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Solvent-induced micelle formation in a hydrophobic interaction model
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We investigate the aggregation of amphiphilic molecules by adapting the two-state Muller-Lee-Graziano
model for water, in which a solvent-induced hydrophobic interaction is included implicitly. We study the
formation of various types of micelle as a function of the distribution of hydrophobic regions at the molecular
surface. Successive substitution of nonpolar surfaces by polar ones demonstrates the influence of hydropho-
bicity on the upper and lower critical solution temperatures. Aggregates of lipid molecules, described by a
refinement of the model in which a hydrophobic tail of variable length interacts with different numbers of
water molecules, are stabilized as the length of the tail increases. We demonstrate that the essential features of
micelle formation are primarily solvent-induced, and are explained within a model which focuses only on the
alteration of water structure in the vicinity of the hydrophobic surface regions of amphiphiles in solution.
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I. INTRODUCTION of the lipid molecules remains free in the solution, with a
concentration close to the CMC value. As the concentration
In an aqueous solution, the hydrophobic parts of amincreases, the onset of a semi-dilute regime is found, where
phiphilic molecules tend to separate themselves from watethe system may be considered as a solution of relatively few
molecules by forming aggregates, such as micelles and miwater molecules dissolved in an amphiphilic medi[Bh
croemulsion droplets. The simplest amphiphilic structure oc- For lipid molecules, the CMC decreases as the length of
curs if the polar and hydrophobic parts of the amphiphilicthe hydrophobic chain increasgs-9], indicating a stabiliza-
molecule are well separated into head and tail regions. Motion of aggregates as a consequence of the stronger net re-
tivated by the structure of sphingolipids and glycolipi&gy. pulsion between the tail and the surrounding water. For the
1), we will refer to this type of molecule as “lipids{al- same reason, the LCST is thought to decrease as the talil
though we note here that this generic structure is not comgrows, as suggested in R¢2]. One means of probing the
mon to all classes of lipid For molecules such as those in nature of the phase diagram and the effective hydrophobic
Fig. 1, micelles consist of a polar outer surface and a hydrointeractions would be by systematic alteration of the polarity
phobic core which contains all the tails. By contrast, am-
phiphilic species whose polar and hydrophobic regions are
distributed over the entire molecule, rather than being clearly
separated, aggregate to form more general assemblies for tt
purpose of minimizing the hydrophobic area per molecule
exposed to the aqueous phase. We will refer to this genera
category of mixed hydrophobic-polaiHP) molecules as
“amphiphiles.” PolyN-isopropylacrylamidg a polymer be- R/
longing to this class, exhibits a phase transition at a lower “~— ~ H—/
critical solution temperatur¢LCST) from a homogeneous tail head
solution, where the polymers are completely soluble, to a(a)
system of two separated phagés At an upper critical so-
lution temperatur¢UCST), the organic phase disaggregates, £
and above this temperature the amphiphilic molecules are
again soluble due to entropic effe¢®y. Substitution of polar
by hydrophobic monomers in amphiphiles of given length
leads to alterations of the critical solution temperatures
which depend on the size of hydrophobic surface regj@hs ;
Micelle formation, and the aggregation of amphiphilic “— A p S
molecules in general, may be treated as a phase separati((b) tail head
occurring at a critical micellar concentratig@MC) which
describes the density of amphiphiles where the system enters F|G. 1. (Color onling Space-filling models of typical lipid mol-
the two-phase regiofi3,4]. Above the CMC, amphiphilic  eculesi(a) a sphingolipid(sphingosine, gHz;0,N), with one non-
molecules in aqueous solutions self-associate, forming smalolar hydrocarbon tail{b) a glycolipid (C,H7,0gN), with two
aggregates to decrease the net contact between their hydrails. The relatively large, polar head groups contain in addition
phobic surfaces and the surrounding solvent. A small fractiomxygen and nitrogen atoms.
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of the amphiphilic polymers in solution. Many theoretical E

and experimental studies have been conducted to describe A
the various aggregation phases of amphiphilic molecules in Eyous
aqueous solutiong3—18. However, no comprehensive in- / Egp. 90 —_— \
vestigations have yet been performed concerning the influ- - K
ence of the distribution of polar groups in amphiphiles on the

A}

-

aggregation phase diagram, or concerning the mechanism . '
underlying the process of self-aggregation. M E o
The aim of this study is to substantiate experimental re- s s

sults indicating a decrease in LCST as the degree of hydro-
phobicity increases, and to analyze the dependence on den- o _
sity and hydrophobicity of the aggregation phase diagram. FIG. 2. Energy levels of a water site in the bimodal MLG
We will conclude that the principal properties of amphiphiles™°d€!- The states are denoted (osdered shell (cage conforma-
in aqueous solutions are solvent-induced, in that they ar on), ds (disordered shelj ob (ordered bulk and db(disordered

