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Abstract

The catalytic activities of a series of poroogides prepared from silsesquioxanes foe tracking of hydrocarbons have been ex-
amined. In addition to known group 13 element-containing silsesquioxanes, new aluminum-bridged silsesquioxanes bearing various
countercations, [Y[{( c-CsHg)7Si7O12(SiMe3)}2All ~ ([Y] T = [HoNMep] ™ (2b), [HNMex(CgH17)]t (2c), [HNMeo(C1gHz7)] ™ (26),
[HNCsH5] T [{( c-C5Hg)gSigO13} 2Al] ~ (3d), and [HNGsHs] T [{( i-C4Hg)gSigO1 3} 2Al] ~ (4d), have been synthesized. The controlled cal-
cination of these silsesquioxanes at around 823 K produced amorphous porous acidic oxides with high BET surface areas of3$0L-520 m
and uniformly controlled micropores of 5-6 A diameter. Among the oxides examined, those prepared from aluminum-bridged silsesquiox-
anes show excellent catalytic activities foethracking of cumene even at low reaction temperatures of around 523 K. Under identical
conditions commercially available silica—alumina catalysts do not show significant activities, indicating exceptionally high activities of the
silsesquioxane-based oxides despite their amorphous nature.
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1. Introduction silsesquioxanes have been utilized as precursorbebf
erogeneous catalysts with novel properties and function-
The preparation of aluminosilicates of varying acidic alities [21-36] For example, we have reported excellent
properties and pore structures has been extensively studactivities of the oxide catalysts prepared from a silica-
ied because of their great importance in the chemical in- supported vanadium-containing silsesquioxane for selective
dustry and petroleum refines mainly as solid acidic cat- photo-assisted oxidation of methane into methd24i].
alysts[1,2]. The development of novel solid oxide materials The resulting oxide catalysts possessed markedly larger
with controlled acidic character and well-defined pores is es- specific surface areas than those of the parent silica sup-
pecially of great significance. ports. In addition, for the first time we found that a metal-
Also, metal-containing oligosilsesquioxanes with cubic containing silsesquioxane can be a convenient precursor
core structures have attractedtention as well-defined, for M-Si—-O materials with high surface areas and uni-
homogeneous models for the active surface sites of theformly controlled microporeqd26]. The following stud-
supported catalysts or na-containing zeoliteg3—10]. ies by us and others demonstrate the high utility of this
Several silsesquioxanes containing galliyid,18] alu- method for the preparation of microporous oxides of var-
minum [12-18] or boron[18-20] have also been synthe- jous composition§27-34} Recently, we have found that
sized. In addition to their use @somogeneous catalysts,  the controlled calcination of several group 13 element-
containing silsesquioxanes at around 823 K produces Brgn-
" Corresponding authors. Fax: +81-75-383-2510. sted acidic oxides. with high BET surface areas of 360-
E-mail addresses: wadaken@scl.kyoto-u.ac. jiK. Wada), 520 n?g~* and uniformly controlled micropores of 5.1 A
mitsudo@scl.kyoto-u.ac.jfT.-a. Mitsudo). diameter[28,29] but examination of their catalytic ac-
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tivities is not included. However, Maxim et al. reported anes2b—f were prepared by the modified method reported
that the calcination of Brgnsted acidic aluminosilsesquiox- for [HNEt3] ™ [{( c-CsHg)7Si7012(SiMes)}2Al] ~ (2a) [16].
ane, [HI'[{( c-CsHg)7Siz012(SiMes)} Al ~ (29), resulted To a hexane solution (70 chof silsesquioxane disilanol,

in the formation of Lewis acidic microporous oxidg2]. (c-C5Hg)7Si7010(RSIM&)(OH)2 (R = Me, allyl, 2.0 mmol)

In this report the properties of the oxides as well as the ef- was added dropwise to a hexane solution (1.8)cof tri-

fect of calcination conditions were thoroughly investigated ethylaluminum (1 M, 1.0 mmol) at®C. Amine (1.2 mmol)

by means of various spectroscopic methods, but their cat-was added at ©C, followed by stirring at room tempera-
alytic activities were only briefly examined. They test the ture for 20 h. After removal of the solvent, recrystallization
activities of oxides toward the reaction of 1-butanol and by slow diffusion of acetone into the toluene solution af-
found that at 200C dehydration to 1-butene was predom- forded colorless crystals of the desired aluminum-bridged
inant, whereas theracking reaction écame predominant silsesquioxanes with the corresponding ammonium cations
at 300°C. Obviously, the evaluation and fine tuning of the in moderate yields.

catalytic properties of the oxides prepared from group 13

element-containing silsesquioxane toward the cracking of 2.1.1.1. 2b ([Y]*T = [H2NEtz]", R = Me). Yield 53%.
hydrocarbons are of great importance. IH NMR (400 MHz, CDCh, 25°C) 88.27 (br s, 2H,

In the present paper, we have extended our previous[ HoNEt] ™), 3.27-3.00 (br m, 4H, [bN(CH2CH3)2]™),
work [28,29] to the preparation of acidic oxides from a 1.71-1.24 (br m, 118H, B, of Cy, [H2N(CH2CH3s)2] 1),
number of group 13 element-containing molecules, mainly 0.94-0.76 (br m, 14H, & of Cy), 0.10 (s, 18H, 3ile3);
aluminum-bridged silsesquioxanes bearing various counter-13C NMR (100 MHz, CDC4, 25°C) § 39.50 (br, [F:N-
cations or organic substituents and the examination their (CH>CHz)»]™), 28.23, 28.17, 28.16, 28.01, 27.85, 27.73,
catalytic activities toward the cracking of model hydrocar- 27.70, 27.62, 27.55, 27.44, 27.27, 27.21, 27.20, 27.17,
bons, mainly cumene. Included this report is the synthesis27.07,27.03, 26.99, 26.94, 26.92, 26.8MH; of Cy), 25.07,
of several new aluminum-containing silsesquioxane deriv- 24.59, 24.20, 23.73, 22.83, 22.6ipg0-CH of Cy), 1.83
atives. A detailed characterization of the oxide catalysts is (SiMe3); 2°Si NMR (76 MHz, CDC4, 0.02 M Cr(aca),
also reported. 25°C) § 8.48,—64.42, —64.49, —64.96, —65.43, —67.53,

