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Lattice Monte Carlo and off-lattice molecular dynamics simulationsdf, and h,t; (head/tai)
amphiphile solutions have been performed as a function of surfactant concentration and
temperature. The lattice and off-lattice systems exhibit quite different self-assembly behavior at
equivalent thermodynamic conditions. We found that in the weakly aggregating regione
preferred-size micellgsall models yield similar micelle size distributions at the same average
aggregation number, albeit at different thermodynamic condititeraperatures In the strongly
aggregating regime, this mapping between modhiugh temperature adjustmgfdils, and the
models exhibit qualitatively different micellization behavior. ZD02 American Institute of
Physics. [DOI: 10.1063/1.1461355

INTRODUCTION AND MOTIVATION wherez is the lattice coordination number,j=h, t, s, and
_ _ ~ Ejj is the interaction energy between segments of typed

Due to the tremendous importance of micellar solutiong on nearest neighbor lattice sites. Since all combinations of
in various industrial and biological applicatiohdmany the-  intermolecular energies that yield the sathe are equiva-

oretical and modeling studies of the self-assembly of amyent on the incompressible lattice, we can arbitrarily Bgt
phiphilic molecules in solution have addressed questions of. En=E.=0, allowing us to ignore interactions involving

r_mcellar structur_e, shape, size d|str!but|on, kinetics of forma-g,factant molecules with the predominant solvent mol-
tion, and solution phase properties. However, nanoscal

. > : SCalgcyles.
structural heterogeneity and complications with obtaining Although incompressible lattice MC simulations are

equilibrium configurations largely prohibit brute-force atom- computationally expedient, their wide use raises the impor-

istic simulations of amphiphile self-assembly. The few "€ tant guestion of how the assumed incompressibility affects

ported atomistic simulations are limited to systems with Ahe thermodynamics of self-assembly. In other words, does
single micelle of predefined size and are unable to discern '

. - O compressibility significantly influence the self-assembly of
whether the resulting structures correspond to equmbrlun{ .
conditions®-5 heh,t, surfactants, or are the effects of compressibility neg-

. . . ligible, making the incompressible lattice MC method an at-
More progress has been made in coarse-grained SImUIef‘r_active alternative to the more realistic but much more ex-

tions of micelle forming amphiphile solutions. Lattice Monte . . . :

Carlo (MC)*'° and bead-spring molecular dynamics PENSIVe o_fffl_atuce methods? A hint of the_|mportance of

(MD)*~*4and MC simulations of model surfactant systems compressibility effects emerges from studies of polymer

have investigated phase behavior, micelle shape and size dfi¥ends, where the asymmetry in intermolecular interactions
tribution, free energy of amphiphiles in solution, dynamics of!S tyPically much weaker than in micelle forming amphiphile
self-assembly, and other properties of micellar solutions. IiFPlutions. The importance of compressibility for polymer
these coarse-grained simulations, the surfactant moleculédend thermodynamics has been demonstrated by extensive
are composed of hedtl) and tail (t) segments consisting of lattice cluster theory (LCT) computations of blend
one beadoff-lattice MD and MQ or occupying one lattice properties-® especially LCT predictions of a significant pres-
site (lattice MC) each. Solvent molecule®) are likewise ~Sure dependence to the phase behavior of polymer biérds,
considered to occupy single lattice sites. While both techPrediction subsequently confirmed experimentdilfurther-
niques are more efficient than atomistic MD simulations, lat-more, it is computationally expedient to ignore the solvent
tice MC methods are computationally more expedient tharflegrees of freedom, both in incompressible lattice and in
the coarse-grained off-lattice MD or MC simulations. Fur-off-lattice simulations, as recently done in a MC study of
thermore, taking the lattice system as incompressible allowself-assembly of diblock amphiphilé3A recent combined
treating the solvent implicitly, i.e., as empty sites. For a lat-liquid state theory and MD simulation study of polymer so-
tice system with ternargh-t-9) interactions, the excess solu- lutions with and without explicit solvefit shows that the
tion energy may be expressed in terms of three exchang®lvent strongly influences the polymer structure and phase
energy parameters, given asw;;=z(E;;— SEi+ Eji 1), behavior. Simulations of amphiphile solutions are compared
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TABLE |. Summary of surfactant—solvent interactions for the amphiphile

solutions simulated.
& _ —————
) Tail Implicit Lattice Lattice
& .‘@ Interaction  attraction  Solvophobic solvent  z=26 z=6
O
Enn WCA LJ WCA 0 0
Ess WCA LJ N/AZ 0 0
’ = LJ WCA LJ -1 -1
(a) Ens WCA LJ N/AZ 0 0
(= WCA WCA WCA 0 0
Eys WCA WCA N/A2 0 0
o: Awyg o° o° o° 0 0
Awp, 4.> 4.2 4.2 13 3
) Aw,g 4.2 4.2 4.2 13 3
@@@@ &There were no solvent molecules in this simulation.
bCalculated assumingw= J (¢~ >Y(E*(r) — E™r))g(r)r2dr, whereg(r)
is radial distribution function of an atherm&VCA) monomeric fluid at
© @ p=OT

