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ABSTRACT: Molecular dynamics simulations of a coarse-grained model
are used to study the formation mechanism of periodic mesoporous silica
over a wide range of cationic surfactant concentrations. This follows up
on an earlier study of systems with low surfactant concentrations. We
started by studying the phase diagram of the surfactant—water system and
found that our model shows good qualitative agreement with experiments
with respect to the surfactant concentrations where various phases appear.
We then considered the impact of silicate species upon the morphologies
formed. We have found that even in concentrated surfactant systems—in
the concentration range where pure surfactant solutions yield a liquid
crystal phase—the liquid-crystal templating mechanism is not viable
because the preformed liquid crystal collapses as silica monomers are
added into the solution. Upon the addition of silica dimers, a new phase-
separated hexagonal array is formed. The preformed liquid crystals were
found to be unstable in the presence of monomeric silicates. In addition, the silica dimer is found to be essential for mesoscale
ordering at both low and high surfactant concentrations. Our results support the view that a cooperative interaction of anionic
silica oligomers and cationic surfactants determines the mesostructure formation in the M41S family of materials.

a MCM-41 (30 wt'%) C MCM-48 (59 wt% ) € MCM-50 (74wi%)

1. INTRODUCTION individual micelles. On the other hand, the LCT mechanism
suggests that the structure of preformed surfactant liquid
crystals determines the MCM-41 structure, while silicates
simply condense around these preformed mesophases.”'® Even
though a huge number of experiments have been carried out to
explore the MCM-41 formation, elucidation of the self-
assembly of MCM-41, a very complex process that includes
the chemical and physical interactions among different species
in solution, remains challenging. The comprehensive under-
standing of the formation mechanism is still incomplete.
Molecular simulations have been used to study the self-

Periodic mesoporous silicas (PMSs) are widely used in many
applications such as catalysis, membrane separation, and drug
vehicles." These materials are usually fabricated through the
self-assembly of surfactants (usually cetyltrimethylammonium
bromide, or CTAB) and silicate precursors in solution. Varying
the synthetic conditions allows us to control important
properties such as pore size, shape, and wall thickness. In
order to be able to tailor PMS materials for particular
applications, significant effort has been dedicated to investigat-
ing various aspects of MCM-41, perhaps the most popular
material of its class, including its pore structure, pore properties, assembly process of PMS formation via exploring the organic/

structural modification, and formation mechanisms.”~® Two inorganic species interactions. Larson and co-workers devel-
formation mechanisms of MCM-41 have been postulated from oped a simple chainlike surfactant model together with lattice
experimental observations: the cooperative templating mecha- Monte Carlo simulations to study the formation of surfactant
nism (CTM)”* and the liquid-crystal templating (LCT) liquid crystalline phases in surfactant solutions.'' This
mechanism.” The CTM suggests that silicates play a crucial
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surfactant model was later extended by Siperstein and
Gubbins'>"* to study organic—inorganic—solvent three-com-
ponent systems, where the inorganic component was meant to
represent silicates. Phase separation was found between a
solvent-rich phase and a concentrated phase rich in silicates and
surfactant. In their simulations, different liquid crystals, such as
hexagonal and lamellar phases, were observed in the silicate—
surfactant-rich phase. The model was later extended to
investigate ordered hybrid organic—inorganic materials.'*"®
Later Jin et al.'® applied this surfactant model together with a
silicate tetrahedral model to study the self-assembly of MCM-
41 formation, taking into account the silica condensation. A
two-step formation mechanism was proposed and investigated:
(i) the reversible emergence of mesostructures in silica
monomer—surfactant systems, and (ii) the irreversible silica
condensation for forming MCM-41.

Lattice models are limited in the level of atomic detail that
can be addressed. On the other hand, detailed understanding of
the formation pathway by simulations at the atomistic level is
restricted by the high complexity and large system size of the
self-assembly process.'”'® To overcome such limitations, Jorge
and co-workers'” applied the MARTINI model’”*" and
developed coarse-grained (CG) silicate parameters to inves-
tigate the formation of PMSs. This represents an intermediate
degree of coarse graining between the lattice models and fully
atomistic models. The authors found that silica monomers
induced micelle fusion, promoting a sphere-to-rod transition in
the early stages of PMS formation. We recently extended this
CG model to describe different silica oligomers in MCM-41
precursor solutions.”” Silica oligomers were found to promote
the formation of hexagonal structures during the MCM-41
formation in systems with a very low surfactant concentration.
This work also suggested that, in the studied systems, silica
oligomers are essential to MCM-41 synthesis, and the results
supported the CTM pathway of MCM-41 formation under
those conditions.

