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Nanolayered Carbon/Silica Superstructures via Organosilane

Assembly

By Huisheng Peng,* Yuntian Zhu, Dean E. Peterson, and Yunfeng Lu*

Carbon and silica play an important role in materials science
due to their importance in both practical applications and
academic research.'! To synergistically utilize their interesting
properties, attention has been increasingly paid to synthesizing
carbon/silica hybrid nanocomposites with new interesting func-
tionalities.’! Various approaches have been extensively ex-
plored to achieve this goal. Among them, the most studied
two methods are the incorporation of carbon with silica colloids
or silica opals®®! and introduction of carbon into mesoporous
silica.ll Figure 1a shows the first synthetic approach using silica
nanoparticles in two steps, i.e., mixture of silica nanoparticles
and carbon precursors followed by carbonization of the intro-
duced precursor at high temperatures. For this synthesis, the
process is easy to operate and control, and the efficiency is
typically high. However, the composites are not uniform; car-
bonization mainly produces amorphous carbon; both silica and
carbon are not highly ordered; and it is difficult to tune the
composite morphologies (normally films or powders, depend-
ing on the synthetic process). The second approach requires
more complex operations (Fig. 1b): 1) formation of silica/
surfactant nanocomposite materials by co-assembly of silicates
and surfactants; 2) removal of surfactants by extraction or
calcination; 3) incorporation of carbon precursors into the
pores of the mesoporous silica materials; 4) carbonization of
the carbon precursors at high temperatures. A main advantage
using mesoporous silica is to synthesize carbon/silica composite
materials with tunable mesostructures (lamellar, hexagonal, or
cubic, depending on the used surfactants) and uniform compo-
sitions in the nano-scale. The limitations for the second fabri-
cation include tedious procedures, production of amorphous
carbon materials after carbonization, and uncontrolled
morphologies of composite materials.
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To summarize, the synthesized materials from above ap-
proaches show two common disadvantages. First, the carbon/
silica composites are not conducting due to the formation of
amorphous carbon, and they do not demonstrate good func-
tionalities for potential applications in themselves. Therefore,
the main focus is to remove silica using HF to produce porous
carbon, which may be applied in water and air purification,
separation, catalysis, and energy storage.[! Second, films or
powders are mainly produced by these two fabrications, de-
pending on the synthetic process. It’s difficult to synthesize
silica/carbon composites with other tunable morphologies.
Although templates, such as porous alumina films,””) may be
used to control their morphologies in some cases, the complex
process severely decreases their efficiencies. Here we report the
first example of synthesizing carbon/silica superstructures with
controllable morphologies (tubes, fibers, or spheres) and sizes
(from micro-scale to macroscopic) through a simpler process,
i.e., self-directed assembly of an engineered bridged silses-
quioxane, followed by carbonization of the building molecules.
This novel synthesis requires only two steps with easy operation
and high efficiency, without the use of any templates. Due to the
sp>-bonded carbon atoms in the hybrid structure, the derived
carbony/silica superstructures demonstrated interesting electri-
cal conductivity which exponentially increases with tempera-
ture. The tunable morphology and size as well as excellent
electrical property make these superstructures very promising
for many potential applications such as optoelectronic and
sensing devices.

Self-assembly of bridged silsesquioxanes via sol-gel process
has been extensively investigated to design and fabricate func-
tional materials because of its simplicity.®! A typical molecular
structure for bridged silsesquioxanes is (RO);-Si-R'-Si-
(RO)3, where OR is a hydrolysable alkoxide group such as
CH;30- and CH3CH,0-, and R’ is a non-hydrolysable func-
tional group such as phenyl, octyl, aminoalkyl, cyanoalkyl,
thioloalkyl, epoxyl, vinyl, and conjugated diacetylenic
groups.>* 11 By tuning noncovalent interactions among
these building molecules, such as n—n interactions among the
conjugated bridging organic R’ moieties, it is possible to
precisely control the final assembled structure.®®! One impor-
tant type of R’ moieties are perylene derivatives. These deri-
vatives have been widely studied not only because of their
unique combination of optical, redox, and stability proper-
ties,["! but also because of their interesting molecular struc-
tures, which may be engineered to assemble into desirable
materials.[']
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Figure 1. Schematicillustration of two main synthetic approaches to carbon/silica composite materials. a) Using silica colloids. b) Co-assembly of silicates
and surfactants, followed by removal of surfactants, incorporation of carbon sources, and carbonization of designed carbon precursors, respectively. The
carbon source can be small organic chemicals, polymers, or even polymeric micelles [5,6].