FIG. 1. Schematic representationtoft, surfactants in théa) solvophobic o )
and explicit solvent(b) tail attraction and explicit solvente) tail attraction  plicit solvent system. Each of these systems is also repre-

and implicit solvent, andd) incompressible lattice models. sented using the incompressible lattice mofgly. 1(d)]
with the Aw values given in Table .

here using several different lattice and off-lattice models
(with and without solventto determine the influence of Methodology
model details and solvent representation on the self-assembly = Simulations are performed for solutions with surfactant

behavior of these systems. mole fractions ranging from 210 3 to 1.7X1072. In MD
simulations, theh-t andt-t bonds within a given surfactant
SIMULATIONS OF AMPHIPHILE SOLUTIONS molecule are constrained to length 1.0 using gwAKE

algorithm?! The systems contain between 30 and 250 surfac-
tant molecules and 15000 solvent molecules and have a con-
We have performed MD simulations and lattice MC stant segment number densjy=0.7. The implicit solvent
simulations ofh-t-s systems consisting di;t, or h,t; sur-  simulations employ a Brownian dynamics algorithm de-
factant molecules and monomeric solvent. In the MD simu-scribed previousff with a friction coefficient of 13.3, along
lations, surfactant molecules are represented as beaddth the same simulation box size and number of surfactants
necklace chains, and solvent molecules are taken as singés for the MD simulations with explicit solvent. The lattice
beads. All beads have the same diameter (.0) and inter- MC simulations are performed on a 225X 25 simple cu-
act via potentials based on the Lennard-JofieB interac-  bic lattice using the configurational-bias MC method de-
tion U y(r)=4[r *—r %], where the well-depth is chosen scribed elsewher& The lattice size is chosen to yield the
as unity. Attractive interactions are modeled by a truncatedame surfactant density and number of molecules as in the
and shifted LJ potential of the formE3(r)=U ,(r) off-lattice simulationg’
—ULJ(rC)—(r—rc)[dULJ(r)/dr]|r=rc with r.=2.5, insur-
ing that both the energy and force vanish at the cutoff radiuRESULTS AND DISCUSSION
r. and thatE®"= —1.0 atr =2, Excluded volumgpurely o
repulsive interactions are modeled by the Weeks—ChandIer—M'Ce"'zat'on
Anderson (WCA) potentiaf® E™(r)=U_;(r)—U;(r.), We define two surfactant molecules as belonging to the
with r,=2Y6 and E™®(r)=0 for r=r. The lattice simula- same micelle when any of their tail segments are within a
tions assign the interaction energy between nearest neighbdistance of 2.0. Figure 2 shows the mole fraction of free
segments aE=—1.0 or 0.0. surfactantX, as a function of the total surfactant mole frac-
Three off-lattice and two latticéz=6 andz=26) sys- tion X, for all models at equivalent thermodynamic condi-
tems, illustrated in Fig. 1, are investigated. The interactiortions, corresponding to the same reduced temperaktire
parameters for these cases are summarized in Table I. In thekT/Aw. Saturation in the curves foX;(Xg, iS usually
solvophobic cas¢Fig. 1(a)], aggregation of surfactants is associated with micelle formation. We observe phase separa-
due to the “solvophobic” effect, i.e., interactions of the sur- tion at the highest surfactant concentration studied only for
factant tail with the solvent are relatively unfavorable com-the tail attractionh;t, system. Clearly, the four different
pared to solvent—solvent and head—solvent interactions. Imodels exhibit disparate self-assembly behavior. Note that
the tail attraction casgFig. 1(b)], self-assembly of surfac- while the X;(Xg,¢ curves are qualitatively similar for the
tants is driven by specific attraction between surfactant tailsh,t; and h;t, systems, there is a significant difference in
The tail attraction model has also been simulated withouhature of self-assembly between these systems. The micelle
solvent molecule§Fig. 1(c)], referred to hereafter as the im- size distribution for allh;t, systems is monotonically de-

