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Monte Carlo simulation of microstructural transitions in surfactant systems

R. G. Larson
AT&T Bell Laboratories, Murray Hill, New Jersey 07974

(Received 3 July 1991; accepted 20 February 1992)

In a lattice model of mixtures of idealized surfactant, oil, and water molecules, the
microseparation of hydrophobic components (oil and surfactant tails) from hydrophilic ones
(water and surfactant heads) is simulated by a Monte Carlo technique. In water, symmetric
surfactants, i.e., with heads as long as the tails, achieve lamellar or hexagonal-cylindrical order
as the temperature is reduced; the lamellae and cylinders form at surfactant concentrations
that are similar to the concentrations at which symmetric block copolymers mixed with
homopolymers have been found to form these structures. The lamellae containing tails can
have many holes; as the temperature is reduced the holes attain hexagonal order within each
layer. At low concentrations in water, symmetric surfactants form spherical micelles; the size
distribution of these is computed, as well as the critical micelle concentration. When the
surfactant tail is larger than the head, the micelles are cigar shaped or cylindrical. Cylindrical
micelles can intersect each other to form a bicontinuous phase. Other disordered bicontinuous
phases, including a symmetric spongelike phase, are observed, and the validity of film theories

for these phases is examined.

I. INTRODUCTION

In microstructured fluids containing amphiphiles, such
as surfactants or block copolymers,'~ as one changes a com-
positional variable, such as the concentration of surfactant,
or the ratio of block lengths in a block copolymer, there is
typically a progression from body-centered packings of
spherical aggregates*™ to hexagonally ordered cylinders to
ordered bicontinuous structures®'® to lamellae. At high
temperatures or high concentrations of both oil and water,
disordered bicontinuous phases'®!® also exist. Although
these are nearly universal features of amphiphilic mixtures,
the detailed microstructures that form, and the conditions
under which transitions occur among them, are so complex
and system dependent that no single theoretical approach is
capable of even qualitatively describing such mixtures over
wide ranges of composition and temperature.

For example, although the ordered bicontinuous phases
typically occur at compositions between those producing la-
mellae and those producing cylinders, the type of bicontin-
uous phase that appears is highly system dependent. In par-
ticular, bicontinuous cubic phases seem to occur for
nonionic surfactants,’ for ionic surfactants with two hydro-
carbon tails,”**! and for short single-tailed ionic surfac-
tants,” while “birefringent intermediate phases,” including
one which is thought to be tetragonal, occur for long-chain
ionic surfactants.” At least one ionic surfactant, sodium do-
decyl sulphate, exhibits transitions to a cubic phase, a tetra-
gonal phase, a rhomboedral phase, and a two-dimensional
monoclinic (or deformed hexagonal) phase, as the composi-
tion is varied over a narrow range.® At least three different
types of cubic phases have been observed, having space-
group symmetries Pn3m, Im3m, and Ia3d. The surfactant in
these cubic phases is thought to be centered on a double-
diamond lattice for the Pn3m phase, on a Schwarz’ Psurface
for Im3m, and on a gyroid surface for Ja3d.'* The double-
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diamond and gyroid phases seem to be the most common of
the cubic phases. Interestingly, in diblock copolymers, only
the double-diamond phase has been identified so far; it is
seen in the styrene-diene system.?* However, other interme-
diate phases have been observed by Bates and co-workers'*
in poly (ethylenepropylene)-poly(ethylethylene) polymers.
The factors controlling the pattern selection among the pos-
sible ordered bicontinuous phases appear to be subtle and are
as yet not well understood.?®

In what follows, we hope to show that direct molecular
simulation might provide some understanding of the pattern
selection process, including the selection among possible or-
dered bicontinuous phases. First, however, we shall briefly
review the strengths and limitations of other theoretical
models of surfactant fluid microstructure.

For dilute amphiphilic solutions, in particular, signifi-
cant theoretical progress has been made using film models.
Film models assume that the surfactant lies entirely within
thin layers separating oil and water continua. In the earliest
such model, Talmon and Prager?* derived a mean-field free
energy containing the entropy of mixing of oil and water
domains, and a penalty for bending of the surfactant films
separating those domains. Later workers have improved this
early model, by describing more realistically the bending en-
ergy,?* by including a microscopic (or molecular) cutoff
length scale,?® and by including the effects of film persis-
tence length,?*?® film compressibility>® or incompressibil-
ity,”® and steric-entropic repulsion between films.*” Film
models have yielded useful qualitative and semiquantitative
descriptions of the phase behavior of both surfactant,?-%°
and block copolymer phases,*!*? as well as a description of
the L, phase,® equilibrium vesicles,>** and fluctuation ef-
fects.’® Although in film models molecular details can be
expressed only through continuum variables such as interfa-
cial tensions and film bending constants, substantial prog-
ress has been made towards predicting those constants from
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molecular packing considerations.®’

Nevertheless, in such models the surfactant layer is col-
lapsed to a two-dimensional film; important details are
thereby lost, and film models are most accurate at low am-
phiphilic volume fractions. Moreover, at least so far, fluctu-
ations have been ignored or included in a perturbative sense
only. In addition, in film models a description of each micro-
structure of interest must be proposed a priori, and then its
free energy analyzed to determine if it is lower than other
candidates. If the microstructure of lowest free energy is not
one of the candidates chosen, the true equilibrium micro-
structure will be missed. In addition, the range of conditions
under which film models can be trusted has not yet been
clearly established, which is an issue we shall come back to
Jater. :
For long polymeric amphiphiles, simplifying statistical
approximations are possible that take advantage of the many
orientable links of long polymer molecules.*®**® Thus mean-
field or weak-fluctuation theories can be developed; and
these have provided a useful starting point for understanding
phase transitions and morphology in block copolymer sys-
tems at concentrations and temperatures where film models
fail. However, these theories do not seem to be extendible to
short molecule amphiphiles and, as in film models, the mi-
crostructure of lowest free energy will be overlooked if it is
not one of the candidates considered.*!

Molecular simulations in continuous three-dimensional
space of amphiphilic aggregates (i.e., micelles), composed
of realistically interacting amphiphiles, are now feasible and
are useful for studying structure and fast fluctuations of
these aggregates.*?** With such simulations, molecular-
scale fluctuations can be studied in detail, even when those
fluctuations are large. However, the time scales accessible on
the existing and foreseeable computers make these tech-
niques untenable for the study of problems involving large
distances or long-time scales, as is required in the determina-
tion of the equilibrium structure of a microemulsion phase.

This limitation of molecular-scale modeling has been
avoided by Widom*® and by Schick and co-workers*” who
analyzed highly simplified “Ising-type” lattice models in
which the moleculies occupy only one or two sites. Qualita-
tive features of the phase behavior and structure of real sur-
factant systems at large distance scales can be captured by
these models. But in these models virtually all distinctive
molecular details are effaced, rendering the models incapa-
ble of capturing in any detail the effects of surfactant archi-
tecture, except those that can be included empirically in the
interaction parameters.