—67.83. Anal. Calcd for GoH156024NSiieAl (1992.46):
C, 48.23; H, 7.89; N, 0.70%. Found C, 47.83; H, 7.46; N,

2. Experimental 0.68%.
2.1. Materials 2.1.1.2. 2¢ ([Y]" = [HNMex(n-octyl)]+, R= Me). Yield
31%. 1H NMR (400 MHz, CDC}, 25°C) § 10.65 (br,
Trimethylaluminum in hexane solution (1 M};-CsHg)7- 1H, [HNMey(n-octyl)]*), 3.15 (br m, 2H, [HNMe(CH>-

SizOg(OH)3, (c-CsHg)7SigO11(OH)2, (i-C4Hg)7SigO11- (CH2)6CH3)1™), 2.88 (br m, 6H, [HNVex(n-octyl)]™),
(OH),, and ¢-C4Hg0)3SiOH were purchased from Aldrich  2.36-1.50 (br m, 124H, 8, of Cy and [HNMe(n-octyl)] ),
and used as received. Organic solvents such as hexanel.50-1.11 (br m, 17Hipso-CH of Cy, [HNMex(CH2)17-
benzene, toluene, tetrahydrofurane (THF), diethyl ether, CHs]t), 0.10 (s, 18H, es3); 13C NMR (100 MHz,
and triethylamine were carefully distilled using appropri- CDCls, 25°C) § 56.42, 31.74, 29.50, 29.32, 22.72, 21.90
ate drying reagents just before uf&7]. Other organic  ([HNMe2(CH2)7CHg]™), 42.26, 42.16 ([HWey(n-oct-
reagents were delivered from Wako Chemicals Co., Ltd., yl)]*), 28.26, 28.20, 28.15, 28.05, 28.02, 27.87, 27.72,
and Nacarai Tesque and used without further purification. 27.67, 27.56, 27.44, 27.36, 27.30, 27.25, 27.21, 27.16,
Silsesquioxane disilanols;{CsHg)7Si7010(RSiMe)(OH), 27.06, 27.03, 26.95, 26.93, 26.89H, of Cy and [HNMe-

(R = Me, allyl), were prepared by the kinetically con- (n-octyl)]™), 25.22, 25.19, 24.81, 24.16, 23.79, 22.84, 22.61
trolled monosilylation of ¢-CsHg)7SizOg(OH)3 [38,39] (ipso-CH of Cy), 14.12 ([HN(CH)2(CH2)7CH3]™), 2.23
The detailed synthetic procedure of boron- and gallium- (Si(CH3)3); 2°Si NMR (76 MHz, CDC}, 0.02 M Cr(acac),
containing silsesquioxane$, 6a, and 6b was reported  25°C) § 8.08,—64.54, —64.69, —65.08, —65.26, —65.53,
elsewhereg[28,29] Aluminum-bridged silsesquioxaneza —67.95, —68.17. Anal. Calcd for @gH168024Si16AIN
[15,16] 2d, and2g [16] were prepared according to known (2076.60): C, 49.74; H, 8.15; N, 0.67%. Found C, 49.68;
literature procedures. The reference catalysts, JRC-Z5-H, 8.15; N, 0.60%.

90H(1) and amorphous alumirbisates (CCIC-LA), were

provided by the Catalysis Society of Japan and Shokubai2.1.1.3. 2e ([Y]" = [HNMey(n-octadecyl)]™, R = Me).

Kasei Kogyo Co.Ltd., respectively. Yield 97%.1H NMR (400 MHz, CDC}, 25°C) § 10.62 (br
s, 1H, [H NMey(n-octadecyl)t), 3.08 (br m, 2H, [HNMe-

2.1.1. Yynthesisof [ Y] [{(c-CsHg)797012(SMexR)}2AI] ~ (CH2(CH2)16CH3)] ), 2.87 (br m, 6H, [HNMex(n-octadec-

(2b-) yD1), 1.69-1.24 (br m, 144H, B, of Cy and [HNMe-

All synthetic procedures were carried out under an argon (n-octadecyl)}), 0.90-0.71 (br m, 17Hipso-CH of Cy,
atmosphere by standard Schlenk techniques. Silsesquiox{HNMe,(CH,)17CH3] "), 0.06 (s, 18H, File3); 13C NMR



376 K. Wada et al. / Journal of Catalysis 228 (2004) 374-385

(100 MHz, CDC}, 25°C) § 42.26, 42.17 ([HWlex(n-  (CHa)3), 24.96, 23.65, 22.74(H,CH(CHs)>), 24.39, 24.11,
octadecyt), 31.99, 29.77, 29.68, 29.43, 22.77 ((HNMe  23.99 (CHCH(CH3)); 2°Si NMR (76 MHz, CDC4, 0.02 M
(CH2)17CHs] 1), 28.25, 28.20, 28.15, 28.05, 28.01, 27.87, Cr(acac), 25°C) § —66.94, —67.28, —69.78. MS (FAB)
27.73, 27.72, 27.67, 27.57, 27.55, 27.44, 27.36, 27.30,m/z 1749 (95) [M-GHg + H]*, 1961 (100) [M—2GHg]*.
27.24,27.21,27.16, 27.09, DB, 27.03, 26.96, 26.93,26.89  Anal. Calcd for GoH150026NSizeAl (1886.29): C, 43.94;

(CH2 of Cy), 25.22, 25.19, 24.80, 24.16, 23.80, 22.84, H, 8.02; N, 0.74%. Found C, 43.62; H, 7.61; N, 0.69%.

