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Uniform, Spherical Bridged Polysilsesquioxane Nano- and Microparticles
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A nonemulsion method to prepare spherical, monodisperse nanoparticles of bridged polysilses-
quioxanes was developed. This is the first method to fabricate uniform spherical bridged poly-
silsesquioxanes from monomers with low to moderate hydrophilicity. The average particle size can be
systematically controlled from ~20 nm to ~1.5 um. These particles have distinctive properties that
include porosity without templating and buffering capacity. A mechanism for particle growth is

proposed.
Introduction

Bridged polysilsesquioxanes (BPS)! are materials with
silicon-oxide networks and organic bridging groups that
are synthesized by sol—gel chemistry from organo-bridged
bis-trialkoxysilanes [(R'O);Si-R-Si(OR');]. Following con-
densation, the organic and inorganic domains are dis-
persed at the molecular level. The organic group provides
an opportunity to control bulk properties such as refrac-
tive index, optical clarity, hydrophobicity, dielectric con-
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stant, thermal stability2 and chemical function.’ Moreover,
as compared to organic modified silica or ceramics* syn-
thesized from R-Si(OR)s, the organic group serves as a
spacer between two Si—O 5 linkages, often providing signi-
ficant and well-modulated porosity, with “inner surfaces”
of up to ~1000 m?/g.!

Recent developments for preparing functional materi-
als as spherical micro or nanoparticles have broadened
the potential applications and enhanced the performance
of these materials. Small, uniform spherical particles are
widely used in separations,’ for drug and gene delivery,®
bioimaging,’ catalysis,® and for optical,” electronic,'® and
magnetic'' applications. Recently, BPS were also prepa-
red as xerogel nanoparticles by self-assembly'? or by an
emulsion method."® These nanoparticles were used as
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photodeformable materials'' or components in a solid-
state electrochromic device.'* However, the water-in-oil
emulsion method is only suitable for ionic and water-
soluble monomers since hydrophobic monomers become
amphiphilic after hydrolysis, and are not constrained in
micelles. Furthermore, the rational design of BPS mono-
mers which can self-assemble into nanoparticles may
have a very limited scope. Since most bridged silane
monomers are water-insoluble, a new general method is
needed to prepare BPS as uniform, spherical particles.
The Stober process' yields monodisperse spherical
nonporous silica particles by the hydrolysis and conden-
sation of Si(OEt), in alcoholic solutions of ammonia and
water. Organically modified silica particles can be pre-
pared by the Stober process'® in which aqueous ammo-
nium hydroxide (without alcohol) is used as solvent.
During the reaction, the monomer “droplets” are gradu-
ally consumed, and a turbid suspension of organic-silica
particles emerge in the aqueous phase. These results
suggest that “Stober-like” aqueous ammonia conditions
may be suited to prepare spherical BPS particles from
water-insoluble bridged silane monomers.

Experimental Section

Materials. All monomers were purchased from Gelest, Inc.
Ammonium hydroxide was purchased from Fisher Scientific,
diluted to 1.5 M stock solution, and titrated by 0.100 M HCI
standard solution (Fisher Scientific). 1-Propanol was purchased
from Aldrich. All were used as received unless otherwise specified.

Particle Synthesis: General Procedures. To a 7 mL sample vial
was added 1 M NHj as a mixture of 1.5 M NHj,q), H,O, and
1-PrOH (2.7 mL total, see Table S1 in the Supporting In-
formation). The solution was preheated to the reaction tem-
perature (60 °C, unless otherwise specified; titration showed the
remaining [NHj3] after preheat is generally 0.95—0.97 M). To the
solution was added 2.8 mmol of bridged silane monomer. The
biphasic mixture was stirred vigorously for 30 min, after which
immiscible monomer could not be visually detected. The result-
ing suspension was allowed to cool to r.t., aged overnight, and
then dialyzed against water (3 L) in regenerated cellulose tubing
(12—14K cut off, Fisherbrand) for 24 h (the water was changed
at 6 h). Dialyzed suspensions were kept under ambient tempera-
ture. For yield calculation and evaluation of dry particle proper-
ties, suspensions were dialyzed against MeOH (300 mL) in
regenerated cellulose tubing for 24 h (the MeOH was changed
at 3and 6 h) and dried by rotavap followed by drying under high
vacuum (see the Supporting Information).
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Scanning Electron Microscopy (SEM). SEM was performed
on a Zeiss Ultra 55 CDS field-emission scanning electron micro-
scope. Specimens were prepared by drop coating diluted and
sonicated water suspensions of particles onto silicon wafers, follo-
wed by drying overnight under room temperature and atmo-
sphere. Typical acceleration voltages used were 2.5—5 kV.
Resulting images were analyzed by ImagePro AMS 6.0 for
particle sizes; > 100 particles were measured for each sample.

