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Self-Assembly of Alkyl-Substituted Cubic Siloxane Cages into Ordered

Hybrid Materials
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Abstract:  Siloxane-organic  hybrids
with well-ordered mesostructures were
synthesized through the self-assembly
of novel amphiphilic molecules that
consist of cubic siloxane heads and hy-
drophobic alkyl tails. The monoalkyl
precursors functionalized with ethoxy
groups (C,H,,,SigO,,(OEt);, 1Cn, n=

sembly processes. Analysis of the solid-
state Si MAS NMR spectra of these
hybrid mesostructures confirmed that
the cubic siloxane units were cross-
linked to form siloxane networks. Cal-
cination of these hybrids gave mesopo-
rous silica, the pore diameter of which
varied depending on the alkyl-chain

length. We also found that the precur-
sors that had two alkyl chains formed
lamellar phases, thus confirming that
the number of alkyl chains per cage
had a strong influence on the meso-
structures. These results expand the
design possibility of novel nanohybrid
and nanoporous materials through the

16, 18, and 20) were hydrolyzed under
acidic conditions with the retention of
the siloxane cages, leading to the for-
mation of two-dimensional hexagonal
phases by evaporation-induced self-as-

rous

Introduction

The self-assembly of molecular building blocks into well-de-
fined architectures has received considerable interest as a
promising approach to nanomaterials synthesis.!! Recently,
various organosilane-based molecules have been found to
form nanostructured silica-based hybrids owing to the am-
phiphilic nature of hydrolyzed species®™ or to the specific
interactions, such as hydrogen bonding and n—n interactions
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self-assembly of well-defined oligosi-
loxane-based precursors.

between organic groups.””! In addition to monomeric pre-
cursors with the general formula of R'Si(OR); or (RO);Si-
R’-Si(OR);, the use of oligosiloxane precursors consisting of
both CSiO; and SiO, units will lead to diverse compositions
and structures.

We have reported the formation of hybrid mesostructures,
2D hexagonal (n=6-10), 2D monoclinic (n=12 and 13),
and lamellar (n=14-18), from oligosiloxane precursors con-
sisting of an alkyl chain and a branched tetrasiloxane unit
(C,H,, 4+,Si(0OSi(OMe);); hereafter called “tetrasiloxane pre-
cursors”).¥l Such an approach based on the use of single
hybrid precursors promises to produce mesostructured
hybrid materials with uniform distribution and configuration
of organic groups without phase-separation. Furthermore,
we can expect the construction of mesostructures with mo-
lecularly designed siloxane networks, which is very impor-
tant for a wide range of applications such as catalysis. How-
ever, the aforementioned tetrasiloxane precursors under-
went intramolecular rearrangement during hydrolysis of
alkoxy groups,®™ which hampered the precise design of the
siloxane networks at the molecular scale.

The cubic octasiloxane cage, SizO;,, appears to be suitable
as an oligosiloxane unit because of its distinctive features,
such as rigidity, high symmetry, and functionalization capa-
bility. Previously, siloxane cage compounds (RgSigO;,, R=
H, O~, OCHj;, and organic groups) have been widely used as
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nanobuilding blocks of silica-based materials.”! Ordered
nanocomposites have been constructed by the surfactant-di-
rected self-assembly process!'"'? and by the layer-by-layer
assembly process.” Several attempts have also been made
in the design of organically-modified octasiloxane cage ca-
pable of self-assembly, e.g., i) thermotropic liquid crystalline
molecules having SigO,, cores,™¥ ii) polyimide-based copoly-
mers grafted or end-capped with R;SigO;, (R=cyclohex-
y1),l%! and iii) amphiphilic molecules in which hydrophilic
chains such as oligo(ethyleneoxide) is bonded to R;SigO;,
(R=H or Et) units."”! However, most of these studies uti-
lized silsesquioxane cages (CSiO;s)g, lacking the ability to
form siloxane networks due to the absence of alkoxysilyl
(SiOR) groups, and the design of the cubic siloxane-based
molecules that produce well-ordered mesostructures consist-
ing of cross-linked siloxane cages has been unprecedented.

