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The latest developments in periodic mesoporous organosilicas (PMO) have been compiled. The discovery of meso-
porous hybrid organosilicas with molecular scale periodicity resulting from alternating hydrophilic and hydrophobic lay-
ers, and a cost effective solution showing the use of allyl derivatives of the bis-silyl precursors are discussed. Relevant
uses of the periodic mesoporous materials in diverse applications are summarized. For example, the metal-incorporated
periodic mesoporous organic frameworks are likely to offer an advantage in catalytic transformations, while the func-
tionalized PMOs show promise in fascinating catalytic applications via enhancing the physical properties of guest mole-
cules and clusters. In general, the advancement in PMOs have showed great promise and are expected to deliver exciting
achievable future findings.

Introduction

Porous materials created by nature or by defined synthetic
routes have emerged as being particularly important and have
found great utility in diverse aspects of human activity. Vast
amounts of research and considerable progress have been
made in the field of porous materials and to date, a new family
of periodic mesoporous materials has been created.1–3 Since
the first discovery of ordered mesoporous silicas M41S2 and
FSM-16,1,3 a variety of ordered mesoporous materials have
been synthesized by a template method, using the supramolec-
ular assembly of surfactants.4–6 These materials have a range
of framework compositions, external morphologies, and pore
arrangement structures. The framework composition has been
studied extensively since that governs the surface and bulk
properties of mesoporous materials such as catalysis and ad-
sorption. Mesoporous materials now include a variety of inor-
ganic materials, e.g., non-Si transition-metal oxides, metals,
and carbons. The integration of organic functional groups into
an inorganic network has led to the discovery of organic-func-
tionalized mesoporous silicas with well-defined pore-struc-
tures and unique properties, which have been recognized as
useful materials suitable for versatile applications such as cat-
alysts for a variety of organic chemical transformations, as
adsorbents for the separation of organic molecules, as trapping
agents for metal cation contaminants, chromatography, and
chemical sensing, because the materials may possess unique
optical, electrical, magnetic, and mechanical properties.7–9

Suitable organosilane precursors have at least one hydrolysable
group attached to the silicon center. Early organic-functional-
ized mesoporous materials were synthesized by direct synthesis

through co-condensation of the organosilane precursor attached
with one alkoxide group [R–Si(OR0)3] and tetraalkoxysilane
[Si(OR0)4] in the presence of a surfactant (Fig. 1a) or by post-
synthesis treatment of pre-formed mesoporous silica with an
organosilane coupling reagent.10–17 The mesoporous materials
have a microscopically heterogeneous structure composed of
an inorganic main framework with an organic layer grafted
onto the framework. Generally, they exhibit poorer structural
ordering and lower loading of organic content. There has been
a need for mesoporous materials in which organic and inorgan-
ic moieties are homogeneously distributed in the framework
with higher loading of organic content and a highly ordered
mesostructure to advance the efficacy.18

Therefore, another positive approach was realized and peri-
odic organofunctional mesophases were designed via hydroly-
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Fig. 1. Surfactant-directed synthesis of organic-function-
alized mesoporous silicas from organosilane precursors
attached with (a) one and (b) two Si–alkoxides.
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sis and condensation reactions of bridged organosilane precur-
sors [(R0O)3Si–R–Si(OR

0)3] with two or more Si–alkoxide
groups (Fig. 1b). More precisely, it was a surfactant directed
self-assembly of so-called ‘‘bis-silyl’’ mesophases with a com-
position corresponding to [1:5OSi–R–SiO1:5] when written in
dehydroxylated, surfactant-free, and anhydrous form,19–21 the
R group is an organic group that links directly two silicon
atoms through silicon–carbon covalent bonds. Such meso-
phases were prepared through the hydrolysis/condensation of
100% of the (R0O)3Si–R–Si(OR

0)3 precursor, where the OR0

is the hydrolyzable group in the presence of a suitable surfac-
tant. Thus, self-assembly of organosilane precursors in the
presence of a surfactant led to another novel class of meso-
phases, wherein the organic functionalities are homogeneously
distributed in the channel walls (Fig. 2). Mesoporous hybrids
have uniform pores, higher stability, and control of the frame-
work composition and morphologies. The benefits of such
spontaneous organizations have been increasingly realized
and are driven by their inherent potentials of fabricating sen-
sors, optical, electronic, and electro-optical devices for com-
munication, data storage, in diverse areas of nanotechnology,
and overall in information technology. A diversity of organic
spacers have since been incorporated in various successful
syntheses of mesoporous organosilicas using a variety of sur-
factants in basic, acidic, or neutral media including various
chemical, electrical, and optical functionalities integrated
within the mesoporous network. Hexagonal, cubic, and worm-
hole framework structures have been reported.

Herein, we have summarized the systematic developments
in the periodic mesoporous materials, including very recent
developments from our laboratory and others with a special
emphasis on the synthesis and functions of periodic mesopo-
rous materials with a crystal-like pore walls structure.

Organic-Bridged Periodic Mesoporous Organosilicas

Actually, three independently working groups were the first
to report the synthesis of hybrid mesoporous organosilicas in
1999.19–21 The most commonly used structure directors are tri-
methylhexadecylammonium bromide/chloride, trimethylocta-
decylammonium bromide/chloride, and hexadecylpyridinium

bromide/chloride for the self-assembly of hybrid mesoporous
materials. Removal of the structure directing surfactant by
solvent extraction produces an open framework structure of
a hybrid material with accessible uniform sized pores. In fact,
Inagaki et al. first reported the synthesizing of a novel organic–
inorganic hybrid material by using 1,2-bis(trimethoxysilyl)-
ethane (BTME) in the presence of trimethyloctadecylammoni-
um chloride as a surfactant under basic conditions, wherein the
mesophase symmetry (e.g., 2-dimensional hexagonal or 3-di-
mensional hexagonal) was largely dependent on the synthesis
temperature and alkyl-chain length of the surfactant (Fig. 3).19
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Fig. 2. (a) Synthesis of periodic mesoporous organosilica from organic-bridged silsesquioxane precursor. (b) TEM image of the
periodic pore structure of mesoporous ethane–silica.
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Fig. 3. SEM images of mesoporous ethane–silica hybrid
materials with (a) 2D-hexagonal, (b) 3D-hexagonal, and
(c) cubic Pm�33n mesophases. (d) Schematic models of pore
structures.
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Later, Stein’s group disclosed the synthesis of similar materi-
als using 1,2-bis(triethoxysilyl)ethane (BTEE) or 1,2-bis(tri-
ethoxysilyl)ethylene in the presence of trimethylhexadecylam-
monium bromide surfactant; however, the material contained
wormhole-like rather than straight parallel pores.20 Simultane-
ously, Ozin’s group also reported the syntheses of PMOs with
an ethenylene linker using 1,2-bis(triethoxysilyl)ethylene as
the precursor in the presence of trimethylhexadecylammonium
bromide as a structure-directing surfactant in basic media.21

