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Self-assembly of bridged silsesquioxanes with a chemical structure of (RO);Si-R’-Si
(OR)3 represents an efficient approach to design and to fabricate functional organic/
inorganic nanocomposites. The desired functionalities are mainly incorporated into
the R' with R of a hydrolysable alkoxide group such as CH3; or CH3CH,. This feature
article discusses two typical assembly approaches: self-directed assembly aiming at
ordered solid materials and surfactant-directed assembly aiming at periodic
mesoporous organosilica, with emphasis on the bridged silsesquioxanes in which
conjugated functional organic groups are incorporated. The conjugated moieties are
shown to be critical to the resulting assembly structure, morphology, and property.
Self-assembly of three bridged silsesquioxanes based on polydiacetylene, perylene,
and porphyrin has been detailed, respectively.
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1 Introduction

Organic/inorganic nanocomposites have continuously
attracted increasing attentions in recent years due to their
combined properties from both inorganic (e.g., rigidity, high
surface area, thermal and mechanical stability) and organic
components (e.g., optical, electrical, and magnetic function-
ality, porosity, and hydrophobicity) [1-5]. Particularly, these
nanomaterials may also demonstrate some interesting and
synergic properties from organic and inorganic parts [6-9]. A
wide variety of structural, optical, magnetic, and electrical
materials and many other advanced applications are possible
as a result of the above unique and often superior properties
[9-15]. In the case of optical nanocomposites, for instance,
optical efficiency, mechanical strength, and sensing function-
ality [16] have been improved with maintained optical
transparency [17]. For another instance in nature, nacre has
been well known to be composed of organic and inorganic
phases assembled together to form lamellar structures with
much improved mechanical properties [18].

The used inorganic building blocks are mainly composed of
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carbon nanotubes, layered silicates, metal oxides, metal
nanoparticles, or semiconductors, among which SiO, might
have been most widely explored due to a broad spectrum of
applications [19-21]. Three main synthetic approaches,
blending, sol-gel processes, and in situ polymerization, have
been extensively investigated. For the above methods, sol-gel
processing is particularly useful to synthesize organic/
inorganic materials in various forms. For instance, a xerogel
(dry gel) will be formed after the drying of a gel in air, while
an aerogel with porous structure may be produced if the
solvent is removed by supercritical extraction. In this aspect,
self-assembly of bridged silsesquioxanes (molecular structure
of (RO)3-Si-R'-Si-(RO)3) represents a typical and efficient
approach to design and fabricate silica-based hybrid materials
based on a sol-gel process [20]. This methodology provides
several advantages: (1) alkoxysilane substituents at each end
of the bridged silsesquioxane improve the solubility of
organic moieties, enabling their use in the solution-based
processing; (2) collective molecular interactions from hydro-
lyzed silanols and the bridging groups provide driving force
for the assembly of complicated structures. Morphologies
such as thin films, particulate materials, and patterns printed
on solid substrates by employing pen lithography and ink-jet
printing have been previously reported; (3) A wide variety of
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Table 1 Available R' groups in bridged silsesquioxanes with chemical structure of (RO);Si-R'-Si(OR);. The left numbers correspond to the related
reference numbers.
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organic functionalities can be incorporated into the silica
network, including phenyl, octyl, aminoalkyl, cyanoalkyl,
thioloalkyl and vinyl groups (summarized in Table 1); (4) The
inorganic silica framework improves the thermal stability of
organic moieties and provides greater control over the
alignment and electronic properties of organic chains.

There are mainly two approaches for self-assembly of
bridged silsesquioxanes. Self-directed assembly exploits non-
covalent interactions to form generally mesoscopically
ordered lamellar solid materials. Figure 1 summarizes the
typical structure of organic/inorganic nanocomposites by

(EtO);Si— —Si(OEt),

self-directed assembly of bridged silsesquioxane. The hybrid
materials are normally prepared by spin coating (films) or
using a precipitation process (powders). Another approach is
surfactant-directed assembly, which allows the formation of
periodic mesoporous organosilica after removal of surfactant
molecules [22]. The structures of the above mesoporous
materials can be tuned to be lamellar, hexagonal, or cubic by
varying the experimental conditions [23-27].

A wide variety of organic/inorganic nanocomposites have
been fabricated by self-assembly of bridged silsesquioxanes
in the past two decades. Table 1 has shown chemical
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Figure 1 Formation of lamellar mesostructure by self-directed assembly of bridged silsesquioxane.
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structures of some bridged silsesquioxanes [5,10-15,27—45].
However, the embedded organic components are mainly
limited to passive functional groups, such as methylene,
ethane, ethylene, dodecane, and benzene. Therefore, increas-
ing attentions have been recently attracted to the incorporation
of really functional organic groups, e.g., conjugated polymers,
oligomers, or monomers. Here we mainly discuss three
families of conjugated bridged silsesquioxanes derived from
polydiacetylene, perylene, and porphyrin. The assembled
nanomaterials have been explored as sensing and optoelec-
tronic materials.

