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Oligomeric Alkoxysilanes with Cagelike Hybrids as Cores: Designed
Precursors of Nanohybrid Materials

Hideki Kuge,™ Yoshiaki Hagiwara,'”! Atsushi Shimojima,*'“ % and

Abstract: Well-defined alkoxysilane
oligomers containing a cagelike carbo-
siloxane core were synthesized and
used as novel building blocks for the
formation of siloxane-based hybrid net-
works. These oligomers were synthe-
sized from the cagelike trimer derived
from bis(triethoxysilyl)methane by si-
lylation with mono-, di-, and triethoxy-
chlorosilanes ((EtO),Me;_,SiCl, n=1,
2, and 3). Hybrid xerogels were pre-
pared by hydrolysis and polycondensa-
tion of these oligomers under acidic
conditions. The structures of the prod-
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ucts varied depending on the number
of alkoxy groups (n). When n=2 and
3, microporous xerogels (BET surface
areas of 820 and 510 m*g ™", respective-
ly) were obtained, whereas a nonpo-
rous xerogel was obtained when n=1.
¥Si NMR spectroscopic analysis sug-
gested that partial rearrangement of
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the siloxane networks, which accompa-
nied the cleavage of the Si—O-Si link-
ages, occurred during the polyconden-
sation processes. By using an amphi-
philic triblock copolymer surfactant as
a structure-directing agent, hybrid thin
films with a 2D hexagonal mesostruc-
ture were obtained when n=2 and 3.
These results provide important insight
into the rational synthesis of molecular-
ly designed hybrid materials by sol-gel
chemistry.
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Introduction

Siloxane—organic hybrid materials prepared by sol-gel
chemistry have received both fundamental and practical in-
terest.l'! Significant progress has been made in tailoring the
structure and properties of the products by the molecular
design of alkoxysilane precursors.* Furthermore, in recent
years, the surfactant-directed self-assembly process has been
developed as a tool for producing various hybrid mesostruc-
tures (lamellar, hexagonal, cubic, etc.).**! However, precise
control over local structures and the molecular homogeneity
of sol-gel-derived hybrid solids is still difficult. This is an im-
portant issue particularly in multicomponent systems with
more than two types of monomers because of the difference
in the reaction rates caused by inductive and/or steric ef-
fects.®! In this context, a promising approach should be the
use of predesigned oligomeric alkoxysilanes as molecular
building blocks.

Among the various types of oligomeric species, those with
cagelike structures are important because of their rigid and
symmetrical frameworks. Silsesquioxane cages ((RSiO;s),,
R =H or organic groups) can be obtained by controlled hy-
drolysis and polycondensation of trifunctional organosilanes
(RSiCl; or RSi(OR"),).*¥ 1t is also known that cagelike olig-
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omers such as SigO0,5"", SigO,,"", and Si;(O,5!°~ are formed in
alkaline silicate solutions containing quaternary ammonium
cations.”’] Such cagelike species serve not only as “building
blocks” for the synthesis of silica-based materials, but also
as “cores” for the design of even larger building blocks." !
Silylation of the cage corners is a well-established method
for producing larger siloxane species.”) However, most of
the products reported so far have been derivatized with or-
ganosilyl (R;Si) groups, which cannot be employed in the
sol-gel process. To overcome this limitation, we recently
succeeded in the synthesis of alkoxysilylated derivatives of
cubic octameric silicates (double-four-ring silicates) by silyl-
ation with a series of alkoxychlorosilanes ((EtO),Me;_,SiCl,
n=1,2,3).