Thus, because of the complexity and richness of surfac-
tant-containing fluids, several different theoretical ap-
proaches have proved fruitful, but none are without serious
drawbacks. In particular, none of the aforementioned mod-
els is likely to be able to address the question of how molecu-
lar structure influences the competition among ordered
phases, including ordered bicontinuous phases, at high sur-
factant concentration.

In this paper, we pursue further a “Flory-type” lattice
model introduced earlier*®**° for the simulation of self-as-
sembled surfactant microstructure, in which the surfactant

molecules occupy a sequence of several lattice sites. Thus
this model lies between the Ising-type lattice models of Wi-
dom and Schick et al., and more realistic off-lattice simula-
tions. Compared to the simple lattice models, this Flory-type
model is less affected by lattice artifacts and, because of the
more realistic description of the surfactant molecule, is capa-
ble of better describing both surfactant microstructures and
the effect of surfactant properties—such as head and tail
lengths—on those microstructures, Thus, we believe that the
Flory-type model is the simplest model that is likely to be
capable of analyzing qualitatively the influence of molecular
properties on pattern selection, particularly among ordered
bicontinuous patterns. Our Flory-type lattice model has
only simple nearest-neighbor interactions and is, in this re-
spect, similar to most models of polymer systems, but the
molecules are small, like surfactant molecules. Thus, the
properties of the model also make it useful as a means of
understanding and bridging the differences between poly-
meric and small-molecule amphiphiles. Although Flory-
type models require much more computation than do the
simpler Ising-type lattice models, the speed of computers
available now and in the near future will, we believe, make
the use of the former especially fruitful in the study of equi-
librium microstructures of surfactant-containing fluids.

Il. OVERVIEW OF THE FLORY-TYPE LATTICE MODEL

In our Flory-type lattice model, the surfactant mole-
cules are confined to a cubic lattice and interact only with
nearest and diagonally nearest neighbors; the usual periodic
boundary conditions are employed. Oil and water molecules
occupy single sites on the lattice, and each amphiphile occu-
pies a sequence of adjacent or diagonally adjacent sites. The
amphiphile sites can be occupied by either head (water-lov-
ing) or tail (oil-loving) units. The interaction energy is tak-
en to be pairwise additive. For simplicity in this version of
the model, we let the interaction energy of a head unit with a
neighbor, say an oil, be the same as the interaction energy of
awater unit with oil. Similarly the interaction energy of a tail
unit with a neighbor is assumed to be the same as that of an
oil unit with that same neighbor; thus head and tail units are
chemically identical to water units and oil units, respective-
ly. With this choice for the interaction energies, the system
can be characterized by a single dimensionless interaction
energy parameter w, which is the interaction energy per oil/
water contact, divided by k7. The nomenclature H,T; de-
fines a surfactant that consists of a string of i head units
attached to tail units.

Rearrangements of the molecules in the system take
place by oil/water interchanges, and by kink and reptation
motions of the amphiphile.*®* Each attempt at one of these
movements shall hereafter be called a Monte Carlo (MC)
step. To prepare equilibrium or near-equilibrium states, we
disperse the molecules on the lattice in some near-random
fashion, set the temperature to infinity (i.e., w =0), and let
the system equilibrate by the moves listed earlier. We then
cool the system by increasing w in small increments, allow-
ing many millions of MC steps between each increment, so
that thermal equilibrium is maintained. At high tempera-
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tures 1/w, thermal equilibrium is attained rapidly, in a few
million MC steps, but at low temperatures, i.e., w>0.10,
thermal equilibration can require billions of MC steps on the
largest lattices considered here (40X40x40).

At each temperature, we monitor the average energy per
lattice site; at the lower temperatures on large lattices this
average is taken over a billion or so MC steps. When the
averaged energy appears to reach a steady state—that is,
when it varies by less than about 0.2% over a couple of bil-
lion attempted moves (on 40X 40X 40 lattices, fewer than
this on smaller lattices)——we assume that the system has
equilibrated at that temperature and then we increase w by
another small increment. Experimentation with different
rates of cooling has given us confidence that our cooling
regimen keeps us close to equilibrium,*® except near first-
order thermodynamic transitions. As discussed later, near
such transitions we often see hysteresis when a system that
has been cooled through a transition is reheated. Details of
the typical cooling regimens can be found in Ref. 49, and in
the figure captions of this paper.

Although this Flory-type model has made possible the
simulated self-assembly of lamellar, cylindrical, and spheri-
cal morphologies, as well as bicontinuous structures, at this
stage of its development it lacks the complicating details of
real systems, such as hydrogen bonding, electrostatic inter-
actions, and detailed molecular-shape effects. While its fea-
turelessness seriously limits it as a model of any specific ex-
perimental system, it could serve as an ideal model system
for studying and testing theories and ideas of amphiphilic
pattern formation. Seen in this light, the most serious poten-
tial drawback of the present version of the model is that it is
realized on a cubic lattice. Fortunately, however, we have
been able to show*>* that the directional bias one expects
on a cubic lattice is weak for our simulations; this bias is
apparently suppressed because we have made the interaction
energies between all twenty six nearest and diagonally near-
est neighbors equivalent to each other, and have allowed the
surfactant chain to be connected along both nearest and dia-
gonally nearest-neighbor sites. In particular, we have found
that patterns in which there is at least one infinite wave-
length (i.e., lamellar or hexagonal patterns) orient so that
the characteristic spacings of the pattern (e.g., the interla-
mellar spacing of a lamellar pattern) are commensurate with
the lattice dimensions. In these cases, when the lattice size is
changed, the pattern reorients so that nearly the same char-
acteristic spacings are retained on a different-size lattice.
When there is no infinite wavelength, however, as for exam-
ple on a pattern with cubic symmetry, reorientation of the
pattern will not help it fit on a finite lattice, and the size of the
lattice affects the pattern that is chosen.*®

{Il. RESULTS

In this communication, we focus on the microstructural
transitions that occur when one changes temperature, con-
centration, or the length of the surfactant head or tail. We
wish to show that the model gives results consistent with
experiment and with other theoretical techniques, that it can
provide a useful new bridge between polymeric amphiphiles

and surfactants, and, most importantly, that it can make
predictions about pattern transitions that are difficult or im-
possible to obtain by other theoretical approaches.

Broadly speaking, in amphiphilic systems, microsepara-
tion, ordering, geometric, and topological transitions can oc-
cur, often in combination. To illustrate the distinctions
among these, consider a solution of surfactant in water at
high temperature where the surfactant is randomly dis-
persed. As the solution is cooled, a continuous (though pos-
sibly fairly sharp) transition occurs to a disordered arrange-
ment of spherical micelles. This is a microseparation
transition, since it involves the separation of tail units from
their hydrophilic environment into the hydrophobic cores of
spherical micelles. On further cooling, the micelles might
undergo a continuous geometric transition to long rodlike or
wormlike micelles, or a discontinuous ordering transition to
a bee packing of spherical micelles. If wormlike micelles
form and their concentration is increased, they can intersect
each other and undergo a topological transition to a bicontin-
uous phase.