22.61 {pso-CH of Cy), 14.20 ([HNMe(CH,)17CH3), 2.23
(Si(CH3)3); 2°Si NMR (76 MHz, CDC}, 0.02 M Cr(acaq),
25°C) § 8.06,—64.54, —64.67, —65.08, —65.28, —65.53,
—67.98, —68.17. Anal. Calcd for GgH188024NSit6Al

2.1.4. Synthesis of [(r-C4HgO)3S O] 3Al - pyridine (5)
To a hexane solution (70 ¢ of (¢-C4H9O)3SiOH
(2.0 mmol) was added dropwise a hexane solution (13) cm

(2216.89): C, 52.01: H, 8.55: N, 0.63%. Found C, 51.99: of triethylaluminum (l M, 1.0 mmol) at oC. Pyridine

H, 8.60; N, 0.66%.

2.1.1.4. 2f ([Y]T = [HNCsHs]*, R= allyl). Yield 61%.
'H NMR (400 MHz, CDC}, 25°C) § 9.19 (br, 2H), 8.27 (br,
1H), 7.81 (br, 2H, [HNGHs] 1), 5.64-5.53 (m, 2H, SiMe
CH2CH=CHy), 4.73 (br m, 4H, SiMgCH,CH=CH>),
1.73-1.19 (brm, 112H, B of Cy), 0.93 (d2Jyp = 9.2 Hz,
4H, SiMeCHCH=CH,), 0.91-0.79 (br m, 14Hjpso-
CH of Cy), —0.14 (s, 6H, Sle;CH,CH=CH,), —0.32 (s,
6H, SMe;CH,CH=CH,); 13C NMR (100 MHz, CDC#,
25°C) § 143.91, 143.84, 126.34 ([HBHs] ), 133.95 (Si-
MepCHyCH=CHy) 113.42 (SiM@CH,CH=CH,) 28.12,

(1.2 mmol) was added at°@, followed by stirring at room
temperature for 24 h. After removal of the solvent, recrys-
tallization by slow diffusion of acetone into the toluene
solution afforded colorless crystals & Note that [¢-
C4H90)3SiOJzAl - THF has been synthesized by the reac-
tion of (r-C4HgO)3SIiOH and aluminum triisopropoxide in
THF [40]. Yield 67%.1H NMR: § 7.50, 7.97, 9.25 (2H,
1H, 2H, NG Hs), 1.23 (81H, —OC(@&3)3). 13C{*HINMR:

8 124.15, 140.40, 149.23 $Hs), 71.28 (—@'(CH3)3),
31.53 (-OC(CHz3)3). 2°Si{IH}NMR: § —97.11 (-SOC-
(CH3)3). Anal. Calcd for Q1H86N0125i3A| (896.36): C,
54.94; H, 9.67; N, 1.56%. Found C, 54.29; H, 9.55; N,

28.03, 27.95, 27.93, 27.87, 27.78, 27.76, 27.69, 27.59,1.52%.

27.57, 27.48, 27.22, 27.20, 27.16, 27.12, 27.07, 27.04

27.02, 26.98 (H, of Cy), 26.05 (SiMeCH,CH=CH,),
24.92, 24.84, 24.21, 24.01, 23.79, 22.83, 22.680(CH
of Cy), —0.39, —0.60 (SMe>CH,CH=CH,); Anal. Calcd
for CgsH154024NSiz6Al (2050.50): C, 49.79; H, 7.57; N,
0.68%. Found C, 49.18; H, 7.50; N, 0.51%.

2.1.2. Yynthesis of [HNCsHs] T[{(c-CsHg)gSigO13}2AI] ~
(3d)

A similar method for2b—h was adopted by usinge{
CsHg)7Sig011(0OH)2 (2.0 mmol) instead of {-CsHg)7Si7-
010(SiMe3)(OH),. Yield 52%.'H NMR (400 MHz, CDC},
25°C) § 8.84 (br m, 2H), 8.25 (br m, 1H), 7.74 (br m, 2H,
[HNCsHs] 1), 1.66-1.34 (br m, 128H, B, of Cy), 0.94—
0.60 (br m, 16H, @ of Cy); 13C NMR (100 MHz, CDC#,
25°C) § 125.74 ([HNCsHs] 1), 28.01, 27.66, 27.63, 27.37,
27.23,27.17,27.12, 27.08°H; of Cy), 24.92, 23.19, 22.50
(ipso-CH of Cy); 2°Si NMR (76 MHz, CDCh, 0.02 M
Cr(acacy, 25°C) § —65.68, —66.96, —68.99. Anal. Calcd
for CgsH150026NSiigAl (2078.47): C, 49.12; H, 7.27; N,

' 2.2. Preparations of oxides from silsesguioxanes

Calcination of group 13 element-containing silsesquiox-
anes (typically 0.50 g) was performed in a stream of dried,
CO,-free air W/F = 5.0 ghmol™?) by using a fixed-bed
flow-type quartz reactor (i.d8.0 mm) under atmospheric
pressure. Temperature was usually raised by 10 Ktnio
the prescribed level and heldrf4 h. Calcined samples were
carefully recovered with minimal contact with air and mois-
ture and stored under an argon atmosphere. The reference
catalysts were calcined at 823 K in the same manner just be-
fore the use.

2.3. Analysis

The NMR data were obtained on JEOL JNM-AL-300
spectrometer (FT, 300 MHZ'K), 75 MHz (3C)) or on
JEOL JNM-EX-400 spectrometer (FT, 400 MHZH),
100 MHz (3C), 76 MHz @°Si)), respectively. Chemical

shifts are reported relative to tetramethylsilane. Correlation
and assignment dH and'3C NMR resonances were aided

by DEPT and 2D COSY experiments when necessary. Fast
atomic bombarding (FAB) mass spectra of silsesquioxanes
were recorded using a JEOL SX-102A mass spectrometer.

0.73%. Found C, 48.37; H, 6.96; N, 0.62%.