Light Scattering Analysis. Dynamic light scattering (DLS)
and zeta potential measurements were carried out on a Malvern
Zetasizer Nano ZS light scattering analyzer. Nanoparticle sus-
pensions for DLS and zeta potential measurements were dialy-
zed against water, diluted with water (unless otherwise specified)
and sonicated for 30 min before measurement; suspensions with
average particle diameters under 100 nm were filtered through
PVDF syringe filters (pore size 200 nm, purchased from Nalge
Nunc Int.). Default settings, including automatic optical para-
meter selection, were used for both experiments.

Gas Adsorption Analysis. Nitrogen adsorption was measured
on a Quantachrome Autosorb-1 at 77K, P/P, ranged from 1 x
10"%100.995. Thirty to one-hundred milligrams of dried particle
powder was outgassed at 160 °C until the outgas pressure rise
was below 20 umHg/min prior to analysis. The resulting iso-
therms were converted to surface area and pore size distribution
profile with multipoint BET and QSDFT adsorption model
fitting (Quantachrome Autosorb-1 for Windows software, V
1.55), respectively.

Solid-State NMR. All solid-state NMR experiments were
carried out on a Bruker 300 DSX NMR spectrometer equipped
with a 7-mm double-resonance magic-angle-spinning (MAS)
probe head. Single-pulse 2’Si MAS experiments were accumulated
with 300 - 600 free induction decays (FIDs) with the 7/3 pulse of
6us and the repetition time of 180 s. In the case of cross-polarization
(CP) experiments, the radiofrequency (rf) strength for 'H was 25
kHz, whereas the Hartmann—Hahn match condition for >’Si was
optimized based on the signal of sodium 3-(trimethylsilyl)-1-
propanesulfonate hydrate. The CP contact time was 2 ms.

Results and Discussion

Preliminary Trials. When “0.1M” (calculated as if it
were fully dissolved) 1,4-bis(tricthoxysilyl)benzene was
added to 1.0 M aqueous ammonia at 60 °C under vigo-
rous stirring, the monomer droplets were not completely
consumed even after 3 days. The water phase was opa-
lescent, suggesting the presence of colloids. SEM images
taken following drying a drop of the water phase on a Si
wafer, revealed particles with an average diameter of ~25
nm. Prolonged exposure to the electron beam resulted in
particle degradation, suggesting a very low degree of con-
densation. Changing the monomer to 1,8-bis(tricthoxysilyl)-
octane gave a similar result. 1,2-Bis(tricthoxysilyl)ethane
was used to test whether its higher water solubility facili-
tates the reaction. However, using the above conditions,
no particles were observed under SEM from the dried
homogeneous reaction mixture after ~2 h of reaction.
The reaction mixture turned into a transparent bulk gel
after several days. (Table 1)

Partially hydrolyzed trimethoxysilyl species have great-
er water solubility and the hydrolysis rate of trimethox-
ysilyl group is several orders of magnitude faster than the
triethoxysilyl group.'® An attempt using bis(trimethoxy-
silylethyl)benzene (1, ~85% para isomer) under the above
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Figure 1. Size of BPS nanoparticles (a) 1P, (b) 2P, and (c) 3P as a function of H,O 1-PrOH ratio in the polymerization process.