. . . o . ulk).
explained by alterations in the structure of liquid water in the
vicinity of the hydrophobic regions of solute particles. We foundations and qualitative properties of the model can be
begin by introducing a simplelP description(Sec. Il A) of  found in Refs[22] and[23].
amphiphilic solute particleg€Sec. Il B) on a cubic lattice, and The microscopic origin of the energy and degeneracy pa-
then extend the model to describe lipid particles of varyingrameters for the four different types of water siggdered/
tail length (Sec. 11Q. In Sec. Il A we investigate the disordered and shell/bullin the adapted MLG model, based
changes in the phase diagram associated with an increasiog both experimentgl4—24 and theoretica]27-3Q analy-
proportion of polar groups in amphiphilic molecules andsis, is discussed in detail in Ref22,31. Here we highlight
with changes in their distribution. Section Ill B presents athe competition of enthalpy and entropy terms using only the
similar analysis for the formation of lipid micelles in aque- €xample of the ordered states. Although the insertion of a

ous solutions. In Sec IV we discuss the implications of ourhydrophobic molecule leads to a destruction of local hydro-
results and provide a brief conclusion. gen bonding, at low temperatures the water molecules are

found to rearrange in a cagelike structure around the solute
molecule, which because of the orientational effect of the
Il. MODEL AND METHODS polar surface is formed by stronger hydrogen bonds. The
A. Water structure consequent net energy reduction results in dissolution of the
solute particl§24—2§. At higher temperatures, however, the
The solvation of amphiphiles in aqueous solutions andydditional entropic contributions available from the bulk sol-
their self-association into micellar aggregates are genreallyent favor a minimization of local water restructuring, which
considered as a consequence of the effective hydrophobigrives the aggregation of hydrophobic solute particles to
interaction between polar water and the nonpolar regions ahinimize their total surface exposed to water.
the solute moleculefl9]. The unique properties of the aque-  While it is possible to find perfect cages of hydrogen
ous medium which generate this interaction arise from thdoonds for small hydrophobic particles, the formation of com-
ability of water molecules to form strong hydrogen bondsplete cages around large solute particles is prevented steri-
both among themselves and with the polar groups of soluteally. However, such large solute particles, and also their
molecules. The formation and disruption of extendedaggregates, may instead be surrounded by a number of par-
hydrogen-bonded networks leads directly to the delicate baltial cages, depending on their shape and surface roughness
ance of enthalpic and entropic contributions to the solven{29]. Atomic groups exposed at the surfaces of large mol-
free energy which is responsible for the existence of acules and aggregates present locally curved surface struc-
closed-loop aggregation regime in many solutions of polatures[32] which allow for a confined formation of partial
molecules. This behavior is encapsulated in an adapted vecages. The lipid molecules we analy@ee Fig. 1 have a
sion of the model of Muller, Lee, and Grazian®MLG) characteristic length scale of order 0.3nm for the diameter of
[20,21], whose key features are as follows: consideration of ahe chain and any side groups, 0.5 nm for the polar head, and
coarse-grained system whose sites contain clusters of watarmaximum length of 2—3 nm for the longer chains. The
molecules of a size which matches that of the solute parehain and head diameters are the length scales which deter-
ticles; a bimodal distribution of water clusters reflecting “or- mine the curvature of the molecule, and thus the possibility
dered” sites with mostly intact hydrogen bonds, and “disor-for cage formation. The considerations of the previous para-
dered” sites with relatively fewer intact hydrogen bonds; agraph, specifically concerning low-temperature solution, are
further subdivision into “shell” sites neighboring the solute then expected to remain valid for amphiphilic and lipid mol-
particles and “bulk” sites which are not disrupted by prox-ecules, and this is confirmed by the success of models based
imity to a polar surface; a set of microscopic energy andon these concepts in describing large molecular species
degeneracy parameters for these sites whose sequences @8-35. That the analysis is applicable for solute particles
determined by the fact that breaking of hydrogen bonds inwith a certain degree of curvature and surface roughness
creases site enthalpy but simultaneously raises the site ddees not appear to be a significant restriction for molecules
generacynumber of orientational degrees of freedom of thein the size range of most interest for amphiphilic and lipid
water molecules as represented in Fig. 2. Full details of the characteristics.
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Returning to the parameters of Fig. 2, we stress that thest neighborg of sitei, and takes the value 1 if the neigh-
properties of the sysytem are critically dependent on the sesoring side of sitej is a polar side of a solute particle or
quences Ey>Egq,>E,,>E,s of energy levels and water, and O otherwise. The variatd¢akes values from 1 to
Qus> Gab>Cob=>0os Of the corresponding degeneracies, n.;, wheren.; enumerates all equivalent orientations of site
which describe the entropy. These sequences are confirmédOn a cubic lattice, the total number of sides of a solute
by a range of experimental measurements, and indeed if thgyarticle isz=6=Np+Ny, whereN, is the number of hydro-
are not maintained the solution does not exhibit a closedphobic cube faces. Thus for the cubic lattigg=1 for water
loop aggregation regime. However, the results of the calcuand for solute particles wittN,=6, n.;=6 for Ny=5, ng;
lations to follow are not particularly sensitive to the exact=3 for Ny=4 (Ny=2) if the two polar(hydrophobig¢ sides
values of the differences between these parameters, and aige opposite to each othex,;=12 for Ny=4 (Ny=2) if they
of course independent of their absolute values. We have usegte adjacent,;=8 for N, =3 if the three polar sides are are
the energy value€y=1.8,E4,=1.0 E,=-1.0, andE,=  all adjacent to each other, amg;=12 for Ny=3 if two of
—2.0, which are thought to be qualitatively representative fothem are opposite to each other.
aqueous solutions, and which have been successful in de- Because a water side may be in onegddifferent states,
scribing different types of solutiofi22,23,31,3% The re- 5 s 1 if it is in one of theq, ordered shell states and 0

spective degeneracies, normalized to a nondegenerate or-’es ~ .
dered shell conformation, are taken to log.=49,qy, otherwise, and5 , is 1 if it is in one of theqys disordered

