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Formation mechanism of PMO with rope- and gyroid-based
morphologies via close packing of secondary building units
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Periodic mesoporous organosilicas (PMO) with a diversity of morphologies based on rope and gyroid shapes
have been synthesized in one reaction batch. From the XRD pattern and TEM image, PMO with hexagonal
symmetry was identified. Morphological investigations were carried out by SEM and TEM imaging. The
generation of various morphologies could be interpreted partly in terms of the degree of curvature and the
accretion type induced by various topological defects. The formation mechanism of PMO via the side-to-side
close packing of platelet-, stick-, pin-, syringe-, and bullet-like particles as secondary building units was

suggested.

Introduction

Since mesoporous silicas' using self-assembled surfactants as
supramolecular templates were synthesized by the Mobil group
in 1992, the surfactant mediated synthesis method has been
applied to the preparation of a variety of mesoporous materials
such as mesostructured oxides, sulfides, alumina, phosphates,
metals and organic—inorganic hybrids.>** The organic-inor-
ganic hybrids are periodic mesoporous organosilicas (PMO)
with organic groups covalently linked to Si inside the channel
walls which have been derived by the sol-gel polymerization
method.?*?! The organic functionalization of the PMO frame-
work opens up the possibility for many applications such as
sensing, enantioselective separation, asymmetric syntheses,
chromatographic supports and so on.*>*

Morphological control as well as handling and texture of
mesoporous materials are extremely important for many
applications. Mesoporous silicate materials with a variety of
morphologies have been synthesized for many applications.”=’
Recently, there have been reports of mesoporous materials with
various particle shapes such as fibers, spheres, ropes, discoids,
toroids, hollow tubes, and dodecahedra.?®37-° Reports of
studies on the morphology and synthetic mechanism of PMO
are limited. Cubic hybrid organic-inorganic mesoporous
crystals with a dodecahedral shape, and hexagonal crystals
with hexagonal rod and spherical shapes have been
reported.!”!® Lu er al reported an evaporation-induced
procedure for the formation of PMO films and spherical
nanoparticles.'® Ozin’s group described a diversity of shapes
and surface patterns that emerge from a surfactant-based
synthesis of mesoporous silicas.*® Different kinds of topolo-
gical defects in seeds with liquid crystal-like properties affect
the nucleation and growth of mesoporous materials, which lead
to the formation of diverse morphologies with low and high
curvature.’*4° Although there have been some reports on the
morphogenesis of mesoporous materials,*®*1*? little is known
about the formation of secondary building units as a
constituent of mesoporous materials with various shapes and
surface patterns.

In this study, we report that PMO with a range of
morphologies based on rope and gyroid shapes may be syn-
thesized through the accretion and packing of primary build-
ing units consisting of surfactant—organosilica co-assemblies
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and/or larger secondary building units with platelet-, pin-,
syringe-, stick-, and bullet-like shapes. Using SEM and TEM
images, we propose mechanisms for the formation of a wide
range of shapes and surface patterns of PMO.

Experimental
Synthesis of ODTMA-PMO

Octadecyltrimethylammonium bromide (ODTMABr, from
Aldrich, 100% purity) as a structure-directing surfactant and
1,2-bis(trimethoxysilyl)ethane (BTME, from Aldrich, 96%) as a
precursor for periodic mesoporous organosilica were used.
Sodium hydroxide (from Yakuri Co. Ltd, >99%), and
absolute ethanol (from Hayman, 99.9% v/v) were purchased.
All chemicals were used as purchased.

ODTMABTr (0.634 g) was dissolved in gently heated water at
the temperature of ca. 40 °C with stirring until a clear solution
was obtained. Then, NaOH was added into the clear solution
with stirring for a few minutes. Next, the solution was
transferred into a Teflon bottle. BTME (0.944 ml) was added
dropwise to the solution under vigorous stirring. After being
stirred for 12 h, three portions of solution were placed in
Teflon-lined autoclaves at 95°C for 3h, 6h and 9h,
respectively. The molar composition of the final reaction
mixture was 1.0 BTME:0.57 ODTMABr:2.36 NaOH:353
H,0. The solid products were recovered by filtration, washed
with water, and dried at 60 °C. The surfactant was removed by
a solvent extraction process, as follows. As-synthesized
materials were stirred in 150 ml water containing 3 ml of
37 wt% HCl at 60 °C for 6 h, and the filtered solids were stirred
with 150 ml of ethanol, refiltered, and dried at 60°C. The
samples obtained were designated as ODTMA-PMO.