Further, hybrid mesoporous materials with an ethane linker
having cubic symmetry (Pm�33n), which is akin to the SBA-1
pure silica, were synthesized by Guan et al.,22 Sayari et al.,23

and Kapoor and Inagaki.24 The crystal-like external morpholo-
gy of these hybrid materials analyzed by scanning electron mi-
croscopy (SEM) was described as an decaoctahedron compris-
ing of six squares and twelve hexagons (Fig. 3c). Kruk et al.
detailed the surface properties of mesoporous ethane–silicas of
different symmetries.25 Later, several follow up syntheses were
reported, well documented, and reviewed in the literature.26,27

Very recently, Liang et al. have presented the synthesis of
highly ordered three-dimensional periodic ethane–silica with
cubic Fm�33m symmetry under basic conditions using a divalent
structure directing agent.28 Lee et al. showed the systematic
phase control of ethane-bridged periodic mesoporous silicas
using Gemini surfactants. Highly ordered structures were syn-
thesized with various mesostructures including lamellar, bi-
continuous cubic (Ia�33d), 2d-hexagonal (p6mm), 3d-hexagonal
(P63=mmc), and cubic (Pm�33n) by controlling the nature of the
Gemini surfactant such as alkyl-chain length, spacer length,
synthetic conditions (temperature, molar composition, etc.).29

In addition, the synthesis of bridged mesoporous organosil-
icas could also be realized under acidic conditions using an
ethane-bridged organosilane precursor. A particular difference
in the synthesis was the reaction pathway. The ‘‘SþX�Iþ’’-
route was adopted in acidic conditions in contrast to the usual
‘‘SþI�’’-route under basic conditions. However, the acid syn-
thesis approach produced less ordered mesoporous materials
showing only one broad peak in the XRD pattern; however,
the products with wormhole-like channels and relatively high
specific surface areas could be formed. Ren et al. used BTEE
as the precursor in the presence of hexadecylpyridinium bro-
mide as the structure director.30 In another development, the
detailed synthesis of ethane-linked mesoporous organosilicas
under acidic conditions were reported in the presence of biode-
gradable Brij-56 [(EO)10C16H33] and Brij-76 [(EO)10C18H37]
oligomers as a structure director.31,32 Fröba et al. used neutral
Pluronic P123 triblock copolymer as the structure directing
agent and BTME as the organosilica source under acidic con-
ditions.33 Their materials exhibited hexagonal symmetry akin
to SBA-15 silica with large pores (6.5 nm). Likewise, Burleigh
et al. were able to enlarge the pore sizes ranging from 6 to
20 nm using the same triblock copolymer surfactant along with
a trimethylbenzene micelle-swelling agent under acidic condi-
tions.34 Using B50-6600 (EO39BO47EO39) triblock copolymer
surfactant and the BTEE precursor under acidic conditions,
the well-ordered periodic mesoporous organosilica with large
cage-like pores, whose diameter was ca. 12 nm, were ob-
tained.35 The structure was similar to that of FDU-1 silica36

derived using TEOS under similar synthetic conditions. Guo

et al. found that the addition of a salt such as NaCl improves
the degree of ordering of the materials.37 More recently, they
also reported that the addition of a large amount of K2SO4

to a synthesis mixture containing BTME and pluronic F127
(EO106PO70EO106) under acidic conditions affords a high qual-
ity cubic (Im�33m) ethane–silica mesophase with large cavities
9.8 nm in diameter.38

Therefore, the most commonly studied typical organic linker
group is the ethane group (–CH2–CH2–) because 1,2-bis(tri-
alkoxysilyl)ethane is a widely available bridged organosilane
precursor. Although the ethane linker group has limited chemi-
cal functionality, the mesophases containing ethane–silica have
a lower surface polarity in comparison to pure silica meso-
phases and are expected to be useful in adsorption applications
and molecular separations. Other linker groups that have been
used to form bis-silyl hybrid mesophases are the methylene
(–CH2–), ethenylene (–CH=CH–), ethynylene (–C�C–), bu-
tylylene (–CH2CH2CH2CH2–), phenylene (–C6H4–), ferro-
cenylene (–C5H4C5H4–), thiophenylene (–C4H2S–), biphenyl-
ylene (–C6H4–C6H4–), bithiophenylene (–C4H2S–C4H2S–),
tolyl, xylyl, dimethoxyphenyl, and vinyl groups. An overview
of the structures of the organosilsesquioxane precursors, which
were successfully used to create the periodic mesoporous orga-
nosilicas, is presented in Scheme 1.