Herein, we report the design of novel alkyl-substituted
cubic siloxane cages functionalized with alkoxy groups that
become amphiphilic upon hydrolysis. Although various
mono-substituted cages, including C¢H,5(H;)SizgO,,,'" ¥ have
previously been reported, self-assembly of alkyl-substituted
cubic siloxane cages has only been studied by computer sim-
ulation.!™ In the present work, self-assembly and subse-
quent polycondensation of amphiphilic molecules that have
a hydrophilic cage structure are experimentally verified for
the first time. We found that the monoalkyl-substituted pre-
cursors (1Cn in Scheme 1) formed 2D hexagonal mesostruc-
tures with cylindrical assemblies, consisting of networks of
the cages. We also examined the use of dialkyl-substituted
precursors. The formation processes and the structures of
these hybrid mesostructures are described.
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Figure 1. Liquid-state *Si NMR spectra of a) 1C16 and the solutions
after b) 1 day and c) 7 days of reaction.

—100.5 ppm arise from hydrolysis of SiOEt groups to form
SiOH groups.? The complexity of this spectrum is attribut-
ed to the slight variation in the environments of SiOH,
SiOEt and SiC,4Hs; sites depending on the number and posi-
tion of the SiOH groups. After
7 days (Figure 1c), the signals
due to Si(OSi);(OEt) almost
disappear and the spectrum
mainly shows a T° signal at 6 =

T ST
el e
WS NS

e — G5 .v: e —65.8 ppm and three Q° signals
ROiij' Too~or Homs' mé'*m . .v% N/ at 0=-100.13, —100.19 and
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Scheme 1. Formation of hybrid mesostructure (1H) from monoalkyl-substituted cubic siloxanes (1Cn) by i) hy-

drolysis, ii) evaporation-induced self-assembly, and iii) polycondensation.

Results and Discussion

Hydrolysis of 1Cn without cross-linking is crucial for subse-
quent self-assembly induced by evaporation of the solvent.
We first studied the hydrolysis processes of 1Cn by liquid-
state ®Si NMR. Figure 1 shows the *Si NMR spectra of
1C16 and the solutions after 1 and 7 days of reaction. The
unreacted 1C16 exhibits four signals corresponding to the
T® (CSi(0OSi),) site and three inequivalent Q° (Si(OSi);-
(OE)) sites (Figure 1a). After 1 day of reaction (Figure 1b),
several unresolved signals are observed at around 6 = —65.5,
—100.5 and —102.5ppm. The signals at around O=
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to completely hydrolyzed spe-
cies (inset of Figure 1c). Similar
hydrolysis behaviors were also
observed for 1C18 (Supporting
Information, Figure S1).

It is interesting to note that the hydrolysis of 1Cn pro-
ceeds much slower than tetraethoxysilane (TEOS). Under
the identical conditions, TEOS was completely hydrolyzed
within 0.5 h. Such a large difference can be explained in
terms of hydrolysis mechanism: hydrolysis of 1Cn should
proceed without the inversion of SiO, tetrahedra, being in
contrast to the Sy2 type reaction proposed for tetraalkoxysi-
lanes.””! Notably, the hydrolysis of the Si-O-Si linkages is
very slow and is confirmed by the appearance of no T or
Q7 signals during the reaction. Furthermore, the absence of
the Q* signal even after complete hydrolysis of 1Cn indicat-
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ed that condensation between the cages was suppressed,
which is probably due to steric repulsion between long alkyl
chains. Although the small, broad signal centered at 0=
—100.4 ppm is indicative of the co-existence of a minor
amount of other species, hydrolysis of 1Cn proceeded with
the retention of the original cage structure. This is one of
the specific features of the present self-assembly process,
being in clear contrast to the case of branching siloxane
units which undergo intramolecular condensation and cleav-
age of Si-O-Si bonds.[*!