Here we expand our previous work'”*” using the MARTINI
CG model to study the MCM-41 formation mechanism at high
surfactant concentrations. In the original liquid crystal
templating hypothesis’ it is assumed that silicates would
accumulate at the interfaces in a preassembled surfactant—water
mesophase structure. We investigate this possibility by
performing molecular dynamics simulations with our CG
model at conditions under which the surfactant alone can
already form structured mesophases in aqueous solution. This
is quite distinct from our previous studies at low concentration,
where pure surfactant solutions were only able to form micelles.
There are two components to our present work. First, we have
studied in detail the phase behavior of the surfactant—water
system in the context of our model. Our results show quite
good qualitative agreement with experiment regarding the
surfactant concentrations associated with various liquid crystal
phases. We then consider the behavior of systems where
silicates are added to states with preformed surfactant—water
mesophases. We have discovered that the original hexagonal
mesophase structure is initially destroyed by the addition of
silica monomers, but is later reformed with the silica dimers
concentrating at the surfactant/water interface. Furthermore,
our model is also able to describe the formation of surfactant—
silica mesostructures that are analogous to other PMS materials,
such as MCM-48 and MCM-50.” The remainder of this article
is organized as follows: section 2 describes the model and
simulation methods used herein, section 3 details the results
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and discussion, and section 4 summarizes the work and offers
concluding remarks.

2. MODELS AND SIMULATION DETAILS

All molecular dynamics (MD) simulations were carried out
with the Gromacs 4.6.1 package,”> *° and the leapfrog
algorithm®” was adopted to integrate the equations of motion.
The temperature was fixed through the velocity-rescaling
thermostat™ with a time constant of 1.0 ps, while the
Berendsen pressure coupling method”” was used to maintain
a pressure of 1 bar with a time constant of 5.0 ps. We carried
out tests using extended Lagrangian thermostats and barostats,
and found the results to be insensitive to these choices. Periodic
boundary conditions with isotropic pressure scaling were used.
Integration time steps of 30 fs were used in the simulations, as
suggested by the authors of the MARTINI model.”**'

Unless otherwise stated, all systems were prepared initially by
randomly placing all the molecules into cubic boxes using the
Packmol package.”® The following procedure was applied for all
simulations carried out in this study: (1) use the steepest-
descent algorithm to minimize the total energy of the system to
prevent short-range contacts between atoms; (2) perform a
short (150 ps) simulation in the NVT ensemble to stabilize the
kinetic energy under the chosen conditions; (3) carry out
production runs in the NpT ensemble with a total simulation
time ranging from a few microseconds to tens of microseconds.

The nonbonded interactions, such as Coulombic and van der
Waals, were computed with a 1.2 nm cutoff distance and with
the standard Gromacs shift functions for the MARTINI model
to mimic the distance-screening phenomena.”’ The shifting of
the potential was from 0.9 to 1.2 and from 0 to 1.2 nm for van
der Waals and Coulomb, respectively. In addition to the
nonbonded interactions (i.e., Lennard-Jones and Coulombic
terms) described above, bonded interactions including bond
stretching, angle bending, and torsion were also taken into
account. More details regarding the bonded potential
parameters can be found in our previous work."”

The MARTINI 2.2 force field was adopted for the CG
models with the standard MARTINI dielectric constant value
of 15." Schematic representations of our CG model in this
work are shown in Figure 1. The amphiphilic CTA" surfactant
is described by four C; apolar CG beads for the hydrophobic
tail groups and a charged Q, CG bead for the hydrophilic
headgroup. Despite its simg)licity, this model has been
successfully used by ourselves'~ and others’' to describe the
self-assembly of cationic ammonium surfactants. Bromide
counterions are described as in the original MARTINI model
by a Q, bead, which is assumed to include a solvation shell of
six water molecules. Four water molecules are represented by a
P, bead, and a 10% fraction of CG water particles were replaced
by antifreeze CG water particles’’ to avoid the tendency of
unrealistic freezing of water in the MARTINI CG model. This
antifreeze particle is denoted as BP,. A larger o value and a
greater potential well, €, of the Lennard-Jones potential
interaction of BP,—P, compared to that of P,—P, are assigned
to disturb the lattice generated by the uniform size of solvent
particles and to avoid the phase separation of two different
solvent particles.”’ The interaction of antifreeze particles with
other particle types is the same as that of regular CG water
particles. An alternative approach to avoid this artificial freezin
of water is to use a polarizable coarse-grained water model.’
However, this can increase the computational cost by about a
factor of 3 over the standard CG water model, which would
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Figure 1. Schematic representations of the coarse-graining procedure
employed in this work: CTA" surfactant, singly charged silica
monomer, doubly charged silica dimer, solvated bromide ion
(implicitly solvated by six water molecules), and water (representing
four water molecules). The labels correspond to MARTINI bead types
except the Qg particle which was defined in our previous work."

make it prohibitive to analyze the phase diagrams of the system
in detail. The anionic silica monomer is described by one Qg;
CG bead,"” and each silica dimer is represented by two Qu, CG
beads. The CG parameters of silicate species were obtained by
comparing the density profiles of preshaped spherical micelles
in both all-atom and CG simulations. The detailed procedure of
CG silicate parametrization can be found in our previous
work.”*

The effective time scale of the MARTINI CG model is
generally 2—10 times faster than the time scale of an atomistic
model.”" To quantify the speedup of the CG model in our
specific system, we have computed the self-diffusion coeflicient
of a single CTAB molecule in water for both CG and all-atom
(AA) simulations. The self-diffusion coefficients are 0.7366 X
107° and 2.9096 X 10° cm?/s for AA and CG simulations,
respectively. The latter calculation takes into account the 4:1
mapping of CG beads.””** This provides an estimated speedup
factor of 3.95 for the CG dynamics, although this is likely to
change at higher surfactant concentrations, where dense
aggregates are formed. For consistency, in the remainder of
this article we simply report the actual simulation time for each
run.