Characterization

The material was characterized by X-ray diffraction, nitrogen
adsorption—desorption measurements, scanning electron micro-
scopy (SEM), and transmission electron microscopy (TEM).
X-Ray powder diffraction patterns were obtained by using a
Rigaku D/Max 2200 diffractometer using Cu K, radiation.
Nitrogen adsoption—desorption isotherms were measured at
77 K on a Micromeritics ASAP 2010 instrument. Surface areas
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Fig. 1 XRD pattern of surfactant-extracted ODTMA-PMO synthe-
sized at 95°C for 9 h in a Teflon-lined autoclave.

were determined by the BET method and the pore size
distribution curves were obtained using the BJH method from
the desorption branch isotherms. '*C and ?°Si cross polariza-
tion (CP) NMR spectra were recorded at room temperature on
a Bruker DSX 400. SEM images were obtained using a
KEVEX Sigma microscope with an acceleration voltage of
20 kV. The samples were coated with gold using a HITACHI
E-1010 sputter coater prior to imaging. TEM images were
obtained using a JEOL JEM-2010 microscope operating at
200 kV. Samples dispersed in ethanol were mounted on a
carbon polymer microgrid supported on a copper grid,
followed by drying at ambient conditions.

Fig.2 TEM images of surfactant-extracted ODTAMA-PMO: (a)
hexagonal basal plane with a well-ordered hexagonal array, (b) parallel
curved surface channels run down the body length of the rope, and (c)
surface channels of the twisted part run parallel on the tilt from the
longitudinal axis of the rope.
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Results and discussion

The periodic mesoporous organosilicas were synthesized by
combining a solution of surfactant with a Si—C bonding source.
The clear solution in a Teflon-lined autoclave was placed in an
oven at an elevated temperature of 95°C for 9h. After
extraction of the surfactant from the white powdered product,
the XRD pattern of ODTMA-PMO was obtained and is
shown in Fig. 1. The XRD pattern shows three resolved
diffraction peaks that can be indexed as (100), (110) and (200)
reflections of a hexagonal symmetry lattice, p6mm, with a
hexagonal unit cell parameter a,~53.4 A, which was deter-
mined from the 20 value of the (100) peak of the XRD pattern.

Fig. 2 shows the TEM images of the hexagonal basal plane
of the hexagonal rope (Fig. 2(a)) and the faceted bending parts
that run down the hexagonal rope (Fig. 2(b)) of surfactant-
extracted ODTMA-PMO. TEM images show well-ordered
and regular hexagonal arrays of mesopores. Theses results are
consistent with the XRD pattern. Fig. 3 shows the nitrogen
adsorption—desorption isotherms and pore size distributions.
The nitrogen adsorption—desorption isotherms show a type IV
isotherm characteristic of mesoporous material. The sharp
decrease of the desorption branch at 0.45 relative pressure
indicates that the ODTMA-PMO consisted of uniform
mesopores. The BET (Brunauer—-Emmett-Teller) surface area
was 769 m”> g~ ! and the pore diameter was 31 A calculated by
the BJH (Barrett-Joyner—Halenda) method.

The Si-C bonding in the framework was confirmed by >’Si
and '*C CP MAS NMR experiments, as shown in Fig. 4. The
2Si NMR spectrum shows two signal at —57.5 and —66.9 ppm
which are assigned to partially condensed silicon, C(OH)-
Si(0Si), (T?), and fully condensed silicon, CSi(OSi); (T?). The
13C CP NMR spectrum is shown in Fig. 4. The 3C NMR
spectrum shows a strong single resonance at 5.2 ppm, which is
attributed to carbon covalently linked to Si (Si-CH,—CH,-Si).