Organoalkoxysilanes  containing  organic  spacers,
(R'0);Si-R-Si(OR’);, are widely used to produce unique
hybrids in which organic groups are integrated into their
frameworks. Extensive studies have been carried out on xe-
rogels!™ ¥ and mesostructured solids.'”?! However, such
materials are generally formed by random cross-linking of
monomers, which involves the formation of linear and cyclic
oligomers at the initial stages;?" therefore, the design of
well-defined oligomeric units is of great importance. We re-
ported the synthesis of cagelike trimers by hydrolysis and
polycondensation of bis(triethoxysilyl)methane ((EtO);Si—
CH,-Si(OEt);, BTESM) in the presence of tetramethylam-
monium (TMA) hydroxide.”” One of the isomers
(Scheme 1) was selectively formed under certain conditions.
It is analogous to double-three-ring silicates (SigO;5%"),
except that the bridging oxygen atoms are partially replaced
by methylene groups. The presence of Si-O~ (or Si-OH)
sites at the cage corners allows further chemical modifica-
tions, thus making it a good candidate as building blocks or
scaffolds for the potential synthesis of a new class of hybrid
materials.
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Scheme 1. Design of hybrid materials by using alkoxysilylated derivatives
of cagelike oligomers derived from bis(triethoxysilyl)methane (BTESM).

Herein, we report the molecular design of mono-, di-, and
trialkoxysilylated derivatives of the cagelike trimer derived
from BTESM (1, 2, and 3 in Scheme 1) by silylation with
corresponding alkoxychlorosilanes ((EtO),Me;_,SiCl, n=1,
2, 3). To understand the chemistry of these oligomeric spe-
cies, their hydrolysis and polycondensation behavior under
acidic conditions as well as the structure and porosity of the
resulting xerogels were studied in detail. Furthermore, mes-
ostructured thin films were prepared by using a poly(oxyeth-
ylene)—poly(oxypropylene)—poly(oxyethylene) (PEO-PPO-
PEO)-type amphiphilic triblock copolymer (EO,,PO;EOQO,,)
as a structure-directing agent, which represents a promising
approach to hierarchically ordered hybrid materials.

Results and Discussion
Characterization of 1, 2, and 3

As we reported previously,”” the cagelike trimer derived
from BTESM consists of two inequivalent Si sites. In its
#Si NMR spectrum, two signals (—56.0 and —59.1 ppm) cor-
responding to the T? units®® appear with the intensity ratio
1:2. Figure 1 A shows the liquid-state *Si NMR spectra of 1,
2, and 3 synthesized by alkoxysilylation of this cagelike
trimer. The spectrum of 1 shows mainly four signals (Fig-
ure 1 A, spectrum a). Two close signals at —11.0 and
—11.3 ppm correspond to the D! units,” and the other two
signals at —61.9 and —65.7 ppm correspond to the T? units.
Oligomers 2 and 3 exhibit T' (—50.3 ppm with a shoulder)
and Q! signals (—88.7, —88.8 ppm),® respectively, in addi-
tion to the T° signals. The absence of T? signals in all the
spectra suggests the complete silylation of the cagelike
trimer, although the appearance of small, unidentified sig-
nals indicates the presence of other species. Also, the reten-
tion of the ethoxy groups without hydrolysis was confirmed
by “CNMR spectra (data not shown), which showed the
signals of Si-OCH,CHj; (at around 18 and 59 ppm).
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Figure 1. A) Liquid-state *’Si NMR spectra of a) 1, b) 2, and c) 3 in CDCl,. B) Liquid-state *’Si NMR spectra of solutions of a) 1, b) 2, and c) 3 after 1 h
of reaction. C) Solid-state *Si MAS NMR spectra of the xerogels a) 1G, b) 2G, and ¢) 3G.