Different concentrations of CTA" together with bromide
ions (Br~), anionic silica monomers [(SiO,H;)”], or doubly
charged silica dimers [(Si,0,H,)*"] under high pH conditions
were studied in this work. It is well-known that 95% of silicic
acids are deprotonated at pH as low as 11;** therefore each
silicate molecule in our model holds a single negative charge
per silicon atom in all simulations. Various temperatures
ranging from 300 to 430 K were considered. Different
mesophase types were identified visually and by calculating
structural properties such as density profiles (see the
Supporting Information for details). To check for equilibrium,
we have monitored the evolution of energy, pressure, and
density profiles with time. In several cases, particularly at low
temperatures, where equilibrium was more difficult to achieve,
we ran simulations starting from different initial conditions
(e.g, random and preformed mesostructures), as discussed
below. Complete tables with the individual simulation times for
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each surfactant concentration (given in weight percent
surfactant) and temperature are provided in the Supporting
Information (Tables S1—S3). Input files for all simulations
carried out in this paper are openly available through the
University of Strathclyde's data repository at http://dx.doi.org/
10.15129/cf144cdf-810e-4c12-ab81-5056ef03bd 1a.

3. RESULTS AND DISCUSSION
3.1. Water—Surfactant System (CTA*—Br —H,0). To

examine whether our CG model can predict the phase behavior
of aqueous surfactant solutions, the phase diagram of our model
was investigated and compared with experimental observa-
tions>” as seen in Figure 2. In addition, readers can refer to the
schematic phase diagram by Brinker’® (see Figure 2 on page
801 in ref 36). Differences between our results and those from
experiment reflect the approximations in our model, as
discussed in more detail below, and also other factors such as
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Figure 2. (a) Phase diagram from experimental observations.
Replotted based on data extracted from a figure in ref 35. I, isotropic
solutions including both spherical micelles and micellar rods; H,
hexagonal; C, bicontinuous cubic phase; L, lamellar. (b) Phase diagram
from our simulations. Each data point in (b) represents one
equilibrated MD run. The vertical dashed line at ~77 wt % surfactant
represents the limit accessible by the MARTINI model, and the gray
area represents the simulating conditions that yielded kinetically
trapped structures from random initial configurations.
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Figure 3. Visualizations of selected mesophases obtained from this work. Two different views are shown for each mesostructure. This figure includes
(a, b) micellar rods (18 wt %), (c, d) the hexagonal array (55 wt %), and (e, f) the lamellae (74 wt %) at 390 K. Color code: green for surfactant tail
groups; purple for surfactant head groups; black for bromide ions (water molecules have been removed for clarity).

Perforated lamellae

Figure 4. Visualizations of different mesophases obtained from our simulations, including two intermediate phases found with surfactant
concentration between those of hexagonal arrays and the lamellar phase: (a)—(c) show different perspectives of a bicontinuous structure (obtained
with 67 wt % CTAB at 390 K) and (d)—(f) show perforated lamellae (obtained with 67 wt % CTAB at 430 K). Color code: see Figure 3.

the purity of surfactants used in the experiments.”’ > To
obtain the simulated phase diagram in Figure 2b, a series of
simulations were performed with different surfactant concen-
trations at temperatures ranging from 300 to 430 K. The
numbers of CTA" and counterions were both fixed at 4000, and
the number of water molecules was adjusted based on the
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corresponding concentration of each simulation run. Each point
in the plot represents an individual equilibrated simulation run.
The gray area shown in Figure 2b indicates the systems that
yielded kinetically trapped structures starting from random
initial configurations. Detailed explanations are provided in
subsequent sections of the paper. The corresponding
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mesostructures in this diagram are shown in Figures 3 and 4. In
this article we focus on the high surfactant concentration
regime, as our previous studies”” have already demonstrated the
ability of the CG surfactant model to describe the self-assembly
of CTAB into spherical and rodlike micelles at low
concentrations.

Our simulations show the formation of different mesophases
(e.g, micellar rods, hexagonal and lamellar structures) as the
surfactant concentration is increased, which is consistent with
experimental observations on the phase behavior of CTAB
surfactants. Figure 3 shows the visualizations of micellar rods,
hexagonal phase, and lamellar phase obtained from our
simulations at 390 K with surfactant concentrations of 18, 55,
and 74 wt %, respectively (see the Supporting Information for
details on the calculation of weight percent surfactant
concentration). At a concentration of 18 wt %, a few micellar
rods were obtained—formed by the gradual fusion of spherical
micelles as discussed in detail in our previous article."” Figure
3c,d shows the ordered arrangement of the hexagonal array.
Evenly distributed cylindrical micelles with a relatively uniform
size can be seen. The density profiles for the hexagonal phase
show out-of-phase oscillatory peaks for the surfactant heads and
tails in two Cartesian directions, while the profiles are flat in the
third direction, along the length of the cylindrical micelles
(Figure S1 in the Supporting Information). This reveals the
two-dimensional periodicity of the hexagonal mesophase. At
higher surfactant concentrations, a lamellar phase is obtained
that shows an ordered arrangement of bilayers of surfactants.
Density profiles for this phase (Figure S2 in the Supporting
Information) show regular out-of-phase peaks for heads and
tails in one direction, perpendicular to the plane of the bilayers,
but are featureless for the other two directions, evidencing the
one-dimensional periodicity of the lamellae.