The synthesis of ethenylene (–CH=CH–)-bridged meso-
porous organosilica was also presented showing a wide range
of opportunities for further surface modifications based on ole-
fin chemistry. Melde et al. synthesized mesoporous ethenyl-
ene–silica with 2.4 nm wormhole-like channels and the pure
ethenylene–silica mesoporous solids with 4 nm pores with
hexagonal symmetry were synthesized in basic conditions.20

Later, Nakajima et al. showed the synthesis of mesoporous
ethenylene–silicas with a long-range order of the mesopores.39

Wang et al. prepared high quality ethenylene–silicas meso-
phases under acidic conditions with varied pore sizes using oli-
gomeric (4–5 nm) and triblock copolymer (8–9 nm) surfactant
templates,40 while Nakajima et al. detailed the synthesis ethen-
ylene-bridged mesoporous silicas with large pores.41

The number of reports on the corresponding phenylene-
bridged mesoporous silicas is very limited. Ozin et al. describ-
ed the synthesis of phenylene-bridged mesophases using hexa-
decylpyridinium chloride as a structure director and 1,4-bis-
(triethoxysilyl)benzene precursor.21b Temtsin et al. also report-
ed the mesophases from 2-methylbenzene-1,4-bis(triethoxy-
silyl), 2,5-dimethylbenzene-1,4-bis(triethoxysilyl), and 2,5-di-
methoxybenzene-1,4-bis(triethoxysilyl) precursors using hexa-
decylpyridinium chloride as the surfactant under acidic condi-
tions and also by adding ammonium fluoride as the catalyst
after neutralization.42 Goto and Inagaki have summarized the
synthesis of mesoporous phenylene–silica with large pores
ranging from 6.0 to 7.4 nm in diameter using pluronic P123,
a triblock copolymer surfactant.43 In another very recent devel-
opment, Kapoor et al. have reported the detailed synthesis of
average-pore phenylene-bridged mesoporous materials in the
presence of oligomeric Brij-56 and Brij-76 surfactant templates
under acidic conditions.44 Kuroki et al. presented the success-
ful synthesis of periodic mesoporous materials made of three-
point attachments for the 1,3,5-tris(triethoxysilyl)benzene pre-
cursor.45 The materials showed relatively small pore diameters
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(�2:2 nm). Later, Landskron et al. summarized PMO synthesis
from the cyclic precursor [1,3,5-tris(diethoxysilyl)cyclohex-
ene], which leads to interconnected [Si(CH2)]3 rings.46 They
have also presented the synthesis of oriented thin-films of such
precursors showing very low dielectric constants. Recently,
Ozin’s group presented the dendritic mesoporous organosilicas
compositions from the self-assembly of various dendrimer
building blocks under ionic and non-ionic surfactant routes us-
ing trimethyloctadecylammonium chloride or triblock copoly-
mer surfactant templates.47 In an other development, Hunks
et al. also synthesized 4-phenylsulfide-bridged periodic meso-
porous silicas using the bis-4-(triethoxysilyl)phenylsulfide pre-
cursor and Brij-76 surfactant.48 However, the material has a
less ordered preassembly due to the lack of efficient packing
of the organic units in the channel walls. Similarly, periodic
mesoporous structures could be obtained having aryl-methyl-
ene bridging groups from the corresponding 1,4-bis(triethoxy-
silyl)(CH2)nC6H4(CH2)n, where n ¼ 1 or 2, precursors in the
presence of Brij-56 surfactant under acid conditions.49

In addition to the above-mentioned phenylene and its deriv-
ative silsesquioxane precursors, the synthesis of thiophenylene-
bridged periodic mesoporous silicas have also been reported.
Yoshina-Ishii et al.21b disclosed synthesis using the 2,5-bis(tri-
ethoxysilyl)thiophene precursor in the presence of trimethyl-
hexadecylammonium bromide as the surfactant template. The
Si–C bonding was found to cleave in basic conditions, while
mild acidic conditions were proved to be stable in such a case.
Recently, Morell et al. presented the synthesis of very high
order thiophene-bridged periodic mesoporous materials using

the 2,5-bis(triethoxysilyl)thiophene precursor in the presence
of the pluronic P123 triblock copolymer surfactant.50 The pore
size ranged from 5 to 6 nm with a specific surface area up to 550
m2 g�1. They have also confirmed using 29SiNMR and Raman
spectroscopy that under the conditions applied (although it was
a highly acidic medium) only less than 4% of the Si–C bonds
were cleaved. It is worth mentioning that the thiophenylene
group is a single heterocyclic compound incorporated into the
periodic mesoporous organosilicas.

Periodic Mesoporous Organosilicas with
Crystal-Like Pore Walls

Although well-defined ordered mesophases could be formed,
the chemical functionality of the pore walls surface was rather
poor and limited in the above described hybrid mesoporous
materials due to the amorphous (atomically disordered) nature
of the pore walls, which usually limits their applications. In
spite of various efforts made for the crystallization of pore
walls, very limited success was achieved and the crystallization
was confined to only a fraction of the pore walls. A plausible
explanation of the lack of crystallinity may lie in the correlation
between framework density (the number of atoms per nm3)
and the structural features of porous materials.51

In a further effort to crystallize the pore walls of meso-
porous materials, Inagaki et al. have reported the first surfac-
tant-mediated synthesis of ordered phenylene-bridged hybrid
mesoporous organosilicas from the assembly of [(EtO)3Si–
C6H4–Si(OEt)3] and trimethylalkylammonium chloride surfac-
tants (Fig. 4a).52 The precise control of the nano-architecture
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Scheme 1. Representative polysilsesquioxane precursors used for the periodic mesoporous materials.
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displayed a hexagonal array of mesopores and crystal-like pore
walls expressed as molecular periodicity in the walls along
the channel directions due to the hydrophobic–hydrophilic
interaction between hydrolyzed precursors [(HO)3Si–C6H4–
Si(OH)3]. In fact, the addition of crystallinity to the pore walls
of mesoporous materials has long been sought after, and has
been the most important discovery in the field of porous mate-
rials. The material has a hexagonal array of mesopores with a
lattice constant of 52.5 Å and exhibits atomic scale periodicity
with a spacing of 7.6 Å along the channel direction in the
whole region of pore walls. In addition to three peaks in the
small-angle scattering regime (2� < 10�), with d-spacings of
45.5, 26.0, and 22.9 Å, the material also displayed four sharp
diffraction peaks at spacings d ¼ 7:6, 3.8, 2.5, and 1.9 Å in
the medium scattering angles region (2� ¼ 10{50�). The TEM
images of staked lattice fringes with a uniform basal spacing of
7.6 Å along with the corresponding electron diffraction spot
confirmed the molecular-scale periodic structure in the pore
walls (Fig. 4b). Figure 5 shows the pore surface structure of
mesoporous phenylene–silica with crystal-like pore walls.

