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By applying Monte Carlo simulations, we analyze the self-assembly of lyotropic liquid crystalline
mesophases in amphiphilic systems. The addition of an inorganic and two hybrid organic-inorganic
precursors, one with a bridging and the other with a terminal organic functionality, leads to the
formation of bifunctional hexagonally-packed mesoporous materials. These structures exhibit very
ordered and uniform mesopores with the organic functional groups located into the cylindrical
pores and into their walls, and are found to be stable in a relatively broad range of precursors
concentrations. Hexagonal-to-lamellar and hexagonal-to-cubic phase transitions have been observed
at constant surfactant concentrations by tuning the relative content of the hybrid precursors which
modify the overall solvophilic character of the solvent and, as a consequence, the surfactant solubility
in its surrounding environment. The long range ordered cubic phases show interconnected, roughly
spherical mesocages of uniform size and interesting distribution of the organic functionalities.

Introduction

Ordered mesoporous materials have attracted the in-
terest of the scientific community since the very begin-
ning of their first synthesis [1, 2]. Their structural prop-
erties, such as large surface area and narrow pore size
distribution, along with the broad range of possibilities
to tune them by changing synthesis conditions, template,
and/or (organo)silica precursors, have given an extraor-
dinary impetus to further research aiming to improve
their performance in molecular separation, adsorption,
catalysis (REF). In particular, much effort has been put
on adding functional groups into the pores (REF), into
the pore walls [3-5], and, more recently, into both [6, 7].
The incorporation of organosilica precursors (OSPs) of
the form (R’0)3-Si-R-Si-(OR’)3 into the silica frame-
work, which gave rise to the discovery of periodic meso-
porous organosilicas (PMOs) [3-5], can significantly im-
prove the dielectric constant and mechanical properties
[27], but, although accessible for reaction, the organic
groups in bridging position are not as reactive as those
occupying a terminal position in precursors of the form
(R’0)3-Si-R, mainly because of steric and electronic dif-
ferences [4, 5]. The simoultaneous presence of OSPs
containing terminal and bridging organic groups leads
to bifunctional periodic mesoporous organosilicas (BP-
MOs) with the functional groups at a nanoscale distance
from each other. BPMOs can be obtained by grafting the
precursor with a terminal functionality into the pores of
PMOs, or in one single step by co-condensation of the two
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OSPs, being the most preferred way of synthesis [6-10].

Hexagonally-packed BPMOs were first synthesized by
Ozin and coworkers who performed co-condensation of
a bridging OSP, bis(triethoxysilyl)ethylene, with a ter-
minal OSP, triethoxyvinylsilane, using cetyltrimethylam-
monium bromide as structure directing agent [6]. They
also proposed the possibility to incorporate a higher num-
ber of OSPs, and presented a trifunctional mesoporous
structure with one terminal (vynil or methyl) and two
bridging (ethylene and methylene) groups. Since then,
researchers focused on the incorporation of various OSPs
in order to couple different chemical-physical properties
together in one single material. Jaroniec et al. used
large heterocyclic bridging and mercaptopropyl termi-
nal groups for the adsorption and removal of mercury
ions from water solutions [11]; Corriu et al. reported the
synthesis of BPMOs with antagonistic bridging acid and
terminal basic OSPs for applications as semipermeable
membranes [10]; Inagaki et al. obtained sulfuric acid-
functionalized mesoporous benzene-silicas to be used as
solid acid catalysts [12].

Functionalization of mesoporous materials has
been also extended to three-dimensional (3D) cubic
mesophases, presenting roughly spherical pores (or
cages) interconnected by narrow channels. It is generally
accepted that such structures can represent a further
improvement with respect to the 1D hexagonally-packed
materials, because of their 3D porous network [13, 16].
Their diameter is in the order of 3-9 nm, whereas
the linking channels (or windows) show a pretty large
range from few angstrom [15] up to several nanometers
[16]. In the last fifteen years, self-assembling cage-type
mesostructures of different symmetries have been syn-
thesized [17-19] and become more and more attractive