=40,G,,=10, andqy=1 [31]. These relative values have shell states and O otherwise. Analogous considerations apply
been found to be appropriate for reproducing the phenomfor the bulk states. _ .
enology of hydrophobic interactiorig2,31), protein denatur- We note that. for comp!etely hydrophoblc'solgte partlcles
ation [33,34, swelling of biopolymerg35], and cosolvent (Np=0), Eqg. (1) is not equivalent to the Hamiltonian in Ref.
effects on solubility of hydrophobic particl¢83,36. Precise  [22], because the sites are treated differently. In(&y.each
values of the microscopic parameters may in fact be refineéfce of a water sitecontributes to the free energy, and a sum
by comparison with experimental measurements to yieldS performed over all pairs of faces in contact with each
semiquantitative  agreement for  different solutionsother, as opposed to over individual sites. The representation
[22,31,35,36 The energy scale is correlated directly with ain terms of cube sides is adopted here for consistent descrip-

relative temperature scale, which we definekgb= 8. tion of lipid molecules in Sec. Il C. However, we will find in
Sec. Il A that the qualitative differences between the two

Hamiltonians for fully hydrophobic solute particles are
small.

To include not only purely hydrophobic solute particles To determine the canonical partition function, a sum is
but also amphiphilic molecules with varying conformations performed over the state configuratiofas}. By taking into
of polar and nonpolar regions, as in the experiments of Refaccount the possible orientations of the amphiphilic particles
[1], we represent the particles as cubes on which each faahrough the variablé, the canonical partition function of the
may be either polar or hydrophobic. A neighboring watersystem ofN sites may be expressed as
site, which is homogeneously polar, interacts only with the N
side of the particle which is oriented in its direction. If this B <) MRS iy N < MDA )
side represents a polar group, the neighboring water site is in zy=211 I1 Z, X Zg Q)
a bulk state, whereas if the side is hydrophobic the water site
is considered a shell state. Thus polar sides and water awhereZ,,=q,,e #For+qy,e #Fdr for the shell(c=s) and bulk
considered as having the same effect on neighboring wat€r=b) states of pure water sides. The grand canonical par-
molecules. However, polar faces do not contribute to the fregition function of the system for variable solute particle num-
energy. In this coarse-grained model, one side of a site mayer is then
represent more than one chemical group, and thus corre-
sponds to a net characterization of the surface area of the 2= efuluz, = e AHN (3)
solute molecule under consideration. N {ni}

Hydrophobic solute particles are generally larger than wa-
ter, and thus a water site in the model consists of a group cﬁ:
molecules. On a lattice where each site hamearest neigh-
bors, the energy of a system bf sites, occupied either by
amphiphilegn;=0) or by water(n;=1), is given by the Potts-
like Hamiltonian

B. Amphiphiles

{ni} i=1 k=1

here u represents the chemical potential associated with
e insertion of water andll,, denotes the number of water
sites. Although the explicit terms of the model describe
solely the states of water molecules in solution, it contains
implicitly all multiparticle interactions between hydrophobic
solute molecule$22].
N _ _ The coexistence regions are characterized by measuring
HIN {0} K =2 2| (Eosd o+ EgsBi o S)E (1-X\jjw) the UCST and the LCST for various numbeMs of polar
i=1 Z % i sides per particle. To investigate variations in the effective
~ ~ hydrophobic interactions due to changes in polarity of the
+(E°b5iv<fob+Edb5i'(’db)2 Nijo) [+ D solute particles, we increase systematically the number of
L polar sides per particle and determine the coexistence region
where\,  is a side variable depending on each of the nearin each case.
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The extent of aggregate formation in the system is deterelude this aspect by assigning different energy levels to shell
mined from the number density of contacts between two hywater clusters in contact with the sides of a solute particle
drophobic cube sidesy,_,;, between two polar sidesi_p, compared to those in contact with the tip. Because the num-
and between a polar and a hydrophobic sige,;. The num-  ber of shell water molecules interacting with one side of a
ber of contacts in a randomly distributed system with thehydrophobic tail is approximatelytimes that of those inter-
same particle density,, is also calculated for comparison. In acting with the tip, the energy associated with a site repre-
a random solution of solute particles witMp polar faces, senting all of these water molecules is taken td times that
whose positions and orientations are completely indeperfor a tip site. A cubic solute particle in the lipid modeép-
dent, these probabilities are given in the thermodynamicesented in Fig. 1@)] consists of a polar hea@®) and a
limit by hydrophobic tail, which in turn is divided into the moder-

B 5 ately hydrophobic tip(H), situated opposite the polar head,
P(H = H) =p(H)7, and the long, strongly hydrophobic sides of the t&l. In
’ the coarse-grained model, both the tip and each long side of
p(P=P)=p(P), the tail are represented by a face of the cubic particle, but the
sides interact more strongly with a neighboring water site
p(P-H) =2 p(H)p(P), (4)  than does the tip.

The Hamiltonian of a system & sites on a cubic lattice,
which are occupied either by water,=1) or by a lipid mol-
ecule(n;=0), is then

wherep(H) is the probability that a cube face is hydropho-
bic, p(P) is the probability that it is polar, and by symmetry
p(H=P)=p(P-H). In a random system, the probabilities of
occurrence of the different faces are independent of the

neighboring sites, and are simply N

r{mmwmwﬂ=2n(E%Q%%H+aw&%w€§y1
ji

N i=1
p(H) = —"pp, ) _
- Nt (Eos,sfsu,(ross
Np ~ E 1
P(P) = (1~ pp) +—pp. (5 * Edssioy = S0~ Njw)
ji
If the contact densitiesy_; and np_p are larger than their + (Eobgly%bJr Edb‘si,(rdb)

probabilities of random occurrence, angly is correspond-
ingly smaller, the system has formed aggregates which re- <3 i)\ 14+ 5
duce the number of hydrophobic sides exposed to water. o 2z it o) | (6)

