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Preparation of Silsesquioxane Particles via a Nonhydrolytic
Sol-Gel Route
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A recently developed method of synthesizing orgafiorganic hybrid (nano)particles using a
nonhydrolytic sot-gel route is reported. A range of silsesquioxane particles with diameters in the range
ca. 0.1-2.0um has been prepared by reacting organotrichlorosilane precursors with dimethyl sulfoxide,
used both as an oxygen donor and as a solvent, in the absence of a catalyst under nonaqueous conditions.
Pure silica particles with diameters in the range ca—4@0 nm have been produced by the same method
using silicon tetrachloride as a precursor. Ethoxysilane, silanol, and, sometimes, paraformaldehyde groups
are present in incompletely condensed species. The formation of silanol groups is insignificant in
silsesquioxanes, but not in “unmodified” silicas. A major advantage of this approach is the absence of
catalyst residues and, hence, color in the final product in comparison to the normal Lewis acid-catalyzed
route.

1. Introduction under nonaqueous conditions. More recently, this method

The sol-gel process has attracted considerable interesthas b(_aen extended to the production Of. ormosils, where the
organic groups are normally alkyl chains, aryl groups, or

over the past four decades as a versatile low-temperature”, | 1214 Both i taini :
route to inorganic oxides and their hybrids. One of the major viny groups.t 'I'O or{n05| s an flaunmg one organ;]c
advantages of this method is the possibility to produce a wide 9r0UP EVEry two stiicon aloms and slisesquioxanes, where
range of product forms, such as fibers, coatings, porouseach silicon 6?‘0”‘ IS c_ovalently bonded to one organic group,
monoliths, and nanoparticles. The nonhydrolytic—smpél can be_ obtained using the nonhydrolytic sgel route.
process has proved to be a useful route to both inorganic'A‘C(:()rd'r_]g o the most common approach,_ the ormos_|ls are
oxides and organically modified inorganic oxides, such as synthesized by reacting silicon halides with alkoxysilanes

ormosils or organically modified silicas. Although the more or dialkyl ethers in the presence of a Lewis acid cata}ﬁzé_f.
widely used hydrolytic sotgel approach still plays a However, a plethora of work has been concerned with the

dominant role by providing convenient methods for the synthegg of ormosil materials in the form Qf bul!< or
production of ormosilé-5 the nonhydrolytic route has monolithic products, and the effort on ormosil particles,

received a significant amount of attention over the past few particularly nanoparticles, prepared by the nonhydrolytic

years as an alternative method with a number of associateosm_gel method has been very limited. The only relevant

A . ; . .
advantages, such as the potential to avoid the use of solventsWork in this area is previous work by our grotfg?in which

as well as the possibility to eliminate the presence of residual methylsﬂsesqquane partmles were 9b‘a”?ed by reacting
silanol groups in the product. A number of studies have methyltrichlorosilane with tetraethoxysilane in the presence
focused on the nonhydrolytic segel synthesis of inorganic of |ron(III). chioride caFaIyst. _In th's way, very large ag-
oxides. such as titankx® alumina’® and silica™* which gregated, irregular particles with diameters in the range 1.0

involves the reaction of a “metal” halide with an oxygen 9.0 um were produced in the presence of surfactants under

donor, such as an alkoxide, an alcohol, an ether, and so forth pseudo-dispersion polymerization C.OHdItIOHS.
Here, we report a new nonhydrolytic sajel method for

* Corresponding author. E-mail: j.hay@surrey.ac.uk. the synthesis of ormosil particles with diameters in the range
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sulfur, acting as a donor atothAs early as 1961, Lappert precursors on the particle structure and morphology have been
and SmitR° studied the reactions of certain sulfoxides with studied to develop a procedure that is best suited to the production
inorganic halides and noted that by reacting silicon tetra- of nanoparticles. A molecular precursor, methyl-, ethyl-, phenyl-
chloride with dimethyl sulfoxide a mixture was obtained, trichlorosilane, or silicon tetrachloride (20 rr)mol),waslsllowly added
the distillation of which afforded a silica residue and a chloro- © PMSO (20 mL; 280 mmol) uL\der vigorous stirring ”nder”
substituted sulfide byproduct. Several groups have reportedinn'tcrroe%ir; dagvrgro;npfr?gzeg?tgéer'n; gr t2er5n|?]etr(;sltzcr)e 6v(\)/azrg{£gua y
the formation of cyclic siloxanes by reactions of dimethyl-, . P