Table 1. Preliminary Trials of Modified Stober Methods for Preparing
BPS Nanoparticles;. In Entries 1 and 2, Unreacted Monomer Droplets
Were Observed after 3 Days

| o NH . o+
(R'0)3Si—R—Si(OR); @9 *iSi*R*Si:(())}: 0]

Entry R R’ Results
1 H Et Low extent of reaction
2 ASSSNY Et Low extent of reaction
3 0 Et Bulk gelation
4 Q0 Me NP formed (1P, 44+5 nm)

conditions, resulted in full consumption of monomer drop-
lets and formation of nanoparticles (44 & 5 nm); the NPs
formed were stable under e-beam in SEM observation.

This observation suggests the higher monomer reacti-
vity and resulting increased reactive soluble monomer
concentration contributed by trimethoxysilyl groups could
be important for synthesizing spherical particles of bridged
polysilsesquioxanes. The following studies build upon
this finding with monomers containing two trimethoxy-
silyl groups.

Particle Synthesis. Reports of the “Stober-like” process
for organic modified silica particles'® emphasize mono-
mer concentration as a key to nanoparticle size control.
However, when the concentration of 1 was increased from
0.1 to 0.2 M, particle size did not change significantly
(43 + 5 nm). One important observation however, was
that the droplets of monomer 1 were not consumed until
~1.5 h after the reaction was initiated. This observation
suggests that the “effective concentration” of monomer in
the water phase is limited not only by the rate of hydro-
lysis but by the intrinsic solubility of the monomer. To test
the hypothesis, we employed a water-organic solvent
mixture. The solubility of monomers was adjusted by

altering the percentage of organic solvent while keeping
the ammonia concentration at IM. 1-Propanol was chosen
as the organic solvent.'” These modified conditions resul-
ted in formation of spherical uniform particles. Further-
more, particle size (measured by dynamic light scattering
(DLS) and scanning electron microscopy (SEM)) could
be controlled by the alcohol content. The results are
summarized in Figure la. SEM analysis shows 1P parti-
cles produced with 0—12% 1-PrOH are monodisperse
(~11% relative standard deviation of diameter). The size
uniformity was slightly less as the 1-PrOH percentage
increased from 14 to 18% (15—25% RSD). Particles are
again highly monodisperse with 20% 1-PrOH (11%
RSD). A further increase of the 1-PrOH percentage (22—
24%) results in some loss of monodispersity due to the
emergence of smaller particles.

To test the generality of the method, we included hexyl-
bridged monomer 2 and tertiary amine bridged monomer
3 in the study. The hypothesis of positive correlations
with 1-PrOH content, monomer concentration, and par-
ticle size was supported by these experiments.
(MeO)3Si/\/\/\/Si(OMe)3 NHs(aq)> :-\—Si/\/\/\/S(_OO; @

o o
2 2P

| NH RS I o
(MeO)sSis AN A SiOMe)y —— T ZS A M ASLO ()
3 3P

In pure aqueous ammonia, 2P nanoparticles were less
spherical with some fused clusters compared to 1P nano-
particles, (Figure 2b). Increasing the 1-PrOH content
from 0% to 10% resulted in not only larger particles,

(17) Reasons for choosing 1-PrOH as cosolvent: full miscibility with
H,O, similarity with H,O in boiling point, hydrogen bonding
characteristics, and polarity.
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Figure 2. (a—c) Representative BPS NPs: (a) 1P, (b) 2P, and (c) 3P synthesized in aqueous ammonia solution (0% 1-PrOH). (d—f) Example of “large” BPS
NPs: (d) 1P, (e) 2P, and (f) 3P synthesized in ammonia solution with (d) 20%, (e) 18%, and (f) 14% 1-PrOH. Scale bars represent (a—c) 100 nm, (d) 200 nm,

(e) I um, and (f) 300 nm.