In addition, two different phases at surfactant concentrations
in the range between the emergence of hexagonal structure and
lamellar phase were found: a bicontinuous phase and perforated
lamellae. Figure 4a—c shows the bicontinuous structure found
at 390 K with surfactant concentration of 63—67 wt % (see
Figure 2), slightly greater than the concentration that yields a
hexagonal array. In order to have a clearer view of the structure,
a snapshot with only the last three tail group beads is shown in
Figure 4c, as well as an ~20-bead-thick slice of Figure 4c,
shown in Figure S3 in the Supporting Information. A
continuous phase of surfactant tail groups can be seen in the
snapshots. This structure corresponds to the cubic phase in the
experimental phase diagram in Figure 2b. Due to the simplified
nature of our model, it remains challenging to determine
whether the structure obtained in our simulation has a true
cubic symmetry. Density profiles for this structure (Figure $4 in
the Supporting Information) show pronounced oscillations in
all three directions of space, supporting a cubic periodicity.
However, the profiles are rather irregular, evidencing the
inherently disordered nature of this mesostructure. We thus
choose to identify this as a putative bicontinuous phase.

Figure 4d—f shows perforated lamellae obtained in a system
with 67 wt % surfactant at 430 K. The structure emerged within
0.2 ps and remained after ~10 ys. Parallel planes with holes and
inhomogeneities of the surfactant layers in the lamella can be
seen in Figure 4f, where only one lamella is shown for clear
visualization. Although not clearly identified in the experimental
phase diagram shown in Figure 2a, perforated lamellae have
been 4(())bserved previously in concentrated surfactant solu-
tions.
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Going back to Figure 2, it is clear that our model shows very
good qualitative agreement with experiment in terms of the
overall shape of the phase diagram and the sequence of
observed mesophases. Isotropic, hexagonal, bicontinuous, and
lamellar phases were observed as the surfactant concentration
increases. Quantitative agreement, however, is more challenging
to ascertain. Disregarding any uncertainty in the experimental
data, discrepancies can be due to at least two possible reasons
related to our simulations: (i) difficulty in reaching equilibrium
at low temperatures; (ii) limitations of the CG representation.
Within the latter, there are several assumptions of the
MARTINI model that can affect the results, such as lack of
atomistic detail, neglect of hydrogen bonding, and simplified
treatment of electrostatic interactions. Decoupling the precise
effects of each of these approximations is very challenging, and
in some cases not even possible (for example, atomistic
simulations of dense surfactant mesophases remain out of reach
of current computational resources). Nevertheless, there is one
particular assumption of MARTINI that has a direct impact on
the phase diagram, and which is relatively easy to quantify. The
representation of bromide (and any other small ions) by a
single bead containing six solvating water molecules imposes a
limit on the highest CTAB concentration that can be simulated.
This is represented by a vertical dashed line in Figure 2b at
around 77 wt %. As explained in detail in the Supporting
Information, even when no CG water beads are included in the
simulation, the bromide solvation water means that the
surfactant concentration cannot go above this limit. The
consequence of this assumption is that the phase diagram
appears compressed at high concentrations, relative to the
experimental one, and the onset of the high-density phases is
shifted to lower concentrations.

To try to assess the impact of the bromide representation in
the MARTINI model, we have replotted the phase diagram
from Figure 2b with surfactant concentrations recalculated
without accounting for the solvation water molecules (see the
Supporting Information for details). This is equivalent to
assuming that the bromide beads represent bare, rather than
solvated, ions. The replotted phase diagram, shown in Figure
SS of the Supporting Information, shows much better
quantitative agreement with experiment for the regions of
stability of the bicontinuous and lamellar phases. However, the
boundary between the hexagonal and micellar phases is now
shifted to higher concentrations, worsening the agreement with
experiment. Taken together, these results suggest that the
assumption of the MARTINI model regarding the solvation of
bromide ions is suitable at relatively low ion concentrations, but
breaks down at high ion concentrations. The most realistic
approach would therefore be to consider a gradual loss of
bromide solvation waters as the concentration increases. It is
beyond the scope of this paper to elaborate further on this
possibility, so we retain the original MARTINI assumption in
the remainder of the discussion, bearing in mind its inherent
limitations.

An additional challenge when comparing simulations to
experiments is that the former may not be able to reach
equilibrium within a reasonable time scale. Instead, simulations
may become trapped in metastable states and the outcome may
depend on the starting configuration. Indeed, when we initially
probed the phase diagram using single MD runs starting from
random initial configurations, we observed that several
simulations at temperatures below 390 K became kinetically
trapped, while at 390 K and above, equilibrium was always
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Figure 5. Snapshots of a simulation at 390 K using perforated bilayers (obtained from a system of 61 wt % CTAB at 430 K) as an initial

configuration. Color code: see Figure 3.