2 Chromatic polydiacetylene/silica synthesized
from diacetylene-bridged silsesquioxanes

Polydiacetylene (PDA) has been extensively investigated as
sensing materials due to the unique chromatic transition,
typically from blue to red in response to environmental stimuli
[46]. Various PDA materials such as vesicles, films, and
nanocomposites have been fabricated, and their chromatic
responses to a broad spectrum of external stimuli (tempera-
ture, pH, ion, solvent, stress, and ligand interactions) have
been reported. A big challenge for PDA materials lies that the
above chromatic responses mainly proceed in an irreversible
way, which largely limits their practical applications as
colorimetric sensors [47]. Several research groups have
recently synthesized reversibly thermochromatic PDA vesi-
cles and Langmuir-Schaefer films through strong hydrogen-
bonding networks among PDA chains [48]. However, it
remains challenging in the synthesis of robust PDA thin films
with ready processing and good chromatic reversibility. A
possible solution is to incorporate PDA into a robust silica
network. The mechanically and thermally stable silica may
provide the PDA with reversible thermochromatism at high
temperatures. In this aspect, self-assembly of bridged
silsesquioxane shed light on the efficient fabrication of
high-quality PDA/silica composites.

A series of diacetylene-bridged silsesquioxanes have been
used to synthesize the above composite materials [31]. In a
typical synthesis, diacetylene-bridged silsesquioxanes were
first dissolved in acidic solutions which were then coated on
glass slides by spin-coating or dip-coating at room tempera-
ture; the resulting transparent colorless thin films were
converted into blue PDA/silica films under UV irradiation.
Figure 2 shows a typical transmission electron microscopy
(TEM) image with lamellar mesostructure. The nanocom-
posite was synthesized from (C,Hs50);Si(CH,);NHCO
(CH,)sC=CC=C(CH,)sCONH(CH,);Si(OC;,Hs);, and the
inter-lamellar distance corresponds to the length of the
building molecule. The nanocomposite showed a reversible

Figure 2 Transmission electron microscopy (TEM) image of
polydiacetylene (PDA)/silica nanocomposites derived from self-
directed assembly of (C,Hs0);Si(CH,);NHCO(CH,)sC=CC=C
(CH,)gCONH(CH,)3Si(OC,Hs5); in acidic THF solution. Repro-
duced with permission from Ref. [31]. Copyright 2005, American
Chemical Society.

thermochromatism at high temperature, e.g., 113°C.
Figures 3(a), 3(b), and 3(c) demonstrate the reversible
chromatism with different color phases when heated at 90°
C, and the color changes could be directly observed by the
naked eyes. To quantitatively characterize the chromatic
transition, the thermochromatism had been traced by UV-Vis
spectrometer, which further confirmed the complete reversi-
bility of chromatism in these nanocomposites.