We divide our results into two sections. In the first, we
consider systems that undergo an ordering transition when
cooled. We find that as systems composed of the surfactants
H,T, and H, T, in oil and water with an oil/water ratio of
unity are cooled, an ordering transition occurs to a lamellar
phase. Even at temperatures above the ordering transition,
there is significant microseparation of hydrophobic and hy-
drophilic components because the correlation length of com-
position fluctuations is greater than the size of a lattice cell.
When the surfactant volume fraction C, is high (0.60), the
ordering transition is a sharp one. When C, is low (0.20),
the transition is gradual, and occurs in the following way: As
the temperature is lowered, the surfactant molecules
straighten out, and collect into a wrinkled skin that separates
a continuous oil domain from a continuous water domain.
With a further decrease in temperature, the surfactant mole-
cules straighten out further, the skin flattens, and the oil and
water continua order into lamellae with holes. With still
further cooling, the holes disappear and the skin divides into
parallel sheets that separate alternating lamellae of oil and
water.

When various concentrations of H, T; or H, T, in water
only are cooled, we again find ordering transitions; at a high
concentration (C, = 0.8), the ordered pattern is lamellar,
and at lower concentrations (C, = 0.45-0.65), it is a hexag-
onal array of cylinders. At an intermediate surfactant con-
centration (C, = 0.75) two transitions occur: the first to
lamellae densely populated with holes in the layers contain-
ing tails; and in the second the holes attain a hexagonal order
in each layer. For a concentration slightly below the mini-
mum required for a cylindrical hexagonal phase
(C, =0.45), there is on cooling a continuous transition to a
mixture of disordered spherical and wormlike micelles. At
still lower concentrations (C, = 0.35), cooling produces a
continuous transition to disordered spherical micelles.

In the second section of results, we consider the changes
in micellar shape that occur as the lengths of the surfactant
heads and tails are varied at low surfactant concentrations
(C,<0.20). We find that while symmetric surfactants H, 7,
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and H, T, form spherical micelles at inverse dimensionless
temperatures greater than or equal to w = 0.1538, surfac-
tants in which the tail is significantly longer than the head,
such as H, T, form cylindrical micelles. Even at rather low
surfactant concentration, these intersect each other to form
a bicontinuous phase. In an intermediate case in which the
tail is only slightly longer than the head, namely H;T,,
spherical micelles are initially formed as the system is
cooled; eventually, at a lower temperature of w = 0.1538,
some of these agglomerate, forming a bimodal mixture of
spherical and cigar-shaped micelles. Having thus summar-
ized our results, let us now present them in detail, starting
with the completely symmetric systems, i.e., solutions con-
taining A, T, or H, T, at an oil/water ratio of unity.

A. Microseparation and ordering transitions
1. For an oil/water ratio of unity

Figure 1 shows slices of the 40 x 40 X 40 system contain-
ing 60% by volume H, T, , with 20% oil and 20% water, at
w = 0.1120 (upper) and at w = 0.1130 (lower). These cor-
respond, respectively, to an isotropic disordered state and an
ordered smectic lamellar state that is attained when the dis-
ordered state is cooled. The tail units are shown as circles
and the oil units as asterisks; the water and head units are not
shown. Figure 2 plots the ensemble average of the dimen-
sionless energy per lattice site, {E ), as a function of w during
cooling and subsequent reheating of this H, T, system and of
the same concentration of H,T; on 20X20X20 and
40 % 40 X 40 lattices. The value of (E) at each w was ob-
tained by averaging over at least 4X 10’ MC steps on the
20% 20 X 20 lattice, and 4 X 108 MC steps on the 40 X 40 X 40
lattice. There is a distinct drop in average energy when the
60% H,T, and H,T; systems order. For H,T,, ordering
occurs at w=0.1130 on the 40X40X40 lattice and at
w = 0.1120 on the 20X 20 X 20 lattice. Note that apart from
this small difference in ordering temperatures, there is little
difference between the two lattices in the relationship be-
tween {E ) and w. On reheating the 40X40%x40 H, T, sys-
tem, a jump occurs at w = 0.1080, and inspection of cross
sections shows that the system disorders at this temperature.
This hysteresis in the transition temperature is characteristic
of first-order phase transitions. On a smaller 202020
lattice, the hysteresis in the transition is negligible—Fig. 2
also shows that for the 20X 20X 20 lattice, {E ) vs w on re-
heating is almost the same as that obtained on cooling. Thus
on reheating, the ordered state is more unstable on the
smaller lattice than it is on the larger lattice, evidently be-
cause a fluctuation of given size affects a larger fraction of
the whole system on a small lattice than it does on a big
lattice. Similar behavior is found for 60% H, T, in equal
amounts of oil and water.

Figures 3-5 show the lamellar ordering transition on a
40 < 40X 40 lattice for 209% H, T, in 40% each of water and
oil. Figure 3 shows a slice of this system at w = 0.1077 (up-
per) and after cooling to w = 0.1231 (lower). In Fig. 4, two
mutually perpendicular slices of a single system are shown
after cooling to w = 0.1385. Thus Fig. 4 shows two faces of a
cube of material. Figure 5 shows two mutually perpendicu-
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FIG. 1. Cross-sectional slices of 40 % 403< 40 lattice containing 60% H, T,
and equal parts of oil and water. The structure at the top was obtained after
slowly cooling a random system in small temperature steps to w = 0.1120.
It was then subjected to a small step decrease in temperature to w = 0.1130;
after T = 3.2 X 10° MC steps, the structure on the bottom appeared. In this
and following figures, the images were obtained by periodic replication of
the simulated volume, which here is enclosed in dashed lines. The circles
represent tail units; the asterisks are oil units.

lar slices of the system after it has been further cooled to
w = 0.1424. The transition in Figs. 3-5 is much more nearly
continuous than the ordering transition for 60% H, T, de-
picted in Fig. 1. In fact, Figs. 3—5 suggest that smectic lamel-
lar order is probably achieved in two stages. In the first stage,
a disordered bicontinuous “sponge” phase (Fig. 3, lower
panel) achieves lamellar order (Fig. 4), but the lamellae are
interrupted by holes. In the second stage, the holes disappear
(see Fig. 5). Consistent with the gradualness of the ordering
transition for 20% H, T,, Fig. 2 shows that the any jump in
average energy (E) at either stage of the transition is so

J. Chem. Phys., Vol. 86, No. 11, 1 June 1992



R. G. Larson: Microstructural transitions in surfactant systems

7908

A ¥ - . RS
Feor ol T iRy S0 N T oiifteg
°
o «gtaiiert it o wmiierend TR
H
© @ aaarelriaa®’®il. anateteans 22eC @ pairaO2aia¥ iy asg 2arans s
3
3

