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Lattice Monte Carlo simulations are used to understand the role of surfactant self-assembly in the
synthesis of templated mesoporous materials with ultralarge pores. Our system consists of model
triblock surfactants in the presence of oil, water, and inorganic oxide. Depending on the temperature
and component concentrations, these systems phase separate, and the surfactant-rich phase forms
structures such as cylinders, lamellae, and spheres ordered in repetitive arrangements. In the absence
of oil, the structures are cylindrical with diameters of 100 A, but increasing oil concentration
produces ultralarge spheres with diameters above 500 A. Our results closely resemble the cylinder
to sphere transition associated with the synthesis of the mesostructured cellular foams (MCFs). Pore
size distributions of our model structures are qualitatively comparable with the pore size
distributions of MCFs obtained from adsorption experiments. We also observe an increase in
average pore size with oil concentration, which is consistent with the experimental reportings.
© 2005 American Institute of Physics. [DOI: 10.1063/1.2013250]

I. INTRODUCTION

Templated mesoporous materials have been reported in
literature for more than three decades and patents were filed
in this area as early as 1969." In the early 1990s, different
research groups independently discovered two similar struc-
tured mesoporous silicas. One was folded silica material-16
(FSM-16),” synthesized by Yanagisawa et al., and the other
was mobile crystalline material-41 (MCM-41),** synthesized
by Beck and co-workers. Today, variations in methodologies
and ingredients are continuously leading to the discovery of
new materials. Leaving aside subtle differences, the general-
ized synthesis starts with the preparation of a surfactant/oil/
water solution at a controlled temperature. An inorganic ox-
ide (usually silica) source is then added to this solution,
producing a surfactant-silica liquid-crystal phase which
serves as a template. Polymerization of silica takes place via
the sol-gel process, producing a solid framework around the
liquid crystals. The solution is then dried and the polymer-
ized residues calcined to produce the final mesoporous ma-
terial. The process is sensitive to the parameters such as the
chain architecture and length, temperature and pH of the
solution, and the different component concentrations.

Here, we present a molecular simulation strategy that
mimics the synthesis of mesostructured cellular foam
(MCF), whose pore structure consists of large spherical cells
with diameters between 100 and 500 A. The cells are con-
nected to each other via windows having a relatively smaller
diameter, around 100 A (Fig. 1). MCFs have exceptionally
large pores compared to most other mesoporous materials,
whose pore diameters are usually below 200 A. The well-
defined ordered structures are obtained even at the highest
pore sizes, whereas attempts to increase the pore size in
MCM materials beyond a certain limit have resulted in
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poorly ordered or disordered materials.” The large pore sizes
of MCFs make them suitable candidates for separation appli-
cations involving macromolecules.

MCFs can be synthesized using pluronic triblock surfac-
tants as templates, but they require the presence of a hydro-
phobic solvent in the surfactant solution. The detailed syn-
thesis may be obtained from Lettow et al.’ Usually, the
surfactant used in the synthesis is pluronic P123, and the
hydrophobic solvent is trimethyl benzene or TMB, which is
frequently referred to as “oil” in literature. Pluronics have the
general formula (PEO),(PPO),(PEO),, where PEO denotes
polyethylene and PPO denotes polypropylene. For P123, x is
20 and y is 70. In pluronic surfactants, PEO acts as the hy-
drophilic group and PPO acts as the hydrophobic group. In
the absence of oil, the pore geometry obtained by polymer-
izing silica around P123 micelles is cylindrical in nature with
pore diameters of around 100 A. This cylindrical shape is
maintained even when a small amount of oil is added during
synthesis. The interesting transition occurs when the oil con-
centration is increased beyond a certain threshold. This
causes the pores to become spherical, and the pore size in-
creases rapidly as the oil concentration is increased. This
transition from cylindrical SBA-15 to spherical MCF is the
topic of discussion in several recent publications.ﬁ_9 Change
in pore geometry with concentration is a phenomenon known
to be associated with the synthesis of mesoporous material.'’
For example, while synthesizing MCM materials, it is ob-
served that increasing the surfactant concentration leads to
the formation of lamellar instead of cylindrical pores. How-
ever, such transitions do not accompany any significant
change in the pore size. On the other hand, the transition
from SBA-15 to MCF brought about by TMB is accompa-
nied by a threefold increase in the pore size, while maintain-
ing a strong stability of the porous structure.