Hydrolysis and Polycondensation Processes

Hydrolysis and polycondensation of 1, 2, and 3 were per-
formed under acidic conditions to minimize the decomposi-
tion of the oligomers by hydrolysis of Si-O-Si bonds, which
occurs much faster under basic conditions.”) We studied the
reaction processes by liquid-state 2?Si NMR. To monitor the
initial stage of the reactions, the HCI/Si molar ratio was de-
creased to 1/10 of that employed in the xerogel syntheses.
Figure 1B shows the *Si NMR spectra of the solutions after
1h of reaction. Several signals indicative of hydrolysis and
condensation of terminal Si-OEt groups were observed
along with the T® signal of the cagelike cores. In the case of
1 (Figure 1B, spectrum a), a small signal slightly upfield of
that of the D' unit can be assigned to the DI(IOH) unit, and
the signals at around —20 ppm can be assigned to the D’
units.” The spectrum for 2 (Figure 1B, spectrum b) shows
broad signals at —48 and —46 ppm, which were assigned to
the T'(1on) and T' o, units,” respectively, and a broad T”
signal at around —58 ppm. In Figure 1B, spectrum c, the sig-
nals due to the hydrolyzed Si(OEt); groups of 3 (Q'zomy.
Ql(zoﬂ), and Ql(loﬂ) units) were observed at around —82,
—84, and —86 ppm, respectively, together with the Q? sig-
nals.[! Further reaction led to ill-resolved spectra, which is
attributed to the formation of polymerized species (see Sup-
porting Information).

We note here that the intramolecular condensation be-
tween adjacent terminal silyl groups is sterically hindered,
similar to the case of the alkoxysilylated derivatives of cubic
octameric silicate.'® Therefore, the appearance of the D?,
T2, and Q7 signals in the hydrolyzed solutions of 1, 2, and 3
(Figure 1B), respectively, suggest that the intermolecular
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condensation proceeded after hydrolysis of the Si-OEt
groups. The considerably broad T° signals of the cagelike
cores should be attributed to the various environments of
the terminal silyl groups bonded to the cores. Notably, the
signals due to the D° T°, and Q° units did not appear during
the reaction. This suggests that the cleavage of the Si—-O-Si
linkages between the terminal silyl groups and the cores are
very slow relative to hydrolysis and polycondensation of the
terminal Si—-OEt groups. Thus, we confirmed that the origi-
nal siloxane frameworks of 1, 2, and 3 are retained at the in-
itial stage of the reactions.

The slow rate of hydrolysis of Si-O-Si bonds under our
experimental conditions was actually confirmed by using the
trimethylsilylated derivative,?? in which inert Si—-CH, groups
were substituted for the hydrolyzable Si-OEt groups of 1-3.
When this molecule was treated for 1 day under conditions
similar to those for the synthesis of 3G, new signals due
to the T? (at around —53 and —57 ppm), M° (13.2 ppm), and
M' (7.3 ppm) units appeared in the *Si NMR spectrum (see
Supporting Information). The M® and M’ signals can be as-
signed to Me;SiOH and Me,Si-O-SiMe;, respectively,”
which suggests that the cleavage of the Si—-O-Si bonds link-
ing the core and the terminal trimethylsilyl groups proceed-
ed. However, the degree of cleavage was only about 20% as
estimated from the relative-intensity ratios.

Hydrolysis and polycondensation of 1, 2, and 3 led to ge-
lation within 1 day. This behavior is different from that ob-
served for mixtures of monomeric alkoxysilanes (i.e., di-
methyldiethoxysilane (DMDES)-, methyltriethoxysilane
(MTES)-, and tetraethoxysilane (TEOS)-BTESM mix-
tures),” which did not form gels even after 1 day of reac-
tion. The faster gelation of the oligomeric precursors should

Chem. Asian J. 2008, 3, 600 —-606
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be due to their larger molecular size, which allows efficient
growth of the siloxane networks. Although transparent gels
were obtained from 2 and 3, an opaque gel was formed
from 1. This may be due to the microphase separation be-
tween rather hydrophobic polymers formed from dimethyl-
silyl-terminated oligomers and the water-based hydrophilic
phase. In fact, the scanning electron microscopy (SEM)
image of 1G (data not shown) revealed the presence of
large spherical voids possibly formed by phase separation.