In order to investigate the morphological change of
ODTMA-PMO during the hydrothermal reaction, the reaction
time was varied. Fig. 5 shows SEM images of ODTMA-PMO
synthesized at 95°C for 3, 6, and 9 h, respectively. When
synthesized at 95 °C for 3 h, long rope shaped and rope-based
morphologies dominated and small particles with gyroid
shapes formed, as shown in Fig. 5(a). As the reaction time
increases, the proportion of gyroid particles increased. After 9 h
of aging at 95 °C, gyroid shapes with larger sizes were observed,
indicating that small gyroids grow gradually into large gyroids
while the shape is retained. In addition to gyroid and rope
shapes, worm-like aggregates were observed in the SEM
images. Such long hexagonal ropes have rarely been observed
in mesoporous silicate and organosilica materials.?>-74344
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Fig. 3 Nitrogen adsorption—desorption isotherms for surfactant-
extracted ODTMA-PMO. Inset shows the pore size distribution
obtained using the desorption branch by the BJH method.
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Fig. 4 (a) 28j and (b) 13C cross-polarization (CP) MAS NMR spectra
of surfactant-extracted ODTMA-PMO.

The hexagonal rope in Fig. 6(a) has a twisted and curved
body and a hexagonal faceted surface along the longitudinal
axis of the rope with a thickness of ca. 3 pm. The TEM image of
the hexagonal basal plane, as shown in Fig. 2(a), shows a well-
ordered hexagonal array, while parallel curved surface
channels run down the body length of the rope, as shown in
Fig. 2(b). These imply that the hexagonal ropes may be
extended by accretion of surfactant-organosilica micelles on
the basal plane. Growth toward the c-axis of the hexagonal unit
induces the formation of longer ropes. The terminal part
sometimes exhibits dislocation of the hexagonal platelets that
seem to be the building units of the rope structure, as shown in
Fig. 6(a). The degree of dislocation seems to depend on the
degree of rope curvature, the thickness of the stacking platelets
and the degree of attraction force between the hexagonal faces
of neighboring platelets. By varying the degree of curvature,
affected by topological defects of the seed crystals, periodic
mesoporous organosilicas with spiral (Fig. 6(b)-(e)), toroid
(Fig. 6(f)), and discoid morphologies (Fig. 6(g)) based on the
rope structure are produced. Assuming that the packing
geometry of the flexible rod-like micelles in the organosilicate
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Fig. 5 SEM images of ODTMA-PMO synthesized at 95 °C for (a) 3 h,
(b) 6 h, and (¢) 9 h in a Teflon-lined autoclave.

liquid crystal seed is hexagonal, the formation of mesoporous
organosilicas with various rope-based shapes may be partly
explained using some kind of dislocation or disclination defects
pertinent to the organosilicate liquid crystal seed. Bending of
the rope may be initiated from a disclination rotated along the

Fig. 6 SEM images of particles with rope and rope-based morphologies.

J. Mater. Chem., 2001, 11, 3397-3403 3399



Fig. 7 (a)-(f) SEM images of PMO with various symmetric gyroid morphologies, and (g)—(i) magnified images of the edge of the gyroids.

transverse axis and twisting may result from a disclination longitudinal axis of the rope (Fig. 2(c)). This indicates that
around the longitudinal axis. While the parallel curved surface disclinations about the transverse axes alter the pore orienta-
channels of faceted bending parts of the hexagonal rope run tion, while disclinations about the longitudinal axes alter the
down the body length of the rope (Fig.2(b)), the surface rotational configuration of the array. Complex structures based
channels of twisted parts run parallel to the tilt from the upon a combination of two defects can lead to a variety of

(a) (d)

(c)

Fig. 8 (a) and (d) TEM images of two differently shaped gyroids, and magnified images of (b) top and (c) left edges of gyroid (a), and (e) edge and (f)
vertex part of gyroid (d).

100 nm
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morphologies (Fig. 6(h) and (i)). This approach could be
adopted to interpret remarkable morphologies of periodic
mesoporous organosilicas, although the wall properties of
periodic mesoporous organosilicas are distinguished from
those of mesoporous silica MCM-41 due to the organic
moieties within the framework.

Fig. 7 shows the SEM images for PMOs with symmetric
gyroid morphology, the different shapes depending on a range
of reaction variables in one reaction batch. These materials
have regular surface patterns with a few hundred nanometer
between successive patterns. These symmetric morphologies
and regular surface patterns generated by inorganic—organic
hybrids may be related to biomineralization, in which organic
materials play an important role in the organization of the
inorganic material.