390 K

480 K

500 K

Figure 6. Visualizations of system configurations for the phase change from an initially ordered phase to a disordered phase with the following
concentrations of CTAB: (a) 61 and (b) 69 wt %. Color code: see Figure 3.

reached within a reasonable time. The phase diagram obtained
from these initial runs is shown in Figure S6 of the Supporting
Information. In what follows, we analyze those two regimes in
turn, starting with the high-temperature region of the phase
diagram. To better establish the equilibrium states in different
regions of the phase diagram, we carried out additional runs
starting from preequilibrated mesophases and changing either
the temperature, the concentration, or both. In the
“concentration-swing” simulations, the surfactant concentration
was increased or decreased by removing or adding water
molecules to the system, respectively. After each perturbation,
the system was allowed to reequilibrate for a long enough
period. We then tested the reversibility of the observed
transitions by simulating the opposite process (e.g., diluting,
then concentrating the system). Although this does not
necessarily guarantee that equilibrium is reached, it does lead
to much more robust predictions of the ranges of stability of
each mesophase.

In the high-temperature region of the phase diagram,
simulation runs starting from preformed mesophases generated
the same final structures as those that started from random
initial configurations. For instance, a simulation performed at
390 K using preformed perforated bilayers (obtained at 430 K
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with 61 wt %) as the initial configuration eventually yielded a
hexagonal array, consistent with starting from random initial
conditions. The evolution of the configuration is shown in
Figure S, depicting the gradual transition from the perforated
bilayers to a hexagonal array. All other such tests for
temperatures at or above 390 K strongly suggest that the
simulations at these higher temperatures have indeed reached
equilibrium.

To test the upper limits of the phase diagram, gradual heating
simulations were performed using two different initial
configurations: hexagonal and lamellar structures taken from
our previous studied simulations. The two systems we studied
are as follows: (1) 61 wt % CTAB (hexagonal) and (2) 69 wt %
CTAB (lamellar). The temperature was increased from 390 to
500 K with intermediate steps at 460, 470, and 480 K, with each
step having a simulation time of 0.012 ys. Figure 6 shows how
both the initially ordered phases gradually yield a disordered
phase at higher temperatures. The phase transition was found
to occur around 470 K in the case of 61 wt % CTAB and at 480
K in the case of 69 wt % CTAB. Reversibility of the phase
transition was confirmed by decreasing the temperature with
the same time steps and simulation time. The transition
temperatures predicted from our model are in very good
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agreement with the upper boundaries of the experimental phase
diagram (see Figure 2a).

As mentioned above, at temperatures below 390 K, some
simulations showed signs of kinetic trapping. Indeed, the single
runs starting from random initial configurations (Figure S6)
predicted a much wider region of stability of the micellar phase
at low temperature, suggesting a phase boundary with an
unrealistic inverted curvature relative to experiment. To help
overcome free energy barriers and allow the low temperature
systems to reach equilibrium, we attempted to run a replica
exchange MD (REMD) simulation*' at 50 wt % surfactant over
a temperature range of 300—403 K. To ensure eflicient replica
exchange moves, 60 replicas were required, which made the
simulation extremely computationally demanding. After almost
6 ps, the simulation had not yet converged, suggesting that a
range extending to even higher temperatures is needed to
ensure equilibration. Unfortunately, the large computational
expense makes it prohibitive to probe the phase diagram in any
detail using REMD simulations. As an alternative, we
performed several of the “temperature-swing” and “concen-
tration-swing” simulations described above. For example,
starting from a hexagonal phase obtained at 390 K and 46 wt
%, we lowered the temperature to 370 K and added water to
obtain a concentration of 44 wt %. After running the simulation
for 12 ps, the hexagonal structure was maintained. As we
further decreased the concentration to 43 wt %, the hexagonal
structure remained after running for 2.3 us. However, when the
system was further diluted to a concentration of 37 wt %, the
hexagonal phase changed to a disordered assembly of rodlike
micelles (see Figure 7), similar to that obtained under the same

Adding
water
e
——
Removing
water

o
37 wt%

Figure 7. Visualizations of the reversible transition between hexagonal
array and micellar rods by adding/removing water molecules between
44 and 37 wt % at 370 K.

conditions but starting from a random initial configuration.
This suggests that the boundary between the micellar and
hexagonal phases at 370 K lies somewhere between 37 and 43
wt %. We also tested the reversibility of this transition by
removing water molecules from the micellar configuration at 37
wt % to obtain a concentration of 44 wt % (Figure 7). After
about 6 us of simulation, the hexagonal phase had reformed.
This procedure was used for several other temperatures and
concentrations, allowing us to obtain a better estimate of the
phase transition regions (see Figure 2b). The results show a
much more realistic shape of the micellar-to-hexagonal phase
boundary, in good agreement with the experimental phase
diagram.