C. Lipid . . .
1pics where again\; ;i) depends on the orientation stdtef the

Micelles are generally formed by amphiphilic molecules, particle at each nearest-neighbor §itef i. However, for the
referred to here as lipids, which are composed of two distincfipig model \; (v takes the value 1 if the neighboring face is
regions, the polar head and the hydrophobic tail. The length,a.j e water or the relevant side of a solute parjioleif
of the tail, which is typically composed of one or more hy- yenresents a slightly hydrophobic tail tis, and -1 if it
drocarbon cham_s, is normal_ly rather greater_than the size q}epresents a strongly_hydrophobic tail silek varies again
the polar h_egang_. 1. I_Expenmental observatiorj88] sug- from 1 to n;, wheren,;=1 for water andn,;=6 for lipid
ggst that I|p|d§ with tails shortgr than 1.0 carbon atoms ararticles. Because a pélar sideay be in one ofy different
highly soluble in agueous solutions, while those whose tail ~ e . .
exceed approximately 20 carbon atoms are almost comPateSdi g, 1S 1if sitei is occupied by a polar face in one
pletely insoluble. For those molecules with tail lengths in the®f the dos ordered shell states of ld face and 0 otherwise,
intermediate range, which show the widest variety ofand iy is 1 if it is occupied by pure water in one of the
surface-active properties, the tails are on average some threg, disordered shell states of ld face and 0 otherwise.
to five times longer than the dimensions of the polar headAnalogous considerations apply f6rfaces and for the bulk
(In lipids composed of two or more tails, this ratio is gener-states. We stress here that the Hamiltonians in Egsand
ally smaller) As an example, the head size of the glycolipid (6) and provide a full description of the microscopic states of
in Fig. 1 is close to one-third of the length of the 14-atomthe amphiphilic and lipid systems. The macroscopic, thermo-
tail. We define an effective tail lengthas the ratio between dynamic behavior is contained implicitly in these micro-
the tail length and the head size of the lipid, so that a typicakcopic state$20—23,31,33-3]7 and the differences for such
lipid is represented by values between two and five, which properties as the phase boundaries for varying chain length
may also be fractional. enter through the microscopic energy and degeneracy param-

For simple geometrical reasons, the total repulsion beeters.
tween such a tail and the water molecules surrounding its As in Sec. Il B, only water sites contribute to the free
sides is significantly stronger than that for the small tail tip ofenergy, and a polar face is considered having the same effect
the chain. We adapt the model described in Sec. Il B to inon a neighboring water site as water. We define
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1 B _ N
Sn=- Eln[qosHe PRosH + Qg e PRosH], (S = ?Spp' (1D

although henceforth we will consider only the valudg
Ss=—lm[qcsse_ﬁE"SS"’stse_BEdSS], :szl,_NS:4. Aggregate formation has occur_red in this
B system ifny_y, Np-p, @ndng g are larger than their random
expectation values, anab_; and np_g are correspondingly
1 smaller.
B=- Eln[qobe_ﬁ Fob + g€ Fb]. () The absolute energy levels and the degeneracies of water
sites facingS sides are higher because this site represents the
For a system oN sites, the canonical partition function may number of water molecules contained in a shell siteHof

be expressed as multiplied by the factod. The effective energy of & shell
N g, site is thus optained from that for ld shell site, for both
z2=STITI e‘ﬁ(”i’zz)qui) Moo +D) ordered and disordered states, using
(i} 1=1 k=1 Eos,S: l EosHv EdsS:| EdsHa (12)
><e_ﬁ(”i’z)[SHEqw(l‘*fnk))*‘gszgw (A2 g (7N joo) ] whereE,q (Egqp) is the energy of an orderedisordered

(8)  Water site in the shell of the tifH) andEyss (Egsg) that of
_ - _ an ordereddisorderedl shell water site of the tail sides).
whence the grand canonical partition function for a systemynder the assumption that neighboring water sites are rather

where the lipid density is not fixed is independent, the total number of configurations for two sites
_ ~ . may be approximated by the product of their numbers of
2= ez =3 e Meil ], (9 configurations. Thus, the number of configurations of a
N i shell site is related to that of a correspondkghell site by
with the effective, grand canonical Hamiltonian | |
N qosS: qosHv st,S: quH- (13)
Ne,i
H[{n}] = > ni(SHEE (1 —7\51'(10) - ,u) T_he parameter values of the energy levels, and the deggnera-
i=1 k=1 Z iy cies of bulk water andH shell sites, are chosen as described
1 in Sec. Il A.
+ BniE Z_ZXi,j(k)(l +Nij)
o D. Methods
1 . . . . .
+Sdn > N —Nije) |- (10) Our interest is focused on the orientation and location of
Giy 22 amphiphilic molecules in solution, which may be captured

by molecular-level simulations. We thus restrict our consid-

To measure the formation of aggregates in the lipid SySeaiions to Monte Carlo studies, because the processes in-

tem, the number of contacts between different faces is agaifyved depend strongly on local, spatial effects which are
determined_and compared with the number O.f contacts in fleglected in mean-field calculatic;ns. As in R&2], we use
randomly distributed system of the same particle dengjty \ionte carlo simulations to detect the aggregation of am-
In_a ran_dom solution of solut_e particles, whose positions ?.n%hiphilic solute particles as a function of temperature and
orientations are completely mqleper_wdent, these probabilities,| ;te concentration. We work with a system of X380