In order to understand the thermodynamic reasons that
eventually lead to the ultralarge pores in MCF, we need to
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FIG. 1. (Color online) (a) TEM of MCF. Reprinted in part with permission
from Schmidt-Winkel et al. © 2000 American Chemical Society, and (b)
graphical schematic of MCF.

investigate the phenomena of surfactant self-assembly. The
two major opposing forces which generate the ordered struc-
tures in a surfactant solution are (1) the hydrophobic effect,
that tends to bring all the surfactant tails together, and (2) the
ionic/steric repulsion of the head groups, that restricts the
number of chains in a micelle to a maximum limit. In a real
system, there can be numerous other factors which fine-tune
the geometry of the final structure. These include the tem-
perature, hydrogen bonding, pH, and the solvent interactions.
Many of these effects are not clearly understood, and includ-
ing all of these in a computer simulation poses a difficult
task. In Sec. II, we discuss the methodology we have used
for modeling the self-assembling surfactant system.
Atomistic simulations (Monte Carlo and molecular dy-
namics) cannot access the large system sizes (hundreds of
nanometers) needed to represent MCF and its synthesis. In
this work, we employ the lattice Monte Carlo simulation
methods, which enable the use of mesoscopic models of
polymeric chains. Lattice Monte Carlo models have been
used extensively to study the properties of surfactant
solutions'"'? and mesoporous material synthe:sis.9’13’14 Lar-
son er al."” and Larson'® were the first to use the lattice
models for studying surfactant self-assembly. Siperstein and
Gubbins developed the models for MCM materials that
showed qualitative agreement with the experimental results
for heat of adsorption. In this paper, we focus on the funda-
mental features of the surfactant system which we believe
are responsible for the formation of the cellular cavities in
MCFs; namely, the triblock architecture, relative strengths of
the hydrophobic and hydrophilic potentials, and component
concentrations. From our simulation results using elongated
boxes, we are able to construct the ternary and quaternary
phase diagrams of surfactant-oil-water-silica systems, and
observe the formation of the different liquid-crystal phases.

Il. SIMULATION METHOD

In order to simulate the synthesis of mesoporous silicas,
we modeled the surfactants and solvents as coarse-grained
models, and sampled the system using lattice Monte Carlo
simulations. The simulation box consists of a cubic lattice,
where one lattice unit is equivalent to 36 A. We obtained this
lattice length as follows. The fully extended chain length of a
P123 molecule was estimated by optimizing the molecular
geometry using the mean-field approximation. The length
was found to be 400 A. This was equated to the length of a
model surfactant chain, which is 11 lattice units. Therefore,
one lattice unit can be calculated as 400/11~36 A. Compar-
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ing the surfactant chain lengths in the simulation and experi-
mental systems is a logical way of mapping the two systems,
because the diameter of a liquid crystal is mainly governed
by the length of the surfactant. The solvents (water and oil)
are modeled as spherical beads occupying one lattice unit
each. The surfactant is modeled as a string of beads with
each bead occupying one lattice unit along with an additional
criterion that these beads will occupy adjacent lattice sites. In
the model surfactant, several monomer units are represented
by a single lattice bead. After carrying out simulations with
different numbers of monomers per bead, we found that, 6.67
polyethylene units for a head bead and 14 polypropylene
units for a tail bead are sufficient to give cylindrical struc-
tures in the absence of oil. This ensured that our model is
realistic enough to follow the experimental trends. We there-
fore selected our model surfactant to be H;TsH; (H: head
and T: tail) by scaling down the surfactant P123 used in the
synthesis of MCF. Interactions between the different compo-
nents are modeled as the square-well potentials. Two beads,
i and j interact with a potential g;;, if they are adjacent to one
another, and zero if farther away. Using the fact that the
number of molecules in a NVT ensemble does not change
over the course of a simulation, it can be proved that the
energy change associated with any configuration rearrange-
ment depends only on the exchange energies. An exchange
energy, w;; can be derived from the individual interaction
potentials using the equation,
1

Wij =&~ E(Sii +&j).