Benzene rings are aligned in a circle around the pore, fixed
at both sides by silicate chains. The silicate is terminated by
silanol (Si–OH) at the surface. Hydrophobic benzene layers
and hydrophilic silicate layers array alternatively at an interval
of 7.6 Å along the channel direction. The periodically arranged
hydrophobic–hydrophilic surface has a great advantage in us-
ing this material as a catalyst and host material for inclusion
chemistry because it can enable structural orientation of guest
molecules or clusters enclosed in the pores. Later, Bion et al.
reported the synthesis of phenylene-bridged hybrid meso-
porous solids having crystal-like pore walls with varied pore
diameter by using C14 to C18 trimethylammonium halides sur-
factants under basic conditions.53 The pore diameters were
varied in the range of 2.3 to 2.9 nm depending on the alkyl-
chain length of the respective surfactant.

Recently, Onida et al. presented an infrared and ab initio mo-
lecular modeling study to deduce the surface properties of the
mesoporous phenylene–silica hybrid materials with crystal-like
pore walls.54,55 Morell and co-workers reported the in situ
synchrotron SAXS/XRD study to give further insight on the
formation of ordered mesoscopic hybrid phenylene–silicas with
crystal-like pore walls.56 Recently, Okamoto et al. showed the
self-organization of non-porous phenylene–silica hybrid solids
with a crystal-like long range-ordered structure.57

However, prepared under acidic conditions using the triblock
copolymer Pluronic P123 surfactant, the phenylene-bridged
mesoporous organosilicas showed little evidence of molecular
order within the pore walls.43 Recently, Goto et al. reported the
post-synthesis treatment for the formation of molecular scale
periodicity within the pore walls of mesoporous organosilica
derived using the triblock copolymer Pluronic P123 surfac-
tant.58 Periodic mesoporous organosilicas with aryl groups
such as tolyl, xylyl, and dimethoxyphenyl derived under acidic
conditions in the presence of cetylpyridinium chloride showed
an indication of aryl-silica ordering in the channel walls.42 The
other material that showed little atomic-scale periodicity is
ethenylene (–CH=CH–) bridging organosilica.21b X-ray dif-
fraction studies measured the periodicity of 5.6 Å. Very re-
cently, Mokaya and co-workers have reported the synthesis
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Fig. 4. Synthesis of mesoporous organosilica with a crystal-like pore wall structure. (b) TEM image of molecular-scale periodicity
in the pore walls.
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Fig. 5. Simulated image of the crystal-like pore walls struc-
ture of surfactant-free mesoporous phenylene–silica with
crystal-like pore walls.
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and characterization of crystal-like structurally well-ordered
ethenylene containing bifunctional hybrid mesoporous organo-
aluminosilicates materials, which exhibit molecular-level pe-
riodicity in the pore walls and enhanced hydrothermal stabili-
ty.59 Later, Wang et al. tried to define the pore wall ordering by
TEM measurements in the phenylene-bridged mesoporous
organosilica derived using oligomeric (Brij-56 and Brij-76)
surfactant templates.60

Since the discovery of the first phenylene-bridged mesopo-
rous hybrid material with crystal-like pore walls, the numbers
of mesoporous hybrid materials exhibiting molecular scale pe-
riodicity have been increasing. Further, we have also revealed
that the synthesis of phenylene-bridged mesoporous solids
with a crystal-like organization of the pore walls is not restrict-
ed to symmetrically substituted precursors such as 1,4-bis(tri-
ethoxysilyl)benzene.61 We have demonstrated a similar ar-
rangement using 1,3-bis(triethoxysilyl)benzene as the precur-
sor, a nonlinear symmetric bridged organosilica precursor, in
a similar synthesis route as described for 1,4-bis(triethoxy-

silyl)benzene.52 The material also showed somewhat similar
atomic-scale periodicity at 7.6 Å as well as its higher order dif-
fractions. Figure 6 displays a structural model of the pore wall
region of 1,3-phenylene–silica and 1,4-phenylene–silica meso-
porous materials supporting the lamellar pore walls structure.
Interestingly, both experimental and simulation results demon-
strate that there are very little differences in the molecular
scale periodicities of mesoporous materials derived from 1,4-
bis(triethoxysilyl)benzene and 1,3-bis(triethoxysilyl)benzene
precursors, although they have quite different molecular geom-
etry. Recently, Sayari and Wang presented synthesis from a
precursor containing an aromatic ring and two ethylene groups
[bis(triethoxysilylethane-2-yl)benzene], showing the occur-
rence of molecular order within the pore walls of mesoporous
materials with or without a surfactant.62

Another mesoporous hybrid system that showed periodical-
ly ordered mesopores as well as molecular-scale periodicity in
the whole region of pore walls was also synthesized by us us-
ing 4,40-bis(triethoxysilyl)biphenyl (BTEBP) as the organosil-
ica precursor, wherein hydrophilic silicate layers and hydro-
phobic biphenylylene layers arrayed alternatively.63 The re-
sults successfully demonstrated that such a unique arrange-
ment in the pore walls can also be generalized for hierarchi-
cally ordered mesoporous solids by changing the nature of
the organic linkers. The material showed molecular-scale pore
surface periodicity along the channel direction with a basal
spacing of 11.6 Å (Fig. 7). The five additional well-resolved
diffraction peaks at d-spacings of 11.6, 5.9, 3.9, 2.9, and
2.4 Å were observed together with the lower angle diffraction
peak (d100) with a d-spacing of 41.8 Å. The periodicity of
11.6 Å, confirmed from the many lattice fringes on the TEM
image, is larger than the periodicity of 7.6 Å observed for
phenylene-bridged hybrid mesoporous solids. The difference
between the molecular scale periodicity was obviously due
to the longer length (molecular size) of the biphenylylene moi-
eties compared to the benzene molecule. The pore diameter
and BET surface areas were determined to be 3.5 nm and
869m2 g�1, respectively.
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Periodic Mesoporous Organosilicas from
Allyl-Derivatives of Precursors

Until the mesoporous organosilica with molecular scale pe-
riodicity were reported, the most commonly used organosilane
precursors contained a trialkoxy leaving group [(OR0)3], such
as the trialkoxy derivatives of bridged organosilane molecules
(R0O)3Si–R–Si(OR