2.1.3. Synthesis of [HNCsHs] T[{(i-C4Hg)gSg013}2Al] ~
(4d)

A similar method for3d was adopted by usingi
C4Hg)7Sig011(OH), (2.0 mmol) instead of (-CsHg)7Sig-
011(OH),. Yield 45%.'H NMR (400 MHz, CDC}, 25°C)

8 8.82 (br m, 2H), 8.24 (br m, 1H), 7.70 (br m, 2H,

2-Nitrophenyl octyl ether was used as the matrix. Elemen-
tal analyses were performed thie Microanalytical Center
of Kyoto University. TG and DTA analyses were done by
using a Shimadzu DTA-50 analer in a stream of synthe-

[HNCsHs] 1), 1.84-1.70 (br m, 16H, C}CH(CHza)o),
0.93-0.82 (br m, 96H, C¥CH(CHz)2), 0.54-0.33 (br m,
32H, CH,CH(CHs)); 13C NMR (100 MHz, CDC}, 25°C)
8 125.71 (CsHsNH]1), 26.18, 25.98, 25.78 (GH'H-

sized air or dry nitrogen (40 chmin—! for typically 15 mg

of silsesquioxanes). FTIR spectra of silsesquioxanes and
heat-treated samples were recorded on a Nicolet Impact 410
spectrometer.
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The resulting oxides were analyzed by nitrogen gas ad- (40 cn® min—1) for one pulse, and this procedure was re-
sorption, XRD, FTIR, XPS, SEM, EPMA, ammonia TPD, peated 7 times at 30-min intervals. Products and the unre-
and so on. Nitrogen adsorption/desorption isotherms wereacted hydrocarbon were analyzed by means of on-line TCD
obtained with a Quantachrome Autosorb 1-MP, a computer- gas chromatograph (Shimadzu GC-8A) using a column (i.d.
controlled automatic gas sorption system. Samples were3.0 mm, 3.0 m) packed with silicone SE-30.
degassed at 473 K for 2 h just before the measurements.

XRD (X-ray diffraction) study was performed using a Shi-
madzu XD-D1 withK,, , emission of copper in the range
5° <20 < 70°. XPS (X-ray photoelectron spectra) of the 31 gnthesis of new aluminum-bridged silsesquioxanes
catalysts were acquired using an ULVAC-PHI 5500MT sys-

tem equipped with a hemispherical energy analyzer. Sam- New derivatives of aluminum-bridged silsesquioxanes
ples were mounted on indium foil and then transferred to with various counter ammonium cations, including very
an XPS analyzer chamber. The residual gas pressure in théulky ones, were prepared based on the method reported for
chamber during data acquisition was less thanD 8 Torr 2aand2d [15,16](see Eq. (1)).

(1 Torr=133.3 N n72). The spectra were measured atroom  The reaction of silsesquioxane disilanat; @sHg)7Si7-
temperature using M&,, , radiation (15 kV, 400 W). The ~ O10(RSiMe&)(OH), (R = Me, vinyl, allyl) with trimethyl-
electron take-off angle was set at4Binding energieswere  aluminum in hexane solution followed by the addition of
referenced to C 1s level of residual graphitic carbon. The ap- amine at 0C cleanly proceeded, and after recrystallization,
parent shape and size of the oxide particles were observedhe desired aluminum-bridged silsesquioxanes are isolated
by using a Hitachi S-2500 CX scanning electron microscope in moderate yields.

(SEM). EPMA analyses were also performed by using aspot ~ The structures of these molecules are deduced on the
energy differential X-ray analyzer, HORIBA EMAX 5770.  basis of'H, 13C, and?°Si NMR, and FAB-MASS spec-

Temperature-programmed desorption (TPD) of ammonia tra. These data are consistent with their structures shown in
was measured using a TPD-1-AT apparatus (BEL Japan).Eq. (1). The!3C NMR spectrum of2c bearing a dimeth-
After the sample was in a flow of He (50 émin~1) at yloctylammonium cation suggests the presence of hydrogen
723 K for 30 min, it was exposed to NH1.3 Nnm2) 373 K bondings between the ammonium cation and the silsesquiox-
for 30 min at 373 K. The sample was subsequently evac- ane anion even in solution. There are two signals (42.26
uated at 373 for 6 h to remove physisorbed ammonia. Theand 42.16 ppm) of methyl carbons in the ammonium cation,
temperature of the sample was raised at a rate of 10 Ktnin indicating the magnetic inequivalence of these two methyl
to 1073 K. Mass number 16 was monitored to evaluate the groups. The strong interaction of the cation with the locally
amount of desorbed ammonia. Calibration of the sensitivity C2 Symmetric silsesquioxane anion can be the rationalize for

3. Resultsand discussion

toward ammonia was done just after each experiment. this observation. On the other hand, similar to the case with
other group 13 element-bridged silsesquioxaji¢s16,28,
2.4. Cracking of hydrocarbons 29], the?°Si NMR spectra consist of eight peaks of almost

the same intensity for 16 silicon atoms, which indicates ap-
The catalytic activities of the oxides for the cracking parentlocalC; symmetry of their siloxane framework. This
of hydrocarbons, cumene amdpropylbenzene, were per- indicates that the presence of the anion nearby the bridging
formed using a flow reactor at 523-773 K, at ordinary oxygen only slightly affects the NMR resonances of the an-
pressure. Thirty milligrams of catalyst was loaded in a ionic siloxane framework.
quartz reactor (i.d. 3.0 mm). Cumene mipropylbenzene The preliminary X-ray study ofd demonstrated that
(2.0 pl, 14 pmol) was injected into the He carrier gas stream the distance between a nitrogen atom of the pyridinium