The derivation of this equation is given in Ref. 14. We se-
lected the exchange energies such that the surfactant head
groups attract water and tail groups attract oil, analogous to
the experimental situation. The silica species are designed to
be more attractive towards the heads compared to water. In
reality, the silica-head attraction depends on the system pH,
which changes as silica polymerizes around the templates.
Siperstein and Gubbins studied the influence of different
silica interactions on the surfactant-water-silica phase dia-
gram. In our work, we are interested in the equilibrium prop-
erties of the surfactant-water-silica system, which do not de-
pend on the dynamical changes the system undergoes in
reaching the final state. We have therefore assumed the silica
interaction to be constant throughout the simulations. The
first part of Table I gives the exchange energies, which are
determined based on the criteria previously discussed. On the
basis of the exchange energies, we then calculate the inter-
action potentials given in the second part of Table I.

The dimensionless temperature is defined as T~
=kgT/wyr, where wyy is the coarse-grained interaction po-
tential between a head and a tail beads. We selected T
=7.0, which provides an appropriate balance between the
tail-tail attraction and entropic forces leading to the forma-
tion of the liquid-crystal phases.

We carried out lattice Monte Carlo simulations in a NVT
ensemble, following the pathway of Larson et al. Three dif-
ferent types of moves were employed, which include the
reptation, twist, and chain regrowth by configurational bias."’
Similar to Kim et al., we find the configurationally biased
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TABLE I. Intermolecular interactions used in the lattice Monte Carlo simu-
lations. (a) Exchange energies and (b) Interaction potentials. H: head, T tail,
0O: oil, W: water, and S: silica.

(a) wij H T 0 w s
H 0 1 1 0 -2
T 1 0 0 1 1
0 1 0 0 1 1
W 0 1 1 0 0
s -2 1 1 0 0

(b) & H T 0 w s
H 0 0 0 0 -2
T 0 -2 -2 0 0
0 0 -2 -2 0 0
W 0 0 0 0 0
s -2 0 0 0 0

moves essential for fast equilibration of the system. Most of
these simulations were carried out in elongated boxes with
one side much longer (eight times) than the other two sides.
This minimizes the formation of curved interfaces, facilitat-
ing the measurement of phase properties like component
concentrations. The box sizes and simulation times depend
on the length scales of the structures produced. We have
carefully chosen the simulation box dimensions so that we
see at least three unit cells in the final configuration. Some of
the simulations were carried out in larger boxes to verify that
the configurations are independent of the box sizes. For a
given surfactant concentration, we carried out the simula-
tions using two different box sizes, where the larger box was
two times the length of the smaller box. In both cases, we
found the same equilibrium structure with similar pore sizes
irrespective of the box lengths. Cylindrical and lamellar
structures required a box size of 30 X 30 X 240, whereas the
mesocellular structures required larger boxes, typically 60
X 60X 480, because these structures are two to three times
larger than the cylindrical structures. The equilibration times
varied also, depending on the structures and box sizes used.
Smaller boxes and cylindrical structures needed 10'° Monte
Carlo moves to equilibrate. For larger boxes and mesocellu-
lar structures, this number was about 5 X 10'° moves.

Once the system was equilibrated, we calculated the
component concentrations, micellar size distribution, and the
pore size distribution. Phase compositions were calculated
by developing concentration profiles along the longest edge
of the simulation box. The phase concentrations were then
obtained by averaging over the local concentrations away
from the phase boundaries. Micellar size distribution was
measured using the cluster labeling algorithm by Hoshen and
Kopelman.18 The pore size distribution was obtained by roll-
ing spheres of variable sizes along the surface of the pores.
The cumulative pore size distribution is obtained by plotting
the diameter of the largest sphere that can be fitted at a cer-
tain point inside the porelg’20 against the cumulative pore
volume. We then calculated the pore size distribution from
the slope of the cumulative pore size distribution.
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lll. RESULTS AND DISCUSSION

We first present the results for the simplest system, fol-
lowed by the more complex ones. We start by describing the
thermodynamic behavior of the surfactant H;TsH5 dissolved
in water. Then, we add oil to the system and discuss the
ternary phase diagram. Finally, we study the quaternary sys-
tem, comprising surfactant, oil, water, and silica, where we
see the appearance of the MCF structures. We conclude by
analyzing the properties of the model MCF structure and
comparing them with those of the experimental material.