. . ; . . and the reaction mixture was then stirred under nitrogen using an
diphenyl-, or methylphenyldichlorosilanes with dimethyl = orhead stirrer for 3 h, so that the total reaction time was either

sulfoxide?~2* More r_ecently, Bassindale et al have_ 3.5 or 5.5 h. The resulting materials were isolated by centrifugation
prepared hexasilsesquioxane cages by reacting organotrichloand washed several times with ethanol. The products were dried
rosilanes with dimethyl sulfoxide in chloroform. Although in air for 24 h and under vacuum for 48 h to yield fine white
no further analyses on the morphology of inorganic or powders.
organically modified silica materials produced in these Characterization Techniques.Scanning electron microscopy
studies were performed, we have adapted the use of dimethy(SEM) investigations were performed on a Hitachi S-3200N
sulfoxide as an oxygen donor for the nonhydrolytic synthesis scanning electron microscope operating at 10 kV. The SEM samples
of organically modified silica particles. It is believed that Were prepared PY applying a layer of dry pOWderIO” a stub covered
the materials obtained here are of network silsesquioxane'ith @ carbon film. The samples were coated with a layer of gold
structure and not cyclic oligomers or cages. In this way to avoid charging effects. Micrographs were taken at a number of
. . . ' random locations on the stub. About 5000 particles were
methyl-, ethyl-, and phenylsilsesquioxane particles have been
. . . ... measured for each sample.

prepared by reacting organotrichlorosilane precursors with ,

. . C and H elemental analyses were carried out on a Leeman
dimethyl sulfoxide, used both as an oxygen donor and as a

| in th b f | d Laboratories Inc. CE 440 elemental analyzer. S content was
solvent, in the absence of a catalyst under NoNaqueoUSyeiermined by combustion analysis using a Carlo-Erba elemental

conditions. The possibility of producing pure silica particles gnayzer, and CI was analyzed by means of “Bajer flask
using this method has also been investigated. A major combustion and wet titration at Medac Ltd., Brunel Science Centre.
advantage of this approach is the absence of catalyst residues Transmission infrared (IR) spectra were obtained on a Perkin-
and, hence, CO|0r in the ﬁnal prOdUCt. It iS believed that the Elmer 2000 FT-IR Spectrophotometer. Af|ne|y ground Samp|e was
procedure can be extended to a wide range of organically mixed with potassium bromide and pressed to form a disk, which
modified silicas. was used to measure the IR spectrum.

One of the most promising potential applications of the  Solid-state!3C cross-polarized (CP) ar8Si directly polarized
ormosil materials that can be obtained using this approach(DP) nuclear magnetic resonance (NMR) spectroscopy was carried
is their use as nanofillers to modify the properties of selected out at the University of Durham. The spectra were recorded on a
polymer systems, such as acrylic, styrenic, and polyesterVarian Unity Inova spectrometer equipped with a 7.5 mm magic
polymers. The presence of organic groups and the possibility@ndle spinning (MAS) probe. THeSi DP quantitative spectra were
of reducing or eliminating the presence of hydroxy groups measured at amb'?r_'t_ temperature using 2se angle_, 21200
render the surface of the particles more hydrophobic than s recycle, an acquisition time of 15.0 or 20.0 ms, a spin-rate of ca.

that of i . ticl i ticl d dvi 5000 Hz, and a frequency of 59.58 MHz (ca. 50®0 repetitions).
ato |norg_an|c particies or or_m03| partic es_ pro _uce Via rheic cp spectra were obtained at ambient temperature using an
the hydrolytic route, thus offering the potential to improve

T ’ acquisition time of 20.0 or 30.0 ms, a contact time of 1.0 ms, a
compatibility between the filler and the host polymer, pyise delay of 2.0's, a spin-rate of ca. 4800 Hz, and a frequency of
especially when the nanoparticles are encapsulated by7543 MHz (ca. 2062000 repetitions). The conventional”Q
polymerization of hydrophobic monomers, such as styrene. notation was used to denote tetrafunctional silica species, whereas
the conventional Tnotation was used to label trifunctional silica
2. Experimental Section species, whera is the number of siloxane groups bonded to the