are given in the thermodynamic limit by % 30 sites on a cubic lattice with random initial particle dis-
tributions and periodic boundary conditions, usingiegropo-

lis algorithm for sampling of the configuration space. The
numbers of relaxation (100000 and measurement
pla=p)=2p(a)p(B) = p(B - @), (1 000 000 steps are similar to those in our previous studies

where a, S=H,P,S. Here p(H) is the probability that the [22]- The closed-loop coexistence curves in feT phase
adjacent side of the nearest neighbor is slightly hydrophobicdiagram are obtained from the transitions determined by in-
p(P) the probability that it is polar, ang(S) the probability ~ cr€asing the temperature at fixed chemical poterigednd

that it is strongly hydrophobic. The probabilities are given inca@nonical sampling which resuits in a sudden density jump
general by at the transition temperature, and from the corresponding sol-

ute particle densities.
Ny Analysis of the properties of a lipid-water system at the
p(H) = — P molecular level is possible by similar Monte Carlo simula-
tions using the model of Sec. Il C However, the procedure
described above must be redefined in one respect. In the
Metropolis algorithm, the relative transition probability to a
configuration{n/} from a previous onén;} depends on the

pla—a)=p(a)?,

p<P>=<1—pp>+%pp,
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increasing polarity, the solubility of the solute particles is
o N=6 a enhanced and the CMC increases.
o N.=5: N.=1 As expected, the coexistence region is reduced as the
" F number of polar sides increasgg ). If the system repre-
sents a solution of purely hydrophobic particlé&=0 and
] Ny=6), the coexistence curve is almost identical to that
| % l found in theHP model in Ref.[22] (see Sec. Il B Substi-
tution of one hydrophobic side per particle by a polar side
Bana aBES Np=1 andN,=5) leads to a decrease of the UCST and a
osp Ros o @ e slight increase of the LCST, and to a small overall suppres-
Op, 0.25 p03 0.75 1 sion of the temperature and density range of the coexistence
P, region. In this case, which may be taken to represent simpli-
fied lipid molecules(discussed in Sec. IV the effect is
FIG. 3. p,-T phase diagram for micelle formation in the 3BP rather moderate. However, substitution of a second hydro-
model for different numbers of polar sides per solute particle. Th?hobic side per particleNp=2 andNy=4) reduces the co-
coexistence region is reduced, and aggregation suppressed, as gidstence region dramaticallyFig. 3). When substituting
number of hydrophobic sides substituted by polar sides increasefflreée or more hydrophobic sides by polar ones, the solute
At a given dimensionless temperatufecst<T<Tycst the sys-  Particles become soluble at all temperatures and no aggrega-
tem is homogeneous for solute particle concentrations below thHOn phase transition is observed.

CMC (py), while above this value it separates into two phases of Figures 4 and 5 illustrate the nature of the aggregated
densitiesp; and py. phase using “snapshots” of two-dimensio(2D) systems at
T=1.0, obtained in the coexistence region for solute particles
ith different numbers of polar sides. The snapshots are
aken after allowing the system to relax for 1 000 000 steps,
where every 20th step is an attempt to exchange two sites
r = @ BHIN -HEHN}D) (14) and the others are attempts to rotate a particle. Systems con-
taining primarily hydrophobic particleeN,=0 and Np=1)
The free-energy difference must be calculated for two stategyrm mostly compact clusters, which minimize the number
with the same number of molecules. One step of the simulagf hydrophobic surfaces exposed to the solvent. For lipidlike
tion procedure consists either in rotation of a solute particlesolute particles wittNp=1 [Fig. 6a)], the formation of per-
or in a site exchange between two randomly chosen sitesect micelles with a hydrophobic core and a polar surface is
The only contributions to the difference in free energy areprevented by the nature of the square lattice, which causes
then the energy change of the sites concerned, and of theifustration on the edges of the micelles: an edge particle is
nearest-neighbor sides. If a side changes ffm Sor vice  forced to expose one of its hydrophobic sides to water. The
versa, the bulk and shell states of neighboring water sitegodel allows a lipid particle to occur in the core of micelles,
must contain the same number of water molecules to bghere its polar side is in direct contact with the polar side of
comparable. In this case, we attribute the bulk energiegnother lipid particle, because no distinction is made be-
Eobs=! Eob Eaps=! Ean, @nd the respective degeneraciestween a group of water molecules and the polar face of a
Oobs= ot Gdbs= Ty 1O the relevant water sites when calcu- particle. Incorporating this distinction into the description
lating the probabilityr. The indexSrefers to the comparison could be expected to generate more realistic micellar struc-

1.5 A NH=4; NP=2 -

A 8A ang,

difference in free energy of the two configurations accordin
to

of this bulk site with anS shell site. tures, albeit within the confines of the cubic geometry.
Amphiphilic solute particles whose surface is half polar
Ill. RESULTS (Np=Ny=2 in 2D) show differing behavior depending on the