A. Surfactant-water mixtures

The surfactant-water phase diagrams are obtained from
NVT simulations carried out at different concentrations and
temperatures. Figure 2(a) represents the aqueous phase dia-
gram of the surfactant H;T5H, whereas Fig. 2(b) represents
the phase diagram for H,7;H,, having a different architec-
ture. Figure 2(b) will be discussed in Sec. III B, where we
compare the two phase diagrams. In Fig. 2(a), we see the
concentration and temperature dependences of the various
self-assembled structures starting from spherical micelles at
low concentrations and evolving into cylindrical and lamellar
structures at higher concentrations. As the temperature is in-
creased, there is a transition from ordered self-assembled
structures to a completely homogeneous phase. The approxi-
mate zone of this transition is between 7°=7.0 and 8.0,
which is marked by the solid curves with an error bar on 7*
equal to 0.5. The features are similar to those found in the
experimental phase diagrams for nonionic surfactants as well
as the simulation results for diblock surfactants.'>"

Micellization is observed at low surfactant concentra-
tions. We can distinguish between the spherical and the elon-
gated micelles by viewing the simulation box snapshots. Ini-
tially these micelles are spherical, but they become elongated
at higher concentrations. Around 60% surfactant concentra-
tion, they transform into hexagonally ordered infinite cylin-
ders. Figure 3 shows the aggregation number distributions at
different concentrations. At 5% concentration, the micelles
are just starting to appear, as indicated by the plateau in the
distribution curve. At 20%, the curve shows a sharp peak
with the median around 25 chains. At the same time, there is
an extended plateau at higher cluster sizes indicating the
presence of elongated micelles. At 40% surfactant concentra-
tion, the distribution becomes wider and the plateau becomes
more prominent as the micelles become increasingly ellipsoi-
dal.

We observe the existence of hexagonally ordered cylin-
drical structures between 60% and 80% concentrations.
Above 80%, the lamellar structures are observed. Between
80% and 90% concentrations, there is likely to be a transition
region where cubic structures exist. However, observing such
structures requires a careful selection of the box dimensions
and longer simulation times.

B. Effect of head and tail lengths

In order to study the effect of surfactant architecture on
self-assembly, we studied the aqueous phase diagrams of two
different triblock surfactants with the same overall length but
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FIG. 2. (Color online) Surfactant-water binary phase diagrams. (a) H3TsH;
and (b) H,T,H,. The symbols are used to represent the various ordered
phases. Phase boundaries are marked using grey lines: (4) Spherical mi-
celles, (M) elongated micelles, (A) hexagonal phase, (A) perforated lamel-
lae, (A) lamellar phase, (M) disordered, and (@) phase boundary.

different head and tail lengths (Fig. 2). One was H,T,H,,
which has seven tail units with two head units on both sides
and H;T5H; which has five tail units with three head units on
either side. At low surfactant concentrations, both H,7T7H,
and H;TsH; from spherical micelles, which become ellipsoi-
dal with the increase in surfactant concentration. Both sur-
factants create ordered self-assembled structures at higher
concentrations. While H,77H, forms only lamellar struc-
tures, HyTsH5 forms both cylindrical and lamellar structures.
In the H,T;H,-water phase diagram, the perforated lamellae
are observed at medium surfactant concentrations, whereas
regular lamellae are observed at high surfactant concentra-
tions. A comparison between the structures formed by the
two surfactants indicates that H,7;H, has more affinity to-
wards the lamellar structures compared to H3TsH5. This is in
direct agreement with the experimental data published by
Wanka and Ulbricht, which suggests that surfactants with
longer head groups favor the formation of curved interfaces,
e.g., cylinders, whereas surfactants with small head groups
favor the structures having flat interfaces, e.g., lamellae.

C. Surfactant-oil-water mixtures

The ternary phase diagram for the H;TsH;-oil-water sys-
tem is shown in Fig. 4(a). Spherical micelles are observed at
low oil and surfactant concentrations. Elongated micelles
and hexagonal arrangements of cylindrical micelles are ob-
served at medium surfactant concentrations near the
surfactant-water side of the phase diagram. Starting from the
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FIG. 3. (Color online) Aggregate size distributions at different surfactant
concentrations.

hexagonal phase on the surfactant-water side, as we move
towards high oil concentrations, we find the emergence of a
lamellar phase. In our simulations, bicontinuous structures
appeared only in one point on the phase diagram, although
we believe that extensive simulations should be able to find
additional points. It must be noted that, the transitions be-
tween the different self-assembled structures cannot be
called the true thermodynamic phase transitions because they
are not the first order in nature. Phase separation is observed
on the surfactant-oil side between a dilute surfactant solution
and a surfactant-rich phase. The characteristics of the phase
diagram are highly dependent on the interactions of the oil
with the other components in the system.