The results obtained at 300 K merit additional discussion.
Simulations at high concentration led to a dense packing of
micellar rods with no evident long-range order, which remained
stable for very long simulation times. This is very likely to be a
kinetically arrested phase, which we have denoted simply as a
“disordered” phase in the simulated phase diagrams (Figure 2b,
Figures SS and S6). In fact, this temperature is already below
the solid—liquid transition (lower boundary in Figure 2a) at
high concentrations, and therefore the kinetically arrested
phases we observe in our room temperature simulations are
likely to represent metastable states prior to the onset of a solid
phase. Indeed, simulations starting from preformed meso-
structures obtained at higher temperature (e.g, a hexagonal
array from 61 wt % CTAB and a lamellar phase from 69 wt %
CTAB) retained those mesostructures over long simulation
times. Even at relatively low concentrations, we were unable to
observe reversible transitions between the micellar and the
hexagonal mesophase regions. The only points which we are
confident enough to assign to a particular phase are those at
concentrations below 25 wt % (both random and preformed
initial structures led to the formation of rodlike micelles).

From the study of the simulated phase diagram of CTAB
solutions, we have shown that different mesophases can be
obtained at the temperature of 390 K from our simulations
within a tractable simulation time scale, and that the final
configurations were verified to be the equilibrium states. In
addition, systems at this temperature showed very good
agreement with experimental observations on the phase
behavior. As a result, the temperature was fixed at 390 K in
the subsequent simulations for studying the effect of silica on
the formation of PMS. The temperature chosen here is higher
than the temperature used in our previous work (300 K) where

11 wt%

28 wt%

60 wt%

Figure 8. Visualizations of phases obtained in the CTA*—SI—H,O system at 390 K with surfactant concentrations of 11, 28, 44, and 60 wt %. Color
code: green for surfactant tail groups; purple for surfactant head groups; yellow for silica monomers (water molecules have been removed for clarity).
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a MCM-41 (30 wt%)
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C MCM-48 (59 wt% )
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Figure 9. Two different perspectives of phases formed in simulations obtained in the CTA'—SI2—H,O system at 390 K with surfactant
concentrations of (a) and (b) 30 wt %, (c) and (d) 59 wt %, and (e) and (f) 74 wt %. Color code: green for surfactant tail groups; purple for
surfactant head groups; orange for silica dimers (water molecules are removed for clarity).

we studied the role of the silicates during MCM-41 formation
in a low surfactant concentration system. In that extremely low
surfactant concentration region, the system is not trapped at a
local energy minimum, allowing simulated generation of
spherical micelles at 300 K as predicted by experiment.'***

3.2. Effect of Inorganic Species: Silica Monomers and
Dimers. In order to study the MCM-41 formation mechanism
at high pH, charged silica monomers (SI) were introduced into
the CTAB/water (W) systems studied above. A complete
silicate—bromide ion exchange was assumed, consistent with
our previous work on this system.'”'” Given that each
monomer holds a negative charge, equal amounts of monomers
and surfactants were used to maintain the charge neutrality of
the solution. Figure 8 shows visualizations of a silica monomer
system at different surfactant concentrations for 390 K. We
note that, as the surfactant concentration was increased, we
observed micellar rods, a bicontinuous structure, and then a
lamellar phase. However, no hexagonal phase was found from
this system over a wide range of surfactant concentrations.
Several simulations with silica monomers at temperatures of
300 and 350 K with surfactant concentrations ranging from 10
to 71 wt % were performed, and in all cases we did not observe
a hexagonal phase. These results suggest that, in the initial
stages of MCM-41 formation from CTAB/silicate solutions,
silica monomers alone cannot promote the formation of a
hexagonal mesophase even in a concentrated surfactant
solution. This result extends the findings from Firouzi et al.**
and our previous work,”> in which both experimental and
simulation results showed that a system containing predom-
inantly monomeric silicate anions yielded no hexagonal array in
a very low surfactant concentration solution at high pH. Our
present work extends this finding to much higher surfactant
concentrations.

Similar procedures were applied for silica dimers (SI12). Since
each silica dimer possesses two negative charges (one per Si
atom), a dimer:CTA" ratio of 1:2 was applied to maintain the
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charge neutrality of the system. In contrast to the systems of
CTAB/W and CTA/W/monomer studied previously, we
observed a phase separation between a solvent-rich phase and
a silicate—surfactant-rich phase. More importantly, the MCM-
41 hexagonal structure was also observed in the silica dimer
system, in contrast to the silica monomer system. Figure 9
shows the visualizations of different mesostructures obtained
from various surfactant concentrations at 390 K, while the
corresponding density profiles are shown in Figures S7—89 of
the Supporting Information. These mesostructures correspond
to different materials of the M41S family, such as MCM-41,”"°
MCM-48,” and MCM-50.” In particular, a material with MCM-
41 mesostructure was found at the concentration of 30 wt %, a
bicontinuous structure corresponding to MCM-48 was found at
the higher concentration of 59 wt %, and a lamellar phase
corresponding to MCM-50 was observed at a concentration of
74 wt %.