0)3. However, the range of suitable alkoxy-
silane precursors is limited because alkoxysilane precursors
containing relatively large organic groups are difficult to ob-
tain in high purity due to the limitations of distillation and
chromatographic separation for such nonvolatile compounds.
It is therefore vital to discover alternative precursors for the
synthesis of novel mesoporous organosilicas. Alkoxy, halide,
acyloxy, and amino groups on silicon atoms have also been
used for Si–O–Si bond formation.64 However, these functional
groups are highly reactive towards hydrolysis, rendering the
silicon compounds difficult to handle under hydrolytic condi-
tions and during purification by silica-gel chromatography.
Shimada et al. have showed a new method for functionalizing
the surface of mesoporous silica using allylorganosilanes at
toluene reflux temperatures.65,66 Recently, we have presented
the preparation of a new family of bridged allylorganosilane
precursors that upon surfactant-assisted assembly afford or-
dered mesoporous organosilica having pore walls with molec-
ular-scale periodicity.67 This approach provides important in-
sight into the development of molecular-scale periodicity,
spurring new debate on the formation of periodic mesostruc-
tures with crystal-like pore walls.

The XRD patterns of the as-synthesized phenylene–silica
hybrid mesoporous material derived from 1,4-bis(diallyleth-
oxysilyl)benzene display a d100 reflection peak at 41.6 Å and
sharp peaks at d ¼ 7:6, 3.8, and 2.5 Å at intermediate scatter-
ing angles (2� ¼ 10{40�), indicating that the pore walls are
formed of crystal-like domains with a spacing of 7.6 Å in the
channel direction (Fig. 8). The surfactant-free material also
exhibited a well-defined pattern with diffraction peaks in the
low-angle region (d100 spacing of 45.7 Å). The XRD peak
(d100) for the surfactant-free material strengthened significant-
ly upon solvent extraction due to enhancement of the contrast
of density between the framework and pore channel. The as-
synthesized material displayed a slightly smaller lattice con-
stant of a ¼ 48:1 Å. The molecular-scale periodicity was fully
retained upon surfactant removal, indicating substantial frame-
work ordering with crystalline pore walls. The final material
was identical to the materials synthesized from the alkoxy de-
rivative of the phenylene-bridged precursor [1,4-bis(triethoxy-
silyl)benzene],52 which exhibited weaker peaks related to mo-

lecular-scale periodicity. The BJH pore diameter, BET surface
area, and mesopore volume were 23.5 Å, 744m2 g�1, and
0.53 cm3 g�1, respectively.

In another approach, we have also presented the synthesis of
a stable 1,4-bis(triallylsilyl)benzene precursor without any alk-
oxy group, and the formation of mesostructures under basic
conditions was attempted.67 The XRD pattern of the surfac-
tant-free material clearly shows the successful formation of a
mesostructure with a d100 spacing of 35.5 Å. The other two
broad reflections at d ¼ 9:5 and 4.4 Å were due to the molecu-
lar-scale periodicity of the pore walls. However, the peaks are
not as sharp as those observed for the phenylene–silica meso-
porous materials prepared from 1,4-bis(triethoxysilyl)benzene
and 1,4-bis(diallylethoxysilyl)benzene. This material exhibits
structural ordering, with a BET surface area of 968m2 g�1

and a BJH pore diameter of 23.2 Å.
The 1,4-bis(diallylethoxysilyl)benzene precursor is prefera-

ble to 1,4-bis(triethoxysilyl)benzene in terms of the cost and
the ease of handling and purification during synthesis. How-
ever, the final yield of the mesoporous phenylene–silica de-
rived from the allylorganosilane precursor is slightly lower (ca.
34.1%) than that from the trialkoxyorganosilane precursor52

(36.7%). The triethoxy derivative of the benzene precursor re-
leases ethanol during the hydrolysis reaction, whereas propane
is the main leaving species in the hydrolysis of 1,4-bis(diallyl-
ethoxysilyl)benzene or 1,4-bis(triallylsilyl)benzene.65,66 Pro-
pane is unreactive toward silica and readily leaves from the
reaction mixture. The reaction pathway for the deallylation
of allylorganosilane precursors under acidic conditions has
been reported for the protodesilylation of allylic silanes.68–70

However, under basic conditions, it is likely that deallylation
starts with a nucleophilic attack by hydroxide ions toward
the silicon atoms of the precursors.

As a continuation, the synthesis of mesoporous hybrid orga-
nosilicas with a crystal-like framework walls structure was
also reported via the co-condensation of equimolar ratios of
1,4-bis(diallylethoxysilyl)benzene and TEOS under basic con-
ditions. The ordered mesoporous material obtained exhibited
molecular-scale periodicity in the pore walls.

Lamellar Mesophases of Periodic
Mesoporous Organosilicas

Recently, we disclosed the synthesis of lamellar mesophases
of phenylene– and biphenylylene–silica composites with pe-
riodicity within the silicate layers from the mixtures of bridged
organosilane precursors and surfactants at room temperature.71

Interestingly, the phenylene–silica layers of the lamellar meso-
phase include 4.2 Å periodicity, which is different from the
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Fig. 8. Alternate route for the synthesis of mesoporous phenylene–silicas from allylorganosilane precursors.
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7.6 Å periodicity observed in the pore walls of crystal-like
mesoporous phenylene–silicas. The periodicity of 4.2 Å, which
is very close to the phenylene–phenylene distance (4.4 Å), was
also observed in the simulated model of the 2D-hexagonal
mesophase of phenylene–silica. It was also shown that the
lamellar mesophases with periodicity within the layers could
also be obtained even upon refluxing the initial mixture at
55 and 75 �C, respectively, indicating that stable lamellar
mesophases are likely to be formed under a wide range of
condensation temperatures. In addition, the intercalation of a
biphenylylene–silica mesophase with toluene also demon-
strated the unique flexible features of these expandable inter-
layered structured materials. Similar molecular-scale perio-
dicity has been observed for the lamellar silica–surfactant
mesophase72 and 2D-hexagonal mesoporous silica.73

Functionalized Periodic Mesoporous Organosilicas

Organofunctional mesoporous silica compositions have
been recognized as useful materials, particularly molecular
sieves, for use as catalysts for a variety of organic chemical
transformations, as trapping agents for metal cation contami-
nation, as adsorbents for the separation of organic molecules,
and as film-forming compositions for electronic applications.
In this context, several organo-functionalized mesostructures
have been prepared through direct assembly pathways, as well
as through grafting reactions of pre-assembled frameworks us-
ing different organosilane precursors.10–18 The potential use-
fulness of these derivatives, as well as other organo-functional
derivatives, depends critically on the loading of accessible
functional groups in the framework.