polarity pattern of the sides. If the polar sides are adjacent on
the square, small micelles consisting of four solute particles
We begin by attempting to capture the qualitative behav€an be formed, which is energetically the most favorable
ior of amphiphilic molecules with varying conformations of configuration because no hydrophobic sides are exposed to
polar and nonpolar regions. Figure 3 shows thel phase water(Fig. 5. Short, diagonal lines of molecules, which may
diagram obtained from the simple model of Sec. Il B forbe considered to represent condensed bilayers, can also be
different numbers of polar sides per particle. The densitie$ormed, although their ends are hydrophobic, and this con-
represent volume fractions, and are therefore dimensionlesBguration is therefore less favorable than are “circular” mi-
In the coexistence regime, the amphiphilic particles aggreeelles of four solute particles. These configurations are ex-
gate, minimizing the contact of their hydrophobic regionspected from the construction of the sites, which is shown in
with water and with polar solute segments. Outside this reFig. 6, to appear as the ground states. Solute sites with two
gion, the amphiphiles are soluble at all densities below thedjacent polar sides may be considered to represent sections
LCST and above the UCST. For temperatures between thes# circular micelles[Fig. 6(b)], with the formation of small
values, the amphiphiles are soluble only at very low densimicelles as a consequence. In contrast, if the polar sides are
ties, while at the CMCp;,, the particles aggregate and the opposite each other, the only possibility to avoid hydropho-
system separates into two phases: nearly pure watgrar-  bic sides being in contact with water is to form lines of
ticle densityp,) and an amphiphilic phase of densjty. With  particles, although again the hydrophobic ends remain ex-

A. Amphiphiles
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FIG. 4. Snapshots of 2D systems in the coexistence phase, ob- FIG. 5. Snapshots of 2D systems of partially hydrophobic solute
tained by Monte Carlo simulations &&= 1.0. Left: completely hy-  particles (Np=2) in water in the coexistence phase, obtained by
drophobic solute particle&Np=0) in water; right: mainly hydro- Monte Carlo simulations af=1.0.
phobic solute particlegNp=1) in water. White circles(right)
represent the polar sides of the solute particles, which are shown asdes in the system is higher than the number of hydrophobic
black squares. The particles form compact micelles which shield thenes. Changes in,,_y then lead to a larger relative effect,
hydrophobic sides from water. The lattice constaris defined by  and in fact the majority oP-P contacts are intact even in the
the solute particle size. dissolved phase due to the high number of water molecules.
posed to water. These squares may be taken as schem Fior low particle densities, the relatiye effect is larger still
representations. of cross sections of a bilgyeg. 6(c)] %gcguse fewel_=|-H contacts are possible. ,

The contact densities n andn aré shoWn in Finally, at high tempera;gres, the entropy .becomes.doml-
Fig. 7 for a system of SH0_|':I,te Pp;;ticles F\;\_/ﬁh one polar si genant and the contact densities approach their respective ran-
(N = 1) as a function of relative temperature. The results ar d_om values as complete mixing is ob_t_alned. We note that at

— - L igh temperatures the contact densities do not recross the
nprmahzed to the pro.bab|l|ty of these contacts in arandomly,ajue 1 to recover the low-temperature phase of single-
distributed system with the same p?‘“'c'e densppy0.24. particle dissolutior{Fig. 7). Instead their values simply con-

At low temperatures, the solute particles are clearly soluble;
becausen,_y<p(H-H), np_p<p(P-P), and np_,>p(P — .
—-H). This reflects the formation of strongly hydrogen- K — TS -
bonded, partial cagelike structures of water molecules(@) _— ’

around the hydrophobic parts of the amphiphilic particles l 21

when entropy effects are minor. At temperatures higher thar T (c)
the lower critical temperature for densipy, increasing en- —I
tropy effects favor a screening of hydrophobic faces from ) -
polar ones, and the solute particles aggregate to form mi-

celles. In this regime_ > p(H-H), np_p>p(P-P), and FIG. 6. lllustration of schematic analogs obtained using square
the density of polar-hydrophobic contacts is suppressedarticles with different arrangements of polar sides in(&88e text
Np-y <pP(P—H). The effect onny_,/p(H-H) is more pro-  Hydrophobic sides of the square solute sites are shown as thick
nounced thamp_p/p(P—P) because the number of polar solid lines, polar sides as dashed lines.
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FIG. 7. Contact densities between polar and hydrophobic sides F|G. 9. Contact densities between the different faces as a func-
as a function of dimensionless temperature for a 3D system of sokjon of dimensionless temperature for a 3D solution of lipid mol-
ute particles with one polar sid&lp=1. The contact densities be- ecyles with effective tail length=3. The contact densities between

tween sides are normalized to the values expected in a randogdes are normalized to the values expected in a random system for
system forp,=0.24. pp=0.25.

verge to unity, implying that the complete miscibility takes

the form of a truly random particle/water distribution. composed of approximately 12 carbon atofhs3) is rein-

forced very significantly. Within our simplified model, at
B. Lipids relative temperaturd=1 lipids with | =4 are basically in-

We have performed Monte Carlo simulations for lipid soluble, forming a completely separated phase, and thus per-

molecules in water on a cubic lattice for varying lengitio fect micelles,. for all densities, in rather gopd qualitative
agreement with expectations based on experim@dis

the hydrophobic tail, as described in Secs. Il C and Il D, to , : )
investigate the stability of their aggregation as a function of '€ @ggregation may be analyzed in more detail by study-

hydrophobicity(l) and density. The,-T phase diagrartFig. ing the density of side contacts as a function of temperature.