R.. ':W\ CV\
Old.ol
el ine (1.2 mmol) PRV =
SO amine (1.2 mmo ~Sizsi
CV_}Q 0 O\I oH  + AlMes - & o /O/O\\O\ -—0‘\51 \Sio\sl—c\r M
G-Siosi oM (1.0 mmol) hexane &Sosl 8T o b.d gy
0.8 ol 0°Ctort,20h o od O Sigs”
Slosi™ R ] Siysi oy
G \ \‘0 \\O—_ y Cy
Y Cy Cy cy R
(Cy =_C—C5Hg_, 2a (R = SiMEs, Y= IHNEt3}+)
R = SiMes, SiMes(allyl)) 2b (R = SiMe,, Y* = [H,NEt,]")
(2.0 mmol) 2¢ (R = SiMes, Y* = [HNMe(n-octyl)]* )

2d (R = SiMe, Y* = [HNC5Hg]* )

2e (R = SiMes, Y* = [HNMey(n-octadecyl)]* )
2f (R = SiMes(allyl), Y* = [HNCsHs]")

2g (R = SiMes, Y* = H)
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= Sy ¢y jm
Me
L - +
5 (R' = £-C,4Ho) 6a ([Y]" = [HNEt]]") .
6b ([Y]* = [PhsP=N=PPh4]*)
Scheme 1.

cation and an oxygen atom of one Al-O-Si bonding is sponding aluminum-bridged molecule&| and4d, respec-
very short, 2.75(4) A, indicating the presence of strong tively (Scheme 1[17]. Their structures are deduced on the
hydrogen bonding between ammonium cations and bridg- basis of'H, 13C, and?°Si NMR, and FAB-MASS spectra.

ing oxygen atomg$16]. The observations in the NMR and  The IH NMR spectra of these molecules show the pres-
X-ray diffraction measurements clearly suggest the pres- ence of two half-cage silsesquioxane cores and one ammo-
ence of strong interaction of the ammonium cation and pjum cation. The!3C NMR spectrum shows three sets of
the silsesquioxane anion @a-f, both in the solid state  resonances in a 1:2:1 ratio for the carbon atoms in periph-
and in solution. Unfortunately, lack of diffractions at high  gr4) groups, which is consistent with the structure shown in
26 angles hampered the complete solution of the Struc- gcheme 1For3d andad, however, the presence of hydrogen
ture of Zd'. CoI.orIess single 'cr'ystals did were obtamgd bondings between the cations and anions has not been con-
by slow diffusion of acetonitrile into a toluene solution, .. by the NMR measurements. The FAB-MASS spec-

which has the monoclinic space grodjz. The cell con- - _ n :
stants were, 22,365(2) Aib, 14,977(1) Aic, 32,083(3) A, rum of4d shows distinct [M—~(alkylj- H]™ peaks, and their
isotropic distribution patterns are consistent with their mole-

B, 91,783(2); V = 107411 A3 At present only isotrop- cular compositions
ical refinement has been achieved because of its poor For comparison, a pyridine-stabilized Lewis acidic silo-

diffractions in the high angle region of62> 30°. Note . . .
that the X-ray crystallographic study has been performed xyaluminum compound, {(C4HgO)3SIOLsAl - pyridine ),

on [HNEt] HAI[(Me 3Si0)(c-CeH11)7SizO11]2} ~ [15] and is synthesized. The group 13 element-containing sil'sesquiox-
2a[16]. In the former case, a triethylammonium cation was apes,l, 6a, gnd6b, are also preparel@d). The reactlgn of
reported to be located far from the aluminum center, while tréthylaluminum and more than 4 eq af€4Hy0)3SIOH

in the structure ofa the ammonium cation was found to be I the presence of excess pyridine in hexane solutior? &t 0
just alongside the bridging oxygen atoms as shown in our Yields 5 in place of the expected pyridine-stabilized Brgn-
X-ray study. This indicates that the position of ammonium Sted acidic products. All spectra are consistent with those
cation is very sensitive to the peripheral organic substituentsreported for [(-C4aHgO)3SiOJsAl - THF [40]. As one rea-

of the silsesquioxane. son for the absence of Brgnsted acidic-type products, the
The reactions of silsesquioxane disilanotsQsHg)gSis- steric hindrance of bulky7{C4H90)3SiO— groups which
011(OH)2 and (-CsHg)sSigO11(OH), with trimethylalu- hampers the reaction of the aluminum center with the fourth

minum in the presence of pyridine cleanly produce the corre- (-C4H9O)3SiOH can be considered.
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Table 1 Table 2
Effect of calcination temperature on the pore texture of the oxides from Effect of silsesquioxanes on the pore texture of the oxides

silsesquioxanes Oxide§  BET surface area (fg~1)  Total pore volume (crhig™1)

Oxide$ BET surface area Total pore volume Carbon

(m2g~1 (cmig™h) deposition gggég gig gig

2a-523 <2 <0.01 ++ 2c-823 450 019
2a-573 500 022 ++ 2d-823 520 022
2a-623 500 022 ++ 2e-823 350 015
2a-673 510 023 ++ 2f-823 500 021
2a-723 520 023 ++ 29-82® 340 Q14
2a-773 490 022 + 3d-823 470 019
2a-823 460 020 - 4d-823 440 019
2a-923 360 016 - 5-823 20 001

a All samples were evacuated at 473 K for 2 h just before the measure- 5823¢° 750 33
ment. Numbers represent thalcination temperature (K). & All samples were evacuated at 473 K for 2 h just before the measure-

ment. Numbers represent thalcination temperature (K).
3.2. Catalytic activities of the oxides from 2 29-823 has been prepared by Maxim e((ae].
. . . . . Calcined after gelation at 373 K for 14.5 h.

aluminum-bridged silsesguioxanes for the cracking of
hydrocarbons

ganic substituents only slightly affects the surface areas.