Materials. Dimethyl sulfoxide (DMSO) (99.7%, Acros Organics) silicon atom.
was dried over calcium hydride and then distilled from calcium ) .
hydride at reduced pressure at ca. 2D Phenyltrichlorosilane 3. Results and Discussion
0, i i i 0, i 1 -
(97%, Aldrich), methyltrichlorosilane (97%, Aldrich), ethyltrichlo Over the past few years, several grodp¥-25have used

rosilane (99%, Aldrich), and silicon tetrachloride (98%, Aldrich) h hvdrolvtic sobael hod hesi icall
were used as received. Absolute ethanol (99.86%, Hayman) Wast e nonhydrolytic sorgel method to synthesize organically

of analytical reagent quality. modified silica materials, but little interé$t® has focused
Synthesis of Silsesquioxanes and Pure Silicathe effects of ~ On the formation of silsesquioxane (nano)particles via this

reaction time, reaction temperature, and the nature of molecularversatile route. Here, we report the synthesis of methyl-,

ethyl-, and phenylsilsesquioxane particles with diameters in

(19) Laughlin, R. GJ. Org. Chem196Q 25, 864. the range ca. 0:22.0 um, and pure (“unmodified”) silica
g% I(;%%Zesghgﬁ' JF"G;”;S" szﬁigg;rg% 85(21(:213;31 3224. particles with diameters in the range ca. £@®0 nm from
(22) Voronkov, M. G.; Basenko, S. \0. Organomet. Cheni.995 500, molecular precursors with dimethyl sulfoxide used both as
325. i
n oxygen donor an Ivent. Thi roach h n
(23) Lu, P.; Paulasaari, J. K.; Weber, W. Grganometallics1996 15, a o. yge do o. and as a solve t. S app Oa.c. as bee
4649. studied over a wide range of experimental conditions, such

(24) Le Roux, C.; Yang, H.; Wenzel, S.; Grigoras, S.; Brook, M. A.  gs varying reaction time, temperature, and the type of

(25) Organometallcai998 17,955, @ Maesano. M G.: Taylor, p. 6. Molecular precursor. For methyl-modified materials, it is seen

Chem. Commur2003 12, 1382. that polydisperse particles with diameters in the range ca.
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Table 1. Data on Products of Synthesis of Silsesquioxane and Silica Particles

reaction temperature

40°C 60°C 100°C
reaction average yield average yield average yield
material time/h diameters/nm (%) diameters/nm (%) diameters/nm (%)
methyl-modified 35 28@: 75 107 210+ 60 109 330+ 75 96
5.5 280+ 90 101 325+ 60 100 270+ 90 101
ethyl-modified 3.5 - 79 - 72 - 65
55 470+ 110 105 350t 45 96 45+ 10 (~1509 92
phenyl-modified 35 - 98 - 76 - 89
5.5 810+ 230 (~2100) 92 100+ 15 (1500) 46 940+ 300 102
SiO, 5.5 - 110 320+ 150 76 105t 30 103

aThe values in parentheses refer to the larger particles observed on the micrographs alongside the smaller particles.

150-400 nm are always produced (Table 1). In this case,
well-defined quite regularly shaped particles are abundant,
although some minor monolithic regions are also present,
which are possibly formed by coalesced individual particles
(Figure 1a). For ethyl- and phenylsilsesquioxanes, no par-
ticles, as in the case of ethylsilsesquioxanes, or very irregular
aggregated particles with diameters in the range ca—400
800 nm, as in the case of phenylsilsesquioxane materials,
were observed for the reaction time of 3.5 h. By increasing
the reaction time at room temperature from 30 min to 2.5 h,
so that the total reaction time is increased from 3.5 t0 5.5 h,
micrographs similar to those recorded for methylsilsesqui-
oxanes are obtained (Figure 1b). However, more monolithic
regions, together with larger particles, which are apparently
formed by coalesced smaller particles, are observed on the
micrographs recorded for these materials. When the larger
particles are taken into account, it is seen that for ethyl- and
phenylsilsesquioxanes obtained at a reaction time of 5.5 h,
the size of the particles decreases with increasing reaction
temperature (Table 1). The same behavior is observed for
pure silica particles (Figure 1c), which have been prepared
at a reaction time of 5.5 h only.

