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Abstract: The single-step preparation of highly ordered
mesoporous silica hybrid nanocomposites with conjugated
polymers was explored using a novel cationic 3,4-propylene-
dioxythiophene (ProDOT) surfactant (PrS). The method does
not require high-temperature calcination or a washing proce-
dure. The combination of self-assembly of the silica surfactant
and in situ polymerization of the ProDOT tail is responsible
for creation of the mesoporosity with ultralarge pores, large
pore volume, and electroactivity. As this novel material exhibits
excellent textural parameters together with electrical conduc-
tivity, we believe that this could find potential applications in
various fields. This novel concept of creating mesoporosity
without a calcination process is a significant breakthrough in
the field of mesoporous materials and the method can be
further generalized as a rational preparation of various
mesoporous hybrid materials having different structures and
pore diameters.

M esoporous materials (MMs) have attracted much atten-
tion because of their applications in the fields of adsorbent,
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catalysis, fuel cells, and nanostructured templates.! In the
synthetic process for mesoporous silica, surfactants play
a critical role in controlling morphology, pore size, surface
area, and dimensions.””! Various types of surfactants, including
cationic, anionic, non-ionic, and lizard, have been used to
create MMs having a well-controlled pore structure (hexag-
onal, cubic, etc.) with high specific surface area and pore
volume.’! Researchers also tried to provide fluorescent
conjugated polymer (CP)-silica MMs."! Unfortunately, the
pores of the materials are not accessible and mostly filled by
surfactants with CPs. As these organic surfactants are used as
pore-forming agents, these molecules should be removed
either by calcination or washing with an HCl/ethanol mixture
to obtain the porous structure. This step is one of the major
disadvantages of the hydrothermal sol-gel technique because
removal of the surfactant molecules at the final stage of the
fabrication of MMs presents a major hurdle for the commer-
cialization of these exciting materials. Thus it is critical to find
an easy method for the preparation of functional MMs
without any calcination treatment.

Herein we demonstrate for the first time, the single-step
preparation of highly ordered and electrically conductive
polymer-silica hybrid MMs (PSM-1) by using insitu poly-
merization and the novel cationic surfactant PrS (Figure 1).
We introduced a polymerizable 3,4-propylenedioxythiophene
(ProDOT) group to PrS to create conductive network within
PSM-1 (Figure 1; see Section S1 in the Supporting Informa-
tion). The new PrS, having a bulky hydrophobic end group,
provides not only larger volume but also supports the
enlargement of the pore size of the MMs. As prepared,
PSM-1 is highly ordered with porous hexagonal structures
and, most importantly, the textural parameters such as pore
volume and diameter are similar to the well-known silica
MMs, such as SBA-15, KIT-6, and KIT-5, which are prepared
at 100°C. In addition, the wall structure of PSM-1 contains
aromatic CP units which are electrically active and offer
conductivity which is much higher than that of insulating
mesoporous silica (see Table S2).

Generally, the length and the volume of the hydrophobic
alkyl chain, of either anionic or cationic surfactants, in the
synthetic mixture dictate the pore diameter and the pore
volume of the MMs.Pl However, the use of the long-chain
surfactants always results in a decrease of structural order
because of the mismatches in the surfactants head-to-tail
packing ratio. In contrast, the introduction of large amounts
of swelling agents for pore-size enlargement during the
synthesis is not an appropriate method for industrial scale
synthesis because it requires an additional process for
separation and recycling of the swelling agent. These large
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the SBA-15 prepared from the non-ionic
surfactant. Interestingly, the polymer also
exhibited a strong peak with a large
interplanar distance of 9.2 nm. It must
be noted that the pure polymer sample
was not soluble in any solvents, thus
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Figure 1. Synthesis of ProDOT-C6TE and the conductive mesoporous silica hybrid composite
with ultralarge pores, as well as the FT-IR and SAXS characterizations of the materials.

a) Synthesis of the novel cationic surfactant ProDOT-C6TE. i) reflux, 80% yield; ii) R.T. 94.5%
yield; iii) reflux, 97 % yield. b) The preparation of PSM-1 and the pure mesoporous silica using
ProDOT-C6TE. i) Micelle formation; ii) condensation of TEOS and the polymerization of PrS;
iii) calcination at 540°C in air; and iv) HF (aq) treatment (see details in the Supporting
Information). c) SAXS patterns of PSM-1 (blue), PSM-2 (green), and the pure CP matrix
(brown). The bars indicate the pore diameters of i) 7.8, ii) 8.5, and iii) 9.2 nm.

hydrophobic end groups help to organize the micelles, having
an empty volume at the center, and are responsible for the
large pore size of the MMs.