D. Surfactant-water-silica and oil mixtures

Silica is added to the system as a fourth component. In
our simulations, silica is more attractive towards the surfac-
tant headgroups than water (gyg=—2 and eyy=0). The
surfactant-water-silica phase diagram is shown in Fig. 4(b).
Due to the higher head-silica attraction as compared to the
head-water attraction, we observe the phase separation be-
tween a surfactant-rich silica-rich phase, and a water-rich
phase. Ordered phases that are observed at different regions
of the phase diagram depend on the component concentra-
tions. Spherical micelles are found at low to medium surfac-
tant concentrations, bicontinuous structures are observed at
high surfactant, high silica concentrations, whereas cylindri-
cal structures are seen at high surfactant, high water concen-
trations. When the number of system components increases
to four, it is no longer possible to represent the phase dia-
gram in two dimensions. A tetrahedron needs to be con-
structed with each corner representing one component. In
this phase diagram, we limit ourselves to the region which is
favorable for the formation of the mesocellular structures.
We mimicked the experimental pathway by starting from
zero oil concentration on the surfactant-water-silica phase
diagram. We selected this initial point in the region of the
hexagonal phase because experimentalists have reported the
silica structure to be hexagonal in the absence of oil. The oil
concentration is now increased in small increments, keeping
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FIG. 4. (Color online) (a) Surfactant-oil-water phase diagram and (b)
surfactant-silica-water phase diagram, the simulation points are shown as
follows: (A) spherical micelles, (A) elongated micelles, (O) cylindrical mi-
celles, (@) bicontinuous phase, and ((J) lamellar phase. The phase boundary
lines are provided as a guide to the eyes.

the proportion of the other components constant. The struc-
tures which we observe are depicted in Fig. 5 along with the
experimental findings.

Figure 5(1) shows the simulation box snapshots at dif-
ferent oil concentrations. Below 10% concentration, the
structures are cylindrical, whereas between 10% and 16%,
they are lamellar. Both the cylindrical and lamellar structures
have pore sizes of the same order of magnitude. Around 16%
oil concentration by volume, the structure becomes mesocel-
lular. Figure 5(1)(a) is the view of a cross section of the
simulation box showing the pore walls of the model MCFE.
For better visualization, the box has been extended to include
two adjacent periodic images. All three snapshots are of the
same scale. The mesocellular pores are 2.5 times larger com-
pared to the cylinders and the lamellae. Figure 5(2) shows
the experimental results from Lettow et al. In both the simu-
lations and the experiments, the cylindrical structures are ob-
served at low oil levels and these structures transform into
mesocellular foams once the oil concentration is increased.
However, the transition from cylinders to mesocells follows
separate pathways in the simulations and the experiments.
According to the experimental results reported by Lettow
and co-workers, undulations occur in the walls of the cylin-
ders prior to the transformation to MCF similar to Fig.
5(2)(b). These undulations appear at medium oil concentra-
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FIG. 5. (Color online) (1) Simulation: Change in pore structure with in-
creasing oil concentration. (a) 2%, (b) 9%, and (c) 23%. (2) Experiment:
Change in pore structure with increasing oil/surfactant mass ratios as re-
ported in Ref. 6. (a) 0.00, (b) 0.21, and (c) 0.50.