Some of the silsesquioxanes produced in this study have
been subjected to Soxhlet extraction with chloroform for 2
days. Only ca. 815% of each sample is dissolved in
chloroform, and the IR spectra of the materials retained and
dissolved in chloroform following Soxhlet extraction are
almost identical. These observations, along with the analytical
data discussed later, suggest that the materials obtained here
are random or network silsesquioxane structures containing
a small proportion of oligomeric species and not cage or
cyclic structures.

It is believed that the mechanism behind this type of
synthesis is the Pummerer rearrangeniéithe simplified
equations shown below describe the chemistry of this
nonhydrolytic process:

&

3 micron

2RSICl, + 3(CHy),SO— [R,S1,04],, + 3CICH,SCH, +
3HCI (1)

SiCl, + 2(CH,),SO— SiO, + 2CICH,SCH, + 2HCI (2)

In the case of organotrichlorosilane precursors, the products 1'mic§,} -
are formally silsesquioxanes, where each silicon atom is

Covalemly bonded to one organic group, with the emp|r|cal Figure 1. Scanning electron micrographs of (a) methylsilsesquioxane

particles obtained at 48C, reaction time 3.5 h, (b) phenylsilsesquioxane

(26) Clayden, J.; Greeves, N.; Warren, S.; Wother§iganic Chemistry particles obtained at 10U, reaction time 5.5 h, and (c) pure silica particles
Oxford University Press: Oxford, 2001; p 1262. obtained at 100C, reaction time 5.5 h.
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Table 2. Elemental Analyses of Silsesquioxanes and Pure Silicas

reaction temperature

theoretical 40C 60°C 100°C
reaction C H C H C H C H
material time/h (wt %) (wt %) (wt %) (wt %) (wt %) (wt %) (wt %) (wt %)
methyl-modified 3.5 17.9 4.5 19.6 5.4 24.1 5.3 16.2 5.1
55 19.8 5.4 17.4 5.0 16.7 51
ethyl-modified 35 29.6 6.2 29.5 6.8 24.2 6.6 23.3 6.6
5.5 25.8 6.7 30.2 6.8 28.3 6.6
phenyl-modified 35 56.0 4.0 52.6 4.6 53.3 4.2 52.4 4.4
55 53.3 4.3 52.8 4.1 51.9 4.2
SiO, 55 0.0 0.0 11.2 3.2 4.9 2.7 4.3 2.3
formula [RSi,Os]n, Wwhere R= methyl, ethyl, or phenyl. @ =

Although the nature of the byproduct has not been elucidated,
the formation of chloromethyl methyl sulfide is supported
by the results reported by Lappert and Smifthit is
anticipated that chloromethyl methyl sulfide or dichloro-
methyl sulfide, (CICH),S, byproducts are removed in the
nitrogen flow during the reaction or by washing with ethanaol.
However, in some cases, these highly reactive compounds,
as well as the residual intermediate complexes containing
chloromethyl sulfide fragments attached to the siloxane

matrix, may be hydrolytically converted to paraformaldehyde

species. Because no specific care has been taken to avoid

the presence of moisture during the washing and drying (b)
stages of the process, the existence of paraformaldehyde
groups bonded to or entrapped within the siloxane matrix is
possible. Likewise, the possibility of the presence of some

silanol species produced by-SCI hydrolysis cannot be ruled

out. Any residual SiCI groups may also be converted to
ethoxysilanes with ethanol used as a washing solvent.

The presence of residual S and Cl is insignificant, as
confirmed by S and Cl elemental analyses performed for
methylsilsesquioxanes, thus suggesting that almost no re-
sidual Si~ClI groups or chloromethyl sulfide compounds are A \
present. It is seen that both S and CI contents are more or
less independent of the reaction temperature and decrease
marginally with increasing reaction time from ca. 0.07% to
<0.05% for S, and from ca. 0.9% to 0.3% for Cl. This
observation suggests that either the condensations are more
complete or the species containing these atoms are more
easily removed or converted to other species with increasing
reaction time.