The mercapto-functional mesoporous molecular sieve sili-
cas have received considerable attention as heavy metal ion
trapping agents.74–77 The anchored thiol group can also be oxi-
dized to provide sulfonic acid functionality for applications in
solid acid catalysis. In all cases, open framework structures
have been obtained for compositions in which fewer than
25% of the silicon centers have been functionalized.10,15,78,79

Ozin and co-workers reported the bifunctionalized periodic
mesoporous organosilicas having bridging ethenylene groups
in the walls and vinyl groups protruding into the channels.80

Later, a series of organic functionalities such as amine, thiol,
diamine, imidazole, pyridine, and phenyl were incorporated
into the channel of mesoporous silica with bridging ethylene
groups in the framework using cationic surfactants.81 Recently,
Voss et al. showed the synthesis and characterization of highly
amine functionalized mesoporous organosilicas by an ‘‘all-in-
one’’ approach using boron-containing silsesquioxane surfac-
tant precursors for the functionalization of the channel walls
with primary amine groups.82 Additionally, the hierarchically
ordered mesophases with crystal-like pore walls could also
be grafted with an interactive bridging organic spacer inside
the pore walls, and also offered an opportunity to modify the
organic functional groups via further chemical transformations
for versatile applications.83 Indeed, it was very interesting to
synthesize a sulfuric acid-functionalized mesoporous hybrid
having both hydrophobic and acidic functionalities because it
could facilitate the diffusion of reactants and products during
acid-functionalized catalytic reactions. In addition, by simply
varying the nature of the bridging organic group in the frame-

work, the surface properties can be modified and tuned for the
catalysis.84

In attempts to design a highly functionalized acid catalyst
by introducing the sulfonic acid groups (–SO3H) onto the
periodic crystal-like pore walls surface of phenylene-bridged
hybrids the two different routes were adopted. In the first
approach to develop the sulfuric acid-functionalized hybrids,52

the sulfonic groups were directly attached to the phenylene
groups in the wall of phenylene-bridged hybrid solids by sul-
fonation using a fuming sulfuric acid at �110 �C (Fig. 9). Un-
der any severe conditions adopted for the sulfonation process,
the mesoscopic ordered structure and atomic scale periodicity
in the wall were retained. The concentration of the sulfonic
acid group, determined by acid–base titration with a sodium
hydroxide solution, was 0.4meq./g; i.e, approximately 10%
of the phenylene groups in the walls were functionalized with
sulfonic acid groups and stable enough for high-temperature
applications (<500 �C). Whereas, in another approach, we de-
veloped the mesoporous sulfuric acid-functionalized phenyl-
ene–silica by co-condensation of 1,4-bis(triethoxysilyl)ben-
zene and 3-mercaptopropyltrimethoxysilane using a cationic
surfactant template in a basic medium followed by oxidative
transformation of thiol (–SH) to (–SO3H) groups using HNO3

(Fig. 10).83 The materials showed similar molecular scale pe-
riodicity (7.6 Å) to that previously observed for phenylene-
bridged mesoporous materials. Characterization results re-
vealed that the mercaptopropyl group (C3H6–SH) or its oxi-
dized derivatives (C3H6–SO3H) are linked to silicate layers
of the hybrid mesoporous solids. The degree of oxidation of
–SH to –SO3H was 41.7% and the sulfonic acid group concen-
tration was 0.70meq./g.

Further, the synthesis of sulfuric acid-functionalized biphen-
ylylene-bridged mesoporous materials with similar character-
istics is also interesting because it has an equimolar ratio of
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Fig. 9. (a) Post-synthesis treatment for the sulfonation of
phenylene groups in the pore walls of mesoporous phenyl-
ene–silica with sulfuric acid and (b) CG image of the pore
surface functionalized with sulfonic acid groups.
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phenylene to silica, which provides the possibility of enhanced
hydrophobicity in catalytic applications. The materials were
synthesized by co-condensation of the 4,40-bis(triethoxysilyl)-
biphenylylene precursor and 3-mercaptopropyltrimethoxy-
silane in a basic medium and a cationic surfactant, followed
by oxidation treatment as described for phenylene-bridged
functionalized materials. The presence of –SO3H groups were
confirmed by the acid–base titration method. The sulfonic acid
group concentration was quite higher (0.99meq./g) than those
obtained for phenylene-bridged mesoporous materials (0.70
meq./g).84 The method provides highly hydrophobic biphenyl-
ylene-bridged bifunctional hybrid mesoporous solids with sul-
fonic acid functionalities and crystalline pore walls, which
may be useful for potential applications.

Kamegawa et al. presented the preparation and characteriza-
tion of unique inorganic–organic hybrid mesoporous materials
incorporating arenetricarbonyl complexes [–C6H4M(CO)3–] of
Cr and Mo within the organosilica framework of phenylene-
bridged mesoporous hybrid materials by a simple chemical va-
por deposition (CVD) method.85 Such functionalized materials
could be useful in the effective catalysis of the hydrogenation
of polyunsaturates into cis-unsaturated products.

In a recent development, Nakajima et al. have showed the
first example of the synthesis of stable and catalytically active
sulfonic acid-functionalized hybrid mesoporous material.86

The ethenylene sites (–CH=CH–) on the surface of periodic
mesoporous materials were successfully coverted to phenylene
sulfonic acid groups (Ph–SO3H) by a two step chemical mod-
ification. The procedure involves the Diels–Alder reaction
with benzocyclobutene followed by sulfonation in concentrat-
ed H2SO4.