The hydrolyzed 1Cn are amphiphilic molecules, and their
self-assembly indeed occurred upon evaporation of the sol-
vent. The xerogel films prepared by drying the fully hydro-
lyzed solution of 1Cn (after 7 days) dropped on glass sub-
strates appear birefringent when viewed under a polarizing
microscope. The observed fan-like texture (Figure 2) is typi-
cal of a hexagonal columnar mesophase (p6mm).”"! A simi-
lar hexagonal phase was also obtained from the hydrolyzed
solution after 5 days of reaction at which time the degree of
SiOEt hydrolysis was ~70%, as roughly estimated by “C
and ®Si NMR (data not shown), whereas the solution after
3 days of reaction gave an isotropic xerogel. Thus the
number of OH groups per cage dominates the amphiphilic
self-assembly of hydrolyzed 1Cn.

Figure 2. Polarizing microscopy image of the thick film prepared by
drying of the hydrolyzed solution of 1C18. Scale bar: 50 pum.

The 2D hexagonal structure of the products derived from
fully hydrolyzed 1Cn was actually confirmed by X-ray dif-
fraction (XRD) and transmission electron microscopy
(TEM). Figure 3 shows the powder XRD patterns of the
pulverized samples (1H) before and after calcination. The
as-synthesized 1H (n=16, 18, and 20) exhibit the strongest
peaks corresponding to the dy, spacings of 3.72, 3.96, and
4.20 nm, respectively (Figure 3, left). Both hexagonal pat-
terns and striped patterns, typical of a 2D hexagonal struc-
ture, are observed by TEM (Figure 4, and Figure S2 in the
Supporting Information). Note that (11) peaks are not clear-
ly observed in the XRD patterns. This should be a result of
the preferential orientation of the plate-like particles origi-
nating from the xerogel films in which cylindrical assemblies
are aligned parallel to the surfaces.”” These mesostructures
were retained even after calcination (Figure 3, right), al-

8502 ——

www.chemeurj.org

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

4.20 nm 3.70 nm
c) c)
3.96 nm 3.40 nm
3 5
8 s
2 z
k= b) E b)
3.72nm 3.28 nm
a) a)
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

260/ ° (Fe Ka) 260/ ° (Fe Ka)

Figure 3. Powder XRD patterns of the hybrids 1H before (left) and after
(right) calcination: a) n=16, b) n=18, and c) n=20.

Figure 4. Typical TEM images of the hybrid derived from 1C18 (before
calcination) showing the honeycomb (left) and striped (right) patterns.

though the d,, spacing decreased by ~0.5 nm, owing to the
thermal shrinkage of the siloxane networks.

As we reported previously,®! tetrasiloxane precursors
(C,H,, ,Si(0OSi(OMe),);) favored the formation of lamellar
structures when n=14. The formation of 2D hexagonal
structures from 1Cn with n=16, 18, and even n=20 can be
attributed to the increase of the head group area that gener-
ally leads to the formation of higher curvature mesophas-
es.”! Other mesophases such as 3D cubic and 3D hexagonal
phases, both of which comprised of spherical assemblies,
might be formed from 1Cn with shorter chain length. How-
ever, our preliminary experiments suggested that well-or-
dered structures were not obtained under the present exper-
imental conditions. For example, the hybrid derived from
1Cn with n=14 exhibited a single XRD peak (d=3.51 nm)
owing to a less-ordered 2D hexagonal structure. The meso-
structure became more disordered when n=10 (data not
shown).

To further investigate the molecular factor affecting the
self-assembly processes, we examined the use of dialkyl pre-
cursors ((C,H,,41):S1i30,(OEt)s, 2Cn, n=16, 18, and 20),
which were obtained as a major by-product (~25% yield).
As shown in Figure 5, there are three possible isomers of di-
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Figure 5. Three possible isomers of dialkyl-substituted cubic siloxane
cages (2Cn).

alkyl-substituted cages. The GPC chromatographs of 2Cn
showed single peaks with shorter retention times than 1Cn
(data not shown). The presence of three isomers in each
precursor was indeed suggested by NMR: i) the *Si NMR
spectrum consists of three T° signals and six Q° signals,
ii) the C NMR spectrum shows three SiCH, signals, and
iii) the "H NMR spectrum shows the CH,0Si/CH,Si ratio of
3 (see the Supporting Information).