.
Torstolisiters o
Sogiifaides ofel g aiesd aitiers O

ogite ,  oteraeiio it
8, t, Shairen
sadeal 93 iRy
- F R TEL] m-
dimitiiive  mafigeiitine
2@haett S0 B

Bun

0

00
2200028
3 Maenede

Pkl BLE
-l
B

. AN

.
valaee TTae®
Sxxtoenss
2239780000 o 8 Groiiratil

aaaterrens 2320 @ ne22aOraia?’Q

iifiewe, 1t v, opiSiiion
:

.
HHEEN
igiiredy,
B S

?

o

e

200 mama wx Q¥
IR sRWegergen, T ¥
o aneaslen % taneew
anwasguwusn
Le : ee pg i
. . « Raiges

LI L R o o T

i13d0tei wsQlaert G 93 43 dgizzootiiiics

aan aenafe hagh a2 aoxaPa

. = x Trgro¥e |
= ¥gep

asuuns
»

The average energy (E ) just above the ordering transi-
tion to the smectic lamellar phase is much smaller for the
solution containing 20% surfactant than it is for the 60%
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83X 10® MC steps after changing w from 0.1077 to

0.1231. These images contain periodic replications, as described in the cap-

tion to Fig. 1.

0.1077; the image at the bottom was obtained from

For 60% and 20% H T, in equal parts of oil and water,

parts of oil and water at two relatively high temperatures. The image on the
top was obtained at w

that the transition from an isotropic disordered phase to a
smectic lamellar phase might occur in two steps by way of an
intermediate nematic lamellar phase, in which the films
have preferred orientational order but no long range posi-
tional order. It is possible that the structure shown in Fig. 4
might represent a small piece of such a nematic lamellar
phase. However, more thorough study of this structure on a
larger lattice will be required before this can be asserted.
we obtain ordering transitions similar to those for H, T,,
except that the temperatures at which the transitions occur

FIG. 3. Slices from a 40X 40 % 40 lattice containing 20% H, T, and equal
deed, in a film theory by Huse and Leibler,?’ it is speculated

the one on the top T

J. Chem. Phys., Vol. 96, No. 11, 1 June 1992

complete at the ordering transition for 20% H, T, than for
60% H, T, . This result is not surprising, since the amount of
oil and water available to participate in the microseparation
is much greater for the 20% system than for the 60% system
and oil and water with no surfactant would macroseparate at
w=0.09. Thus, in the 20% H, T, system, the oil and water
are already highly segregated at a temperature somewhat
above that required for ordering. The surfactant (represent-
ed by circles in Fig. 3) at this temperature forms a “skin” on
the interface between the oil and water regions, as can be
seen in Fig. 3 (lower panel). As the temperature is lowered,
this “skin” becomes smoother and less distorted by thermal
fluctuations. Eventually, the skin develops a preferred orien-
tation, albeit with holes (see Fig. 4). At still lower tempera-
ture, the holes disappear, and the system develops unam-
biguous smectic order (see Fig. 5). The ordering transition
in the 20% H, T, system may be a good candidate for model-
ing by the film theories referred to in the Introduction. In-

solution. This means that microseparation is much more
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H4T,
CA=0.2
Cw/Co=1

w == 0.1385

i

FIG. 4, Two mutually perpendicular slices from the structure formed by
cooling to w = 0.1385 the system depicted in Fig. 3; the cooling occurred in
small steps in w of Aw = 0.0038, with at least 8 X 10® MC steps between
each temperature step.

are lower for H; T, than for H, T, (see Fig. 2). As with
H,T,, the ordering transition for 609 surfactant is sharp,
and for 20% surfactant the lamellae appear first with holes
in them that disappear on further cooling. The inverse di-
mensionless transition temperatures w, at which ordered la-
mellae without holes form on cooling, are given in Table I.
Also given are the values of zNw,, where N is the number of
sites occupied by the surfactant (six for H, T, and eight for
H,T,) and z = 26is the coordination number. According to
the mean-field Leibler theory*® for symmetric diblock copo-
lymers with no solvent, zNVw, = 10.5. Fredrickson and Hel-
fand* showed that fluctuations cause an increase in zNw,,
yielding zNw, = 10.5 + 41N ~ '3, Although the Fredrick-
son-Helfand theory is perturbative—becoming strictly valid
only as N - «o—and thus certainly cannot be applied to our
small-molecule system in any detail, it does suggest that
zNw, should be much larger than 10.5 for our system, that
the transition from disorder to an ordered state should be a
strong one, i.e., it should involve a large jump in the compo-
sitional order parameter, and that fluctuation effects should
be very important. All these implications of the Fredrick-
son-Helfand theory hold for our systems with high surfac-
tant concentration.

H,T,
CA=0.2

Cw/Co=1

w == 0.1424

FIG. 5. The system depicted in Fig. 4 after step cooling to w = 0.1424 and
equilibrating for 1.6 X 10° MC steps.

While the Fredrickson-Helfand theory, if pressed,
might tell us something about the role of fluctuations near
the ordering transition for amphiphiles with little or no sol-
vent, film models tell us that for systems that are rich in
solvent and dilute in surfactant, an ordering transition from
a disordered bicontinuous phase (such as in Fig. 3) to a
smectic lamellar phase (such as in Fig. 5) occurs when the
temperature is lowered enough that the surfactant-laden in-
terfacial film separating oil and water becomes stiff enough.
One expects the transition to occur when the persistence
length of the film becomes comparable to or greater than the
oil or water domain size of the disordered bicontinuous
structure. This prediction seems to be qualitatively consis-

TABLE I. Inverse ordering temperatures w,.

Surfactant Concentration w, zNw,
H,T, 80% 0.2154 22.4
H,T, 60% 0.1366 21.3
H,T, 60% 0.1120 23.3
H, T, 20% 0.1722 26.9
H,T, 20% 0.1405 29.2

J. Chem. Phys., Vol. 96, No. 11, 1 June 1992
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tent with what one observes in Figs. 3-5. Since the film mod-
el assumes that the surfactant resides entirely on a skin with
a nearly constant area of occupation per surfactant mole-
cule, the model also predicts that the lamellar spacing d
should be inversely proportional to surfactant concentra-
tion. Table II presents the lamellar spacings d for H, T, in
equal amounts each of oil and water, for lattices large
enough that finite lattice size effects are expected to be less
than about 10%.! The last column of Table II shows that
the product C,d depends on C, when C, »0.5, but may be
approaching a constant as C, is reduced.