Morphological Controls in Periodic
Mesoporous Organosilicas

In addition to structural symmetry, the control of the particle
morphologies of the periodic mesoporous organosilicas has
also been attempted. Beginning from the cubic morphologies
of ethane-linked organosilicas, the influence of the synthetic
conditions on the morphology of ethylene-bridged periodic
mesoporous materials has been summarized.87–89 Several mor-
phologies such as rope-type aggregates, small rods, spiral, gy-
roid, spheres, etc., were observed. Lee et al. showed morphol-
ogy control in ethane-bridged periodic mesoporous silicas us-
ing Gemini surfactants.29 We were able to synthesize phenyl-
ene-bridged periodic mesoporous materials (pore diameters
�2:0 nm) with spherical morphology, having diameters be-
tween 0.6 and 1.0mm (average size 0.8mm) by applying very
mild basic conditions with the use of an ethanolic dilute
ammonia solution instead of an aqueous NaOH solution with
surfactants.90 The pore walls consist of rather poor molecular
scale periodicity, in contrast to conventionally produced phen-
ylene-bridged mesoporous organosilicas. While observing the
morphological details of the particles by SEM at various stages
of the condensation reaction, they have concluded that mild
acidity and very slow reaction rates were required, where the
fundamental aspects of the formation of monodispersed spher-
ical particles is the simultaneous generation, followed by prop-
agation and subsequent termination of each and every particle
under a constant rate of condensation. Also, Rebbin et al. have
presented the synthesis of spherical particles (0.4–0.5mm) of
ethane-bridged mesoporous organosilicas using a similar ap-
proach.91 Later, Kim et al. fabricated the spheres of ethane-
bridged mesoporous organosilica with diameters between 1.4
and 2.5mm, which are necessary for the minimum desired size
of HPLC applications.92 In a very recent report, Bao and Zhao
investigated the morphologies of large pore periodic mesopo-
rous ethane–silicas derived from a triblock copolymer (P123)
surfactant.93 Controlling the synthetic parameters such as
stirring, acidity, reaction time, reactants ratio, etc., they were
able to prepare different morphologies such as spindle-,
pearl-, diamonds-. rods-, plate-like particles, etc.

Functions of Periodic Mesoporous Organosilicas

Although the potential of hybrid mesoporous solids has
been widely recognized, progress on their practical use has
been very slow. Many of the mentioned applications require
materials with stereo-chemical configuration, specific binding
sites, charge density, and acidic behavior. Mesoporous hybrid
inorganic–organic composites structures are an emerging class
of new materials that also hold significant promise in catalysis.
Indeed the hydrophobicity of the framework plays an impor-
tant role in catalysis, especially in processes where water is
generated during the reaction. In fact, the periodic mesoporous
organosilicas have opened a wide range of new and exciting
opportunities for designing materials with controlled surface
properties at the molecular level. Likewise, in mesoporous
ethenylene–silica about 29% of the C=C double bonds were
found to be accessible to a bromination reaction, in other cases
in the presence of gaseous bromine. While upon treatment with
bromine in CH2Cl2 reflux only 10% of the C=C bonds were
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Fig. 10. (a) Direct synthesis of sulfonic acid-functionalized
phenylene–silica by co-condensation of 1,4-bis(triethoxy-
silyl)benzene and 3-mercaptopropyltrimethoxysilane and
the successive oxidation of thiol groups to sulfonic acid
groups and (b) CG image of the surface functionalized
with propyl sulfonic groups.
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brominated, the reminder was hydrogenated.20,21

In the series of recent reports, we showed the benefits of pe-
riodic pores structural surfaces wherein the ethylene linker was
involved for enhanced selectivity and activity in esterifica-
tion.94 The catalytic applications of sulfonic acid-functional-
ized mesoporous phenylene–silica with a crystal-like pore
walls structure have also been disclosed, wherein the catalytic
sites are dimensionally designed on the mesoporous hybrid sol-
ids surface along with the hydrophobic phenylene sites, which
provide a better catalytic environment. The materials were
found to be very reactive in the esterification of acetic acid with
ethanol and the catalytic results showed higher conversion
compared to commercially available Nafion-H.95 Materials pre-
pared by co-condensation of 1,4-bis(triethoxysilyl)benzene
and 3-mercaptopropyltrimethoxysilane precursors were com-
pared to the materials derived by post synthesis grafting of
the 3-mercaptopropyltrimethoxysilane precursor onto the peri-
odic mesoporous phenylene–silica, and an active role of crys-
tal-like pore walls in esterification was proposed. Logically,
the crystal-like lamellar pore wall structure of the mesoporous
phenylene–silica along with both easily accessible hydrophobic
and acidic species on the surface of the material are preferen-
tially participated in the reaction, and thus, result in the pre-
dominately higher yield of ethyl acetate. Similarly, in other re-
cent work they have evaluated the catalytic properties of the
oligomeric Brij-76 surfactant derived sulfonic acid-functional-
ized ethane- and phenylene-bridged mesoporous organosilicas
synthesized by co-condensation and the subsequent grafting
procedure in the condensation of phenol with acetone to form
Bisphenol A,96 wherein they have also presented the compara-
tive results of mesoporous phenylene–silica materials with or
without crystal-like pore walls structure. The higher catalytic
activity of mesoporous phenylene–silica materials functional-
ized via grafting was also explained due to the fact that sulfonic
acid sites on the surface or near the pore mouth are easily acces-
sible for the reactants in the catalytic reaction. Additionally, in
a very recent article, the structural relation properties of hydro-
thermally stable sulfonic acid functionalized ethane-bridged
mesoporous organosilicas derived from the triblock copolymer
Pluronic P123 surfactant template were presented, wherein
the positive influence of the ethane bridging group on the cata-
lytic behavior of the materials was described.97 In another re-
port, the hydrolysis of sugars on ethane- and phenylene-bridged
mesoporous hybrid materials were described.98 In addition,
Nakajima et al. showed the esterification and pinacol–pinaco-
lone rearrangement reactions using their recently developed hy-
brid mesoporous solid acid catalyst, wherein the surface ethen-
lyene sites on the surface were modified to phenylene sulfonic
acid via the Diels–Alder reaction.86

