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Abstract

The first catalytic applications of sulfonic acid-functionalized hydrophobic mesoporous benzene-silica with lamellar pore wall structure
are reported. The mesoporous benzene-silica attached with propylsulfonic groups to the crystal-like periodic pore walls exhibited the catalytic
activity in the esterification of acetic acid with ethanol. The catalytic results show the higher conversion compared to the commercial Nafion-H.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction important role in the esterification due to the water gener-
ated during the reaction. To improve the hydrophobicity, or-
The replacement of the conventional acid catalysts suchganic groups such as methyl and benzyl groups were also
as SOy and AICKL with solid-acids has been the subject incorporated on the surface of the sulfonic acid function-
of many researchers because of the safety, low cost and easalized mesoporous silicgds]. Recently, our{6] and other
of recovery derived from the heterogeneous catalisi8]. groups[7,8] have reported the synthesis of hybrid meso-
Surfactant-templated mesoporous silicas functionalized with porous organosilicas having bridging organic groups as an
alkylsulfonic acid groups onto the pore surface have beenintegral component of framework from 100% of bridged
reported to be efficient solid acid catalysts for estrification organosilane precursors'®3Si-R-Si(OR)zinthe presence
[4]. Indeed, the hydrophobicity of the framework plays an of surfactant. Especially, phenylei@] and biphenylene-
bridged[10] mesoporous materials exhibited novel crystal-
* Corresponding author. Tel.: +81 561 63 8493; fax: +81 561 63 6498.  like periodic structures in the pore walls. These mesoporous
E-mail addressinagaki@mosk.tytlabs.co.jp (S. Inagaki). materials have unique surface structures with alternatively
1 Presentaddress: Dalian Institute of Chemical Physics, Chinese Academyarranged hydrophobic phenylene (or biphenylene) and hy-
of Sciences, Zhongshan Road, Dalian 116023, China. o drophilic silica layers with a periodicity of0.76 nm (1.16 nm).
Present address: Taiyo Kagaku, 1-3 Takaramachi, Yokkaichi, Mie 510- . .
0844, Japan. In s_ubsc_aquent r_epoﬂl], we descnbe_q the synthesis of su!—
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sity of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-8656, Japan. of 1,4-bis(triethoxysilyl)benzene [BTEB: (EteBi-CsHg-
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Si(OEt)y] and 3-mercaptopropyltrimethoxysilane [MPTMS: by the treatment with 65wt.% HN{as oxidanf11]. The

(MeO)Si-CsHg-SH] using a surfactant template followed sample was designated as GPhsBO

by post-synthesis oxidation using HNOThe bifunctional

mesoporous material has sulfonic groups attached to the sil-2.2. Characterization

ica layers of the crystal-like periodic pore walls. It has better

catalytic environment than the sulfonic acid functionalized = The powder X-ray diffraction patterns of the materials

mesoporous silica because the periodic pore surface will bewere recorded on a Rigaku RINT-2000 X-ray diffractome-

of great advantages for the enhanced selectivity and activityter using nickel filtered Cu K radiation. Nitrogen adsorp-

in catalysis. tion/desorption isotherms were obtained at 77 K using an
In the present communication, we disclose the catalytic Autosorb-1. The volume of adsorbed nitrogen was normal-

application of the sulfonic acid functionalized mesoporous ized to standard temperature and pressure (STP). The specific

benzene—silica with crystal-like wall structure in the esteri- surface area was determined from the linear part of the BET

fication of acetic acid with ethanol and catalytic activity is plot (P/Po=0.05-0.3). Mesopore size distribution was calcu-

compared to the commercially available Nafion-H (NR50; lated using the adsorption branch of the nitrogen isothermand

beads 7-9 mesh; eq. molecular weight, 1250; exchange cathe Barrett—Joyner—Halenda (BJH) formula. ¥@i and'3C

pacity H" =0.8 meqg?). Esterification of carboxylic acids NMR spectrawere recorded on a Bruker MSL-300 spectrom-

with alcohols is an important industrial reaction because es- eter. Sulphur content was measured by elemental analysis and

ters are widely used as emulsifiers in the food, pharmaceuticalthe ion exchange capacity of the catalysts was determined by

and cosmetic industrig42]. acid—base potentiometric titration.