In this work, we introduced conjugated and disk-shaped
perylene moieties into the R’ position to synthesize carbon/
silica composite materials. As shown later, perylenediimide-
bridged silsesquioxane (PDBS) building molecules demon-
strated an interesting assembly behavior in THF/petroleum
ether solutions. Specifically, they self-assembled into aggre-
gates with tunable morphologies (tubes, fibers, or spheres) and
sizes (micro-scale or macroscopic), depending on the experi-
mental conditions. Similar to other organosilane assembly
systems, the derived perylene/silica aggregates show a highly
ordered lamellar mesostructure. Because of the multi-benzene
structure of perylene moieties and mechanical stability of
organosilane materials, PDBS assemblies can be easily carbon-
ized to generate carbon/silica tubes, fibers, and spheres, pro-
viding a novel template approach to synthesize superstructured
hybrid materials.

Scheme 1 shows the structure of PDBS building molecules,
which are very stable in open air. PDBS was readily synthesized
in one step from two commercially available precursors,
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Scheme 1. Chemical structure of the building PDBS molecule.

www.advmat.de

© 2008 WILEY-VCH Verlag GmbH & Co. KGaA,Weinheim

(3-aminopropyl)triethoxysilane and 3,4,9,10-perylenetetraca-
boxylic dianhydride. More experimental details are described
elsewhere.™ To form the building assemblies, PDBS mole-
cules were first dissolved in tetrahydrofuran (THF)/petroleum
ether solutions, followed by evaporation of solvents.

Two main factors that determine the assembly morphologies
and sizes are the solution drying rate and PDBS concentration.
The influence of solvent evaporation rate was quantitatively
studied under an optical microscope, and was found to be more
influential than the PDBS concentration. Tubes with uniform
inner and outer diameters in the range of 3.7-7 um and 5-10 pum,
respectively, and length up to 1 mm were prepared by casting a
PDBS THF/petroleum ether solution on glass substrates at
room temperature, followed by air drying for ca. 5 min
(Fig. 2a). The solution was prepared by mixing 1 unit of
PDBS/THF and 5 unit of petroleum ether by volume, which
yields a PDBS concentration of 8.3 mg mL ™. Casting the same
PDBS solution on glass substrates at higher temperatures of
65°C and 90 °C and drying subsequently in ca. 10 and ca. 5 s,
respectively, produced solid fibers with smaller diameters and
lengths (Fig. 2b). As a comparison, if the solvent in the cast was
evaporated over two weeks at room temperature, super-large
fibers (Fig. 2c) with a diameter of 0.4 mm and length up to 1 cm
were produced. Interestingly, these macroscopic fibers are
composed of small tubes with sizes similar to those tubes shown
in Figure 2a, suggesting two different levels of self-assembly.

Adv. Mater. 2008, 20, 1199-1204
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Figure 2. PDBS assemblies with tunable morphologies and sizes. a) Optical micrograph of tubes prepared by casting PDBS THF /petroleum ether solution
(PDBS concentration = 8.3 mg mL ™) on a glass substrate at room temperature. b) Optical micrograph of fibers prepared by casting PDBS THF /petroleum
ether solution (PDBS concentration = 8.3 mg mL™") on a hot glass substrate with a temperature of ~65 °C. c) Optical micrograph of macroscopic fibers
composed of a tubular structure produced by very slow evaporation (for ~ two weeks) of PDBS THF/petroleum ether solution (PDBS concentration = 8.3 mg
mL""). d) Optical micrograph of hollow spheres after evaporation of PDBS THF /petroleum ether solution (PDBS concentration =2.7-3.3 mg mL ™) at
room temperature. e) Typical transmission electron microscope image of tubular aggregates. f) Typical X-ray diffraction pattern of tubular aggregates with a

d-spacing of 2.7 nm.