It is clear in Figure 9 that the hexagonal structure formed by
phase separation at a concentration of 30 wt % is very different
from the hexagonal array formed in the CTAB/W system at a
high surfactant concentration shown previously in our
simulations (Figures 3c,d). In the latter case, the hexagonal
structures fill the entire simulation cell. The CTAB/W system is
recognized as being in the weak-screening limit, where
electrostatic repulsion between micelles predominates and
leads to the formation of a space-filling single lyotropic liquid
crystal (LLC) hexagonal phase.”” In contrast, the CTA/W/
silica dimer system has a higher water content but still exhibits a
concentrated hexagonal mesophase in the center of the
simulation cell. As discussed in detail in our previous article,””
the silica dimers act as bridges between adjacent micelles,
strongly screening their repulsive electrostatic interactions and
promoting micelle aggregation. The two negative charges on
silica dimers are located at the farther extremes of the molecule
due to charge repulsion.*’ Each of those charges interacts with
the surface of a different micellar rod, pulling them together
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and promoting the formation of the mesostructure. In addition,
according to the “strong-screening limit”, the higher charge
density of anionic silica dimers more effectively screens the
electrostatic repulsions between micelles, and leads to the
dominance of dispersion attractions between micelles, thus
inducing phase separation.”

The results shown here are different from those obtained by
Lin et al,'® who used a rigid silicate tetrahedral model together
with lattice Monte Carlo simulations to study the MCM-41
formation. Their work suggested that silica monomers promote
the mesostructure formation at a high pH system. A possible
explanation of this discrepancy may lie in the low coordination
number of the silicate tetrahedron in the lattice model of Lin et
al. The interaction site in their lattice model has a greater
interaction area and allows for a higher probability of silicate—
surfactant interactions than that of the off-lattice model used in
this work. In other words, the tetrahedral silica lattice model
may actually be mimicking a higher degree of condensation of
silicates, such as silica dimers or trimers instead of monomeric
silicates. More work is needed to understand the mapping
between such on- and off-lattice models.

Figure 10 summarizes the various mesophases found in
different systems obtained from this work at 390 K. Comparing

S: spherical micelles  B: bicontinuous
R: micellar rods
H: hexagonal array

L: lamellae

With
Si

0O 10 20 30 40 50 60 70
CTAB concentration (wt%)

Figure 10. Comparison of the mesophases formed in different systems
at 390 K obtained from this work. Concentrations are all based on the
pure surfactant system.

the monomer system with the CTAB/W system, it is clear that
the regions of stability of the bicontinuous and lamellar phases
are significantly extended at the expense of the hexagonal
phase. We believe this is related to the very strong adsorption
of silica monomers at the surface of surfactant micelles. In fact,
those molecules were shown to preferably reside within the
headgroup region of the micelles."” This strong adsorption was
the driving force for the sphere-to-rod transition observed at
low concentrations in our previous work."” It will therefore
favor the formation of aggregates with low curvature, such as
elongated rodlike structures and lamellae, as observed in the
middle panel of Figure 10. Silica dimers, in contrast, adsorb
outside the headgroup layer'® and hence promote the
formation of hexagonal arrays, as described in detail above.

It is clear that the hexagonal structure regions in both
CTAB/W and CTA/W/dimer phase diagrams overlap at
surfactant concentrations between 45 and 56 wt %. It can be
inferred from Figure 10 that during the MCM-41 synthesis with
a high surfactant content, the hexagonal liquid crystal (HLC)
forms at first and then collapses as the silica monomers are
added. The hexagonal array would form again as silica begins to
oligomerize. As a result, the LCT mechanism of MCM-41 does
not appear to be consistent with our simulations. In order to
test this hypothesis, we performed simulations at a concen-
tration of S0 wt % in which the counterions were progressively
replaced from bromide to monomers to dimers. We
subsequently carried out the reverse trajectory, to confirm
that the transitions were reversible (hence taking place at
equilibrium). Figure 11 shows the results of this simulation
process. A preformed hexagonal array obtained from a CTAB—
water system after 6 s of MD time is shown in Figure 11a. The
bromide ions were directly replaced by silica monomers
assuming that complete ion exchange between bromide ions
and silica monomers occurs.'”** A bicontinuous mesostructure
was obtained within 6 us of MD time (Figure 11b). To model
the effect of silica dimerization, the silica monomers were then
replaced by silica dimers as follows: the water and silica
monomers were removed, and silica dimers were added,
followed by resolvating the system with the same amount of
CG water using Packmol.”® A hexagonally ordered arrangement
of the micellar rods appeared after ~6 ys of MD time (see
Figure 11c). Note that the hexagonal arrays formed in pure
CTAB solutions and in the silica dimer system are significantly
different. As previously discussed, the hexagonal structure

Remove Br ions
Add monomers

<€

Remove monomers
Add Br ions

N
Rl %

; C
Aexe

Remove monomers
Add dimers

Remove dimers
Add monomers

Figure 11. Simulation snapshots obtained in (a) a CTAB solution leading to HLC formation, (b) a solution obtained by replacing all bromide ions
by silica monomers, and (c) a solution obtained by replacing all silica monomers by silica dimers. Here we show an ~2-um-thick slice of the
mesostructure in (a) and (c) for clear visualization. Color code is the same as in Figure 9 (water molecules are removed for clarity).
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formed in the latter case showed a phase separation as seen in
Figure 1lc, in which the void is representing the position of
water molecules. Snapshots of water molecules only for Figure
11a,c can be seen in Figure S10 in the Supporting Information.
An ordered hexagonal structure was found to span the entire
simulation box in the pure CTAB solution (Figure S10a);
however, the ordered hexagonal structure was only found in the
solvent-rich region of the CTA/W/dimer system (Figure
S10b). The opposite process, also represented in Figure 11,
showed that this phase transition was indeed reversible.