Mesoporous PDA/silica nanocomposites had been also
easily realized by co-assembly of above diacetylene-brdiged
silsesquioxane and surfactants, e.g., cetyltrimethylammonium
bromide (Figure 4(a)) [49]. The X-ray diffraction pattern in
Figure 4(b) indicated a 2D hexagonally mesoporous structure
in the nanocomposite. The TEM image in Figure 4(c) further
confirmed the hexagonal mesostructure with a lattice constant
of 5.7 nm. Similar to dense PDA/silica nanocomposites, the
mesoporous PDA also reversibly responds to the thermal
stimuli. Figure 5(a) showed a rapid and reversible thermo-
chromatism at a high temperature of 103°C, and the above
process could be performed for many cycles (Figure 5(b)). In
Figure 5(b), the high colorimetric response values at high
temperature and the near-zero values at room temperature
indicated a complete blue-red-blue reversibility with practical
applications as sensing materials. For both dense and
mesoporous PDA materials, the reversible thermochroma-
tisms at high temperatures were derived from excellent
thermal stability provided by the robust silica framework.
Figure 5(c) had compared the thermal stability of a pure PDA
and a derived PDA/silica nanocomposite. The decomposition
temperature of the PDA/silica had been improved ~250°C
compared to the pure PDA. It should be noted that, due to the
unique porous channel, the mesoporous PDA responded to
chemicals much faster than the dense PDA (Figure 5(d)).
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Figure 3 Thermochromatic properties of PDA/silica nanocomposites derived from (C,HsO)3;Si(CH;);NHCO(CH,)sCCCC
(CH,)sCONH(CH,)3Si(OC,Hs)3. (a) to (c) Schematic and photographs of PDA/silica films with different colors during the
thermochromatic process. (d) UV-Vis spectra of the nanocomposite films subjected to a thermal cycle showing tunable chromatic
reversibility. The solid blue line, solid red line and dashed line represent nanocomposites before thermal treatment, after heated at 90°C,
and after cooled to room temperature, respectively. Reproduced with permission from Ref. [31]. Copyright 2005, American Chemical
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Figure 4 Mesoporous PDA/silica materials by co-assembling bridged silsesquioxane (structure of (C,Hs0);Si(CH,);NHCO
(CH,)sCCCC(CH;)sCONH(CH,)3Si(OC,Hs)3) and surfactant (CTAB) followed by removal of CTAB. (a) Schematic illustration of
the formation of chromatically mesoporous composites. (b) X-ray diffraction (XRD) pattern. (c) TEM image. Reproduced with permission
from Ref. [49]. Copyright 2006, American Chemical Society.
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Figure 5 Chromatic properties of mesoporous PDA nanocomposites. (a) Photographs of rapid thermochromatic reversibility. (b)
Chromatic response (CR) values at 25°C and 103°C for a series of thermal cycles. (c) DSC and TGA analysis. TGA of the corresponding
polydiacetylenic acid is also shown. (d) CR values before and after removal of surfactant when exposed to a mixture of HCI and methanol.
Reproduced with permission from Ref. [49]. Copyright 2006, American Chemical Society.

3 Self-assembly of perylenetetracarboxylic
diimide bridged silsesquioxane

Perylene family has been most extensively studied as
optoelectronic materials with promising applications in
organic photovoltaic solar cells and sensing devices [50,51].
Due to the interesting molecule structure of conjugated
macrocycle, perylene derivatives have been shown to have
unique assembly behaviors [52]. For instance, Wahab [53]
synthesized well-organized mesoporous organosilica films by
co-assembly of 1,2-bis(triethoxysilyl)ethane and perylene-
bridged silsesquioxane. The perylene-bridged silsesquioxane
is located in the pore channel. Amphiphilic perylene bisimides
had been shown to assemble into a wide variety of aggregates
with tunable morphologies such as spheres, vesicles, and rods
[54]. The above morphologies are dependent on the chemical
structure of the building perylene derivatives, particularly the
composition of side chains. Recently, we found that the
hierarchical assembly of perylenetetracarboxylic diimide
bridged silsesquioxane (PDBS) could also produce aggregates
with tunable morphologies (tubes, fibers, or spheres) and sizes
(micro-scale or macroscopic) (Figure 6) [55] by varying
experimental conditions.

PDBS concentrations and evaporation speeds of solvents
were concluded to play a key role in determining the assembly

morphologies. High concentrations favored the formation of
tubes or fibers, while low concentrations produced spheres.
Micro-sized tubes or spheres were observed at high evapora-
tion speeds, while macroscopic fibers were found with very
slow evaporation of solvents. Interestingly, the macroscopic
fibers were composed of micro-sized tubes. It seemed that the
tubes further assembled into bigger fibers. As shown in Figure
6(g), the assembled aggregates had an ordered lamellar
structure with an inter-lamellar distance equal to the length of
the building bridged silsesquioxane.

A possible assembly mechanism had been summarized in
Figure 7. It may take three steps during the formation of
aggregates in Figure 6. (1) The building molecules stacked
into small clusters due to strong n—m interactions and
solvophobic interactions among perylenediimide moieties.
(2) Small clusters further organized into nanoscale building
blocks with various shapes and sizes, depending on the
experimental conditions. (3) Nanoscale building blocks
finally assembled to form micro-sized aggregates. The second
and third steps are more critical during the assembly in this
system, and they are closely related to the experimental
conditions, such as PDBS concentrations and evaporation
speeds. However, it remains challenging how micro-sized
tubes assemble into macroscopic fibers.

A similar study on self-assembly of PDBS had been made
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20 nm

Figure 6 Fluorescent micrographs and TEM image of PDBS assemblies. (a) Evaporation of PDBS THF/petroleum ether (v/v of 1/5 and
concentration of 8.3 mg-mLfl) solution on glass at room temperature. (b) Coating PDBS THF/petroleum ether (v/v of 1/5 and
concentration of 8.3 mg-mL ") solution on the hot glass with a temperature of ~65°C. (c) Coating PDBS THF/petroleum ether (v/v of 1/5
and concentration of 8.3 mg-mLfl) solution on the hot glass with a temperature of 90°C. (d) Evaporation of PDBS THF/petroleum ether
solution (v/v of 1/5 and concentration 2.7-3.3 mg- mL ") at room temperature. (¢) Evaporation of PDBS THF/ H,O solution (v/v of 1/5 and
concentration 2.7-3.3 mg-mL ") at room temperature. (f) Very slow evaporation (air drying of two weeks) of PDBS THF/petroleum ether
(v/v of 1/5 and concentration of 8.3 mg~mL71) solution. (g) TEM image of a tube at (a). Reproduced with permission from Ref. [55].