Andelman et al.,*® have predicted, using a film model,
that the ordering temperature should decrease with decreas-
ing surfactant concentration, because of a renormalization-
induced reduction in the effective bending constant at low
surfactant concentration. Thus at a fixed temperature, and
at a fixed oil/water ratio of, say, unity, when the surfactant
concentration decreases, there is predicted to be a transition
from an ordered lamellar to a disordered bicontinuous
phase. This is certainly consistent with our findings; Fig. 2,
for example, shows that at an inverse dimensionless tem-
perature of roughly w = 0.12, there is a lamellar phase for
H, T, when C, = 0.6, and a disordered bicontinuous phase
when C, = 0.2. Presumably for w = 0.12 there is an inter-
mediate concentration regime for which both lamellar and
the disordered bicontinuous phases coexist.

However, some important aspects of the ordering tran-
sition in our system are not described by the film models. An
important assumption of film models is that the surfactant
layer contains no internal degrees of freedom that change
significantly over the range of composition and temperature
to which the model is applied. This means that the distribu-
tion of conformations of the surfactant molecules should be
insensitive to composition and temperature. We test this as-
sumption in Fig. 6 by plotting the mean-square end-to-end
separation (R ?) of the first and last units on the surfactant
chain as a function of w. For C, = 0.20 at an oil/water ratio
of unity, (R ) remains near its high-temperature asymptote
(R ?) =~ 16.6 until wis increased to about 0.08, which is close
to the value of w at which a surfactant-free 50/50 mixture of
oil and water would spinodally decompose. Thus the tenden-
cy of oil and water to separate from each other at w~0.08
evidently leads to stretching of surfactant chains, thereby
allowing more complete separation of oil from water, while
maintaining a high entropy of mixing of oil with surfactant
tails and water with surfactant heads. The degree of stretch
of surfactant chains increases with increasing w throughout

TABLE II. Spacings in lamellar phases for H, T,.

C/C, C, Symmetry Lattice Spacingd C,d
1 0.80 Lamellar 202020 8.9 7.1
1 0.60 Lamellar 40X 4040 9.4 5.6
1 0.50 Lamellar 202020 11.6 5.8
1 0.30 Lamellar 30%x30x%30 13.4 4.0
1 0.20 Lamellar 40X40x 40 23.1 4.6

28
26 - /'
24 |- /

22
2 %

4 ! I I I i 1 ]
0.0 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16
w

1

FIG. 6. The mean-square end-to-end separation of amphiphile chain ends
as a function of inverse dimensionless temperature w for 20% amphiphile
(open symbols) and 60% amphiphile (closed symbols) at an oil/water ra-
tio of unity. The arrows show where the ordering transition occurs.

the range in which the two-step ordering transition occurs to
the lamellar phase without holes. As the chains stretch dur-
ing cooling, one would expect them to pack together more
closely, thus reducing the amount of interfacial area. Indeed,
it is apparent in Figs. 3-5 that the amount of interfacial area
decreases as w increases; further work is needed, however, to
quantify this apparent decrease in interfacial area. Since
properties of the film, especially bending constants, are like-
ly to be sensitive to changes in the surfactant conformation
distribution and in the packing density of chains at the inter-
face, one must question the ability of at least the simplest
film models to describe the ordering transition in our model
system. We must note, however, that in our model, the oil is
monomeric and the surfactant very flexible. Less chain
stretching probably occurs for stiffer surfactants that change
conformations less readily, and for longer oil molecules that
penetrate the surfactant tail layer to a lesser extent.

Figure 6 also plots (R?) vs w for C, = 0.60 at an oil-
/water ratio of unity. Chain stretching also occurs in this
more concentrated solution; the results in Fig. 6 are similar
to those reported for simulations on longer chains by Min-
chau er al.** and observed experimentally in diblock copo-
lymers.**** Chain stretching has been accounted for in weak
segregation theories of diblock copolymers.>® The difference
in (R ?) between 20% and 60% surfactant solutions at small
w is caused by the concentration dependence of the excluded
volume effect.

2. With no oil

When H, T, systems containing 45%—65% surfactant
mixed with water, but no oil, are cooled, quasihexagonal,
i.e., distorted hexagonal, phases form (see Fig. 7). The dis-
tortion, which is induced by the finite lattice size, is modest
or small for lattices as large or larger than 30X 30X 30.%° As
a result of the distortion, the six cylinders closest to a given
cylinder are not all the same distance from that cylinder.
Instead, one obtains the three characteristic intercylinder
spacings listed in Table IIL. The spacing d used in the last
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H, T,
Cp=0.8
“ Cop=0.0

w = 0.1308

| s

.
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s 4 n

“ e

FIG. 7. Two mutually perpendicular slices of a 40 X 40 X 40 lattice contain-
ing 60% H, T, in water at w = 0.1308, obtained 9.6 X 10° MC steps after
cooling a system that had been equilibrated at w = 0.1270. When reheated
in steps Aw of 0.0038, this system disorders at w = 0.1116.

column of Table III for the quasihexagonal symmetries is the
arithmetic average of these three spacings. The concentra-
tion C}, is the concentration of hydrophilic units; for sym-
metric surfactants, Cy = C,, 4+ }C,. To a first approxima-
tion, we believe that the concentration of hydrophilic units
determines which ordered morphology is obtained.

At a higher surfactant concentration, C, = 0.80, we
find on cooling an ordering transition at w = 0.1347 to la-
mellae (see Fig. 8). The ordering transitions to lamellar and
hexagonal symmetry shown in Figs. 7 and 8 are sharp transi-

TABLE III. Spacings in lamellar and quasihexagonal phases for H, T, .

7911

H,T,
Cao=0.8
Co=0.0

w = 0.1347

20

FIG. 8. Two mutually perpendicular slices of 40 X 40 X 40 lattice containing
80% H, T, in water at w = 0.1347, obtained 9.6 X 10° MC steps after cool-
ing a disordered system that had been equilibrated at w = 0.1308.

tions, like the transitions for 60% H, T; and 60% H, T, with
equal amounts of oil and water. Note in Fig. 8 that the lamel-
lae have holes in them. These lamellar holes do not exist at
the ordering transition for a system containing a similarly
high surfactant concentration but with an oil/water ratio of
unity (see Fig. 1). Thus the lamellar holes seen for this sur-
factant at an oil/water ratio of zero (see Fig. 8) exist because
of an oil/water compositional asymmetry. However, lamel-
lar holes also exist in compositionally symmetric systems,
such as in Fig. 4; these latter holes apparently occur because

Co/C, C, Cy Symmetry Lattice Spacing d d

0 0.45 0.775 Hexagonal 30%x30x30 12.3]12.3|12.3 12.3
0 0.50 0.75 Hexagonal 30x30x30 12.3]12.3|12.3 12.3
0 0.55 0.725 Quasihexagonal 30 30X%30 10.8{10.8}11.1 11.0
0 0.60 0.70 Quasihexagonal 404040 11.1}11.4]|11.4 11.3
0 0.65 0.675 Quasihexagonal 30%30X%30 10.8/10.8|11.1 11.0
0 0.70 0.65 Disordered bicontinuous 404040

0 0.75 0.625 Lamellar with holes 404040 9.4 9.4
0 0.80 0.60 Lamellar with holes 40 40X 40 9.4 9.4

J. Chem. Phys., Vol. 96, No. 11, 1 June 1892
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of gradualness in the ordering transition at low surfactant
concentrations. Thus lamellar holes can exist in at least two
different types of systems, and for at least two different rea-
sons. Lamellae with holes similar to these in Fig. 8 have been
seen experimentally by microscopy in a system containing a
slightly asymmetric low-molecular-weight diblock copoly-
mer of polystyrene and polyisoprene.’! Such holes may be
common in nonpolymeric and low-molecular-weight poly-
meric amphiphiles.