Systems studied
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surf FIG. 3. The mole fraction of free surfactanX{) as a function of the

FIG. 2. Mole fraction of free surfactant molecule$,} as a function of the weigrlt-average micelle sizeN(y) for compositionXg,,=8x 10”2 at vari-
total surfactant mole fractionXy,) (@) hit, at T*=0.357,(b) h,t, at T* ousT*.
=0.06.

creasing for allT down to the phase separation temperatureconditions(Xsys, p andT*), there are remarkable similari-
The same trend is displayed by thgt; systems at higit,  ties between the models for the weakly aggregating regime.
but upon cooling, the distribution becomes bimodal, indicat-n particular, when the weight-average micelle si2g,J is
ing the formation of preferred-size micelles before the systhe same for a pair of systems simulated using two different
tem phase separates at even loweWe define the tempera- models, then the micelle size distributions become identical,
ture range in which the micelle size distribution is indicating thatN,, is a good parametric variable for describ-
monotonica”y decaying(or has a pea)k as the Weak|y |ng Self—assembly of these model surfactant solutions in the
(strongly aggregating regime. Systems whit, surfactants Weakly aggregating regime. Matchirlg,, for two models
do not exhibit a strongly aggregating regime, which is con-can be easily achieved by adjusting temperature. Figure 3
sistent with recent phase equilibrium calculations from lat-illustrates this correspondence between different models by
tice MC simulations for this systeff.In the h,t; solvopho-  showingX; as a function oN,, for all models at varioug™
bic system with explicit solvent, the solvent undergoes z8nd forXs,=8x107%. In all cases for thét, systems and
glass transition before the system reaches the strongly aggrall cases foh,t; systems in the weakly aggregating regime
gating regime, precluding simulations for that regime. (Ny<1.8), plots ofX3(N,,) for the different systems be-
The large discrepancy in the self-assembly behavior become universal with a single curvé = X;(N,). Analogous
tween the exp“cit and |mp||c|t solvent off-lattice models im- behavior is observed for all Compositions studied. This uni-
plies that solvent mediated interactions are important foversality implies that the differences in self-assembly exhib-
both h,t; andh,t, amphiphile systems. Furthermore, differ- ited in Fig. 2 for the weakly aggregating regime can be re-
ences in the extent of micellization between the two explicithoved by adjusting™ to yield the sameN,, in all models.
solvent off-lattice models and between these models and the In contrast, in the strongly aggregating regime, this
lattice models likely stem from compressibility effects ‘mapping” of self-assembly behavior from one model onto
(known to be relevant for polymer blend$that lead to op- ~another fails as clearly illustrated in Fig. 3 for thet; sys-
timization of favorable interactions and minimization of un- tem whenN,,>1.8. Here, adjusting™* to matchN,, for the
favorable interactions on the subsegment length scale. Fdattice and off-lattice models does not yield the same micelle
example, lattice versions of the tail attraction and solvophosize distributions. Even for the two lattice modéts-6 and
bic models can be shown to become inequivalent once thé=26), theX;(N,,) curves are quite different. A direct com-
system is permitted to be compressible by having empty latParison of the micelle size distributions with the sagfor
tice sites. The importance of compressibility is further sup-these two lattice systems reveals that zre26 model tends
ported by our initial simulations of the pressure dependencéo predict larger micelles than the model witk 6. On the
of self-assembly in model amphiphile solutions. In particular,0ther hand, the off-lattice explicit and implicit solvent tail
we find that the extent of micellization in the explicit solvent attraction models yield similak,(N,,) curves(Fig. 3) as
off-lattice systems depends strongly upon pressuwsity; well as similar micelle distributions at the samg,. We
for example, a density increase of 10—15% increases the egonclude thatat least for this particular systerthe explicit
tent of micellization in the solvophobik;t, system to that Presence of the solvent molecules does not influence surfac-
found for the tail attraction system at the same temperaturtnt self-assembly except by “shifting” its location on the
and composition. thermodynamic surface, even in the strongly aggregating re-
gime. We believe that this behavior arises from the fact that
the core and corona of the micelles in thgt; system are
very compact due to low aggregation numbers, and therefore
Despite the difference in self-assembly behavior showrsolvent molecules cannot penetrate inside the micelles to in-
in Fig. 2 for the various models at the same thermodynamidluence their structure. Figure 3 also illustrates that the

Mapping of self-assembly behavior between models
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