but also a greater incidence of spherical rather than fused
particles. Approximately 80 nm 3P particles were formed
in aqueous 1 M NHj; increasing 1-PrOH concentration
from 0 to 14% gradually increased particle diameters up
to ~400 nm. Particle size does not change significantly with
further increases in 1-PrOH concentration (Figure 1c).
For nanoparticles >70 nm, the difference of particle
sizes determined by DLS and SEM are generally small.
Thus, there is little shrinkage of particles as a result of
drying, which implies that the particles as formed are
highly condensed. This is in contrast to bulk BPS gels of
identical chemical composition, which undergo substan-
tial shrinkage (~80%) upon drying to a xerogel.'®
Particle Growth Mechanism. An apparent trend is ob-
served for the synthesis of BPS NPs: as the 1-PrOH content
increases, larger particles are formed. Particles can be synthe-
sized with up to 20-fold size difference, simply by adjusting
the 1-PrOH content. The time needed for full consumption
of monomer droplets and the appearance of turbidity de-
creases with increasing 1-PrOH percentage. Generally, at
60 °C, monomer 1 takes less than 20 min in 10% 1-PrOH and
less than 3 min in 20% 1-PrOH to be fully consumed.
Importantly, we can correlate the increase of monomer
dissolution with the increase of resulting particle sizes.
Models used to discuss the growth of silica particles
under Stéber conditions'® may help to explain this result.
There are two well-accepted particle growth models for
the process: “monomer addition”?® and “controlled
aggregation.”! The condensation of partially hydrolyzed

(18) Loy, D. A.; Shea, K. J. Chem. Rev. 1995, 95, 1431-1442.

(19) Van Blaaderen, A.; Van Geest, J.; Vrij, A. J. Colloid Interface Sci.
1992, 154, 481-501.

(20) (a) Matsoukas, T.; Gulari, E. J. Colloid Interface Sci. 1988, 124,
252. (b) Matsoukas, T.; Gulari, E. J. Colloid Interface Sci. 1989,
132,13. (c) Matsoukas, T.; Gulari, E. J. Colloid Interface Sci. 1991,
145, 557.

soluble monomers results in nucleation. In the first model,
the particle grows only by addition of hydrolyzed mono-
mers to surface Si—O~ groups; in the latter model, once
the particles have reached a certain size, they grow only by
aggregation. In the SEM images, the spheres appear to be
composed of smaller nanoparticles with diameters appro-
ximately 5—10 nm (Figure 3), suggesting that the “contro-
lled aggregation” model may be important for the growth
of BPS nanoparticles.

Particle growth by aggregation is supported by the
following. As the monomer solubility increases with a
higher concentration of 1-PrOH, the number of particle
“seeds” or nucleation sites in the water phase is expected
to increase. If the “monomer addition” mechanism were
dominating, the final particle size would be smaller in this
case, because of the larger number of nucleation sites. The
model of “controlled aggregation” explains the experi-
mental trend better: if a large number of nucleation sites
are produced in a short time in a solution rich in 1-PrOH,
they have greater probability to chemically aggregate
before their surface silanol groups condense with adjacent
ones (Figure 4). This is expected to result in larger parti-
cles in solutions rich in 1-PrOH. It is noted that SEM
images of particles have smoother surfaces than a pure
aggregate of small spheres. The “monomer addition” mech-
anism, which is believed to contribute to smoothing the
particle surface,”> may still play a role in the particle growth.

Colloidal Charge. The growth of particles from monomer
3 is particularly interesting since the organic fragment, a

(21) (a) Kim, S.; Zukoski, C. F. J. Colloid Interface Sci. 1990, 139, 198.
(b) Bogush, G. H.; Zukoski, C. F.,IV. J. Colloid Interface Sci. 1991,
142, 1. (c) Bogush, G. H.; Zukoski, C. F., IV. J. Colloid Interface
Sci. 1991, 142, 17.