Aluminum species in the silsesquioxanes described aboveThe oxide from Brensted acidg shows the surface area
are atomically dispersed, drthese elements are expected of 340 n? g1, slightly lower than the previously reported
to be bonded or at least to stay close to the siloxane cagealue[32]. Although direct calcination d results in the for-
even under oxidative atmosphere at high temperatures. Ifmation of nonporous materials-823), calcination o after
four Al-O-Si bondings aroundach aluminum atoms are the gelation at 373 K under vacuum for 14.5 h produces the
kept intact, Brgnsted acidic sites will be produced by the cal- mesoporous oxideés(823G, mean pore diameter200 nm)
cinations. Therefore, the properties and catalytic activities of with high surface areas. Similar results have been previously
the oxides prepared from aluminum-bridged silsesquioxanesreported by Tilley et al[40].
for the cracking of hydrocarbons have been examined. For As shown inFig. 1, the nitrogen adsorption/desorption
comparison, activities of the oxides fraiméa, andéb have isotherms of the oxides fro@b—f, 3d, and4d shows typical
also been tested. type | isothermg41], characteristic of microporous materi-

As shown in the previous report, controlled calcination als prepared by the calcination of silsesquioxai2&s-34]
of 1, 2a, 6a, and6b in air flow produced porous M-Si-O There are no significant effects of countercations, cage
materials (M= B, Al, Ga) with large surface areas (300- shapes, and peripheral organic substituents on the “shape” of
500 ng~1) and uniformly controlled micropores (ca. 5— isotherms. The adsorbed volume5s823 is very low, while
6 A) [29]. Porous oxides of similar pore textures have 5-823G shows the typical isotherm of mesoporous materi-
been also produced by the calcination of newly synthesizedals[41].
silsesquioxanegb—f, 3d, and4d. Table 1summarizes spe- We assumed that the sterically demanding counterca-
cific surface areas and total pore volumes of the oxides pre-tions might affect the pore textures, since countercations
pared by the calcination &fa at various temperatures. The are considered to stay nearby the silsesquioxane anions.

oxide derived fronRa at 823 K is further designated 2a- Pore-size distributions estimated from the nitrogen adsorp-
823. The calcination at temperature below 523 K produced tion isotherms by the Saito-Foley methpt2] (Fig. 2) are,
black solids with small surface areas of less than?3ymt, however, not affected by the countercations. The oxide from

while at higher temperatures areas as high as 50§ thare 2e, which includes a bulky dimethyloctadecylammonium
achieved. On the surface of the oxides prepared at lower tharcation, shows a peak at around 5.5 A.
723 K, however, severe deposition of carbonaceous materi- Note that the XRD spectra &fa—f-823 consist of only
als was observed, which sidiciantly reduces the catalytic  one broad band at around 2= 23°. This indicates that all
activities of the oxides. On the other hand, treatment at tem- oxides examined are amorphous. SEM analyses of the ox-
peratures higher than 823 K significantly reduces their sur- ides from aluminum-bridged silsesquioxanes show the for-
face areas. Eventually, calcination at around 823 K producesmation of large cubic particles (ca. 3030 x 30 pm), while
white oxides with large surface areas of 460gn?. 5-823 andb-823G consist of smaller particles (ca. 0.1 um in
Table 2shows the effect of precursors on the surface ar- diameter). The formation of discrete particles of aluminum
eas. While2c-823,2d-823, and2f-823 show surface areas oxide was not recognized by SEM-EDX analysis in all cases
as high as that o2a-823, the oxides fron2b and 2e pos- examined.
sess lower surface areas. The silsesquioxanes bearing cages In order to examine the reason why the cations of
of different structures3d and 4d, also show high surface silsesquioxanes do not influence the pore sizes of the ox-
areas (440-470 fg~1). The difference in peripheral or- ides, thermogravimetric analysis was performieig(3). An
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aluminum-bridged silsesquioxan2d shows weight losses 0
in three steps. The first endothermic decrease in its weight by a0 =0 0a 200 100
ca. 5%, due to the decomposition of the pyridinium cation, Temperature (K)

was observed at around 500 K. The second-step marked

weight decrease which occurred at 523-723 K is exother- Fig. 3. Thermogravimetric analysis of an aluminum-bridged silsesquiox-
mic. This is probably due to the thermal decomposition of 2"¢2%:

peripheral cyclopentyl rings together with the formation of

carbonaceous deposits. The final significantly exothermic is not much influenced by the kind of precursor silsesquiox-
weight decrease at above 723 K is considered to be re-anes, indicating the intrinsic difficulty of tailoring the pore
sponsible for the combustion of the remaining carbonaceoussizes. However, tailoring the pore sizes by the introduction
materials. This observation is also true for other silsesquiox- of more thermally stable directing ligands or highly reactive
anes2aand2e. The present results suggest that ammonium functional groups for polymerization at low temperatures
cations are eliminated from the solidfore the formation of into the silsesquioxane molecules is still considered to be
micropores. possible. Attempts are now ongoing.

Irrespective of the kinds of precursor molecules, the pore  The FTIR study of the heat-treat@d also supports the
sizes of the oxides in the present study are within the above discussiornHg. 4). As the treatment temperature in-
range found in the porous materials prepared by the thermalcreased above 523 K, the relative intensity of the bands
treatment of discrete silsesquioxane molecules, including assigned tac 4 andoc_y vibrations due to peripheral cy-
metallic species or nof26—34] and silsesquioxane poly- clopentyl groups decreased, and almost completely disap-
mers[43,44] And the pore texture of the resulting oxides peared at above 623 K. In their place, several new bands
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Fig. 6. Activity of aluminum-bridgedisesquioxane-based catalysts for the
cracking ofn-propylbenzene at 673 Ra-823 (@), JRC-Z5-H90 (-).

