number of amphiphiles bound to a polymer, aggd,the number of
available binding sites for a polymer, is constant as a binding site is defined
as a site that is within an interaction distance€2 of a monomer ff,
=26). c; is the mean volume fraction of free amphiphile. A and B corre-
spond to peaks in the heat capacity for the same parameters.

FIG. 6. Visual representation of part of the collapsed polyseandwich
structure forN= 280, | =1.66. The sandwich structure forms after peak B in
the amphiphile-rich phase with only a small number of solvent molecules

‘present‘. This structurg preserves the fayorable mpn(_)mer-amphiphiIe-solvent Indeed, we have shown onIy results where the effective
'r:frrzf;r?(n;a?%\l’ae:; 's represented(adite), amphiphile(gray and poly- amphiphile chemical potentials lie in the _ra_lnge<—2.(_), _
and typically, there would then be only sufficient amphiphile
to cover all of the polymers available sites. In Figure 8 we
see that the binding occurs in a relatively uncooperative fash-
chain. Again, we emphasize that no more than preliminaryon saturating finally at higher ambient amphiphile concen-
results are offered. We present binding curgagersuscs for  trations. The behavior g8 is at first relatively linear at low
very low amphiphile concentrations forN=20, | ¢ . Also, for largerl, the slope is larger reflecting the fact
=5.0,1.66,1.0 in Figure 8 and=100, 1=1.35,1.45,1.66 in  that most of the added amphiphile is adsorbed to the poly-
Figure 9. We point out that the range of chemical potentialsner, and little is available as free amphiphile. In Figure 8 we
for which we here present results is much lower than that ofote that even the lowest concentrations of free amphiphile
interest in studying the full range of conformational transi-correspond to the transition A of Figure 3. At the transition

tions. itself the polymer collapses, and all new amphiphile is uti-
3000.0 A e 0.20 ' .
G/kp 0.15
2000.0 T
B 010
1000.0
0.05
0.0 T S N SOOI .- 0.00 ' :
~5.0-4.0-3.0-2.0-1.0 0.0 1.0 2.0 3.0 40 50 6.0 7.0 0.000 0.001 0.002
C, —>
o f
FIG. 7. Plot of the heat capacityCy/kg, versus u for N=40, | FIG. 9. Plot of the amphiphile-polymer binding curveg®versusc;, for

=1.66(). A similar heat capacity plot is obtained fb=5.0. Appropriate ~ N=100,1=1.350), |=1.45), |=1.66(¢ ), where A and B correspond
extension of the simulation times have been used to generate these data.to peaks in the heat capacity for the same parameters.
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L . macroscopic self-assembled layered phase illustrated in Fig-
N = 40’ M =10 ure 10. This is essentially in polymer liquid crystal phase.

IV. CONCLUSION

Our overall conclusion is that it is feasible to study a
polymer-amphiphile-water lattice model using a combination
of Monte Carlo moves that sample a wide variety of configu-
ration space. In particular we have noted that reptations are
helpful for even dilute polymer solutions, but essential for
more dense amphiphile systems. We have also noted that
even with a minimal set of interactions, albeit consistent with
the most elementary properties of amphiphiles and polymers,
a non-trivial phase diagram emerges. While some of the phe-
nomena such as amphiphile-induced polymer collapse are
observed in experiment, we have not yet attempted to make
firm connection to typical phase diagrams. Rather we have
emphasized the remarkably subtle interplay between micro-
scopic interactions, entropy and concentration constraints
that lead to conformational transitions at low polymer con-
centrations. The picture is even less clear at larger polymer
concentrations, but it is evident that a whole new range of
phenomena will emerge there. In particular we have noted
the emergence of new classes of lamellar liquid crystalline
phases where the polymers are effectively confined to layers
by the amphiphile induced effective interactions. This is a
matter to which we, and perhaps others, will return in future
work.
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