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Abstract Spherical bridged polysilsesquioxane (BPS) particles with sulfonic
groups (BPS-SO;7) were prepared by the subsequent reduction and oxidation of
BPS with disulfide groups (BPS—S-S) after the hydrolysis and condensation reac-
tion of silane monomers with disulfide groups under ammonia and alcoholic solu-
tions. Spherical aggregates of Pd nanoparticles (Pd—polyhedral oligomeric
silsesquioxanes, Pd—POSS) were produced by the mixing of POSS and palladium
(IT) acetate in methanol solution. The average size of BPS—-SO;~ and Pd-POSS was
about 200—400 and 30-50 nm, respectively. New BPS—-SO3; /Pd—POSS composites
with the shape of BPS-SO;™ covered with Pd-POSS nanoparticles were fabricated
by ionic interactions between negatively charged BPS—SO;™ and positively charged
Pd-POSS. Pd-POSS nanoparticles were more effectively attached to BPS—-SO;™
than BPS—S-S, which resulted from the difference of zeta potential between BPS—
SO;~ and BPS-S-S. That is, ionic interactions in BPS—SO5; /Pd-POSS composites
were stronger than those in BPS—S—S/Pd-POSS composites. As the storage time
was increased, the precipitation of BPS—SO5; /Pd—POSS composites in methanol
solution resulted from the strong complex between BPS—SO3;~ and Pd—POSS unlike
BPS-S-S/Pd—POSS composites. New particle composites were characterized by
Fourier transform infrared spectra, scanning electron microscopy, transmission
electron microscopy, and energy dispersive X-ray spectroscopy.
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Introduction

Bridged polysilsesquioxane (BPS) is hybrid organic—inorganic material prepared by
sol-gel processing of silane monomers containing organic bridging group and bis-
trialkoxysilyl groups. The structure of BPS have organic bridging groups and
silicon-oxide network, which is totally different from that of materials obtained
from silane monomers without organic bridging group such as tetramethoxysilane
(TMOS). Various tunings of organic bridging group make it easier to control the
properties of BPS, such as hydrophobicity, porosity, thermal stability, and
mechanical properties [1-4]. Also, BPS easily forms gels in rapid gelation due to
the six reactive alkoxide groups. Recently, several papers have been published
regarding how to make nanoparticles of BPS via self-assembly, emulsion, or non-
emulsion method [5-9].

Polyhedral oligomeric silsesquioxanes (POSS) have unique cage structure with
silica-like core and organic corner groups. POSS as hybrid organic—inorganic
building blocks have been used to prepare nano-reinforced hybrid materials and
hybrid polymers incorporating POSS moiety and to assemble metal nanoparticles
into spherical aggregates via self-organized spherical templates [10-12]. We have
explored various hybrid nanocomposites using POSS through physical bonding
interactions such as hydrogen bonding or ionic interactions [13-15]. Hybrids
through physical bonding interactions between two different materials are much
easier and simpler to prepare hybrid materials in comparison with hybrids through
chemical bond.

In this work, we report the synthesis of spherical BPS particles and aggregates of
Pd nanoparticles capped with POSS, and subsequently two particles were employed
to make new particle—particle composites via ionic interactions. To utilize ionic
interactions, spherical BPS particles with negative charges were prepared by a
simple sol-gel method without templates or surfactants. And POSS were used as a
cubic linker to make aggregates of Pd nanoparticles (Pd—POSS) with positive
charges [11, 15, 16]. BPS particles with sulfonic groups (BPS—SO; ™) were produced
by the reduction and oxidation of BPS with disulfide groups (BPS—S-S) obtained
after sol-gel polymerization through a non-emulsion method. Spherical Pd—-POSS
were composed of Pd nanoparticles stabilized by POSS-NH;". The particle size of
BPS-SO;~ and Pd-POSS ranges from 200 to 400 and from 30 to 50 nm,
respectively. The particle size of BPS is larger than that of Pd-POSS due to the long
and bulky organic bridging groups in BPS. New BPS-SO; /Pd-POSS composites
were successfully synthesized by ionic interactions between negatively charged
BPS-SO;~ and positively charged Pd-POSS. Pd-POSS nanoparticles were
randomly attached to the surface of BPS-SO; . The strength of ionic interactions
between BPS-SO;~ and Pd-POSS was stronger than that of ionic interactions
between BPS—S-S and Pd—-POSS. The evidence of strong ionic interactions between
BPS-SO;~ and Pd-POSS was confirmed by the easier precipitation of BPS-SO5;™/
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Pd-POSS composites than BPS—-S—-S/Pd—POSS composites in methanol. It is quite
interesting to suggest a new hybrid combination to prepare particle—particle
composites via ionic interactions. To our knowledge, few studies have been reported
not only on particle—particle composites, but also on the use of ionic interactions
between different particles.