8) shows clearly that the coexistence regime is enhancedne thermal evolution of the density of contacts between the
different sides in a system of lipid particles of tail lendth

significantly with increasing tail length which can be at- ~""™ N . .
tributed to the stronger effective repulsive interaction be-=3 in water is shown in Fig. 9. The results are normalized to
tween the longer hydrophobic tail of the lipid molecule angthe corresponding probability of these contacts in a randomly

the surrounding water. The ratican be taken as the impor- distributed system with the same particle densify0.25.

tant quantity to characterize the degree of hydrophobicity of\t 10w temperaturesn,_y<p(H-H), np_p<p(P-P), and

a lipid molecule. Comparison with Fig. 1 indicates that for aNs-s<P(S-S), while np_y>p(P-H), nps>p(P-S), and
typical polar head|=1 corresponds to a tail containing ap- NH-s> P(H-S), meaning that the solute particles are clearly
proximately four carbon atoms. Figure 8 shows that for lipiddissolved as a consequence of partial cage formation around
molecules with a tail containing approximately eight carbonthe hydrophobic tails. At temperatures higher than the lower
atoms(1=2), there is already an enhancement of the coexistcritical temperature for density, (Fig. 8), the lipid particles
ence region. The aggregation of solute particles with a taidgregate to minimize their total exposed surface, whence
Ny_n>pP(H-H), np_p>p(P-P), and ngs>p(S9), while

Np.y < p(P-H) andnp_s< p(P-S). Because of the much stron-

or }3 ger effect of aS face than of aH face on its neighboring
o {:2 I water site, the normalized contact density of t&daces is
OS] highest in the aggregation phase and lowest below the LCST.
B A higher relative contact density is observed betw8eand
H faces than between twd faces for the same reason, while
below the LCST water sites prefer to form the solvation shell
of Sfaces rather than dfl faces. At high temperatures, the
l contact densities converge, in fact rather abruffig. 9) to
L their random values, indicating complete mixing.
0.4 0.6 0.8 1

IV. DISCUSSION
FIG. 8. py-T phase diagram illustrating micelle formation in the o ) ] )
extended 3DHP model for lipid molecules of varying tail length. Amphiphilic molecules in aqueous solutions can form dif-
represents the relative length of the hydrophobic tail compared téerent types of micelles depending on their concentration and
the size of the hea(Fig. 1). The coexistence region is enhanced ason the distribution of polar regions at their surfaces. Our
the length of the hydrophobic tails increases, and aggregation igitial investigation of the qualitative properties of micelle
promoted. formation in a hydrophobic-polar model involved systematic
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(a) (d)

FIG. 10. Representation of dif-
ferent surface patterns on cubic
solute particles in théiP model,
and their schematic correspon-
dence to different micelle types
(see text Polar surfaces and mi-
celle segments are marked in gray,
hydrophobic surfaces in white.

U]

()

substitution of the hydrophobic sides of cubic solute particlesnodel are shown in Fig. 10. The model is applicable for any
by polar ones. We determined thg-T phase diagram for surface pattern and density of solute, with the premise that
different surface patterns and found closed-loop coexistencene site may contain one amphiphilic molecule or a group of
curves(Fig. 3), in accord with experiments using hydrophili- solute molecules. A given surface distribution of polar
cally modified copolymers of poiiN-isopropylacrylamidg  groups on a polymer may be characterized by a correspond-
[2]. With increasing polarity, the coexistence region is re-ing arrangement of polar sides on the surface of a cubic
duced as the solubility of the model amphiphiles increasessolute molecule. A single lipid molecule with a clear distinc-
This tendency was confirmed by the same experiment, whertion between a polar head and a hydrophobic tail may be
the LCST of purely hydrophobic pali- represented by a cube with one polar fadé-=1, Fig.
isopropylacrylamide P3 was observed to increase from 10(d)]. A small section of a cylindrical micelle would be
37°C at atmospheric pressure to 42—@4When approxi- represented by a cube with two adjacent polar sjigs=2,
mately 13% of the monomers were substituted by polar speig. 1Qc)], while a particle with two opposite polar sides
cies (CP2 and CPg In our model, we observe the same corresponds at the same level of approximation to a cross
quantitative increase of 2—3% in absolute temperature fronsection of a bilayer[Fig. 1Qb)]. For the formation of
T.cs7=0.545 for purely hydrophobic solute particles to “spherical” micelles, each site must have three adjacent polar
T cst=0.56 for amphiphiles with one polar side, which rep- sides[Np=3, Fig. 1@d)]; if two of the three sides are situ-
resents 17% of the particle surface. Thus the crude cubiated opposite each othffig. 1Qe)], the site may again be
model appears to yield good agreement with available data &onsidered as a section of a cylindrical micelle. Although by
this level of comparison. constructiorNp=3 should give small spherical or cylindrical
For particles with two polar sides, the coexistence regiormicelles, depending on the distribution pattern at the surface
is reduced dramatically. This is not surprising, consideringof each site, in fact the solubility is too high to find aggre-
the fact that two polar sides represent one-third of the totagates.
particle surface, and the attractive interactions with water are Micellar structures occurring in 3D simulations are diffi-
rather strong. In amphiphilic molecules, the polar region iscult to display. To confirm the formation of different micelle
usually rather small compared with the hydrophobic surfacgypes depending on the surface pattern of the solute particles,
area. The solubility of the molecules thus increases considve have considered snapshots of an analogous 2D system
erably on substitution with polar monomers, leading to a(Figs. 4 and & Here the square solute particles may be in-
decrease in UCST and an increase in LCST and CMC. In theerpreted in a manner similar to the 3D c#&Bay. 6), and the
cubic model, no significant difference in the size of the co-formation of small micelles and layers is found in the coex-
existence region is observed for different distributions of theistence region. During the relaxation process, micelles grow
two sides on the solute cubes. Any further substitution offrom initial dimers to larger entities. Although the solute par-
hydrophobic faces by polar ones results in molecules whicliicles may rotate at a given position, they can be trapped in a
are at least half polar: the solubility of such particles is al-configuration which disables the construction of perfect mi-
ways high, and thus no aggregation is found. celles or extended layers. Because there is no preference for
Possible schematic interpretations of the various surfacgrowing a layer in one direction rather than in the other,
patterns of cubes representing solute particles inHife  short line segments are formed which are incompatible with
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others, resulting in a network of short layers. In the model, We close by emphasizing again the limits of our analysis.
no distinction is made between the polar side of a wateiVe have formulated a model for an aqueous solution using a
molecule and that of a solute particle, andP&P contact minimal set of assumptions; we have used an extremely
contributes the same energy independent of the molecules twude representation of amphiphilic molecules, and have
which the sides under consideration belong. Such contactsonsidered only a cubic system as the foundation on which
between the polar sides of solute molecules are found in theur “micelles” are constrained to form. Nevertheless, we
interior of a micelle, which also influences the formation of have obtained a realistic set of aggregation phenomena and a
perfect micelles. The nonzero temperature in the coexistencgurprising degree of agreement with the available experimen-
region, and the observation that the upper critical density isal results. There are, however, several examples of phenom-
much smaller than unity, might further imply the formation ena which are beyond the reach of the model at its current
of imperfect micelles. In fact the extent to which the upperlevel of refinement. A solution of lipids in water may pro-
critical density is significant remains unclear, because shelluce a lamellar phase of bilayers at low temperature and
water sites in the model may be considered as belonging tther high densitiegl5]. Bilayer formation requires the pos-
the micelle phase rather than to the pure water phase, whidibility of smooth curvature and high flexibilit}s], and is
would explain the low density of the organic phase even foprecluded in the Monte Carlo simulations by geometrical
perfect micelles containing no water molecules. constraints presented by the lattice. For the same geometrical