A new PrS was synthesized from 3,4-dimethoxythiophene
over three steps (see Section S1).F! The synthesized ProDOT-
C6TE showed N-C stretching at 1022 cm ™' and all materials
showed the C-H stretching from the 2,5-positions of the
thiophene group at 3105-3109 cm™' (see Figure S2 and
Table S1). PSM-1 was synthesized quantitatively through
self-assembly (SA) and the in situ polymerization of PrS and
sol-gel reaction of tetraethyl orthosilicate (TEOS), which is
used as a silica source under acidic conditions. It is interesting
to note that the color of the synthesis mixture changed from
clear light-yellow to black when the reaction mixture was
treated at 100°C, thus revealing the oxidative polymerization
and the SA of the surfactant with TEOS. The resultant PSM-
1 was treated with HF(aq) to obtain the pure polymer matrix
without silica. To obtain the pure silica MM (PSM-2), PSM-
1 was calcined at 540 °C for 24 hours. The successful synthesis
of the CP-silica hybrid composite was confirmed by FTIR and
MALDI-TOF (see Section S2).%7)

In the small-angle X-ray scattering (SAXS) patterns,
PSM-1 and PSM-2 exhibited strong and high-intensity peaks
with similar scattering vectors, which can be indexed to the
hexagonal space-group p6m (Figure 1c). These results indi-
cate that PSM-1 and PSM-2 are highly ordered and similar to
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indicating the formation of insoluble
CPs with enough chain length for con-
ductivity. After calcination, the color of
PSM-1 changed from black to white and
the total weight loss after the calcination
was calculated to be about 9.88%
because of the burning out of the organic
materials (see Figure S3). The chemical
composition of PSM-1 was measured
from elemental analysis (EA), SEM-
EDX, and ToF-SIMS (Figure?2a; see
Figures S4 and S5). The composition of
the organic matter by EA was about 12 %,
which is similar with TGA data. More Cl™
ions were detected than Br™ ions, based
on both SEM-EDX mapping and ToF-
SIMS spectra, because the ammonium
chloride bond is more stable than ammo-
nium bromide bond.®® Therefore, ammo-
nium chloride was left in the final product
by the ion-exchange process. Also, the
EDX mapping images showed uniformly
dispersed C, H, N, O, S, Si, Cl, and Br
elements at the PSM-1 particles, thus
indicating successful synthesis of PSM-1.
The HRTEM images of PSM-1 showed
highly ordered mesopores which are
arranged in a regular interval (Figure 2c—e), thus confirming
that mesopores are generated through the combination of the
SA process of the ProDOT-C6TE. To the best of our
knowledge, this is the first report on the fabrication of
conductive mesoporous hybrid silica composite, having
a well-ordered mesoporous structure, in a single step without
any calcination or a washing procedure.

The textural parameters of the PSM-1 before and after
calcination were obtained by a nitrogen adsorption-desorp-
tion isotherm.”! Both samples show a type IV adsorption
isotherm with a sharp capillary condensation step and H1-
type hysteresis loop, which is a characteristic of well-ordered
MMs (Figure 3a). The capillary condensation step of the
sample occurred at a relative pressure higher than 0.7, thus
indicating the presence of large mesopores in the samples.
The PSM-1 exhibits a total NLDFT pore volume of
0.68 cm®g~! and the BET specific surface area of 337 m’g™"
(Table S3). The NLDFT pore-size distribution data reveal
that the pores are highly uniform with a maximum size of
about 7.8 nm. It is quite surprising that the material showed
excellent textural characteristics with a large-pore diameter
even before the calcination. For the first time porosity with
excellent textural characteristics is observed for the uncal-
cined sample. The capillary condensation step for the PSM-2
is shifted towards a higher relative pressure, thus indicating an
enlargement in the pore size after the calcination. This
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Figure 2. Electron microscopic investigation on PSM-1. a) SEM energy
dispersive X-ray spectroscopy (EDX) elemental mapping images of
PSM-1. b) A HRSEM image of PSM-1. c—e) HRTEM images of PSM-1.
The HRSEM image shows a planar-shapelike morphology of PSM-

1 and HRTEM images showed the highly ordered mesoporous
structure with an ultralarge pore of about 10 nm.

enlargement is mainly due to the removal of the organic
moieties from the hybrid material through the oxidation
during the high-temperature calcination process under air.
The BET specific surface area and the NLDFT specific pore
volume of the PSM-2 are 655 m?g ™" and 1.22 cm’g !, respec-
tively, and are much larger than those of the uncalcined PSM-
1 sample. After the calcination process, PSM-2 exhibited well-
ordered porous structure with a large pore volume and
uniform pore size which demonstrates that the structure of
the material is quite stable, even after the removal of
conductive organic part. The mechanism for the formation
of mesoporosity in the uncalcined PSM-1 is schematically
shown in Figure S7.