Although the separation of these isomers was unsuccess-
ful, single mesophases were obtained from the mixtures. Hy-
drolysis and polycondensation of 2Cn led to the formation
of lamellar hybrids (2H) independent of the alkyl chain
length. The XRD patterns show the peaks with d=3.46,
3.60, and 3.88 nm when n=16, 18, and 20, respectively
(Figure 6), and these peaks disappeared after calcination,
owing to the collapse of the structure. The lamellar structure
of 2H was also supported by their swelling behavior; the d
spacings were increased (Ad=0.5 nm for n=18) when the
samples were treated with decyl alcohol.

3.88 nm
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Figure 6. Powder XRD patterns of the lamellar hybrids (2H) derived
from 2Cn: a) n=16, b) n=18, and c) n=20. These samples were pre-
pared with a molar ratio of 2Cn/THF/H,O/HCl=1:75:18:0.5. Other ex-
perimental conditions were identical to those for the preparation of 1H.

Solid-state Si NMR analysis gave us information about
the siloxane networks in the hybrid solids. The *Si MAS
NMR spectra of 1H and 2H (rn=18), are shown in Figur-
e 7a,b, respectively. Both spectra consist of five signals at
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Figure 7. Solid-state ’Si MAS NMR spectra of a) 1H (n=18) before cal-

cination, b) 2H (n=18) before calcination, and ¢) 1H (n=18) after calci-
nation.

0=-55, —64, —91, —100, and —109 ppm, corresponding to
the T?, T° (T*, CSi(OSi),(OH);_,), Q% Q* and Q* units (Q’,
Si(0OSi),(OH),_,), respectively. The T/Q ratios are consistent
with those in 1C18 (T/Q=1/7) and 2C18 (T/Q=1/3). The
appearance of the Q* signal indicates the formation of the
siloxane networks of the octasiloxane cages. In the case of
1H, on the basis of the relative intensity ratio of the Q*
signal (Q*(Q*+Q’+Q*) =0.39), the average number of cage
corners linked to other cages is calculated to be 2.7 per
cage.

The presence of small T and Q? signals in Figure 7a,b is
indicative of partial cleavage (~8%) of siloxane bonds
during polycondensation. Such cleavage was also reported
for the sol-gel processes of a methoxy-derivative of cubic si-
loxane cage (SisO;,(OMe)).?! However, the high T%T?
ratios of 1H and 2H suggests that the cage units are at least
partly retained in the hybrid mesostructures. In fact, the hy-
brids derived from the mixtures of long-chain alkyltrialkoxy-
silane and tetraalkoxysilane predominantly contain the T?
units because of the steric repulsion between long alkyl
chains.™ The situation is the same even when tetrasiloxane
precursors having T® units was used as the precursor, be-
cause partial cleavage of the Si-O-Si bonds occurred during
the reaction.”! Further support was obtained by FT-IR anal-
ysis of 1H (Supporting Information, Figure S3). The spec-
trum clearly shows the band at #~580 cm™' which is typical-
ly observed for the siloxane-based materials containing
double-four-membered rings.'“>%) It appears, however,
that the cages are randomly arranged because XRD peaks
assignable to short-range order were not observed.

Such a bottom up approach to control the structure of si-
loxane networks is potentially very important for the practi-
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cal applications concerning the porosity, density, and refrac-
tive index of silica. Klemperer et al. reported the formation
of high-surface-area silica xerogels from SizO;,(OMe)g.?* Tt
was proposed that the rigidity of the cubic-siloxane unit in-
hibited extensive cross-linking, thereby generating porosi-
ties. However, in the case of the as-synthesized 1H, there
was no porosity measurable by N, adsorption (data not
shown), which is suggestive of denser siloxane networks in
1H. This result may arise from the differences in the reac-
tion conditions and/or in the composition of the reaction
mixtures.

The ¥Si MAS NMR spectrum of 1H after calcination
(Figure 7c) shows broad signals corresponding to the Q° and
Q* units, suggesting that the CSiO; (T) unit was converted
to SiO, (Q) unit by thermal cleavage of Si—C bonds. The
relative intensity ratio of the Q* signal (Q*(Q*4+Q*+Q?%)) in-
creased from 0.39 to 0.78, indicating that further condensa-
tion between residual silanol groups occurred. The complete
removal of organic moieties was confirmed by IR (Figure S3
in the Supporting Information). Also noted is that the signif-
icant change in the profile of the IR spectrum at around v=
550 cm™!, which is possibly a result of shrinkage of the silox-
ane networks and/or structural deformation of cubic silox-
ane units by calcination.