Further, the incorporation of the active metal species into
the channel wall of the periodic mesoporous organosilicas
was also described for useful modifications of their catalytic
properties. We also explored the catalytic properties of period-
ic mesoporous nanocomposite materials and presented the ad-
vantage of their use in a number of oxidation reactions.99–101

They synthesized a new class of titanium-containing hybrid
silsesquioxane mesophases with integral ethane organic func-
tionality from a single organosilane source, wherein the tita-
nium necessarily incorporates along with the ethylene constit-

uents into the framework (channel wall) as molecularly dis-
persed bridging ligands, while maintaining the structural integ-
rity and order of the mesoporous organosilica material intact.
Different possible routes for the synthesis were adopted to in-
corporate the titanium (with varied loadings) in the framework
of the ethane-bridged mesoporous organosilica. The materials
synthesized were highly hydrophobic and showed improved
catalytic hydrophobic surface properties in three different
probe reactions. As a first example, the epoxidation of the
bulky aromatic alkenes using dilute H2O2 as an oxidation
agent were described.99 Second, the hydrophobicity induced
vapor-phase oxidation of propene for improved of propene ox-
ide selectivity was demonstrated.100 And finally, the outstand-
ing catalytic activity in the ammoximation of ketones under
liquid-phase conditions using dilute aqueous hydrogen perox-
ide and ammonia was evaluated that had never been catalyzed
by either titanium silicates (TS-1) or Ti-MCM-41 materials.101

Further, Hughes et al. recently presented the synthesis of
ethane-bridged mesoporous silicas with incorporated alumi-
nium, which could offer new prospects for the application of
such hybrid silica in acid catalysis.102 However, Yang and
co-workers presented the synthesis of aluminium-containing
mesoporous phenylene–silicas with crystal-like pore walls
and demonstrated their application in the alkylation of 2,4-
di-t-butylphenol with cinnamyl alcohol.103

The functionalized periodic mesoporous organosilicas also
find uses as absorbents. Zhang et al. prepared a tetrasulfide-
bridging mesoporous silica, which showed a high affinity
for Hg2þ cations along with some affinity for other cations
such as Cd2þ, Zn2þ, Pb2þ, and Cu2þ,104 while Jaroniec and
Olkhovyk integrated the isocyanurate group to periodic meso-
porous organosilicas for a high affinity to Hg2þ (1.8 g Hg2þ/g
adsorbent).105

In addition, Fukuoka et al. disclosed a successful synthesis
of pure Pt and Rh or mixed (Pt/Rh, Pt/Pd) necklace-shaped
nanowires inside the ethane-bridged periodic mesoporous
organosilica and confirmed them by HRTEM and EDX re-
sults.106 It was concluded that the mixed metallic nanowires
consist of uniform Pt/Rh alloy phases and the monometallic
Pt and Rh are of mean lengths of about 120 and 48 nm, respec-
tively. They also presented the synthesis of Pt nano-wires and
their isolation by removing the mesoporous silica framework
with a dilute aqueous HF solution.107 In another development,
Fukuoka et al. showed the improved catalysis of PMO embed-
ded Pd nanowires for measuring the reaction rate of CO oxida-
tion in the presence of excess O2.

108

Further, the thin-film morphology of the periodic mesopo-
rous organosilicas is important for the patterned lithography,
sensors technology, and microelectronic applications. In an
attempt to generate low-k materials, Lu, Brinker, and co-work-
ers first demonstrated the applicability of the evaporation in-
duced self-assembly approach for PMO thin films.109 Later,
Dag et al. showed a significant modification to this approach
and fabricated thin-films with different structures and symme-
tries from several bis-silylated precursors.110 Ha and Park syn-
thesized high quality free standing and oriented ethylene-
bridged thin films with a uniform thickness between 180 and
800 nm.111 In a very recent report, Ozin and co-workers112

have demonstrated the preparation of periodic mesoporous thin
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films via a spin-coating method and studied their low-dielec-
tric constant properties, including some of the mechanical
and hydrophobic properties for microelectronic applications.

Hamoudi et al. synthesized an arene acid-functionalized
ethane-bridged periodic mesoporous organosilica (surface
area = 1040m2 g�1 and pore diameter = 4.5 nm), which
showed high acidity (Hþ ¼ 1:38mmol g�1) and reasonable
proton conductivity (1:6� 10�2 S cm�1) suitable for fuel cell
applications.113

Inagaki and co-workers114,115 have recently showed a syn-
thetic method of self-standing organosilica films that expands
the application window of such structures to new application
fields. The phenylene–silica–polyimide hybrid films showed
enough flexibility and high thermal stability, up to 450 �C.

In another recent development, hierarchical mesoporous
carbon/silica nanocomposites were derived from phenylene-
bridged organosilicas for hydrogen storage, catalysis, fuel
cells, and other applications.116

Summary

In this feature article, we have reviewed the latest develop-
ments in periodic mesoporous organosilicas with particular
focus on the discovery of mesoporous hybrid organosilicas
with molecular scale periodicity in the structure framework.
The periodic pore surface structure results from alternating
hydrophilic and hydrophobic layers, composed of silica and
organic moieties respectively. The alternately arranged organic
moieties and silica layer show fascinating catalytic applica-
tions by enhancing the physical properties of the guest mole-
cules and clusters.

The use of ally derivatives of the bis-silyl precursors is very
important because the costly alkoxy derivativer could limit the
commercial viability of the resultant periodic mesoporous
organosilicas. It is also noteworthy to point out the particular
relevance of the periodic mesoporous materials and that such
materials are certain to continue to find new uses in diverse
applications. Metal-periodic mesoporous organic frameworks
are the least studied and would likely offer an advantage in
catalysis, especially in chiral catalytic transformations, which
require mild temperatures.

Additionally, new types of organic molecules that can be
self-assembled and act as a structure director are certainly
needed for the fabrication of smart materials. Further, pure or-
ganic mesoporous polymers would be a promising develop-
ment in the preparation of self-healing materials for biomedi-
cal applications.

In summary, various challenges still remain; however, the
advancements in periodic mesoporous organosilicas have
showed promise and are expected to deliver exciting outcomes
and find great utility in diverse aspects of human activity.
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