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Periodic mesoporous silicas (PMSs), discovered in the early to represent an early stage of the synthesis process, in which no
1990s! are important materials due to their wide variety of silica condensation has yet occurred. The relative proportion of
applications and also due to their fundamental scientific interest. neutral and anionic silica monomers reflects adidse equilibrium
The latter stems from their unusual structures (amorphous walls at a pH of 11. We carried out MD simulations using GROMACS
and regular pore structures) and from the templated process byin the NpTensemble af = 298 K andp = 1 bar with a time step
which they are synthesized. Indeed, the final structure of the material of 2 fs. The simulations used 3-D periodic cubic boxes, starting
is intimately linked to the mesostructure of the liquid-crystal phase from random initial configurations. The force field includes bending
formed in the precursor silica/surfactant solution prior to precipita- and torsional terms, Lennard-Jones (L-J) interactions, and Coulomb
tion of the solic® The synthesis process is rather complex, involving electrostatics. Water molecules were modeled by the rigid SPC/E
the interplay of phase equilibrium, chemical reactions, and hydro- potentiall® A united-atom potential was used for DeTAwith
phobic effects. There is not yet a good understanding of the parameters for the head group taken from Jorgensen arid &wab
synthesis mechanism for this class of materials. It is perhaps for the aliphatic tail taken from Smit et.& The intramolecular
surprising that only a few theoretical studies have addressed thispotential constants and the L-J parameters for silicates were taken
problem?~® These studies were based on macroscopic or coarse-from the work of Pereira et 8 Their potential was developed for
grained models and have given qualitative insights into some neutral silicates, so we carried out independent DFT calculdfions
features of PMS synthesis. to compute charges for both neutral and anionic silicic acid

The material resulting from a given process depends strongly monomers. Full details of the potential parameters are given in the
on the interactions and conditions at the early stages of the synthesissUpporting Information.

A crucial stage is the formation of a so-called silicatropic liquid- In Figure 1, we plot the evolution of the mass-average cluster
crystal phase, consisting of surfactant micelles surrounded by silicatesjze. After a quick initial period of formation of small aggregates
molecules. Identification of the process by which this phase forms (up tot = 2 ns), in which the two solutions behave similarly, the
will not only shed light on the synthesis mechanism of PMS but curves start to deviate from each other. After about 15 ns, the
also pave the way for a priori design strategies for these materials. solution with silica shows a significantly higher average cluster
In this paper, we examine the early stages of the synthesis of PMSsjze. This difference remains virtually unchanged until the end of
by molecular dynamics (MD) simulation using realistic atomistic  the runs. Surfactant self-assembly is typically slow and has probably
models. We are able to probe the molecular-level phenomenanot reached equilibrium in the 25 ns duration of these simulations.
controlling the self-assembly of silica/surfactant mesostructures in Nevertheless, the fast dynamics associated with the short-chain
a way that has not been achieved in previous theoretical W6rk.  gyrfactant allows us to observe important processes during the early
We focus on MCM-41, the most widely used and studied PMS stages of self-assembly, such as monomer exchange, micelle
material® In particular, we have chosen to study the synthesis gissolution, and micelle fusion (e.g., the large step in the silica
process that starts from a solution of decyltrimethylammonium gsystem at 12.5 ns is due to the fusion of two medium-sized
bromide (DeTAB), at a concentration of 0.85 M, and a monomeric aggregates). Closer examination of the micellar structures reveals
silica source, at a surfactant/silica ratio of 1, under alkalinepH  other differences. In the DeTAB solution, all micelles have similar
11. These conditions do not represent the “ideal” experimental sjzes, between 10 and 20 surfactants. In contrast, in the silica/
synthesis (which would start from a longer-chained surfactant peTAB solution, micelles of very different sizes are formed
cetyltrimethylammonium bromideat a lower concentration and (between 9 and 37 surfactants). This can be clearly seen in Figure

at a lower surfactant/silica ratio). However, our hypothetical solution 2b, where there is a rather large micellar aggregate near the lower
would experimentally yield an MCM-41 solidwhile the relatively left corner of the snapshot.

short surfactant makes the system computationally tracttable. Thus, The formation of these large micelles in the presence of silica
we are able to simulate the self-assembly process using detailed;a pe petter understood if we examine their structure more closely.
atomistic models, during sufficient time to observe the formation |, Figure 3, we plot the density profile of groups of atoms with

of micellar aggregates, and using systems that are large enough (Qegpect to the center of mass (COM) of the micelle, averaged over

be statistically significant. all micelles and the last 10 ns of simulation.
To study the effect of silica on surfactant self-assembly, we ) ,qying first at the DeTAB solution, we can see that the core

compare two soIL_Jtlons: an:queoq_s _solut_lon of DeTAB without ¢ yhe micelle is composed exclusively of tail atoms. A relatively
silica, and a solution of DeTAand silicic acid monomers, meant broad peak corresponding to head atoms marks the surface of the
; micelle. Water molecules are able to protrude to some extent into
REQUIMTE, University of Porto. ; ; : : -
t CIQUP, University of Porto. the micelle, approximately up to the location of the peak in tail
§ University of Edinburgh. density. Finally, a diffuse layer of bromide counterions is present
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Figure 1. Plot of the mass-average cluster size as a function of simulation
time.

a) without Si b) with Si

Figure 2. Snapshots of a cross section of the simulation box for the
solutions with silica (right) and without silica (left) at the end of the

between the surfactant head groups and the silicates. The presence
of anionic silicates very close to the head groups counteracts their
positive charges and diffuses the repulsion between them. This
decreases the preferred curvature of the surface and favors the
formation of larger aggregatésThe same phenomenon is known
experimentally to be responsible for sphere-to-rod transitions in
micellar system&? seen in later stages of MCM-41 synthesisven
though we have not observed the formation of cylindrical micelles
in our simulations (all micelles are slightly prolate ellipsoids), it is
possible that this would occur after much longer simulation times.
The strong interaction between surfactants and silicates is
responsible for a substantial increase in the local concentration of
silica at the surface of the micelle. This creates an environment
that shifts the equilibrium of the silica polymerization reaction to
the product side, favoring the formation of larger silicate molecules.
Preliminary results of ongoing simulations suggest that these larger
oligomers are even more effective than monomers at producing
larger surfactant micelles. Thus, we are clearly in the presence of
a cooperative processilicates promote the formation of large
surfactant aggregates; these raise the local silica concentration,
inducing the formation of more highly condensed silicates; these,
in turn, favor even larger micelles. Our simulations shed light on
the formation of silica/surfactant mesostructures, which have, until
now, remained rather obscure. It is likely that these structures are
important intermediates in the synthesis of periodic mesoporous
silica materials. Efforts to confirm this are already underway.
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Figure 3. Plot of the average density profiles as a function of distance
from the micelle center of mass, for solutions with and without silica.

at about 0.4 nm from the head-atom density peak. This structure
of DeTAB micelles is consistent with previous experimelttahd
single-micelle simulation work¥. Comparing it with the silica/
DeTAB solution, we can see that the overall structure is similar
(the density profiles are slightly shifted because the micelles are,
on average, larger), with one crucial differenthe silica anions

are located much closer to the center of the micelle than the bromide

ions. Indeed, the peak due to silica is located within the head-group
layer. Another important difference is in the number of bound ions;
in the DeTAB solution, there are on average 0.88 bromide ions

per surfactant on the micelle surface, but this number rises to 1.16

for silica anions. This suggests a very strong attractive interaction

Supporting Information Available: Details of the force field
parameters used in the molecular dynamics simulations. This material
is available free of charge via the Internet at http://pubs.acs.org.
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