tions, becoming more prominent as the oil concentration is
increased. Finally the cylinders get pinched off at regular
intervals producing isolated spheres. In the simulations, we
did not observe the undulating cylinders at medium oil con-
centrations, but found a lamellar phase in that region. While
it is difficult to explain the transition observed in the experi-
ments, the simulation system shows predictable behavior.
The geometrical shapes adopted by surfactant phases depend
on the head-tail interfacial curvature and is discussed in de-
tails by Israclachvili.”? The cylinders are formed at low oil
concentrations, where the surfactant tails prefer to stay to-
gether, whereas the heads are solvated by water molecules.
This leads to a very strong head-tail interfacial curvature
leading to the formation of the cylinders. As oil is introduced
into the system, the tails become solvated by the oil mol-
ecules, which increases the volume of the hydrophobic part
of the micelles. This decreases the head-tail curvature favor-
ing the formation of geometric shapes with low interfacial
curvatures, such as the lamellae. The transition from the
lamellae to the mesocells is, however, more complicated and
requires further investigation. The exact mechanism for the
formation of the mesocellular structures is not fully clear.
Till now, what we have understood may be summarized as
follows. As the amount of oil is increased in the system, due
to the reasons explained in the later sections, the surfactant-
rich phase is forced to maintain high oil concentrations. The
mesocells are a result of the surfactant chains trying to shield
the hydrophilic heads from being in contact with the oil mol-
ecules at such high oil concentrations. At low oil concentra-
tions, the surfactants can orient themselves in cylindrical or
lamellar structures and thus protect the heads from coming
into contact with oil. In those structures, the hydrophobic
parts of the micelles remain solvated by the oil molecules.
However, at high oil concentrations, the amount of oil in the
system exceeds the capacity of the tails to dissolve oil.
Therefore, the surfactants form structures with pure oil cores
surrounded by coronas of oil saturated tails, similar to the
mesocells.

In order to understand the formation of the self-
assembled structures in the presence of oil, we need to ex-
amine the compositions of each phase in the two phase sepa-
rated quaternary system. Table II lists the phase compositions
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TABLE II. Compositions of different components in the quaternary surfactant-oil-water-silica system. The letters denote the structures observed in the

surfactant-rich phase. C: cylindrical, L: lamellar, and M: mesocellular.

Initial composition (vol %)

Phase 1 (vol %)

Phase 2 (vol %)

Surfactant Oil Water Silica Surfactant structure Oil Water Silica Surfactant Oil Water Silica
20.0 0.0 75.0 5.0 61.0-C 0.0 28.0 11.0 1.5 0.0 96.5 2.0
19.6 1.96 73.53 4.9 56.0-C 3.5 30.0 10.5 0.6 1.0 96.0 2.3
18.18 9.09 68.18 4.55 51.0-L 22.0 18.0 9.0 0.5 3.0 94.0 2.5
17.39 13.04 65.22 4.35 43.0-L 28.0 20.0 9.0 0.5 2.8 94.2 2.5
16.67 16.67 62.5 4.17 40.0-M 33.0 20.0 7.0 0.5 3.0 94.3 2.2
15.38 23.08 57.69 3.85 34.0-M 43.0 17.0 6.0 0.6 32 94.0 2.2

along with the starting concentrations. Phase 1 denotes the
surfactant-oil-rich phase and phase 2 denotes the water-rich
phase. When both silica and oil are present in the system, we
observe the phase separation between a surfactant-rich phase
and a water-rich phase. However, in the absence of silica,
phase separation leads to an oil-rich phase instead of the
water-rich phase. If we compare the above two situations, we
notice the difference in behavior that is brought about by the
introduction of silica into the system. In the surfactant-oil-
water system, the surfactant is clearly water soluble, but
when silica is added, the surfactant phase becomes oil
soluble. Even a very small amount of silica (less than 5% by
volume) is able to increase the oil solubility of the surfactant
to significant levels. Interestingly, the mesocellular structures
are a result of the high oil concentration in the surfactant-rich
phase. An important question arises here. Why is the meso-
cellular phase not observed in the surfactant-oil-water sys-
tem? The answer is that, in the absence of silica, the surfac-
tant phase is unable to maintain the high oil concentrations
necessary for the formation of the mesocells. In the
surfactant-oil-water phase diagram, increasing the amount of
oil leads to a transition from the hexagonal phase to the
lamellar phase. Any further increase in oil concentration
leads to a phase separation and the additional oil goes to the
dilute phase. Now, consider the four component system.
Silica helps to maintain high oil levels in the surfactant
phase. At a very high oil concentration, the lamellar phase
becomes unstable because the amount of oil exceeds the
saturation point of the tails. At this stage, the system is ex-
pected to form reverse micelles in oil with heads inwards and
tails outwards. However, in this arrangement, the head seg-
ments of surfactants in adjacent micelles are free to overlap,
thus decreasing the transnational entropy of the system. As a
result, the reverse micellar configuration is energetically less
favorable compared to the mesocellular phase. This also sug-
gests that it may not be possible to synthesize MCFs using
diblock surfactants. For the diblock surfactants, the entropic
constrain for the reverse micellar phase does not exist.
Therefore, at high oil concentrations, the diblock surfactants
are able to form reverse micelles instead of the mesocellular
phase.