; : ;
4000 3000 2000 1000
Wavenumber (em™)

Fig. 4. FTIR spectrum of the solid materials prepared from an alu-

minum-bridged Siisesquioxane. (3d-523, (i) 20573, (i) 2d-623, oM aluminosilsesquioxanes (0.362 mmokgor JRC-Z5-

(V) 20-673. 90H, and 0.350 mmolgt for 2d-823, see below), so that
the activities of acidic sites on these catalysts can be directly
100 —¢—p—p—p———F | compared.
= At 673 K (Fig. 5), aluminum-containing oxide catalysts,
< 80 2a-823 and2a-923, as well as JRC-Z5-90H show excel-
E 5% lent activities. Almost 100% conversion of cumene has been
3 I :. achieved. On the other hand, the use of commercial amor-
“g 40 6\9\9—3\9/9 phous aluminosilicate, CCIC-LA results in ca. 60% of initial
B2 e ; . conversion of cumene. The gallium-containing porous ox-
g 5 S o ides, 6a-823,6a-923, and6b-823, were not very effective.
§ The conversions of cumene were less than 60%. The decline
0 i . of the catalytic activity of6a-823 with increasing number
0 5 g 5 g of pulses was observed. The surface of this catalyst turned

black during the reaction because of the coke formation. It

Pulse has been found thd&a-823 contains not only weak acidic
sites but also very strong acidic sit29], probably the
Lewis acidic sites due to the gallium species isolated from
silica matrice§46]. These strong acidic sites are considered
to be responsible for the severe deposition of {dk¢. Note
that boron-containing oxide did not show any significant ac-
corresponding to Si-O bondings emerged at this tempera-tivities for this reaction even at higher temperatures.
ture. This indicates that the decomposition of the cyclopentyl ~ The activity of aluminum-containing oxides toward the
rings occurs at around 623-673 K together with the forma- cracking ofn-propylbenzene at 673 K was also examined
tion of new Si—O-Si bondings. (Fig. 6). While with the HZSM-5 zeolite complete con-

The cracking of model hydrocarbons, especially cumene, version of n-propylbenzene to benzene and propene was
is often examined in order to investigate the ability of achieved, the conversion by the use 2s#823 was low,
the solid acidic catalystfl,45]. As shown in the follow- ca. 20%. This shows that the strength of the acidic sites is
ing figures, the catalytic activities of the oxides prepared sufficient for the cracking of cumene but not for less basic
from group 13 element-containing silsesquioxanes toward n-propylbenzene (see below).
the cumene cracking reactions were performed using a pulse At 573 K (Fig. 7), the catalyst?2a-823 shows the ini-
reactor. The observed products were benzene and propendial cumene conversion of cé€0%, whereas almost complete
Other products except for a trace amount of methane wereconversion of cumene has been achieved by the use of the
not observedFigs. 5 to 9compare the catalytic activities JRC-Z5-90H catalysts, indicating that the innate activity of
of various aluminum and gallio-containingoxides at 523—  2a-823 is somewhat lower than that of the zeolites. The ox-
673 K. The activities of a zeolite and a commercial alumi- ide 2a-923 shows lower activity than that @-823. The
nosilicate CCIC-LA (BET surface area570 nf g1, pore significantly lower BET surface area @a-923 would be
volume= 0.71 cn? g~1, alumina 13.5%) are also shown for one reason. At this reaction temperature, the oxides prepared
comparison. The zeolite JRC-Z5-90H is selected becausefrom gallium-containing silsesquioxanes do not show signif-
it possesses a similar amount of acidic sites to the oxidesicant activities.

Fig. 5. Activity of oxide catalysts prepared from group 13 ele-
ment-containing silsesquioxanesr fthe cracking of cumene at 673 K.
2a-823 (@), 2a-923 @), 6a-823 (J), 6a-923 (O), 6b-823 (+), JRC-
Z5-H90 (-), CCIC-LA @).
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Fig. 7. Activity of oxide catalysts prepared from group 13 ele-
ment-containing silsesquioxanesr fthe cracking of cumene at 573 K.
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Fig. 8. Activity of aluminum-bridgedisesquioxane-based catalysts for the
cracking of cumene at 523 KRa-823 (@), 2b-823 (O), 2¢-823 (x), 2d-
823 (), 2e-823 @), 29-823 (+), JRC-Z5-H90 (<), CCIC-LAM).

The activities of the oxides from various aluminosilses-
quioxanes were compared at 523Kd. 8). At this temper-
ature, commercial amorphousualinosilicate catalysts do
not show cracking activities. The oxides from aluminum-
bridged silsesquioxanes shanoderate activities, although
they are slightly less active than the HZSM-5 zeolite. There
are slight decreases in their activities with increasing num-
bers of pulses, probably due to the slight coke formation on
the catalyst as is observed after the catalytic rifig. 8
also shows the effect of the countercations of the pre-
cursors on the activities of the resulting oxides. Among
the samples examined, silsesquioxanes includigy-
dimethyloctylammonium or pyridinium catior2¢ and 2d,
respectively) are found to be effective precursors for the
cracking catalysts. The evaluation of the activity2gf823
is not straightforward. The conversion significantly changes
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Fig. 9. Effect of the structure of silsesquioxanes on the catalytic activity of
oxides toward the cracking of cumeneat 52324-:823 (J), 2f-823 (©),
3d-823 (x), 4d-823 (@), 5-823 (+), 5-823G @).

Table 3
XPS analysis of the oxides prepdrfom aluminum-bridged silsesquiox-
anes

Oxides  Surface composition Binding energy (eV)
Si(%) Al(%) O (%) C (%) SilAl Al2p
2a-823 2829 187 6303 681 151 750
2b-823 2659 146 6154 1042 182 748
2c-823 2915 176 67.05 203 167 742
2d-723 2764 174 6402 634 159 744
2d-823 2826 183 6694 297 154 744
2e-823 2728 180 6609 444 152 744
3d-823 2841 182 6540 408 156 744
5-823 2217 664 6327 706 334 740
Al,032 74.0

@ Binding energy of alumina reported in the literat{4&].

with regard to oxides other than those fr@athe activities
are highly reproducible.