If the surfactant concentration C, is lowered modestly,
from 0.80 to 0.75, the density of holes is greatly increased
(see Fig. 9). Figure 10(a) shows a slice of this system taken
parallel to the lamellae and within one of the layers with
holes at w = 0.1500. The holes are spatially disordered, but
as w is increased on the 40X 40 < 40 lattice, the holes order
into a slightly distorted hexagonal pattern with hole spac-
ings of 15.0]15.4]15.9; see Fig. 10(b). The holes in the adja-
cent layers do not lie along a normal to the lamellar layers;
nor are they in the simplest possible staggered arrangement.
However, as will be discussed elsewhere,>® patterns with
three-dimensional order are particularly susceptible to dis-
tortion because of the small size of our lattices. Thus studies
using a variety of lattice sizes will be required to determine
the three-dimensional order that occurs in this system. It is
probable, however, that the true symmetry corresponds to

H T,

Cu = 0.75

Co=0

w = 0.1500

FIG. 9. Two mutually perpendicular slices of 40 X 40 X 40 lattice containing
75% H, T, in water at w = 0.1500.

(2)
H,T,
Ca=0.75
Cp=0.0
w = 0.1500

(b)
w = 0.1614

FIG. 10. A diagonal slice of 40X 40X 40 lattice containing 75% H, T, in
water at (a) w = 0.1500 and (b) w=0.1614.

one of the noncubic “birefringent intermediate” phases, in-
volving hexagonally ordered holes within each layer. Since
the preferred packing of holes is likely to be sensitive to the
hole concentration, and the density of holes increases rapid-
ly as C, is reduced from 0.8 to 0.75, there may be more than
one intermediate phase at low temperatures in the concen-
tration range C, = 0.70-0.80. This concentration range will
be studied carefully in future work. It will also be interesting
to see what intermediate phases form in our model when the
surfactant head and tail lengths are varied, when a cosurfac-
tant (a short second amphiphile) is added to the solution,
when a second tail is added to the surfactant, or when other
interaction parameters are introduced.

The transitions to lamellar and cylindrical morpholo-
gies in our simulations are similar to those observed by
Winey et al.’%%” when low-molecular-weight homopolymer
polystyrene was added to a nearly symmetric polystyrene—
polyisoprene diblock copolymer. The diblock in these ex-
periments had a modest molecular weight of 49 000. In one
series of experiments the homopolymer molecular weight
was 6000, roughly § that of the diblock, making this system
analogous to the simulations for H,7, in water, in that
H, T, occupies 8 times the volume of the water. Of course
the experiments of Winey ez al. differ from the simulations
in that even though the homopolymer molecules were rather
short, they were still long enough to possess many possible
molecular conformations; whereas the solvent in the simula-
tion has only one conformational state. The number of con-
formations available to a polymer molecule is conveniently
indexed by modeling the molecule as a sequence of freely
jointed rods; the number and length of the rods are then
adjusted to match the molecule’s contour length and radius
of gyration. For polystyrene, a match is obtained when the
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number of rods equals the molecular weight divided by
about 1000.%® Thus, homopolystyrene of molecular weight
6000 should be represented by a freely-jointed chain of some
six rods and the diblock by a few dozen rods.

Despite the mismatch between simulation and these ex-
periments in the number of molecular conformational states,
we find agreement in the concentrations Cy at which the
lamellar, cylindrical, and intermediate morphologies occur;
compare Table IV with Table III. In Table IV we define C,
as the total volume fraction of styrene contained in both the
diblock and the homopolymer. Not only is there close agree-
ment in the concentration ranges over which hexagonal and
lamellar phases exist, but the ratio of the spacing between
cylinders to that between lamellae is 1.26 in the experiments
with polymers, which is close to that obtained in the simula-
tions.

In Table IV, OBDD stands for “ordered bicontinuous
double diamond;” this cubic phase is found in the experi-
ments for a styrene concentration of 65%. In the simula-
tions, bicontinuous structures are also found when
C, = 0.65 (see Fig. 11), but these bicontinuous structures
are disordered at temperatures comparable to or even some-
what lower than those at which lamellar and quasibexagonal
patterns form for Cy = 0.6 and Cy = 0.7, respectively. We
expect that as the temperature is lowered further, an order-
ing transition will occur at C, = 0.65 also; we hope to have
more to say about this in an upcoming publication.™

We summarize the structures we have obtained so far
for H, T, in water on the approximate phase diagram of Fig.
12(a). In Fig. 12(a), the dimensionless transition tempera-
tures are only approximations to the equilibrium values,
since the transitions are hysteretic. This rough phase dia-
gram is remarkably similar to the phase diagram for lithium
perfluorooctanoate in water determined by Kekicheff and
Tiddy’ [see Fig. 12(b)] in that the ordered phases in Fig.
12(a) are the same or similar to those in Fig. 12(b), as are
the ranges of compositions over which the ordered phases
occur. Note also that in both diagrams there is a window of
compositions between hexagonal and lamellar phases in
which there is a disordered phase; but in the simulations the
disordered phase seems to persist to comparatively lower
temperatures than is the case in the experimental system.
Perhaps in this window the run times required to obtain the
ordering transition are especially long, and long runs would
then be required to obtain equilibrium for compositions
within this window. We note that on small 17X 17X 17 or
20X 20X 20 lattices compositions within this window do or-

TABLE IV. Morphologies and spacings for 6000 MW polystyrene in poly-
styrene—polyisoprene diblock (from Ref. 57).

Cy, Styrene volume fraction Morphology Spacing (nm)
0.75 Hexagonal 49.8
0.70 Hexagonal 49.6
0.65 OBDD 58.4
0.60 Lamellar 39.7
0.55 Lamellar 389

FIG. 11. Two mutually perpendicular slices of 40 X 40 X 40 lattice contain-
ing 70% H, T, in water at w = 0.1614.