Characterization of the Xerogels

The xerogels 1G, 2G, and 3G were characterized by solid-
state ’Si magic-angle spinning (MAS) NMR to obtain infor-
mation on the siloxane networks. The spectrum of 1G (Fig-
ure 1C, spectrum a) shows mainly a D? signal (—19 ppm)
and two T° signals (—61 and —64 ppm). The signal due to
the SiMe,(OEt) groups (D' unit, at —12 ppm) is very small,
which suggests that almost all the silyl groups at the cage
corners are linked together by siloxane bonds. The appear-
ance of another T? signal at 70 ppm is probably due to the
partial rearrangement of the siloxane networks. In the case
of 2G, only T* and T signals (—56 and —64 ppm, respective-
ly) were observed (Figure 1C, spectrum b). The absence of a
T signal confirmed that all the terminal SiMe(OEt), groups
of 2 were hydrolyzed and polycondensed to form at least
one siloxane bond. However, more detailed analysis of this
spectrum could not be performed because of the overlap-
ping of the signals of the cagelike cores and the terminal
silyl groups. The spectrum of 3G shows Q% Q° and Q* sig-
nals (=92, —100, and —108 ppm, respectively) along with
the T? and T° signals (Figure 1C, spectrum c). The presence
of the T? units clearly confirms that the Si-O-Si linkages
were partially cleaved during polycondensation. However,
deconvolution of the signals to estimate the degree of cleav-
age was unsuccessful because the T° signal of the core ap-
pears close to the T? region (—55 to —60 ppm).

The difference in the number of alkoxy groups, that is, the
difference in the degree of cross-linking between the cage-
like cores, resulted in different properties for the xerogels.
The thermogravimetry differential thermal analysis (TG-
DTA) curves for 2G and 3G display endothermic peaks ac-
companied by an approximately 15% mass loss below
100°C (Figure 2), which can be due to the loss of adsorbed
water molecules. In contrast, no such peak was observed for
1G, which suggests that the xerogel has a relatively hydro-
phobic network. In fact, in the IR spectra of these xerogels
(see Supporting Information), strong bands due to H,O (at
3100-3600 and 1600 cm’l) were observed for 2G and 3G,
whereas 1G exhibited much weaker bands in these regions.
At higher temperature, large exothermic peaks with weight
losses indicative of combustion of organic moieties (methyl
and/or methylene groups) were observed at about 420, 560,
and 600°C for 1G, 2G, and 3G, respectively. The gradual
mass losses starting from 200°C observed for both 2G and
3G suggest that a part of the organic moieties were com-
busted. Interestingly, the thermal stabilities of 2G and 3G
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Figure 2. TG-DTA curves for the xerogels a)1G, b)2G, and c)3G.
endo. =endothermic, exo. = exothermic.

are higher than those of the xerogels derived from the
MTES-BTESM and TEOS-BTESM mixtures,” which
showed exothermic peaks at about 510 and 550°C, respec-
tively (see Supporting Information). This should be due to
the difference in the local structure of the hybrid xerogels,
although the detailed behavior is still under investigation.
The number of alkoxy groups in the oligomers also affect-
ed the porosity of the resulting xerogels. Figure 3 shows the
nitrogen-adsorption isotherms of 1G, 2G, and 3G. The iso-
therms of 2G and 3G display the type I curve, which sug-
gests that they are microporous. The Brunauer-Emmett—
Teller (BET) surface areas of 2G and 3G were calculated to
be 820 and 510 m*g !, respectively. These samples have an
average pore diameter of 0.6 nm, which can be calculated
either by the Saito-Foley (SF) method or by the Barrett—
Joyner—Halenda (BJH) method. In contrast, 1G exhibits a
very low BET surface area (<10 m*g™"). Despite this differ-
ence in porosity, no difference in the microstructures was

V,io/ cmig~1(STP)

0 :
00 02 04 06 08 10
PIP,

Figure 3. Nitrogen-adsorption isotherms of a) 1G, b) 2G, and ¢) 3G.
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observed by TEM (see Supporting Information for the
images of 1G and 3G).

The nonporous nature of 1G is probably due to its rela-
tively flexible networks, which form only one siloxane bond
at each corner of the cagelike unit, thus causing large
shrinkage of the networks during the drying process. Inter-
estingly, highly porous xerogels were obtained from 3, which
is in contrast to our previous finding that a triethoxysilylated
derivative of cubic octameric silicate had a very low BET
surface area. This difference is possibly associated with the
deterioration of 3 during hydrolysis and polycondensation,
as evidenced by ?Si MAS NMR.