Experimental section
Materials

Bis[3-(triethoxysilyl)propyl]disulfide was purchased from Gelest, Inc. Glacial acetic
acid and ammonia solution were purchased from Junsei Chemical Co. Palladium(II)
acetate and dithiothreitol (DTT) were purchased from Sigma-Aldrich. All were used
as received unless otherwise specified.

Measurements

Fourier transform infrared (FT-IR) spectra were recorded on a Nicolet IR 200
(Thermo) spectrometer. Zeta potential measurements were obtained on an ELS-Z,
Otsuka Electronics Co. The morphologies and structures were observed by scanning
electron microscopy (SEM) (JSM-6700, JEOL), field emission transmission
electron microscopy (FE-TEM) (Tecnai F20, Philips), and energy dispersive
spectrum (EDX) (EPMA-1600, Shimadzu). Photographic images of composites
were measured by using the camera (D40, Nikon).

Material preparation
Spherical bridged polysilsesquioxane particles with disulfide groups (BPS-S-S) (2)

To a 40-mL vial equipped with hotplate were added H,O (3.4 mL, 0.189 mol),
ammonia solution (18 mL), and 1-propanol (5.6 mL, 0.093 mol). To the solution
was added bis[3-(triethoxysilyl)propyl]disulfide (1) (1 mL, 0.002 mol). The solu-
tion was vigorously stirred and heated at 60 °C for 24 h. After cooling to room
temperature, H,O (1 L) was added to the solution and stirred for 12 h. The solution
was filtered and dried under vacuum to obtain the white powders [1].

Spherical bridged polysilsesquioxane particles with sulfonic groups (BPS-SO;™)
(4)

BPS-S-S (2) was immersed in a 0.1 M solution of DTT and the mixture was stirred
at room temperature for 12 h to break the disulfide bond into two thiol groups
(-SH). Then, BPS—SH (3) was transferred to a 50:50 solution of hydrogen peroxide
and glacial acetic acid and stirred at room temperature for 12 h to oxidize the —-SH
groups to SO;~ groups. Finally, BPS-SO;~ (4) was washed in a 10 mM NaOH
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aqueous solution for 1 day and then was immersed in water at 60 °C. BPS-SO;™
was removed from the solution and dried under vacuum for 1 day [17].

Spherical aggregates of Pd nanoparticles containing POSS (Pd—POSS)

Pd-POSS has been prepared by our group to fabricate various hybrid nanocom-
posites [11, 14-16]. The general synthesis route is as follows. When a methanol
solution (50 mL) of octa(3-aminopropyl)octasilsesquioxane (POSS-NH;") (10 mg,
0.009 mmol) and palladium(II) acetate (20 mg, 0.089 mmol) was stirred at room
temperature, the solution immediately became turbid. The turbid solution gradually
turned from yellow to black with increasing reaction time, indicating the reduction
of palladium ions.

Composites of BPS-SO3;~ and Pd—POSS via ionic interactions
(BPS-SO5; /Pd—POSS)

BPS-SO;™ particles (4) (0.01 g) were added to the 20 mL methanol solution of Pd—
POSS. The solution was vigorously stirred at room temperature for 3 h. After
completion of the reaction, BPS—-SO; /Pd-POSS composites began to precipitate
on increasing the storage time.

Results and discussion

Spherical BPS particles were prepared by the hydrolysis and condensation of bis[3-
(triethoxysilyl)propyl]disulfide in alcoholic solutions of ammonia and water. BPS—
S-S (2) was reduced to BPS-SH (3) using DTT as a reducing agent (Scheme 1).
BPS-SH was oxidized to final product, BPS-SO;™ (4), with hydrogen peroxide in
acidic condition. Figure 1 shows FT-IR spectra of BPS—S—S and BPS-SO;™. The
broad absorption peak of Si—O-Si groups in both BPS particles was observed at
1,100-1,200 cm™"'. The peak of aliphatic groups appeared at 2,700-3,000 cm ™.
The presence of the sulfonic groups in BPS-SO;™ is evident by the characteristic
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Scheme 1 Synthesis scheme of spherical bridged polysilsesquioxane particles by sol-gel process
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Fig. 1 FT-IR spectra of BPS-S-S and BPS-SO;~
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Scheme 2 Synthesis scheme of Pd—POSS
adsorption peak at 1,196 and 1,036 cm™'. Pd-POSS was spherical aggregates of
palladium nanoparticles with POSS as a cross-linker (Scheme 2). The unique

structure and functionality of POSS—NH; " resulted in the assembling of palladium
nanoparticles into spherical aggregates as well as the positive charge of Pd—POSS.
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Fig. 2 FE-SEM images of a Pd-POSS, b BPS-S-S and ¢ BPS-SO5™