The initial PDBS concentration also plays an important role
in morphology. Casting a solution with a lower PDBS concen-
tration (3.3 mg mL™!) on glass substrate at room temperature,
for instance, produced hollow spheres after drying in ca. 5 min.
Figure 2d shows a typical optical micrograph of hollow spheres
with an average diameter of 10.9 um and a polydispersity of 0.1,
estimated from one hundred cases. For all of above aggregates,
both transmission electron microscopy (TEM) and X-ray pow-
der diffraction (XRD) (Fig. 2e and f) indicate a highly ordered
lamellar structure with a d-spacing of 2.7 nm.

Figure3. Schematicillustration of the lamellar structure of PDBS aggregates with various morphologies. The self-assembly steps include: 1) the formation of

Mﬂ

Based on molecular simulations,** we propose the following

mechanism for the self-assembly of PDBS molecules (Fig. 3).
At very dilute solutions, PDBS building blocks are molecularly
distributed. With the evaporation of solvents, PDBS molecules
first stack together to form small clusters. Further evaporation
promotes progressive growth and aggregation of small clusters
into assemblies with a highly ordered lamellar structure. The
subsequent organization of clusters depends on the drying rate
of solvent and initial PDBS concentration, which results in
micro- or macro-assemblies with controlled morphologies. The
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nanoscale PDBS clusters through n—r interactions among neighboring perylene moieties, 2) the growth and aggregation of the clusters to form tubular or

spherical assemblies with a highly ordered lamellar structure.
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Figure 4. Optical micrographs of carbon/silica tubes (a), fibers (b), tubular fibers (c), and spheres (d).

hierarchical self-assembling process makes it possible to control
the structure and composition of the final assemblies in the
present system.

The building molecules with conjugated aromatic structures
can be easily carbonized at high temperatures,'>! which pro-
vides for a practical method to produce carbon materials at
large scale. Therefore, for bridged silsesquioxane systems, we
hypothesize that hydrolysis and condensation reactions of
the alkoxysilane substituents can create an inorganic silica
framework that is covalently bonded with organic moieties,
resulting in nanocomposites with greatly enhanced properties,
e.g., mechanical stability. Therefore, tubular, fibril and spheri-
cal structures may be maintained after carbonizing PDBS
assemblies.'® This hypothesis has been verified in our
experiments.

Figure 4 shows that perfect tubes, fibers and spheres were
maintained after carbonization at 950°C. In addition, the
resultant carbon/silica tubes/fibers/spheres were also found to
retain the layer-by-layer structure originated from PDBS build-
ing assemblies. Low angle XRD patterns confirmed their
lamellar superstructure with a d-spacing of about 1.8 nm
(Fig. 5a), smaller than that before carbonization. The d-spacing
for the interlayer distance of carbon layers is ~4 A. The
successful carbonization is further characterized by '*C NMR
(Fig. 5b). The typical spectrum with a main peak at 118.5 ppm
indicates that the carbon atoms are bonded in the form of sp?.
The *°Si NMR spectrum (Fig. 5¢) was used to investigate the
state of Si atoms in the hybrid materials. A sharp peak at
—108.5 ppm is ascribed to the Q* units [Si(OSi)4]. The presence
of Q* signals in the bulk state verified the formation of (SiO,),
within the carbon matrix. Therefore, a carbon/silica superstruc-

www.advmat.de

© 2008 WILEY-VCH Verlag GmbH & Co. KGaA,Weinheim

ture was formed after the carbonization, and this superstructure
acted as the basic unit building block to form various structural
morphologies, including tubes, fibers and spheres.