Preparation of Mesostructured Films

Mesoscale self-assembly of oligomers 1, 2, and 3 by using a
surfactant as the structure-directing agent was performed to
construct hybrid materials with structural hierarchy. Al-
though various mesostructured hybrids have been synthe-
sized starting from monomeric alkoxysilanes including
BTESM,? ! there have been only a few reports on the use
of well-defined oligomeric species.'***?) We used amphi-
philic triblock copolymer P123 because it appeared to be
large enough to direct the self-assembly of the oligomeric
species consisting of 12 Si atoms.

Figure 4 shows the XRD patterns of the thin films (1F,
2F, and 3F) prepared by hydrolysis and polycondensation of
1, 2, and 3 in the presence of P123. Although 1F is non-or-
dered, 2F and 3F exhibit sharp diffraction peaks (d=9.40
and 9.17 nm, respectively) accompanied by second-order re-
flections. The periodic structures were retained even after
calcination (d=5.60 and 6.77 nm), and the TEM images of
3F after calcination (Figure 5) display either honeycomb or
striped patterns, thus confirming the 2D hexagonal meso-
structure of the film. The two XRD peaks were therefore in-
dexed as the (10) and (20) reflections of the 2D hexagonal
structure. The absence of a (11) peak suggests that the mes-
ochannels are oriented parallel to the substrate surface.”)

& a)
9.40 nm
e X100 b)
\\_Jiﬁonm c)
/ 9.17 nm
l\ x100 d)
6.77 nm
o~ X100 e)
s Lo o 1 Do ]
1 2 3 4 5
20/° (Fek,)

Figure 4. XRD patterns of a)1F, b)2F, c)calcined 2F, d)3F, and
e) calcined 3F.

604 www.chemasianj.org

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

A. Shimojima, K. Kuroda et al.

Figure 5. Typical TEM images of calcined 3F showing the honeycomb
(left) and striped (right) patterns.

The TEM images of the calcined 2F also showed the pres-
ence of mesopores (see Supporting Information). However,
the structure is less ordered relative to 3F, which should be
due to the thermally less stable network of 2F, as expected
from the significant decrease in the intensity of the XRD
peak upon calcination.

FTIR analysis suggests that surfactants in the films were
mostly removed by calcination while maintaining the Si-
CH,-Si linkage. Figure 6a and b show the IR spectra of 3F
before and after calcination, re-
spectively. The spectrum of 3G
(Figure 6¢) is also shown for
comparison. Before calcination,
four absorption peaks due to
C—H stretching modes were ob-
served in the range 2850-
3000 cm . The peaks at 2900
and 2970 cm ! were assigned to
the CH; groups of P123, and
the other peaks at about 2850
and 2925 cm ™! were assigned to
the CH, groups of both P123
and the cagelike cores. After
calcination, the CH; peaks sig-
nificantly decreased and
became smaller than the CH,
peaks, which suggests that most
of the surfactant was removed.
We also note that the band at about 700 cm™', which is
likely to be associated with the Si~CH,-Si linkages, was still
observed after calcination (data not shown). The removal of
the surfactant by calcination was supported by the nitrogen-
adsorption measurements. The isotherm for 3F after calcina-
tion shows a type IV curve typical of mesoporous silica (see
Supporting Information).

It is generally recognized that the interactions (mainly hy-
drogen-bonding) between siloxane species and PEO blocks
are essential for the formation of hybrid mesostructures
when PEO-based surfactants are used.’ In the present sys-
tems, the lack of structural order in 1F should be due to a
relatively weak interaction of hydrolyzed 1 with PEO blocks
of the surfactant (P123). This is reasonable because of the
smaller number of Si-OH groups and the relatively hydro-
phobic nature of 1, which has 12 terminal methyl groups. A

a)

c)

Transmittance

rrrrrrrrrrrrrrrrrrrq?rrrrrrrr]‘
3100 3000 2900 2800
viem™!