(22) Green,D.L.;Lin,J.S.;Lam, Y.-F.; Hu, M. Z.-C.; Schaefer, D. W_;
Harris, M. T. J. Colloid Interface Sci. 2003, 266, 346-358.
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Figure 3. Close look at 1P nanoparticles: (a) 70 and (b) 800 nm.
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Figure 4. Competitive mechanisms for particle growth and size limitation.

tertiary amine, can bear a positive charge that can influ-
ence particle stability and the growth process. Upon close
examination, some of the 3P nanoparticles appear to be
comprised some “twinned” particles (Figures 2c, 2f, and
S3). The zeta potential of diluted reaction solutions of 3P
particles is approximately —20 to —30 mV (Table 2).
Colloidal particles with zeta potentials in this region
typically have marginal colloidal stability. In contrast,
hydrocarbon-bridged 1P and 2P particles exhibit zeta
potentials (—45 to —50 mV) sufficient to support stable
colloidal suspensions. Thus, 3P particles would be ex-
pected to have a stronger tendency than those with
neutral bridging groups, to aggregate at all stages of the
growth process; the growth can continue on the aggre-
gated particles, leading in some cases to their “twinned”
appearance (Figure 5).

The chemical composition of NP 3P can help explain its
suggested mechanism of formation and the medium effect
on its zeta potential. Tertiary amines have K values
almost 1 order of magnitude lower than ammonia, thus
they are partially protonated even in ammonia solution.
Under dilute basic conditions, the core exhibits positive
charge that partially compensates the negative charge of
deprotonated surface silanols. This can account for their
less negative zeta potential. The positive charge in the
core is dominant after dialysis against water. Buffering
capacity is observed upon acidification (Table 2), a behavior

Table 2. Zeta Potential of 3P Nanoparticles Tuned by Different Acid-
—Base Conditions

treatment of rxn mixture pH ¢ potential (mV)
diluted w/1 M NH; 11.1 —32+6
diluted w/H,O 10.3 —19+5
dialyzed w/H,O 8.9 +234+7
dialyzed w/H,O, 7.4¢ +48+ 5¢

then added HCI 6.5" +49£6°

Amount of HCI: “3 mol % of monomer; 30 mol % of monomer.

similar to poly(ethylene imine) functionalized nanoparti-
cles.”® The buffering effect promotes endosomal escape*
of NPs, enhancing their drug and DNA delivery effi-
ciency toward cells. Because this buffering capacity is an
intrinsic property of 3P nanoparticles while still retaining
the ability for surface modification and labeling, 3P
particles may be promising drug and DNA carriers. The
interaction between 3P NPs and biological macromole-
cules and cells is under investigation.

Other Factors that Influence Particle Size. With 22%
1-PrOH, increasing the concentration of monomer 1 up
to 0.15 M resulted in monodisperse (~10% relative
standard deviation) particles up to 1.5 um. A further
increase in [monomer 1]and [1-PrOH] resulted in bimodal
particle size distribution and polydisperse microparticles,
respectively (see Table 3 and Figures S4 — S7 in the
Supporting Information).

To further establish the relationship between particle
size and monomer concentration, BPS NPs 1P were
synthesized in 1 M aqueous NH; but at monomer con-
centrations of 0.05, 0.02, and 0.01 M. The results show
that this variable can be successfully applied to prepare
particles as small as ~20 nm. Comparison between size
determined by DLS and SEM has shown that the extent
of particle aggregation in water suspensions is low under
most conditions (Figure 6).

(23) Rosenholm, J. M.; Meinander, A.; Peuhu, E.; Niemi, R.; Eriksson,
J. E.; Sahlgren, C.; Lindén, M. ACS Nano 2009, 3, 197-206.

(24) (a) Godbey, W. T.; Wu, K. K.; Mikos, A. G. J. Controlled Release
1999, 60, 149-160. (b) Lim, Y. B.; Kim, S. M.; Lee, Y.; Lee, W. K ;
Yang, T.-G.; Lee, M.-J.; Suh, H.; Park, J.-S. J. Am. Chem. Soc.
2001, 123, 2460-2461.
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Figure 5. Schematic explanation of morphology of particle 3P.
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Figure 6. BPS nanoparticle size prepared at monomer concentration
<0.1 M.

Table 3. Size of 1P Particles (um) As a Function of [1-PrOH] and

aggregation
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Figure 7. Comparison of 1P particle size (determined by SEM) as a
function of temperature and 1-propanol content.