for the possibility to perform a double tuning on the size
of the cages and on that of the channels, and, hence, to
better control the diffusion of guest molecules in targeted
applications [20], such as metal ion trapping [21] or
adsorption ([16]). Recently, Garcia-Bennet and cowork-
ers prepared 3D cubic mesocaged materials with Pm3n
symmetry under strong basic conditions (pH > 11)
by using a conventional ionic surfactant, cetyltriethy-
lammonium bromide (CTEABr), and two common
silica precursors, tetraethyl orthosilicate (TEOS) and
(3-aminopropyl)triethoxysilane (APES) [22]. They
performed several one-pot synthesys at different molar
ratios surfactant/APES and found a cubic structure
when this ratio is 0.6. The main effect of APES in the
mechanism proposed by these authors is based on the
penetration of its solvophobic chain into the aggregates,
rather than in the interactions that could be established
between the charged ammonium ions and the surfactant
headgroups, which, instead, explains the formation of
mesocages of face-centered cubic symmetry [23]. Among
other functional groups, amines are of great interest for
CO4 capture and separation and for removal of heavy
ions from water solutions. Kao et al. obtained under acid
conditions very ordered and stable amino-functionalized
cubic SBA-1 mesoporous materials by co-condensation
of TEOS with (3-aminopropyl)trimethoxysilane using
CTEAB-r as template [24].

To the best of our knowledge, the first attempt to
synthesize bifunctional cage-like mesoporous materials
is very recent and due to Wu et al. [25]. By one-
pot synthesis, the authors prepared functionalized SBA-
1 mesophases [17] containing ethane bridging groups in
the silica framework and terminal thiol groups in the
pore channels, by using CTEABr as template. The re-
sulting material revealed good adsorption properties for
mercury ions and, hence, a potential role in soil and wa-
ter remediation. Jaroniec and coworkers obtained meso-
porous organosilicas by co-condensation of TEOS with
two organosilica precursors containing bridging isocya-
nurate and ethane groups [13]. Their main aim was to
test a method for the template removal based on a short
extraction and a soft heating under nitrogen. The char-
acterization of the resulting material by different tech-
niques showed that, although a significant shrinkage was
detected, the order of the structure was preserved.

In this work, we performed Monte Carlo (MC) simu-
lations to model the self-assembly of BPMOs obtained
by co-condensation of two hybrid OSPs and a pure silica
precursor. Our interest is mainly focused on the analysis
of the hexagonally-packed and cage-like cubic structures
and, in particular, on the distribution of the functional
groups in their pores and pore walls. On the other hand,
we analyze the transition from hexagonal to cubic cage-
like phases which is deeply linked to the concentration of
the hybrid organosilica precursors in the system.

Model and Simulation Methodology

We studied the self-assembly of liquid crystalline
mesophases by using a coarse-grained lattice model, first
applied by Larson and coworkers who investigated the
aggregation behavior of amphiphilic monomers in sys-
tems containing water-like and oil-like solvents [26]. In
this model, space is organized into a three dimensional
cubic network of sites, which are all occupied by the sol-
vent, precursors, or surfactant. As already explained in
previous works[28, 29], the advantage of this model is
that it permits to better appreciate the ordered period-
icity of the mesoporous structures obtained, by reducing
the many complex properties of the system to the most
representative ones. Our system is composed of five com-
ponents being modelled as chains of connected sites (see
Figure 1): a surfactant, TsHHjs, with a linear solvopho-
bic tail of five segments T', and a solvophilic bulky head
made up of four segments H; a pure silica precursor, Is;
two OSPs, [, THT3 and I;THTI;, with a terminal and
a bridging organic functionality, respectively; and a sol-
vent, S, which has not been modelled explicitly. Each
segment occupies one single site of the lattice box, and
hence no overlaps are allowed. From now on, we call
the tail beads in bridging position between H and I, T,
regardless of the precursor they belong to.

(d)

FIG. 1: Modelled precursor and surfactant chains. (a) Pure
silica precursor, Is; (b) OSP I THTs; (c) OSP I, THTI,; (d)
surfactant T5HHj.

The T (H) segments belonging to the precursors are
as solvophobic (solvophilic) as the ones of the surfac-
tant chains, whereas the inorganic bead, I, has a strong
interaction with the surfactant heads and is soluble in
the solvent. Each bead interacts with its nearest and
diagonally-nearest neighbors, which define the coordina-
tion number of the cubic lattice, that is z = 26. The
global interchange energy between a generic pair of sites
1 and j is defined as



1
wij = €ij — 5 (€ + €55) (1)
with ¢ # j and ¢;; the individual pair interactions.
A detailed summary of the all bead-bead interactions is
given in Table 1.

TABLE I: Individual and global interchange energies between

the beads in the system.