Figure 6. FTIR spectra (C—H
stretching region) of a)3F,
b) calcined 3F, and ¢) 3G.
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similar result was obtained in our recent study with a mono-
ethoxysilylated derivative of cubic octameric silicate as pre-
cursors.' It is therefore concluded that geminal silanol
groups (Si(OH),) at the cage corners are necessary for the
building blocks to interact fully with PEO blocks to form
mesostructures.

Mesoporous hybrid films are potentially useful as low-k
dielectrics and low-refractive-index materials.* Besides the
mesoporosity generated by surfactant templates, it is impor-
tant to control the compositions and local structure of the
hybrid networks. The incorporation of methyl and methyl-
ene groups in the networks contributes to an increase in hy-
drophobicity and a decrease in dielectric constant relative to
pure silica mesoporous films.”*** The use of well-defined
building blocks may lead to fine-tuning of the physical prop-
erties of the hybrid films, and further characterization of
these films in this regard is underway.

Conclusions

We have demonstrated the formation of siloxane-based
hybrid materials by using three new types of molecular
building blocks in which mono-, di-, and trialkoxysilyl
groups are attached to the cagelike hybrid core. Detailed
analysis of the hydrolysis and polycondensation processes of
these oligomers suggested that novel hybrid xerogels con-
taining cagelike units have been prepared, although partial
cleavage of Si-O-Si linkages occurred during the synthesis.
The tuning of the structure and properties of the xerogels
was accomplished by varying the number of alkoxy groups.
Furthermore, we have succeeded in the synthesis of meso-
structured hybrid films by using a triblock copolymer surfac-
tant as a structure-directing agent. These results provide im-
portant insight into the precise design of hybrid materials at
scales of various orders of magnitude.

Experimental Section

Synthesis of Precursors (1, 2, and 3)

The synthesis of the cagelike trimers from BTESM was performed ac-
cording to our previous report.” Starting from a mixture with a
BTESM/ethanol/H,O/TMAOH molar ratio of 1:20:20:3, the cagelike
trimer shown in Scheme 1 was formed almost quantitatively. Mono-, di-,
and triethoxychlorosilanes  ((EtO)Me,SiCl, (EtO),MeSiCl, and
(EtO);SiCl) containing Me,Si(OEt), (~10%), MeSi(OEt); (~30%),
and Si(OEt), (~50%), respectively,'*! were used as the silylating agents.
Typically, 5 mL of the mixture containing the cagelike trimers was added
to a mixture of an excess of the silylating agent (0.61 mol), THF (100-
150 mL), and pyridine (32 mL). After stirring for 30 min, volatile compo-
nents were removed in vacuo to yield white solids containing the silylated
derivatives, TMACI, and pyridine hydrochloride. Extraction with hexane
(50 mL) followed by removal of the solvent in vacuo afforded a viscous
liquid. The alkoxysilylated derivatives (1, 2, and 3) were finally isolated
by gel-permeation chromatography (GPC) as clear, colorless liquids
(yields: ~45 % based on BTESM).

1: 'H NMR (500 MHz, CDCIL,): 0.04, 0.11, 0.14, 0.24, 0.27, 1.21, 3.76 ppm
(some signals may have overlapped with the large signal of methyl pro-
tons); "CNMR (125.7 MHz, CDCL,): 6=-1.2, —1.0, 0.2, 0.7, 1.0, 18.4,
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58.0ppm; PSiNMR (99.3MHz, CDCl): -11.0, -11.3, —61.9,
—65.7 ppm; MS (FAB): m/z caled for C,;H;,,0.Si;,: 1020.1 [M+H]*;
found: 1021.0.

2: '"HNMR (500 MHz, CDCl;): §=-0.14, —0.01, 0.11, 0.16, 0.19, 1.07,
3.67 ppm (some signals may have overlapped with the large signal of
methyl protons); "CNMR (125.7 MHz, CDCl;): d=-5.6, —0.9, 18.2,
583 ppm; PSiNMR (993 MHz, CDCL): -503, -50.3, -62.2,
—65.7 ppm; MS (FAB): m/z caled for Cy;3HgO,,Sip,: 12002 [M+H]*;
found: 1201.2.