A similar observation can be made regarding the
bicontinuous phase. Although this mesostructure was now
observed to be stable with silica monomers, it did so at much
lower surfactant concentrations than in the reference CTAB/W
system or in the system with silica dimers (see Figure 10). This
also suggests that, during the formation of MCM-48 at high
concentrations (e.g., between 60 and 70 wt % surfactant), the
bicontinuous phase may be destroyed by the addition of
monomers and later reformed after further silica condensation.
The lack of overlap observed between the regions of stability of
the bicontinuous phase in the three systems studied here may
also imply that the LCT mechanism is not viable for MCM-48
synthesis. The exception to this trend seems to be the lamellar
phases, which are precursors to MCM-50. At very high
surfactant concentrations, these phases are stable with bromide,
silica monomers, and silica dimers, suggesting that the LCT
mechanism may be feasible under these conditions.

In our earlier simulation work” we found a gradual shift
between a hexagonal and a lamellar structure as the degree of
silica condensation changed between dimers and octamers.
Similar changes in the regions of stability of the mesophases are
expected for the top (red) panel in Figure 10 as the silica
condensation progresses during the synthesis. Probing in detail
the entire phase diagram for different degrees of silica
condensation would be too computationally expensive.
However, our previous studies at low concentration®” showed
that silica dimers already capture the essence of the physics of
larger silica oligomers. In particular, they are sufficient to
promote the phase separation of the system into a dilute
solution and an ordered silica—surfactant liquid crystal, as
observed experimentally. We thus expect our conclusions about
the synthesis mechanism to remain valid for solutions with
larger silica oligomers.

In summary, the simulations reported herein show that the
system with monomeric silicates (i.e, a high pH ~14 system)
yields no hexagonal (MCM-41) structure. With the addition of
oligomeric silicates, more specifically silica dimers in this work,
MCM-41 was found to form. The simulated formation
proceeds as follows: at the very initial stages of MCM-41
synthesis, the hexagonal array formed in a pure surfactant
solution does not remain intact after the addition of silica
monomers. As silica monomers proceed to oligomerize, a
hexagonal array forms again. This indicates that some degree of
silica condensation is necessary for MCM-41 mesostructure
formation. The results also agree with the findings presented by
Chen et al,* who carried out the MCM-41 synthesis at
surfactant concentrations of 38 wt % and characterized the self-
assembly process using nuclear magnetic resonance (NMR)
spectroscopy and X-ray diffraction (XRD) spectroscopy. '*N
NMR showed that the HLC phase was found at 22 °C before
adding a silica source. However, this phase did not survive upon
heating up to 95 °C. Therefore, it was suggested by the authors
that formation of MCM-41 through the LCT mechanism was
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not viable. They proposed that randomly ordered rodlike
surfactant micelles interact with silicate species and yield
approximately two or three monolayers of silicates encapsulat-
ing the surface of the MCM-41 mesostructure.

4. SUMMARY AND CONCLUSIONS

In the present article, we extended our previous work,
elucidating MCM-41 formation at low surfactant concentration,
to further investigate the formation mechanism in systems with
higher surfactant concentrations. We have investigated whether
or not the liquid crystal templating (LCT) formation
mechanism is consistent with our simulation data, even in
systems where hexagonal phases form before silica addition.
The LCT posits the initial formation of surfactant hexagonal
structure, around which silica coats and fills in holes prior to
silica polymerization. To investigate the validity of the LCT, the
phase behavior of CTAB solutions was obtained, and the results
showed good agreement with experimental observations. Most
importantly, our model at high pH and high surfactant
concentration suggests that MCM-41 forms via the cooperative
templating mechanism (CTM) and not the LCT mechanism.
The hexagonal liquid crystal in pure CTAB solution was found
to collapse as silica monomers were added. With an increasing
degree of condensation, silica oligomers form and promote the
formation of a phase-separated hexagonal structure. Our results
support the CTM: the mesostructure of MCM-41 is
determined by the interactions between cationic surfactants
and anionic silica oligomers rather than being determined by
the pure-surfactant HLC in a high surfactant concentration
system. Our results also suggest that the LCT mechanism is not
compatible with the synthesis of MCM-48 materials; however,
we cannot rule out this mechanism in the synthesis of MCM-50
at very high surfactant concentrations.

Our work shows that the MARTINI CG model is capable of
capturing the behavior of organic and inorganic species in
solutions while forming different mesostructures at a significant
level. The simulations can be carried out for states with an
assigned number of oligomers and charges, which cannot be
directly accessed by experiments. With a precise control of the
silica source in solutions, different materials can be achieved
(e.g, MCM-41, MCM-48, and MCM-50). This model exhibits
great potential to predict the formation of different
mesostructures, leading to a powerful tool for tailoring PMSs.
We anticipate that, with the explicit consideration of silica
condensation events in the simulation, additional insights into
mesoporous materials formation can be achieved in the near
future.
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