High yields were obtained for most of the materials
produced in this study, as calculated using the empirical
formulas of the products (Table 1). The values above 100%
are probably due to incomplete condensations and the %
presence of ethoxysilane groups and, possibly, silanol and e
paraformaldehyde species in the products. The results
obtained from the elemental analyses agree moderately well ~ 120 10080 60 40 2
with the theoretical values (Table 2). Likewise, the discrep- Chemical shift (ppm)
ancies between the predicted and experimental values carrigure 2. 13C CP-MAS NMR spectra of ethylsilsesquioxanes obtained at
be explained by the presence of alkoxysilane and paraform-ga(‘:) 6°°Ctz ’eét‘?tionstgmﬁ 3.5 h, (b) 4€C, reaction time 5.5 h, and (c) 60
aldehyde species, as discussed above. This consideration is™’ reaction ime .51
supported by the presence of C and H in “unmodified” silica
samples. It is seen that, for this material, both C and H The**C CP-MAS NMR spectra (Figure 2) show intense
contents decrease marginally with increasing reaction tem-carbon resonances characteristic of methyl, ethyl, or phenyl
perature, thus suggesting that the number of these atomgroups. The retention of SR bonds is also confirmed by
present in ethoxysilane and paraformaldehyde groups di-IR absorptions (Figure 3a) at 1275, 126IP40, and 1430
minishes with increasing reaction temperature. cm%, characteristic of methyl, ethyl, and phenyl deforma-
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Figure 3. IR spectra of (a) ethylsilsesquioxane and (b) pure silica obtained
at 40°C, reaction time 5.5 h.

tions, respectively, SiC stretching bands at ca. 70090
cm !, C—H stretching vibrations at ca. 2888070 cm?,
and an absorption at 1595 chtharacteristic of the benzene
ring in phenylsilsesquioxanés?®

Most of the!3C spectra recorded for the silsesquioxane
materials exhibit relatively weak resonances at 18 and 58
ppm (Figure 2), characteristic of GHand CHO carbon . '75. -100 125 -150
atoms, respectively, confirming the existence of ethoxysilane Chemical shift (ppm)

r form r ion of ethanol with the resi i Figure 4. 2QS_i DP-MAS NMR spectra of (a) pure silica obtained at 100
groups 1o ed by eaction of ethano th the residuat S °C, reaction time 5.5 h, (b) phenylsilsesquioxane obtained at@pf@action

Cl groups. The presence of these species is more or |eSSime 5.5 h, and (c) phenylsilsesquioxane obtained at°@aeaction time
independent of the reaction conditions used in this study. 3.5 h.

Some of thé3C NMR spectra obtained for the silsesquioxane

and pure silica materials show quite intense carbon reso- For silsesquioxanes, relatively weak absorptions between
nances at 88 ppm (Figure 2). This peak can be assigned td-a: 3100 and 3600 cnican be assigned to the presence of
OCH;0 carbon atoms of paraformaldehyde species.®ftbe ~ Some hydroxy groups (Figure 3a). For “unmodified” silicas,
spectra suggest that the presence of residual species contairthis absorption is significantly stronger and broader (Figure
ing chloromethy! sulfide fragments, which are hydrolytically 3b), thus confirming that the residua-SCI species are more
converted to paraformaldehyde species, is almost unaffectedeasily hydrolyzed in the case of the more hydrophilic silica
by the reaction temperature and diminishes with increasing System. Although StCl hydrolysis is possible, the presence
reaction time. Thus, it can be inferred that the condensationof hydrophobic organic groups in the silsesquioxanes ap-
reactions are more complete in the case of the longer reactionpreciably retards this process as compared to the “unmodi-
time. The formation of paraformaldehyde groups is also fied” silica materials. For pure silicas, during the washing
supported by well-defined IR absorptions at 2922 and 2980 and drying stages of the process, the hydrolysis reactions
cm %, although the absorptions at ca. 940 and 1100'cm prevail and no ethoxysilane groups are retained, as confirmed
are masked by the strong-SD—Si absorptio#’ (Figure 3). by the'3C spectra obtained for these materials.