Pair of beads|H-H|H-T |H-I|H-S|T-T|T-I|T-S|I-I|I-S|S-S
€ij 0|0 |-2(0|-2|0|0]0|0]O
Wij 0 112,01 0|1]1]0]|0]O0

In order to displace the chains in the simulation box
and hence make the system evolve from a completely ran-
dom configuration to an ordered configuration, we per-
formed Monte Carlo simulations in the NVT ensemble.
An elongated box of volume 24 x 24 x 100 was used to
study the phase separation between a hybrid-rich phase
and a solvent-rich phase; whereas a cubic box of vol-
ume 402 was used to analyze the structural properties
of the resulting ordered mesophases. In both cases, pe-
riodic boundary conditions were applied. All the chains
have been displaced by configurational bias moves (par-
tial and complete regrowth) [30]. The linear precursor
chains were also moved by reptation, according to the
Metropolis algorithm. The dimensionless temperature
reads T* = kT /wpr, where kp is the Boltzmann con-
stant, T" the absolute temperature, and wgyr is the sur-
factant head-tail interaction energy. All the simulations
have been run at 7" = 8.0.

To check the distribution of the hybrid precursors into
the silica framework, we calculated the composition pro-
files p;(r) of the sites 7 at radial distance r from the center
of mass in spherical aggregates, or from the line connect-
ing the center of mass of quasi-circular cross-sections in
cylindrical aggregates. We assume that two surfactant
chains belong to the same aggregate if they share at least
on of their tail beads as a neighbor (see [28] for more de-
tails). Since the volume fraction of the precursors can
be much smaller than that of the surfactant, we prefer
to normalize the density profiles by dividing p;(r) by the
global density p; 0. pi,n(r) = pi(r)/pio should converge
to 1 at large radial distances r.

Results

Since no phase diagrams are available for such model
system, we referred to the phase behavior of the four-
components system, TsHHjz /I /IoTHT3/S, discussed in
a previous work [31], to locate the region of existence
of ordered mesophases, and gradually increased the con-
centration of the new added OSP, [, THTI;. Generally,

we observed the formation of hexagonally-packed liquid
crystals as a result of the phase separation between a
surfactant-rich phase and a solvent-rich phase, as shown
in Figure 2.

FIG. 2: Hexagonally-packed phase at equilibrium with a
solvent-rich phase observed at T* = 8.0 in a lattice box of
volume 24 x 24 x 100. Global concentrations: 40% TsHHs
- 10% Iz - 10% I THT3 - 4% I;THTI2. Surfactant heads
and tails are shown in red and yellow, respectively; the inor-
ganic beads in gray; H beads of I THT3 in blue; H beads of
I THTI: in magenta; T beads of 2 THT3 in green; T beads of
I, THTI, in cyan. The solvent is not shown. Only the surfac-
tant tails are shown in the left side of the box to appreciate
the hexagonal order. Color online.

The phase separation takes origin from (i) the strong
attraction between the inorganic beads of the precursors
and the surfactant heads and (4) the repulsion between
the surfactant tails with the solvent and with the surfac-
tant heads (see Table I).

Previously, we had shown that in systems contain-
ing high concentrations of I;THT3 and no I,THTIs,
a transition from hexagonal to lamellar phases was
detected [31]. This result, observed experimentally
in systems containing the hybrid precursor phenyl-3-
aminopropyltrimethoxysilane [32], was imputed to the
strong solvophobic character of I; THT3 which swells the
core of the cylindrical aggregates and leads to the for-
mation of lamellar structures. If we add I;THTI, to the
system, it self-assembles in hexagonally ordered struc-
tures in a broad range of concentrations, unless the ratio
between the volume fractions of the two OSPs becomes
¢ >>1or ¢ << 1 (see Table II). In these extreme cases,
the distinctive nature of the two OSPs emerges and af-
fects the order of the phases at equilibrium. In particular,
by further increasing the concentration of the bridging
OSP and decreasing that of the terminal OSP, we notice
a gradual transition to a cubic phase. Viceversa, if the
concentration of the bridging precursor goes gradually
to zero, we first detect a two-phase region of lamellar-
hexagonal coexistence and, when the bridging precursor
is completely removed, a stable lamellar phase. Exem-
plarly, in Figure 3 we give two equilibrium configurations
of a hexagonal-lamellar coexistence (a) and a 3D cubic
mesophase (b). In both cases, some of the aggregates are



shown only with their solvophobic core to better appre-
ciate the structural order.