We have extended our analysis to describe lipids, whichreasons it is also difficult to find well-formed micelles in the
represent a particular type of amphiphilic molecule. Lipidsmore general case of amphiphiles in water.
are distinguished by a special partition of the polar and hy- A further limitation is that the model considers explicitly
drophobic segments along the molecule: a typical lipid molthe energy states of water sites, and therefore no distinction
ecule consists of a polar head and one or two hydrophobits made amond-P, H-H, S-H, and S-S contacts. Because
tails. To incorporate these geometrical features in the modethere is also no difference between a group of water mol-
we have adapted the energy levels and their degeneraciesules and the polar face of a solute particle, the model al-
according to the tail length where a typical lipid molecules lows amphiphiles to occur in the core of micelles, where
exhibiting surface-active properties would be represented btheir polar sides are in direct contact with those of other
values 2<1<5 [38]. amphiphiles. For lipids, &H contact which is formed dur-

As expected from experimeni8], Monte Carlo simula- ing the Monte Carlo simulation is as favorable aS-& con-
tions of lipids of increasing length illustrate a significant en-tact, although it is more likely to be broken in a later step. In
hancement of the coexistence regidiig. 8). Lipids with a  addition, the orientation of a lipid molecule is irrelevant for
longer tail have more pronounced characteristics of hydrothe formation of aSS contact, which prevents efficient
phobic solute particles than do lipids where the polar headlignment of the heads and may further hinder the formation
represents a considerable fraction of the molecule. The sol®f extended bilayers. The incorporation of these distinctions
bility of long-tailed lipids is therefore lower than that of in a more sophisticated description of the lipid solution may
short-tailed ones, causing a decrease in LCST, an increase ld¢ expected to reproduce further detailed properties of real
UCST, and a decreased CMC at any given temperature as tisgstems.
tail becomes longer. For the parameters used in the model, In summary, we have extended the MLG framework to
we find that an increase froir1 to |=2 already enhances include the solvation of amphiphilic solutes in water. Within
the coexistence region substantially, and for that4 the a cubicHP model we have found the aggregation of solute
system is completely separated into pure water and esseparticles and the formation of various types of micelle as a
tially perfect micelles of density,=1 over a wide tempera- function of the distribution of hydrophobic regions. By suc-
ture range, which is fully consistent with experim¢as]. cessive substitution of hydrophobic sides by polar ones, we

A quantitative measure of micelle formation in am- have studied the aggregation behavior and the influence of
phiphilic and lipid systems is provided by the contact densithe degree of hydrophobicity on the upper and lower critical
ties n,., andn, 5 normalized by the corresponding prob- solution temperatures. We have refined this model to de-
abilities of the contacts in a random systéfigs. 7 and §  scribe lipid molecules of varying length, by adapting the in-
We have found fewer contacts between hydrophobic faceteraction of the hydrophobic tail to include a corresponding
and more hydrophobic-polar contacts than would be exhumber of neighboring water molecules, and have demon-
pected for a random distribution below the LCST, indicatingstrated the enhanced stability of aggregates with increasing
highly dissolved solute molecules. Above the LCST this pic-tail length(increasing hydrophobicily We have shown that
ture is inverted, thus confirming the aggregation of am-primary features of micelle formation, which are often attrib-
phiphiles and lipids, and the separation of the solution intauted solely to the amphiphilic nature of the solute particles
two phases. From a knowledge of the system geometry andnder consideration, are reproduced by our extension of the
densities, the values of the contact ratios may also be used glvent-based MLG model to describe alterations of water
confirm the extent of solution or aggregation, and also thestructure in the vicinity of the different surface regions of
effective “purity” of the micelles which form for different dissolved amphiphiles.
polar distributions on the solute molecules. At temperatures
in excess of the UCST, the solution approaches a random ACKNOWLEDGMENTS
mixture due to dominant entropy effects; in Monte Carlo We are grateful to the Swiss National Science Foundation
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