Fig. 8(b) and (c) show the TEM images for the top and side
edges, respectively, of the gyroid shown in Fig. 8(a) which have
a regular surface pattern. The channels corresponding to
hexagonal arrays of mesopores based on the (100) and (110)
reflections, respectively, are arrayed with a regular orientation
on the surface of repetitive humps. From the magnified TEM
images shown in insets in Fig. 8(b) and (c), the highly ordered
hexagonal mesostructure of a gyroid can be verified. Fig. 8(e)
and (f) show the TEM images for the edge and vertex parts,
respectively, of the differently shaped gyroid shown in Fig. 8(d).
The edge part, as shown in Fig. 8(¢), has a well-ordered
hexagonal mesostructure without humps, while the vertex part
is humped, as shown in Fig. 8(f).

On the basis of the SEM and TEM images, the following
mechanism for the formation of various morphologies and
surface patterns in the synthesis of periodic mesoporous
organosilica is suggested. As suggested by Ozin’s group, the

hexagonal cylindrical liquid crystal seeds are formed through
the self-assembly of surfactant-based micelles with polymerized
organosilica and, then, a variety of spiral and gyroid
morphologies are formed through the repetitive accretion of
organosilica—micellar co-assembled species with varying
degrees of curvature and linear topological defects.**!*> As
the organosilica—surfactant co-assembly grows about a fixed
axis and simultaneously rigidifies into PMO with gyroid
morphology, the smooth surface and/or finely superimposed
surface patterns appear, as shown in the magnified SEM
images of well-ordered surface patterns (Fig. 7(g)—(1)).

As particles composed of building units such as enlarged
platelet-, pin-, stick-, syringe-, and bullet-like shapes, as shown
in Fig. 9 and 10, have been found, the growth mechanism of
PMO via micrometer-sized secondary building blocks is
tentatively suggested. The organosilica—micellar co-assembled
species designated as primary building units grow to become
the enlarged platelet-, pin-, stick-, syringe-, and bullet-like
shapes designated as secondary building units. Fig. 9(a) shows
the SEM image of a particle with a surface pattern consisting of
furrows and ridges resulting from whirling of successively
dislocated platelets. The shape of the particle shown in
Fig. 9(b) appears to have been formed by filling the furrows
on the particle consisting of pin-shaped units in Fig. 9(a) with
organosilica-micellar co-assembled species of smaller size. As
shown in Fig. 9(c), pin-shaped units are arranged into a
concentric circle and packed closely. Moreover, syringe-like
shaped units make another layer with the oriented attachment
of the sharp end part of the syringe to the surface. As shown in
Fig. 10(a) and (b), bullet- and stick-like particles with length ca.
5 um are lined up vertically, and arranged alternately up and
down. Fig. 10(c) shows another packing type by arrangement

Fig. 9 SEM images of particles consisting of (a) platelet-, (b) pin-, and (c) syringe-like shaped units. Magnified images of the sections marked with

boxes in (a)-(c) are shown on the right-hand side, respectively.
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Fig. 10 SEM images of particles consisting of (a) bullet- and (b) stick-like shaped units, respectively and (c) SEM of particle formed through
concentric circling of stick-like units. Magnified images of the sections marked with boxes in (a) and (b) are shown on the right-hand side,

respectively.

of concentric circles of stick-like particle. These enlarged units
with a variable packing parameter are assembled and stabilized
due to the reduction of the surface free energy, which leads to
the formation of particles with distinct surface patterns with
wider spaces between successive patterns. It seems that this
structure will minimize the repulsion between building layers,
and facilitate the stacking of layers. Thus, gyroid-based shapes
with high curvature can be also formed through stacking of
these units. Thus, the gyroid would exhibit vertically wrinkled
surface patterns. As described above, the results present strong
evidence that the secondary building units (platelet-, pin-, stick-
, syringe-, and bullet-like shapes) are packed by side-to-side
growth, which may result in the formation of various shapes
with high curvature.

Conclusions

Hybrid inorganic—organic mesoporous materials with hexa-
gonal symmetry were synthesized using ODTMABr as a
templating surfactant, and BTME as the Si—C bonding source.
At the initial stages of the reaction, rope and rope-based shapes
were preferentially formed. After reaction for 9 h, large gyroids
as well as longer ropes were formed. The generation of various
morphologies could be interpreted partly in terms of the degree
of curvature and the accretion type induced by various
topological defects. Also, the mechanism for the formation
and growth of gyroid morphology via secondary building units
such as platelet-, pin-, stick-, syringe-, and bullet-like shapes is
suggested using SEM and TEM images.
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