-70.2
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(27) Craver, C. DThe Coblentz Society Deskbook of IR Spe@ral ed.; (28) Anderson, D. R. IrAnalysis of SiliconesSmith, A. L., Ed.; Wiley-
The Coblentz Society Inc.: French Village, MO, 1982. Interscience: New York, 1974; Chapter 10.
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Table 3. Quantification of the 2°Si NMR Spectra of Silsesquioxanes and Pure Silicas

reaction temperature

40°C 60°C 100°C
reaction T3or T2or Tlor T3or T2or Tlor T3or T2or Tlor
material time/h Q* (%) Q* (%) Q* (%) Q* (%) Q* (%) Q* (%) Q* (%) Q® (%) Q? (%)

methyl-modified 3.5 49.7 27.1 23.2 41.9 35.1 23.0 40.3 34.3 25.4

5.5 51.8 24.9 23.3 52.3 24.5 23.2 56.1 25.5 18.4
ethyl-modified 3.5 37.2 39.6 28.2 52.5 255 22.0 53.1 255 21.4

55 39.4 29.0 31.6 43.1 32.6 24.3 42.3 30.4 27.3
phenyl-modified 3.5 59.2 19.2 21.5 68.1 16.5 15.4 66.6 17.1 16.4

5.5 43.9 19.7 36.4 73.6 16.0 10.4 54.5 17.6 27.9
SiO, 55 44.3 48.5 7.2 44.7 47.4 7.9 45.0 46.5 8.5

aQ species only in the case of SIO

The IR spectra show SiO—Si absorptions at 1100 crh reacting methyl-, ethyl-, phenyltrichlorosilane, and tetra-
(stretching), 1030 cnt (flexion), and 426-490 cnm? (bend- chlorosilane precursors with dimethyl sulfoxide under non-
ing)?8:29 (Figure 3). The results of solid-stat®&Si DP NMR aqueous conditions. For methylsilsesquioxanes, well-defined
spectroscopy confirm the presence of T (monosubstituted) quite regularly shaped particles with diameters in the range
silica species and the absence of Q (unmodified) silica of ca. 156-400 nm have been produced irrespective of the
species in silsesquioxanes, thus suggesting that r&CSi  reaction conditions used in this study. The particles obtained
linkages are broken during the nonhydrolytic reactions. For in the case of ethylsilsesquioxanes, phenylsilsesquioxanes,
both silsesquioxanes and pure silicas, fully condensemt T and pure silicas are less regularly shaped and exhibit a greater
Q* species and partly condenseé ahd T or @ and @ degree of aggregation.
species are abundant, whereas rfbof Q® species are The formation of Si-O—Si bonds and the retention of
observed in any of the spectra (Figure 4), indicating that, Si—C bonds have been confirmed by solid-st& and?°Si
although the condensations are not fully completed, no NMR spectroscopy, together with IR analysis. Although
unreacted organotrichlorosilane or tetrachlorosilane precur-condensations are not fully completed, no unreacted precur-
sors are present. Unfortunately, the predictions made abovesors are present in the products. The condensation is more
concerning the degree of condensation cannot be confirmedcomplete in phenylsilsesquioxanes than in methyl- and
by the results of deconvolutions of tA%Si spectra, as there ethylsilsesquioxanes and pure silicas. In incompletely con-
is no strong evidence to suggest that the amounts’afrT  densed silica species, ethoxysilane, silanol, and, sometimes,
Q4 T?or @, and T or @@ silica species are affected in a paraformaldehyde species are present. The formation of
consistent manner by the reaction parameters used in thissilanol groups is insignificant in the case of silsesquioxanes,
study (Table 3). It can only be inferred that the condensation but not in the case of the more hydrophilic “unmodified”
is more complete in the case of phenylsilsesquioxanes. Thesilica system. On the other hand, almost no ethoxysilane
degree of condensation achieved using this approach is lesgroups are present in pure silicas.
than that found for equivalent silsesquioxanes synthesized Further work is required to establish a method that
by a Stder route, where the proportion oft Bpecies is provides a greater degree of condensation and a better
generally zero or negligible. separation of the byproducts. However, because one of the

The only silsesquioxane obtained here that is formally potential uses of such materials is as modifiers of the
chemically identical to that prepared by Bassindale &t al. properties of polymers and polymer composites, a study of
is phenylsilsesquioxane. However, whereas %% NMR the effect of paraformaldehyde groups present in the product
chemical shift of phenyl hexasilsesquioxane cage structureson compatibility between the filler and the host polymer
obtained by Bassindale is ca67 ppm, the fully condensed would be useful. A much more detailed study would be
phenylsilsesquioxane species produced here have a chemicaleeded to develop a procedure to produce more regularly
shift of ca. =77 ppm, thus suggesting that the materials shaped monodisperse silsesquioxane nanoparticles, and this
obtained using this nonhydrolytic method are of random or will be the subject of future work.

network silsesquioxane structure. . .
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