Table 4. Porosimetry and Solid-State NMR Data of BPS NPs of Various

[monomer 1] Composition and Sizes
-Pr D, surface ore egree o
1-PrOH o f: p deg f
[monomer 1] (M) 20% 229, 249, 1-PrOH (nm, area volume condensation
0 0 0 entry material (%) SEM) (m%*g) (mL/g) (%)
o - 0 o 1P 0 44 204 060 8249 81.4°
O’ 15 1'2;, 1'5 0'5_4(, 2 1P 20 590 12 0.03 82.9¢
0'20 0 '81,, 1 '2/, 0'273ﬂ. 3 2P 0 36 231 0.66 82.7¢, 83.7"
’ ’ : : 4 2P 16 620 38 0.14  80.5° )
a : : _ 5 3P 0 84 137 0.75 82.1¢, 86.8"
Small fractions of smaller particles (100—300 nm) were detected. 6 3p 14 440 ” 011 201

b Considerable fractions of smaller particles (100—300 nm) were de-
tected. “Highly polydisperse particles.

To test the effect of temperature (which can influence
both reaction rate and monomer solubility), we examined
the synthesis of 1P from 1 at 50 and 70 °C with various
water—alcohol ratios as solvent. Generally, the particles
prepared at 60 °C are larger and more uniform in size
(Figure 7). Within this range, the influence of temperature
on particle size is relatively minor.

Surface Area and Porosity. All nanoparticles exhibit a
small component of microporosity (pore diameter <2
nm), which contributes to the total surface area (4—15 m?/g
for “large” NPs, 20—40 m?/g for “small” NPs, Table 3).
NPs synthesized in NHj3 solution with 0% 1-PrOH also
have considerable mesoporosity, which we suggest is
attributed in part to the interstitial spaces between parti-
cles (see Table 4 and Figure S9). Thus, these “small” NPs
can be also considered as bulk materials or clusters with
high surface area and dual (meso- and micro-) porosity.

Solid-State NMR Spectroscopy. The spectral resolu-
tion (*Si CP/MAS solid-state NMR) of the particles
increases in the order 1P < 3P < 2P. 2P and 3P NPs

“From cross-polarization experiments. * From single-pulse experi-
ments.

synthesized without 1-PrOH have a higher degree of
condensation than particles of the same chemical compo-
sition but synthesized with 1-PrOH as cosolvent. This
trend, however, is not observed for 1P, perhaps due to the
greater error in calculating the condensation because of
lower spectral resolution. Single-pulse experiments, only
done on entries 1, 3, and 5 in Table 4, suggests that the
degree of condensation of particles is higher with monomers
with a greater intrinsic solubility in water (3P > 2P > 1P)
(see Figure S10 in the Supporting Infomration and Table 4).

Conclusion

We have developed a method to prepare spherical,
monodisperse nanoparticles of bridged polysilsesquioxanes.
The average particle size can be systematically controlled
between ~20 nm to ~1.5 um. The modified Stober process
is suitable for organic molecules with low to moderate
hydrophilicity containing two trimethoxysilyl groups.'-'*
Distinctive properties such as porosity without templating
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and buffering capacity were observed. This technique
enables the synthesis of spherical functional nano- and
micrometer- sized hybrid materials with a range of che-
mical, physical, and mechanical compositions.

(25) (a) Murata, M.; Yamasaki, H.; Ueta, T.; Nagata, M.; Ishikura, M.;
Watanabe, S.; Masuda, Y. Tetrahedron 2007, 63, 4087-4094.
(b) Cerveau, G.; Chappellet, S.; Corriu, R. J. P.; Dabiens, B.
J. Organomet. Chem. 2001, 626, 92-99.

Hu et al.

Acknowledgment. We thank Shiseido Co. Ltd for support
of this research. L.-C.H. is grateful for a fellowship from
Lawrence Livermore National Laboratory.

Supporting Information Available: A description of particle
synthesis, SEM images of particles, particle size analysis data,
N, adsorption analysis data and solid-state NMR data. This
material is available free of charge via the Internet at http://
pubs.acs.org.