The derived materials with the carbon/silica superstructure
showed an excellent and tunable electronic property. We first
compared the electrical conductivity of micrometer-sized tubes
before and after carbonization at room temperature. Before
carbonization, the conductivity of the tubes was less than
107° S cm™'; after carbonization, the electrical conductivity
increased dramatically to 1-40 S cm ™. The improved electrical
property of carbon/silica tubes was further characterized by
testing their temperature dependence of conductivity using
four-point contact method. Interestingly, the conductivity
of the carbon/silica tubes increased exponentially with tem-
peratures, following a relationship described by o =6.88x
1074 773840 (Fig. 5d). This temperature dependence of con-
ductivity indicates a semiconducting behavior for the carbon/
silica tubes.!"”) It should be noted that the conductivity of these
carbon/silica tubes increased by 40 times from 70 K to 433 K. As
a comparison, the electric conductivity of multi-walled carbon
nanotube sheets along the tube direction have a much smaller
temperature dependence, which increased by only 50 % from
50 K to 400 K.'® The huge dependence of conductivity on
temperature may make the new carbon/silica superstructure
promising for a wide variety of applications, such as optoelec-
tronic and sensing devices.!'”! Note that it is difficult to test the
temperature dependence of conductivity for the tubes before
carbonization.

In summary, this work demonstrated the first example to
fabricate carbon/silica hybrid aggregates with a superstructure.
The technique used in this study is self-assembly of perylene-

Adv. Mater. 2008, 20, 1199-1204
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Figure 5. Structure and property characterizations of the derived carbon/silica tubes after carbonization at 950°C. a) XRD; b) *C NMR; c) *Si NMR;
d) electrical conductivity of a typical carbon/silica composite tube under different temperatures.

diimide-bridged silsesquioxane (PDBS) via an easy sol-gel
process followed by carbonization at an elevated temperature.
Aggregates with various morphologies, including tubes, fibers,
and spheres, and sizes from micrometer to millimeter scale can
be easily produced by varying the PDBS concentrations and
drying speed. The electric conductivity of the carbon/silica
aggregates demonstrated an exponential dependence on tem-
perature. To the best of our knowledge, this phenomenon hasn’t
been observed in other carbon/silica hybrid systems. The novel
behavior of such kind of carbon/silica aggregates and the
simplicity of their synthesis make them promising in many
device applications.

Experimental

To synthesize PDBS assemblies, a designed volume of petroleum ether
(boiling point 60-80°C) was added to a pre-prepared PDBS/THF
solution at room temperature. The volume ratio of THF to petroleum
ether was maintained at 1:5. The mixtures were then coated on glass
substrates with temperatures ranging from 25 to 90°C. Subsequent
solvent evaporation at controlled rates resulted in the formation of
assemblies with tubular, fibril, or spherical morphologies. Further
hydrolysis and condensation of the triethoxysilane moieties within the
resultant assemblies were conducted by exposing them to an acidic
solution (pH=1). The morphology study was conducted by fluores-
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cence and visible microscopy (on an Olympus IMT-2 inverted micro-
scope connected to a high-resolution monitor (SONY) and an S-VHS
VCR through an Optronics CCD camera). The observations by fluo-
rescence microscopy were conducted at Zey =490 nm. The nanocom-
posites were further characterized using transmission electron
microscope (JEOL 2010 microscope operated at 120 kV) and powder
X-ray diffraction (XRD) patterns (Siemens D500 diffractometer oper-
ating at 40kV, 30 mA, Cu K radiation, 2 =0.15406 nm). The electrical
conductivity of micrometer-sized tubes was recorded over a frequency
range of 10 to 1x10” Hz using a Solartron® 1260 gain phase analyzer.
For this test, the temperature increases at a uniform rate of ca.
1.5°C min~! between two points. And at each temperature point, it
was held for ca. 90 s to make sure that the superstructure temperature
was stable.
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