As expected from the fact that the calcined 1H retained
the 2D hexagonal structures, they were found to have or-
dered mesopores. Figure 8 shows the nitrogen adsorption-

Volume adsorbed / cm® g~' (STP)

0.0 0.2 0.4 0.6 0.8 1.0
Relative pressure (P/Po)

Figure 8. Nitrogen adsorption-desorption isotherms of 1H after calcina-
tion. Open symbols and filled symbols denote adsorption and desorption
branches, respectively.

desorption isotherms for 1H after calcination. These sam-
ples show type IV isotherms characteristic of mesoporous
silica. The BET surface area, pore volume, and average
pore diameter evaluated by the non-local density functional
theory (NLDFT) method are listed in Table 1. The surface
areas and the pore volumes are relatively lower than those
for the mesoporous silica derived from the tetrasiloxane pre-
cursors (e.g., 830 m?’g™" and 0.58 cm®g~!, respectively, when
the pore size was 3.2 nm).**! This should be explained by
thicker siloxane walls, owed to the increased number of Si
atoms per alkyl chain. Actually, the wall thicknesses calcu-
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Table 1. Pore parameters of 1H after calcination calculated from the N,
adsorption-desorption isotherms.

Sample BET surface area Pore volume Pore diameter
[m’g"] [em’g™] [nm]®

1H (n=16) 650 041 2.8

1H (n=18) 670 0.46 3.0

1H (n=20) 660 0.47 33

[a] evaluated by using NLDFT.?!

lated from the pore diameters and the interpore distances
(calculated from the d,, spacings) for the calcined 1H are
0.93-0.98 nm, being larger than that for the above men-
tioned mesoporous silica (0.67 nm).’) Such an increase in
the pore wall thickness may contribute to the enhanced hy-
drothermal stability, which is of practical importance.

Conclusion

We have demonstrated the self-assembly of amphiphilic,
alkyl-substituted octasiloxane cages into ordered siloxane-
based hybrid materials. To the best of our knowledge, this is
the first report on the use of a cubic octasiloxane cage as
the hydrophilic head of amphiphilic molecules. Two differ-
ent mesostructures have been formed depending on the
number of alkyl chains per cage. Monoalkyl-substituted
cages led to the formation of 2D hexagonal mesostructures,
which were converted into mesoporous silica by calcination,
whereas dialkyl-substituted cages favored the formation of
lamellar phases. The liquid-state and solid-state *Si NMR
and IR results suggested that the cage structure was at least
partly retained in the hybrid materials. The elaboration of
other types of cubic siloxane cages, such as those having
double-three and double-five membered rings, will allow the
creation of hybrid mesostructures with unique structures
and properties. Integration of other metallic species in the
cage framework is also important for catalytic applications.