TABLE II: Global concentrations of I, THT3 and IsTHTI: in
systems containing 40% TsHHs and 10% I». H: hexagonal,
C': cubic, L: lamellar, L/H: hexagonal-lamellar coexistence.

I, THT; (%)|I,THTI, (%)|Order
00-50 | 00-150 | H
0.0 30.0 C
5.0 20.0-300 | C
10.0-15.0 | 0.0-200 | H
18.0 - 25.0 0.0 L

20.0 2.0 L/H
20.0 50-150 | H

30.0 20-50 |L/H

FIG. 3: (a) Hexagonal-lamellar coexistence observed in the
system 40% TsHHs, 10% Iz, 2% I, THTI,, 30% 1o THTs and
18% solvent. (b) Cage-like cubic structure obtained in the
system 40% TsHHs, 10% Iz, 20% IoTHTIs, 5% IoTHTs and
25% solvent. The solvent is not shown. In the right side of
the boxes, only the surfactant tails are shown to appreciate
the lamellar (a) and cubic (b) structural order. See caption
of Figure 2 for colors. Color online.

The hexagonal-to-cubic and hexagonal-to-lamellar
phase transitions are the result of the increasing concen-
tration of I, THTI; and Io THT3, respectively. Due to the
presence of a double inorganic terminal group, -I, form-
ing a very strong attraction with the surfactant heads,
the precursor I; THTI, behaves like a cosolvent and im-
proves the solubility of the surfactant in the system. On
the other hand, the strong solvophobic terminal group
in I,THT3 behaves like a cosurfactant and increases the
overall solvophobic nature of the solvent.

In figures 4 and 5, the normalized density profiles of
the organic functional groups of Iy THT3 and I, THTI;,
respectively, are given. In order to locate their position

with respect to the inorganic framework, the distribution
of the inorganic beads, I, of the pure silica and OSPs,
is added in both figures. The total amount of I beads
constitutes the silica framework surrounding the aggre-
gates, and therefore it is important to individuate the
location of the functional groups with respect to it. Each
of the three distribution profiles of the organic beads be-
longing to I, THT3 reveals very well defined peaks, being
clearly separated from that of the inorganic moiety sur-
rounding the pore. This is especially evident for the ter-
minal solvophobic group, —73, being almost completely
accumulated inside the mesopores and absent in the pore
walls, in agreement with experimental results (REF). A
similar result was formerly obtained in systems contain-
ing only one hybrid precursor, I, THT3, [31], and, hence,
the high concentration of the terminal functionality in
the solvophobic core does not seem to be affected by the
presence of a second hybrid precursor.

Lattice Units

FIG. 4: Normalized distribution profiles of the functional
group of I, THT3 in systems containing 51.8% TsHHs, 11.8%
Io, 5.1% I, THTs and 12.1% I, THTI,. Symbols: T, (O),
Tierminai (@), H (O). The symbols (A) refer to the overall
normalized distribution of the inorganic moiety, I, belonging
to all precursors.

On the other hand, Figure 5 brings to light a very
deep interconnection between the organic bridging func-
tional group of I, THTI, and the inorganic framework,
as confirmed by the quasi-overlap of the corresponding
density profiles. The split detected in the peak of the T,
profile arises from the intrinsic symmetric architecture
of the bridging precursor, and creates a sort of protect-
ing covering around the solvophilic functional bead H.
This covering could represent a critical barrier in case
the solvophilic functional group had to play a role as ac-
tive site for a given application.

The cubic phase is characterized by the presence of
(roughly) spherical aggregates whose size distribution,
giving the probability to observe a cluster of a given size
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FIG. 5: Normalized distribution profiles of beads belonging
to IsTHTI; in systems containing 51.8% TsHHs, 11.8% 12,
5.1% I,THT3 and 12.1% I, THTI,. Symbols: T, (O), H (O).
The symbols (A) refer to the overall normalized distribution
of the inorganic moiety, I, belonging to all precursors.

along a simulation run, is relatively narrow and peaked
at approximately 60 chains, as showed in Figure 6. The
smaller peaks, being located at N ~ 120, 180, and 240,
do not indicate the presence of elongated micelles, but
rather the probability of two, three, or four solvophobic
cores to touch each other. Due to the high density in
our system, this transitory event can be easily detected,
especially for pairs of aggregates (see Figure 7 (b)), but
also for triplets or quadruplets. In the inset of Figure
6, we give the radii of gyration R, of the clusters, whose
value, which is slightly less than 3, is practically constant
for all the clusters observed in the system.