Copyright 2008, Wiley VCH.

by Luo et al. with the solvent of petroleum ether replaced by
acetone [56]. Acetone is relatively a good solvent for
perylenediimide parts compared to petroleum ether. Only
tubes with lamellar mesostructure were observed. This is
possibly because the solvent may largely affect the stacking of
PDBS molecules during the assembly process.

4 Self-assembly of porphyrins-bridged
silsesquioxane

Porphyrin derivatives have been systematically investigated
for years as they show many excellent properties such as high
chemical and thermal stabilities and great optoelectronic
performances. Similar to perylene materials, due to the large
and flat conjugated tetrapyrrole macrocycle, porphyrin-based
assembly attracts increasing attentions in the field of
chemistry and materials. A lot of assembly systems have

been covered in the literature, in which porphyrins have been
well known to form aggregates in forms of nanostructures
including fibers, tubes [57], and sheets. Here we are interested
in the assembly of porphyrin-bridged silsesquioxane to form
useful uniform thin films. It was expected that the introduction
of porphyrin moieties into the highly ordered silica network
might provide the conjugated components with much
improved optoelectronic and mechanical properties.

We have synthesized porphyrin-bridged silsesquioxane
(PBS) with the chemical structure shown in Table 1 and
further schematically illustrated in Figure 8 [43]. Unexpect-
edly, PBS molecules form thin films with highly ordered
mesoporous structure after evaporation of acidic solution in
THF (Figure 9(a)). The N, adsorption isotherms confirm the
porous mesostructure with an average diameter of ~1.7 nm
calculated through the BJH model. Normally, mesoporporous
silica can be produced through co-assembly of silsesquioxane
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Figure 7 Schematic illustrations for (a) the proposed stacking of PDBS building molecules, (b) the formation of small cluster, (c) the
assembly of clusters into tube, and (d) the formation of hollow spheres. Reproduced with permission from Ref. [55]. Copyright 2008,

Wiley VCH.

self-assembly

Figure 8 Schematic illustration of the formation of mesoporous structure by a square arrangement of PBS building molecules.
Reproduced with permission from Ref. [43]. Copyright 2008, Wiley VCH.

and surfactant, followed by removal of the surfactant.
Therefore, this approach may represent the first example for
the synthesis of mesoporous materials by a directed assembly
of organosilane without using any surfactant. It is easy and
highly efficient with a neat one-step process, compared to the
lengthy operation in a co-assembly approach. It may also
provide an efficient synthetic paradigm to a family of
functional porphyrin materials.

Further studies on the mesopores by atomic force
microscopy showed that these uniform pores are square
(Figure 9(b)). This square morphology may provide them
with potential applications as separation media that combine
both shape selectivity and enantioselectivity [58]. A side
view of the above nanocomposite by TEM in Figure 9(c)
further confirmed the ordered lamellar structure with an

interlamellar distance of ~2.1 nm. As designed, the formation
of highly ordered nanocomposites had greatly improved the
optoelectronic performance of porphyrin moieties. The UV-
Vis spectrometer showed that the absorption peaks for
porphyrin rings shifted to the longer wavelengths. The red-
shifted phenomenon indicated that porphyrin components
have been more efficiently stacked with better energy
transport in nanocomposites.

5 Conclusion

In this article, we have mainly covered the latest development
in self-assembly of bridged silsesquioxanes, particularly those
incorporated with conjugated organic functionalities. Three
novel bridged silsesquioxanes based on polydiacetylene,
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Figure 9 Flake-like and transparent porphyrin/silica nanocomposite films with a highly ordered mesostructure. (a) Optical microscopy
image. (b) Atomic Force Microscopy (AFM) on side view of the squarely mesoporous structure of porphyrin/ silica nanocomposites. (c)
TEM image of the nanocomposites. Reproduced with permission from Ref. [43]. Copyright 2008, Wiley VCH.

perylene, and porphyrin have been detailed, respectively. The
conjugated organic groups are shown to be critical to the
assembly structures, morphologies, and properties. Due to the
formation of the robust silica framework, the resulting
nanocomposites demonstrated excellent sensing, optoelectro-
nic, and thermal properties.
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