At first we compared the SA process of silica with
dodecyltriethyl ammonium bromide and PrS as the chain
length of the hydrophobic tail of both surfactants is almost
same. PrS has a bulky cyclic dioxyalkylene group, ProDOT, as
a tail group and an alkyl group connected to the large head
group, triethylammonium bromide. Although the surfactant
has a short alkyl chain, the molecules self-assembled in a S*
X~ I" fashion [cationic surfactants (S*), halogen anions (X")
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Figure 3. Pore structure analysis of the PSM-1 and PSM-2, and charge/
discharge curves for the PSM-1 and polymer. a) N, adsorption-desorp-
tion isotherms of PSM-1 (green) and PSM-2 (red). b) Pore-size
distributions of PSM-1 (green) and PSM-2 (red) calculated from the
adsorption branch of the isotherms. Galvanostatic charge/discharge
curves of ¢) PSM-1 and d) polymer (HF treated). Potentials were
cycled from 0 to 0.8 V within 100 s cycle at a constant current of

1.2 pA in an aqueous solution of 0.1m HCl.

and cationic silicic acid species (I7)]. Since the tail group is
bulky, the SA process of PrS is quite different from that of
dodecyltrimethyl ammonium bromide. In the case of PrS, the
large tail group serves as a swelling agent, such as 1,3,5-
trimethylbenzene which is generally used in the synthesis of
large-pore mesoporous silica for enhancement of pore size,
and creates a void space at the center of the micelles. This tail
group is one of the reasons for the generation of the large
pore in the uncalcined sample. We also surmise that when the
synthesis temperature is increased, the polymerization of the
ProDOT tail group with the neighboring ProDOT may be
initiated by deprotonation'” due to the existence of H* ions
in the reaction mixture and high temperatures, which might
change the orientation of the individual PrS molecules from
vertical to horizontal. This change in orientation might
enlarge the micelles and create a large void space at the
center of the micelles. In addition, we carried out a dynamic
light scattering (DLS) study on the monomer as shown in
Figure S6. We examined the aqueous solution under the same
conditions as that for PSM-1, and compared the result with
cetyltrimethylammonium bromide (CTAB), which is a simple
cationic ammonium surfactant. Assuming that a micelle of the
surfactant has a spherical shape, the size of the micelle is
calculated to be about 200 nm in diameter, which is much
larger than that of the CTAB. Furthermore, the size
distribution of the surfactant was not changed, even after
2 days, to within a 5% error, thus confirming that the micelle
of the surfactant is highly stable during the reaction. At
present, we feel that this is only the possible mechanism for
the formation of large mesopores in the uncalcined sample.
Another exciting feature of the PSM-1 is the electrical
conductivity along the wall structure composed of silica and
the polymeric form of PrS (see Table S2). The PSM-1 samples
showed electrical conductivity of 2.7x10° and 2.5x
107 Sem™!, before and after I, doping, respectively. The
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conductivity values were decreased in the PSM-2 after HF
treatment. It may be due to the highly ordered polymer-silica
composite structure, in which electrical transport may be
hampered by the large pores. Interestingly, when PSM-1 was
doped with p-toluenesulfonic acid, the conductivity was
significantly increased (9.0 x 10~* Scm ™).

Similarly, the pure polymer sample showed a large
increase in conductivity upon doping. As most of the
polythiophenes show increased conductivity upon doping,
and such a conductivity increase from that of PSM-1 and
silica-free polymeric samples strongly suggest the presence of
conductive channel originating from the surfactant. Notably,
these conductivity values are high in the bulk-state materials
compared to those of thin-film materials,"!! and importantly
improved in MM composites. In contrast, the electrical
conductivity of the PSM-2 or typical mesoporous silica
samples were not measurable from the four-point probe
method as it is beyond detection range (ca. 107 Scm™).
From the FTIR data and high electrical conductivity it could
be concluded that PrS was polymerized under strongly acidic
conditions. Although the conductivity of PSM-1 is somewhat
lower than that of the chemically polymerized polythiophenes
(107-10~* Scm™"), the material is still very attractive as they
possess well-ordered porous structure and can be prepared in
a single synthetic step.

By taking advantage of the electrical activity of PSM-1, we
were able to assemble a supercapacitor, which showed
characteristic charge/discharge curves (Figure 3c,d). The
specific capacitance (C,,) was determined by using the
equation of C,=Ity/m., where I is the applied current to
the active electrode, t, is the discharging time, and m, is the
mass of electrode material. The value of the specific
capacitance for the capacitors based on PSM-1 (0.22 Fg™")
was four times larger than that of the HF treated polymer
(0.051 Fg™"). Although the C,, of PSM-1 was lower compared
to that of CP films, possibly because of the difference in
density as well as conductivity between the samples, this new
approach in preparation of electroactive hybrid materials has
a high potential for applications in electrical devices in future.

In conclusion, we demonstrate the preparation of novel
highly ordered mesoporous silica hybrid materials, having
a large pore size, without any calcination or washing treat-
ment. The combination of the SA of the polymerizable
surfactant and the silica species, and the polymerization of the
tail group of the surfactant molecules creates a well-ordered
porosity, even in the uncalcined samples. The obtained
materials not only exhibit the excellent textural parameters
but also offer a high conductivity. We strongly believe that this
novel methodology represents a breakthrough in the field of
MMs. In addition, this method can be extended to the
fabrication of various mesoporous hybrid materials using new
surfactant molecules, and creates a platform for the gener-
ation of hybrid MMs. These electrically conductive polymer-

silica hybrid MMs could also find potential applications in
various fields, including fuel cells, sensors, organic devices,
and drug delivery systems.

Keywords: conducting materials - mesoporous materials -
polymers - self-assembly - surface analysis
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