Table 1 Zeta potential of BPS-S-S, BPS-SO; ™, and Pd-POSS

Type of solution BPS-S-S BPS-SO;~ Pd-POSS
\SI/\/\S S 0- S'/\/\soa
o oas\/\/sl

Zeta potential (mV) —46.80 —60.56

Figure 2 presents SEM images of Pd—POSS, BPS-S-S, and BPS-SO;™. The
average size of Pd—POSS and BPS-SO;~ was around 30-50 and 200-400 nm,
respectively. The different particle size between Pd—POSS and BPS—SO; ™ might be
attributed to the long and bulky bridging groups in BPS-SO;™. Also, the size of
BPS particles could be controlled by the monomer concentration and alcohol
content. The data of zeta potential for Pd-POSS, BPS-S-S, and BPS-SO; ™ explain
that Pd—POSS can interact more strongly with BPS-SO;~ than with BPS-S-S
because of different zeta potential value (Table 1).

We have explored various hybrid nanocomposites using positively charged Pd—
POSS. The surface of carbon nanotube or graphene was modified to contain anionic
functional groups for ionic interactions with Pd—POSS [14-16]. Using the same
concept, new composites were fabricated by spherical BPS particles and Pd—POSS
via ionic interactions.

SEM images of BPS—S—S/Pd—POSS and BPS-SO; /Pd-POSS composites are
shown in Fig. 3. A large quantity of Pd-POSS was randomly and densely attached
to the surface of BPS—SO3~ due to the stronger ionic interactions between BPS—
SO;™ and Pd-POSS. This result is clearly confirmed by the TEM images.

As shown in Fig. 4, the average size of BPS-SO3;~ and Pd-POSS is consistent
with SEM images. In case of BPS—S—S/Pd—POSS composites, BPS—S-S particles
were not covered well with Pd-POSS as compared with BPS-SO;™~ particles which
were densely covered with Pd-POSS. Uncovered parts of BPS—SO; ™ particles with
Pd-POSS were not observed. Figure 5 shows EDX images of BPS-SO;~ and BPS-
SO;7/Pd-POSS composites. There was no palladium peak in BPS-SO;™ particles.
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Fig. 4 FE-TEM images of a BPS-SO3;~, b Pd-POSS, ¢ BPS-S-S/Pd-POSS, and d BPS-SO5; /Pd—
POSS
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Fig. 5 EDX images of a BPS-SO;~ and b BPS-SO; /Pd-POSS

The new palladium peak derived from Pd—POSS appeared in BPS-SO;/Pd-POSS
composites, which confirmed that particle—particle composites were successfully
fabricated via ionic interactions.

The storage stability of each particle was observed in methanol. As shown in
Fig. 6, each particle was homogeneously dispersed in methanol at first. As the
storage time is increased up to 3 h, the other composites except BPS-SO3~ /Pd—
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Fig. 6 Photographic images of a BPS-S-S, b BPS-SO;~, ¢ Pd-POSS, d BPS-S-S/Pd-POSS, and
e BPS-SO; /Pd-POSS in methanol after 0, 3, 6, and 12 h

POSS composites are still dispersed well in the solvent. Unlike BPS—-S—-S/Pd—
POSS composites, BPS-SO; /Pd-POSS composites were precipitated because
the strong ionic interactions were effectively exited between BPS-SO;~ and
Pd-POSS.

Conclusions

In summary, spherical BPS particles with average size of 200-400 nm were
synthesized by a non-emulsion method. To obtain particle—particle composites via
ionic interactions, BPS particles were reduced and oxidized to make final BPS—
SO;™ particles. The counterpart particles, Pd-POSS, were composed of spherical
aggregates of palladium nanoparticles stabilized by POSS. Pd—POSS with the
smaller size of 30-50 nm than BPS-SO;™ particles were densely deposited on the
BPS-SO5;™ particles via ionic interactions. That is, BPS-SO3;~ particles were
entirely covered with Pd—POSS unlike BPS—S-S particles. In case of BPS—-S—-S/Pd—
POSS composites, weak ionic interactions between BPS-S-S and Pd-POSS
resulted in the deposition of small quantity of Pd-POSS on the BPS—S-S particles
as well as no precipitation in solvent. The strong complex between BPS—-SO;™ and
Pd-POSS shows the presence of precipitation in solvent. New BPS-SO;~ /Pd-POSS
composites were successfully fabricated by ionic interactions between negatively
charged BPS-SO; ™ and positively charged Pd—POSS.
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