Fig. 9shows the comparison of the catalytic activities of
the oxides prepared from aluminum-containing precursors
of different structures. The activities of nonporous or meso-
porous oxides prepared froB were also examined. The
presence of allyldimethylsilyl groups in the precursor mole-
cule @f) has a slightly negative effect. The oxides prepared
from an aluminum-bridged molecule of different structure,
3d-823, also shows lower activity. The activity dt-823
bearing peripheral isobutyl groups in place of cyclopentyl
groups also results in lower yields of the product. These
results indicate tha2c and2d are mostly appropriate pre-
cursors for the preparation of active cracking catalysts. On
the other hand, mesoporous oxiBe823G shows signifi-
cantly lower activity than2d-823 despite its higher BET
surface area. This again indieatthat molecules bearing
four Si—-O—Al bondings are more suitable precursors for the
cracking catalysts than amirstabilized Lewis acidic-type

in each repeated run, and sometimes the oxide does not shownolecules such aS. The present study clearly shows the

any activity. At the present time we assume that the rel-
atively low stability of 2g against heat, air, and moisture
would make the preparation of oxides extremely sensitive to

exceptionally high activity of the oxides from aluminum-
bridged silsesquioxanes despite their amorphous nature.
The state of aluminum species on the catalytically ac-

the calcination conditions and storage conditions. Note that tive oxides prepared from aluminosilsesquioxanes was ex-
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amined.Table 3summarizes the results of the XPS study of The strength and amount of acidic sites were examined
aluminum-containing silsesquioxanes. The surface atomicby the ammonia temperature-programmed desorption (TPD)
ratios are calculated based dme sensitivity factors re-  study.Fig. 10 shows the TPD spectra @d-823, 2d-723,
ported for the spectrometer used in this stydy]. The 3d-823, and JRC-Z5-90H. The spectrum2uf-823 exhib-
ratio of Si/Al on the surfaces o2c-823,2d-823, and2h- ited a broad band at around 573 K together with a shoul-
823, as well a®a-823, is about 15 to 16, almost similar der at higher temperatures, indicating the presence of acidic
to their bulk SjAl ratios (about 15). On the other hand, sites of moderate strength. While the shape of the spec-
a higher ratio of 18.2 was observed f2b-823. Accord- trum is similar to that of2a-823 reported in the previous
ing to the previous discussion in the study of supported paper[29], much larger amounts of acidic sites are present
molybdenum catalystg!8,49] a higher surface $M ratio on the surface oR2d-823 (0.350 mmolg?) than 2a-823
could be an indication of lower dispersion of the metallic (0.289 mmolg?). The oxide3d-823 also shows a band
species. at around 573 K. The amount of desorbed ammonia from
The Al 2p peaks of the oxides prepared from aluminum- this oxide was 0.271 mmorlg-. These values correspond to
bridged silsesquioxanes were significantly shifted toward the about one-third of the amount of aluminum atoms included
higher binding energy side (74.2-75.0 eV) from the reported in these oxides. On the other hand, the oxide prepared at
value fory-Al,03 (74.0 eV)[47], wherea®-823 show their lower temperature2d-723, desorbed a smaller amount of
Al 2p peak at 74.0 eV. The previous extensive report on ammonia 0.216 mmolg, indicating that al lower calci-
the thin layer of silica deposited on alumina shows that a nation temperature greatly decreases the amount of acidic
similar shift is responsible for the Al-O-Si bonds in high sites. Physical coverage of the acidic sites by the residual
dispersion[50]. These phenomena have been also reportedcarbonaceous materials is one possible reason. Note that the
for titanosilicates or silica—titania catalysts and assigned measurements of conventional silica-rich amorphous alu-
to the elements surrounded by electron-withdrawing silox- Minosilicates by the use of the identical apparatus under

ane framework$51]. The present results suggest that the the similar conditions show bands at around 4735&].
aluminum species in the oxides prepared from aluminum- On the other hand, the measurement of JRC-Z5-90H under

bndged si|sesquioxanes are atomica”y dispersed, while the identical conditions showed one band at around 623 K

those in2b-823 are slightly less dispersed. Note that the (0-362mmolg?). The absence dfpeaks[46] in the spec-
amounts of carbonaceous species on the surfaces also ddr@, usually observed ataround 450 K, indicates the complete
pend not only on the calcination temperature but also the elimination of ammonia weakly held on nonacidic sites.
kind of countercations, while exact reasons are still unclear. IN accordance with the desdipn temperature of ammo-
Table 3clearly shows that the calcination at lower tempera- Ni&, the strength of acidic sites on the surface of these ox-
tures increases the surface ratio of carbon atoms. The surfacél€s is estimated to increase fretfollowing order, conven-
ratios of carbon atoms in the oxidga-823 and?b-823 as tional amorphous aiminosilicate< oxides from aluminum-

well as the oxide calcined at lower temperatuges723, are  Pridged silsesquioxanes JRC-Z5-90H. On the basis of
higher than those of other oxides. Their relatively low cat- these results, one can estimate that the oxides from alumi-

alytic activities (see above) are consistent with the idea that N0Silsesquioxanes possess acidic sites with enough strength

remaining carbonaceous materials which cover the surfacefO the cracking of cumene even at low reaction temper-

active sites would be one of the reasons for the decreases irfturés, but they are not acidic enough for the reaction of
the catalytic activity. less-basia-propylbenzene at 673 K (see above).

The ammonium cations of the precursor molecules show
a modest influence on the aaidcharacters and catalytic

_ 5.8 activities. Although it is hard to find the exact correlation
< 3D (W between the catalytic activity and the properties of ammo-
S nium cations, i.e., basic characters of their conjugated bases,
% o we estimate that small pyridimin cations can effectively sta-
T 20 (iif) bilize the Brensted acidic aluminum-containing silsesquiox-
é _ anes. The stability of silsesquioxanes would significantly af-
g 1.5 0] [-.I \ fect the dispersion of aluminum species in the oxides, since
B 1.0 ""-‘.,»\ the elimination of aluminum species from silsesquioxanes
+ (i during the calcinations might cause significant segregation
A 0.5 of aluminum species.
0.0 '
400 500 600 700 800 .
Temp (K) 4. Conclusion
Fig. 10. Ammonia TPD spectra of 2d-823, (i) 2d-723, (iii) 3d-823, and In the present work, we have demonstrated that the con-

(iv) JRC-Z5-90H. trolled calcination of group 13 element-containing silsesqui-
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