(a)
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FIG. 12. (a) Approximate phase diagram for H, T, in water determined by

Monte Carlo simulation; (b) phase diagram for lithium perfluorooctanoate
in water determined by Kekicheff and Tiddy (Ref. 7).
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der into lamellar phases with holes. 4 priori, one might ex-
pect the phase diagram for our model H, T, surfactant to be
most akin to those for nonionic surfactants than to that for
the ionic surfactant lithium perfluorooctanoate. However,
nonionic surfactants in water typically form cubic interme-
diate phases rather than birefringent intermediate
phases,”*® and we have found lamellae with holes, but no
cubic phases for solutions containing H,7T,, H; Ty, H, T,
and H, T;. We note that recent neutron scattering studies
have shown the existence of intermediate phases in the dib-
lock copolymer poly(ethylenepropylene)-poly(ethylethy-
lene); these phases probably consist of ordered lamellar
holes,'* and are hence analogous to birefringent intermedi-
ate phases of surfactant systems. Thus a subtle balance of
factors evidently controls the selection of the preferred inter-
mediate phase. Our Monte Carlo simulations should be able
to shed some light on this balance, since in the simulations
both surfactant architecture and interaction parameters can
be precisely controlled.

B. Micellization: Geometric and topological transitions

We now consider the sizes, shapes, and topologies of
structures that form in disordered phases at lower concen-
trations of amphiphile in water. The first problem is to deter-
mine the conditions required to obtain micelles. Figure 13 is
a semi-log plot of the volume fraction of amphiphile resid-
ing, on average, in aggregates of a given size for the amphi-
phile H, T, at the temperature w = 0.1538. Here, an amphi-
phile molecule belongs to an “aggregate” if any unit in the
tail of that amphiphile is adjacent to the tail of any other
member of the aggregate. An “‘adjacent” unit is one of the 26
nearest or diagonally nearest neighbors. To obtain the size
distribution plotted in Fig. 13, a system with a given concen-
tration of amphiphile is first cooled slowly to w = 0.1538 in
small increments of w to maintain thermodynamic equilibri-
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FIG. 13. Volume fraction of amphiphile H, T, in aggregates with aggrega-
tion number # for different total amphiphile volume fractions C,.

um, just as was done with the systems discussed already.
Then the numbers of aggregates of all sizes are counted. The
run is then continued for a few hundred thousand more MC
steps to allow aggregates to exchange amphiphiles so that a
different sample of the size distribution is obtained, and the
numbers of aggregates of each size are again counted. This
procedure is repeated 1000 or more times, so that at least
1000 “snapshots™ of the distribution of aggregates can be
obtained. Averaging together the results of these 1000 or
more “snapshots,” a fairly continuous distribution of at least
the smaller aggregate sizes is obtained. To reduce further the
statistical fluctuations present in the less common larger ag-
gregates, we then smooth the distribution for aggregates
larger than ten molecules in size by averaging together p-
mers, where p ranges from n — 2 to n + 2, and assign this
average to the inventory for n-mers. This additional averag-
ing (for n greater than 10) reduces the fluctuations, but oth-
erwise has little effect on the distribution.

Note in Fig. 13 that for H, T, the volume fraction of n-
mers is a monotonically decreasing function of n, although
the rate of decrease with # is lessened when the amphiphile
concentration is increased. In contrast, in Fig. 13 for H, T,
the volume fraction of n-mers monotonically decreases with
n only when the amphiphile concentration C, is 3% or less;
when C, is 4% or greater, a hump appears, centered at an
aggregation number of about 60. This hump, of course, rep-
resents micelles with a fairly broad size distribution, and a
critical micelle concentration (CMC) of about 3%. The
critical micelle concentration can be estimated not only from
the concentration required to form a hump in the distribu-
tion function, but also from the concentration of isolated
amphiphiles (i.e., 1-mers) when this concentration is high
enough to form micelles. Note from Fig. 14 that the concen-
tration of isolated amphiphiles and of pre-micelles (7 < 20)
is roughly independent of total amphiphile concentration,
once the CMC is exceeded.
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FIG. 14. Volume fraction of surfactant H, T; in aggregates with aggrega-
tion number 7 for different total surfactant volume fractions C,.
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The amphiphile H, T,, at least at w = 0.1538, is too
small to produce micelles. It is also too small to produce, at
higher concentrations, any liquid crystalline phases for
w<0.1538 (80% H,T, in 10% oil and 10% water does,
however, form a lamellar crystal when cooled to
w=0.2154). H, T, should therefore not be regarded as a
surfactant, but as a mere amphiphile, analogous to small
alcohols such as butanol. H; T, on the other hand, is capa-
ble of micellizing, and forming lamellar phases at
w = 0.1538, as we have seen. It can also form irregular bi-
continuous phases, and quasihexagonal arrays of cylinders.
It should thus be considered a surfactant. The amphiphile
H, T, in water does not form micelles at w = 0.1538. In-
stead, it precipitates out of water into a phase containing
mostly H, T;; the short heads are mixed with the tails in this
phase. If, however, the heads are made to repel each other,
rather than interacting the same way that heads interact
with water,> we expect that H, T; will form micelles. For
nonrepelling heads, however, the smallest micelle-forming
amphiphile at w = 0.1538 has at least two head units and at
least three tail units.

Let us now consider an amphiphile that is larger than
the minimum required for micelle formation, namely H, T, .
Figure 15 is a /inear plot of the distribution of aggregate
sizes obtained for H, T, at C, = 8%, 12%, and 20%. It can
be seen from Fig. 15 that the concentration of isolated am-
phiphiles is about 0.3%; from what was said earlier, this is
roughly the value of the CMC. This low value of the singlet
surfactant concentration greatly impedes the rate of ex-
change of surfactant among the aggregates. As the surfac-
tant concentration is reduced towards the CMC, the number
of micelles decreases, and an excessive number of Monte
Carlo steps are required to get good statistics for the aggre-
gate size distribution. Even at 12% surfactant, 8 X 10° MC
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o I
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FIG. 15. Volume fraction of surfactant H, T, in aggregates with aggrega-
tion number n for different total surfactant volume fractions C,. Unlike
Figs. 13 and 14, the data are here plotted on a linear scale.

steps are required to obtain good statistics; and at 8% surfac-
tant, 16X 10° steps are required. Furthermore, the micelles
that form are large and, thus, an appreciable volume fraction
of surfactant is required to form even a few micelles. On a
40X 40X 40 lattice, a single micelle of typical aggregation
number (about 80) occupies 1% of the lattice volume! Thus,
unless C, is at least a few percent, there is not enough surfac-
tant on the lattice to form micelles whose distribution of
sizes is typical of equilibrium. Instead, fractions of micelles
form, and these are artifacts of the limited size of the lattice.
Thus, to obtain an acceptable micelle size distribution, the
total amount of surfactant needs to be several times larger
than the amount required to form a single micelle and,
hence, well above the CMC. The number-averaged aggrega-
tion number 7 and standard deviation o of aggregates larger
than n = 10 for H, T, and H, T, are tabulated in Table V.