3: 'THNMR (500 MHz, CDClL): 6=-0.25, 0.21, 0.23, 1.24, 3.84 ppm;
C NMR (125.7 MHz, CDCLy): 6=-1.0, —0.2, 18.1, 59.3 ppm; *Si NMR
(99.3 MHz, CDCl): 6 =-61.9, —65.7, —88.7, —88.8 ppm; MS (FAB): m/z
caled for CyHys04Siy,: 1380.3 [M +H]*; found: 1381.2.

Synthesis of Hybrid Xerogels

Hybrid xerogels 1G, 2G, and 3G were prepared by hydrolysis and poly-
condensation of 1, 2, and 3, respectively, in mixtures of THF, H,O, and
HCI. The molar ratios were 1/ethanol/H,O/HCl=1:36:6:0.06, 2/ethanol/
H,0/HC1=1:36:12:0.06, and 3/ethanol/H,0/HCl=1:36:18:0.06; the H,O/
OEt ratios were adjusted to 1. The mixtures were stirred at room temper-
ature for 1 h and then allowed to stand for 1 day, during which gelation
occurred in the closed vessels. The solvents were evaporated under re-
duced pressure to produce xerogels, which were pulverized before char-
acterization.

Synthesis of Mesostructured Hybrid Films

Mesostructured thin films 1F, 2F, and 3F were prepared from 1, 2, and 3,
respectively, by reaction in the presence of amphiphilic triblock copoly-
mer surfactant EO,,PO,,EO,, (Sigma—-Aldrich). The oligomers were pre-
hydrolyzed by stirring in a mixture of ethanol, H,O, and HCI at room
temperature for 2 h, and then a solution of P123 in ethanol was added.
The final molar ratio of the mixture was 1 (or 2 or 3)/ethanol/H,O/HCl/
P123=1.0:456:99.6:0.50:0.12. These precursor solutions were spin-coated
on glass substrates and air-dried at room temperature for 2 days. The
films 2F and 3F were further calcined in air at 593 K for 4 h (heating
rate 2 Kmin™') to remove the surfactant.

Characterization

Liquid-state *’Si NMR spectra were obtained on a JEOL Lambda-500
spectrometer with resonance frequencies of 99.25 MHz. The sample solu-
tions were put in 5-mm glass tubes, tetramethylsilane (TMS) was added
as an internal reference, and CDCl; or [Dglethanol was used to obtain
lock signals. A small amount of Cr(acac); (acac=acetylacetonate) was
also added as a relaxation agent for *Si nuclei. XRD patterns were re-
corded on a Mac Science MO3XHF22 diffractometer with Mn-filtered
Fey, radiation. TEM images were obtained on a JEOL JEM-2010 micro-
scope operating at 200 kV. To prepare the TEM samples, the xerogels or
mesostructured films scraped off from the substrate were ground with a
mortar and pestle and dispersed in ethanol. A carbon-coated TEM grid
was dipped in the dispersion and, after withdrawal, was dried in air.
Solid-state Si MAS NMR spectroscopy was performed on a JEOL
JNM-CMX-400 spectrometer at a resonance frequency of 79.42 MHz,
with a pulse width of 45° and a recycle delay of 100 s. Positive FAB mass
spectra were obtained by using a JEOL JMS-SX-102A mass spectrome-
ter. FTIR spectra of the products in KBr pellets were obtained on a
Perkin—Elmer Spectrum One spectrometer with a nominal resolution of
0.5 cm ™. Nitrogen-adsorption measurements were performed by an Au-
tosorb-1 instrument (Quantachrome Instruments, Inc.) at 77 K. Samples
were preheated at 120°C for 3 h under about 1.3 Pa pressure. TG-DTA
was carried out with a RIGAKU TG8120 instrument under a dry air

flow at a heating rate of 10 Kmin~'.
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