Experimental Section

Synthesis of monoalkyl-substituted precursors (C,H,,,Si;0,,(OEt),, n=
16, 18, and 20, 1Cn): The precursors 1Cn were synthesized by Pt-cata-
lyzed hydrosilylation of 1-alkenes (CH,=CH(CH,), ;CH;, n=16, 18, and
20) with HgSigO,,, followed by the reaction of residual seven Si—H
groups with ethanol. HgSizO,, was synthesized from HSiCl; (Tokyo Kasei
Kogyo) by using the method reported by Agaskar.””) Hydrosilylation was
performed by the addition of an acetonitrile solution of H,PtCl+6 H,O
(0.02Mm, Kanto Kagaku) to a mixture of HSigO,,, 1-alkene (Tokyo Kasei),
and toluene (50 mL per 1 g of HSigO,,). The molar ratio of HgSigOy,/1-
alkene/H,PtCle6 H,O was 1:1:8x107*. After the mixture was stirred at
100°C for 1day under N, atmosphere, the solvents were removed in
vacuo. The resulting waxy solids consisted mainly of mono- and di-addi-
tion products, along with unreacted HgSigO,. The mono-addition prod-
ucts, C,H,,,(H;)Si;0,,, were isolated by gel permeation chromatography
(GPC) using chloroform as the eluent (waxy solids, yield: ~40% based
on HSigOy,). Derivatization of C,H,,,(H;)Si;O,, with ethanol (dried)
was performed in the presence of (C,Hs),NOH (Tokyo Kasei)®! with the
molar ratio of C,H,,, ;(H;)Si;O,,:EtOH:(C,H;),NOH =1:21:0.01. The
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mixture of (C,Hs),NOH and ethanol was added to the toluene solution
(50 mLg™") of C,H,,,,(H;)SisOy,, and the mixture was stirred at room
temperature for 16 h under N, flow. In this step, special care was taken
to minimize water contamination that causes hydrolysis of Si-H. The re-
moval of solvent and residual ethanol in vacuo afforded clear and viscous
liquids. Finally, 1Cn was purified by GPC (yields: ~70% based on
C,H,,1(H7)SizO,,). Selected data for 1C18: C;sH;;SizO,,(OEt);: clear,
colorless oil. 'H NMR (500 MHz, CDCl;): 6 =0.70-0.74 (t, 2H), 0.87-0.89
(t, 3H; CH,CH,CH;), 1.24-1.27 (m, 51H), 1.42-1.45 (m, 2H), 3.87-
3.92ppm (m, 14H; OCH,); "CNMR (125.7 MHz, CDCl;): 6=11.23,
14.13, 17.79, 17.81, 22.42, 22.73, 29.27, 29.40, 29.54, 29.70, 29.73, 31.97,
32.65, 59.86, 59.92, 59.95 ppm; *Si NMR (99.3 MHz, CDCl;): 6 =—64.17
(T%), —102.58 (Q3), —102.63 (Q%), —102.72 ppm (Q°); MS (FAB): mlz:
985.2 [M+H]*. The spectroscopic data for 1C16 and 1C20 are presented
in the Supporting Information.

Synthesis of hybrid mesostructures 1H: Hydrolysis of 1Cn was per-
formed in a solution with a molar ratio of 1Cn/THF/H,0O/HCl=
1:75:21:0.5. After stirring at room temperature for 7 days, the hydrolyzed
solution was dropped onto glass substrates and slowly air-dried at room
temperature. Silica-based hybrids (1H) were obtained as transparent
thick films, which were scraped off from the substrates and pulverized.
Also, 1H was calcined at 500°C for 8 h in air to remove organic moieties.

Characterization: The XRD patterns of the products were obtained on a
Mac Science MO3XHF22 diffractometer with Mn-filtered Fey, radiation.
Transmission electron microscopy (TEM) observations were carried out
on a JEOL JEM-2010 microscope operated at 200 kV. To prepare TEM
samples, powders were ground with mortar and pestle and dispersed in
ethanol. A carbon-coated copper grid was immersed in this dispersion
and allowed to dry in air. Solid-state *Si MAS NMR spectra were re-
corded on a JEOL JNM-CMX-400 spectrometer at a resonance frequen-
cy of 79.42 MHz with a 45° pulse and a recycle delay of 100 s. For solid-
state NMR measurements, the samples were put into 5 mm zirconia
rotors and spun at 5 kHz. Liquid-state *’Si NMR spectra of the precursor
solutions containing [Dg]THF were recorded on a JEOL Lambda-500
spectrometer at a resonance frequency of 99.05 MHz with a pulse width
of 6.5 s, and 64 scans were acquired with a recycle delay of 30 s. Chemi-
cal shifts for Si NMR were referenced to tetramethylsilane at O ppm.
Nitrogen adsorption-desorption measurements were performed by an
Autosorb-1 instrument (Quantachrome Instruments) at 77 K. The Bruna-
uer-Emmett-Teller (BET) surface area was calculated from the adsorp-
tion branch in the relative pressure range from 0.02 to 0.05. The pore
size distribution was evaluated using the non-local density functional
theory (NLDFT) equilibrium model (N, at 77 K on silica, cylindrical
pore).*!
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