0.02-

P(N)

0.011

0 50 100 150 200 250 300

FIG. 6: Cluster size distribution and (inset) principal radii
of gyration of a system containing 40% TsHHs, 10% Iz, 20%
I, THTI,, 5% I, THT3 and 25% solvent.

FIG. 7: (a, b) Spherical aggregates observed in a system con-
taining 40% TsHHs, 10% I, 30% IoTHTI,, and 20% solvent.
No OSP with terminal organic group is present. In (b) two
aggregates are touching each other. The tails and heads are
in yellow and red, respectively. Color online.

A clear representation of the cage-to-cage interconnec-
tion is shown in Figure 8, where three spherical aggre-
gates have been isolated from their bulk phase. The
section (c) of the interconnected aggregates displays the
formation of two crossing quasi-cylindrical pores with pe-
riodical bottlenecks whose diameter depends on the dis-
tance between the cages, that is on the surfactant con-
centration, but, more generally, also on the architecture
of the surfactant head. At low surfactant concentrations,
the aggregates would be completely separated by the in-
organic wall and no interconnecting channels would be
observed. However, a long linear headgroup could bal-
ance this effect. If we look at the density ditribution
profiles of Figure 9, we see that the most of the inor-
ganic layer is located around the corona of the aggregates,
where the concentration of the surfactant heads show a
peak as well. From this figure, we observe that the pure
silica and hybrid precursors do not exhibit a density peak
separating the coronas of neighboring aggregates, but, in-
stead, they organize around them, and, once the template
has been removed, form interconnecting channels. As
also observed for hexagonally-packed phases, the termi-
nal solvophobic group of I; THT3 penetrates deeply inside
the core of the cage, whereas the other functional groups
are most likely distributed around or into the solvophilic
corona. For cubic mesophases not containing terminal
OSP, the density distribution of the surfactant and pre-
cursors do not show significant differences from those in
Figure 9, and are not shown here.

FIG. 8: Snapshot of four interconnected mesocages observed
in the system containing 40% TsHHgs, 10% I, 20% IoTHTI,,
5% I THT3 and 15% solvent. (a) Template only: surfactant
heads and tails are in red and yellow, respectively. (b) Cages
covering the template: I, H, and T beads of the precursors
are in grey, blue, and green, respectively. (c) Section. Color
online.
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FIG. 9: Normalized density profiles observed in a spheri-
cal aggregate with 60 surfactant chains. The squares, dia-
monds, solid and empty circles represent H, T, I, and Tierminal
beads, respectively. Concentrations: 40% TsHHjs, 10% Is,
20% IoTHTI,, 5% IoTHT3 and 15% solvent.

Conclusions

We performed computer simulations to study the phase
behavior and the self-assembly of systems composed by
an amphipilic template, a pure silica precursor, two
organosilica precursors with terminal or bridging func-
tionalities, and a solvent. By using a simple coarse-
grained model, we showed that these systems are able to
form bifunctional ordered mesophases, such as lamellar,
cage-like cubic, or hexagonally-packed cylindrical struc-
tures. By tuning the concentrations of the two hybrid
organosilica precursors, which have opposite effects on
the solubility of the surfactant, hexagonal-to-lamellar or
hexagonal-to-cubic phase transitions are observed. In
particular, by increasing the concentration of the bridg-
ing precursor, which behaves as a cosolvent, we favour
the formation of the cubic phase, whereas a high concen-
tration of the terminal precursor, which can be consid-
ered as a cosurfactant, leads the system to form lamellar
phases. Removing the template from the hexagonally-
packed or cubic phases leads to the formation of meso-
porous structures containing functional organic groups in
the silica framework and in the pores. The distribution
of these groups has been discussed in terms of composi-
tion profiles, and displayed the possibility to use them as
active sites for selective operations. The transition from
hexagonal to cubic phases gives rise to the formation of
interconnected spherical cavities (or cages). Networks of
3D quasi-cylindrical pores with periodical bottlenecks lo-
cated at the intersection of neighboring cages have been
observed and the composition profiles of the functional
groups into the pores and into the pore walls, result to

be basically identical to those observed for the cylindrical
aggregates.
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