E. Pore size distributions

In order to determine how realistic our model is, we
compare the pore size distributions (PSDs) of the model
structures with those of the real materials. In Fig. 6(1), we

present the PSDs of two different structures: (a) the cylindri-
cal structure produced at an oil concentration of 2% by vol-
ume, and (b) mesocellular structures produced at an oil con-
centration of 23% by volume. The cylindrical structures have
a pore diameter of about 200 A, while the mesocells have a
pore diameter of 700 A. Figure 6(1)(b) shows the PSD for
the MCF. Due to the presence of the smaller windows and
the relatively larger cell cavities, we find two distinct peaks
in the pore size distribution. The one at 300 A corresponds to
the window diameter, whereas the one at 700 A represents
the cell diameter. Figure 6(2) is the pore size distribution of
an experimental MCF structure obtained from literature. The
experimental structure also shows two peaks, one at 194 A
and the other at 410 A. On analyzing the PSDs of the model
silica structures, we find qualitative agreement with the ex-
perimental results. Both the model and the real MCF struc-
tures show bimodal pore size distributions with sharp peaks.
In the model PSD, the peaks are wider than those from the
experiment. Also, besides the two larger peaks, the model
PSDs show small peaks all over the distribution. These peaks
arise because, in a lattice model, the silica particles are al-
lowed to occupy only discrete positions in space.

In Fig. 7 we show how the average pore size changes
with oil concentration, both in the simulations and in the
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FIG. 6. (Color online) (1) Simulation: Pore size distributions of two differ-
ent structures. (a) Cylindrical and (b) mesocellular. (2) Experiment: Pore
size distribution of MCF material obtained by nitrogen adsorption.
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FIG. 7. (Color online) Average pore size with oil/surfactant ratio. (a) Simu-
lation and (b) experiment.

experiment. In both situations, the pore size increases mono-
tonically as the oil concentration is increased. Figure 7(a)
represents the simulation results. At low oil/polymer ratios,
we observe the cylindrical pores with diameters 200—250 A.
The pore size increases to 300 A as we move to the lamellar
region. Finally, in the mesocellular region, we find very large
pores with diameters around 400—700 A. Comparing with
the experimental results [Fig. 7(b)], cylindrical pores have
diameters between 75 and 100 A. In the transition region, the
pores have a diameter around 250 A, whereas the MCF
structures have diameters between 250 and 350 A. We find
the pore sizes in the simulations to be over predicted com-
pared to the experiments. This can be due to the inaccuracies
in mapping the lattice parameters with the experimental di-
mensions. However, the relative increase in pore diameter
from cylinders to mesocells is the same in both simulation
and experiment. In simulation, the average mesocell diam-
eter is 650 10\, which is 2.6 times that of the cylinders
(250 A). In experiment, the average mesocell diameter is
300 A, which is three times that of the cylinders (100 A).

IV. CONCLUSION

We have developed a molecular model for the synthesis
of mesoporous silicas and specifically for the mesostructured
cellular foams. Our model is based on the fundamental as-
pects of statistical thermodynamics, and is free from any
prior assumption. Using lattice Monte Carlo simulations, we
are able to elucidate the basic features of the surfactant-oil-
water-silica systems without the need of rigorous atomistic
simulations. We find that adding a strongly hydrophilic sub-
stance such as silica to the surfactant-oil-water system can
significantly enhance the oil solubility of the surfactant. The
MCF model obtained through lattice simulations shows a
qualitative agreement with the experimental results, and re-
produces the following aspects: (1) pore diameter increases

J. Chem. Phys. 123, 134907 (2005)

with increasing oil concentration, and (2) the statistical dis-
tribution of the pore sizes. Correct statistical pore size distri-
butions are difficult to obtain using geometric mean-field
models, which are at the same time essential for obtaining
characteristics such as adsorption and other physicochemical
characteristics of the pore system. In future, we plan to ex-
plore the entire quaternary phase diagram to locate the exact
region of formation of the various silica structures, and to
throw more light on the synthesis mechanism of the MCF
materials.
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