Note from Fig. 15 that for H, T, at C, = 0.20, a second
small peak appears at an aggregation number roughly dou-
ble that of the main peak. These larger micelles are made still
larger, and the proportionate number of them is increased,
by increasing the concentration of surfactant, by lowering
the temperature, or by making the head of the surfactant
shorter than the tail. The last two of these effects are illus-
trated in Fig. 16, which shows the micelle size distribution
for 12% H,T, at the two temperatures w = 0.123]1 and
w = 0.1538. This figure shows that for this surfactant, as the
temperature is lowered from w = 0.1231 to 0.1538, a new
peak appears at an aggregation number of around 370. In-
spection of the system at this temperature reveals that these
are cigar-shaped micelles with a diameter similar to that of
the spherical micelles that coexist with them. The spherical
micelles become larger as the temperature is lowered; this is
shown by the shift of the main peak from an aggregation
number of about 65 to about 105. In addition, the concentra-
tion of pre-micelles, i.e., aggregates with sizes in the range
10-50 or so, virtually vanishes when the temperature is
lowered to w = 0.1538, and the CMC, estimated from the
concentration of singlets, decreases from about 0.8% to
0.2%.

Elongated micelles can also be produced by an increase
in surfactant concentration. A 20% concentration of H, T,
produces mostly spherical micelles at w = 0.1538 (see Fig.
15). When the concentration is increased to 40%, both elon-
gated and spherical micelles appear, with roughly half of the
surfactant residing in oblong micelles, and the rest in spheri-

TABLE V. Average size and polydispersity of micelles.

C, n o
H, T, 4% 43.4 16.2
H T, 6% 515 15.2
H,T, 8% 61.5 22.8
H,T, 8% 68.3 11.7
HT, 12% 72.4 13.1
H,T, 20% 84.1 20.8
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FIG. 16. Volume fraction of surfactant H; T, in aggregates with aggrega-
tion number n for C, = 0.12 at w = 0.1231 and 0.1538.

cal micelles. The oblong micelles again have diameters com-
parable to the spherical micelles and they range in length
from cigars with an aspect ratio of three or four to worms
that are roughly ten times as long as they are wide. The
“worms” are not straight, but have an apparent persistence
length that is roughly equal to their length. Wormlike mi-
celles have been reported in the experimental literature for
both surfactants®%? and block copolymers.®’ It is not too
surprising that a transition from all spherical to a mix of
spherical and cylindrical micelles occurs as the concentra-
tion of H, T, is increased to 40%, since at 45% H,T, the
system forms infinitely long cylinders (in a hexagonal ar-
ray).

Thus, our simulations are consistent with free-energy
calculations that account for packing constraints and opti-
mal micelle surface area per head group; these show that
ellipsoidal micelles are not favored because they require the
surface area per head group to deviate from the preferred
value almost everywhere on the micelle surface.®® Thus, as
some parameters such as concentration changes, spherical
micelles are not likely to grow continuously through ellipsoi-
dal and then to cylindrical shapes. Instead, our simulations
show the formation of a bimodal distribution, with spherical
micelles coexisting with cigarlike or wormlike ones; this
finding agrees with microscopy studies of surfactant and
block copolymer systems.*’

Studies with H; T, show that even a small asymmetry in
the relative lengths of the head and tail units can have a
significant effect on the geometry of the aggregates that
form. When the tail is a little longer than the head, some
oblong or cylindrical micelles tend to form, along with
spherical micelles, at low surfactant concentrations. If the
tail is much longer than the head, then only oblong micelles
form, even at low surfactant concentration. At concentra-
tions as low as 10%, these micelles tend to intersect each
other, if the head is as small as only two units. We have
observed intersecting cylindrical or wormlike micelles in

both 10% H, T, and in 20% H, T, at w = 0.1538. Appar-
ently in these cases the energetic cost of an intersection of
two long micelles is not high enough to overcome the en-
tropy cost for these micelles to avoid each other. Figure 17
shows a three-dimensional image of 20% H, T, in water.
This image appears to be a network of intersecting cylindri-
cal micelles, and hence is bicontinuous. Disordered bicontin-
uous phases also form when H, T is dissolved in water at
concentrations higher than 20%, but with 40% H, T, in
water, a “sheet network” forms which is distinctly different
from the ““cylinder network™ for 20% surfactant.

IV. CONCLUDING REMARKS

We have found that the ordering transition temperature
for a symmetric surfactant in equal amounts of oil and water
decreases with decreasing surfactant concentration. At a
high surfactant concentration, this ordering transition is
strongly first order, while at lower surfactant concentration,
the transition is much more continuous. In both cases, the
surfactant molecules stretch, i.e., they increase their end-to-
end separation, as the transition is approached. At high con-
centration of surfactant, the strength of the transition and
the transition temperature are qualitatively consistent with
what one would predict by extrapolating the Fredrickson—
Helfand theory for long block copolymers to small amphi-
philes. At lower surfactant concentration, the weakness of

FIG. 17. Three-dimensional image of a 40 X 40 X 40 system containing 20%
H, T, in water at w = 0.1538. This image has been periodically replicated,
so that two copies of the same structure are present.
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the transition and its two-stage character, seem to be consis-
tent with the predictions of some film models; however, the
stretching of the surfactant chain is not consistent with some
of the simpler film models. Much more detailed comparisons
of the predictions of our Flory-type lattice model with the
predictions of film models should soon be possible.

In water only, there are strongly first-order transitions
to lamellar and hexagonal phases at compositions similar to
those at which these transitions occur in block copolymer
systems and in some surfactant systems. As the concentra-
tion of surfactant in water is reduced from that at which
lamellae form toward that required for cylinders, holes rap-
idly multiply in the layers containing tails. If the holes are
plentiful enough, hexagonal ordering of the holes within
each layer occurs when the temperature is lowered. A simi-
lar ordering of holes has been observed in some surfactant
and block copolymer systems.

We find in our simulations a minimum amphiphile
length for micelle formation; and the CMC is very sensitive
to surfactant length. The micelle shape is sensitive to head/
tail asymmetry in the surfactant; spherical and wormlike
micelles can coexist, and ellipsoidal micelles are not favored.
Various kinds of disordered bicontinuous phases can form,
depending on surfactant concentration, surfactant architec-
ture, and the oil/water concentration ratio.

The consistency of these findings with known resultsis a
heartening indicator that our simple model has no major
defects that would disqualify it from describing the qualita-
tive behavior of real surfactant systems. Hence, in the future
the model can be used with some confidence to attempt to
increase our understanding of surfactant solutions. As com-
puting power continues to increase, issues that can be ad-
dressed with the simulation technique include the following:
the structural differences among the various types of disor-
dered bicontinuous phases and how these types depend on
composition and surfactant architecture; the dependence on
surfactant architecture of the types of ordered bicontinuous
phases that might form; the validity and limitations of film
models as well as calculations of the film bending constants
in those models; verification of the two-stage nature of the
ordering transition for symmetric surfactants at low concen-
trations at an oil/water ratio of unity; the sizes, shapes, and
surfactant partitioning in micelles containing two different
surfactants; and the effect of head—head repulsion on surfac-
tant phase behavior.
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