2.3. Reaction
2. Experimental
Prior to catalytic runs, the catalysts (0.2 g) were evacuated
2.1. Catalyst preparation at 200°C for 1 h and reaction environment was changed to
inert upon charging argon in the three neck round bottom

Two different types of sulfonic acid functionalized reaction flask. Dehydrated ethanol (1.0 mol) and acetic acid
mesoporous benzene-silicas were synthesized: first via(0.10 mol) were introduced using a syringe. Reaction pro-
co-condensation of 1,4-bis(triethoxysilyl)benzene and 3- ceeded in a close air tight environment at@maintained
mercaptopropyltrimethoxysilane using a surfactant template using a temperature controlled oil bath. The reaction aliquots
in basic conditions and second by grafting of MPTMS onto were taken every hour and analyzed using a gas chromato-
the periodic mesoporous benzene-silica (Ph-HMM) with graph equipped with an FID detector. As an internal standard
crystal-like wall structure. the 2-butanol was added.

Inatypical synthesis, octadecyltrimethylammonium chlo-
ride [CisTMAC] was dissolved in a mixture of ion-
exchanged water and sodium hydroxide aqueous solution.3. Results and discussion
The mixture of BTEB and MPTMS was added to the above
solution, and the suspension was stirred at room temperature The detailed characterization of the Ph-pPmateri-
for 12 h and aged at 9@ for 24 h. The resulting white pre-  als was reported elsewhefEl]. Powder X-ray diffractions
cipitate was recovered by filtration to yield an as-synthesized (PXRD) profiles of GPh-SH sample exhibited a sharp peak
sample. The reagentratio was S{sCMAC: NaOH: HyO=1: (d100=4.69 nm) along with two peaks for [1 1 0] and [2 0 0]
0.96: 2.67: 559 for Ph-Mfg (where, 40 represent the mole reflections in the lower-angle diffraction regioro(@6°). In
percentage of MTPMS in the starting materials). The surfac- addition, three additional peald at d spacings of 0.76, 0.38
tant was removed by stirring 1.0 g of as synthesized sampleand 0.25 nm were also observed at medium scattering angles
in 200 mL ethanol with 3.0 g HCI (36%) at 5& for 6 h be- (26 =6-40), indicating that a periodicity wita d spacing of
fore filtration and the sample (Ph-M§ was used for the  0.76 nm exists in the pore walFig. 1). The PXRD pattern
estrification reaction. was essentially unchanged after oxidation (GPh30ex-

For the grafting procedure, MPTMS (2mL) was added cept a decrease ingh peak intensity, confirming that both
drop-wise into Ph-HMM (1.28 g) dispersed in chloroform the mesopore and crystal-like wall structure survived after
(100 mL) beforehand. The suspension was stirred at roomthe oxidation process.
temperature for 5 days. The powder material obtained upon The nitrogen adsorption/desorption isotherms of both
filtration was washed with copious amount of chloroform GPh-SH and GPh-S{B showed type IV isotherms with uni-
and dried at room temperature to yield thiol functionalized form pore size distributionHig. 2). The BET surface area,
mesoporous benzene-silica (GPh-SH). BJH pore diameter and pore volume of grafted GPh-SH

The sulfonic acid-functionalized mesoporous material sample were lowered compared to the parent mesoporous
were derived by the oxidative transformation of the thiol benzene-silica sampl@]. It is noteworthy that the oxi-
(—SH) into sulfonic £SO3H) groups that was accomplished dized GPh-S@H sample exhibit somewhat similar textural
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Fig. 1. X-ray diffraction patterns of mesoporous hybrid materials. (a) GPh-

SH and (b) GPh-SgH.

0.0 0.2 0.4 0.6 0.8 1.0

Relative pressure, P./P

Dv(Log d)

500

500
4000
T
8;3000
o 400 1 < 2000
8 S 1000
9 0
8 3001
Q
w
T©
[+
@ 2001
E
=
E)
>
= 1001
0 T
(A)
300
o
il
(5]
-
[}
£
o 2004
(2]
T
[+
@
£
_: o
< 1004
™
=z
0 T
0.0 0.2

(B)

0.4 0.6 0.8 1.0
Relative pressure, P/P

Table 1

Textural properties of the functionalized mesoporous benzene—silicas

Sample BET (Aig~1)  Pore diameter (nm) H(mmol g-1)°
BJH DFT

GPh-SQH 665 21 32 0.90

Ph-HMM? 818 28 38 -

Ph-MPy? 722 26 3.7 0.30

Nafion - - - 0.80

a After oxidation.
b Measured by potentiometric titration with 0.05N NaQH].

properties to that of GPh-SH, confirming the stable
mesophase of the material. The textural properties of these
functionalized benzene—silicas are summarizethinle 1

In addition, the transformation of GPh-SH to GPhg50
was monitored by**C NMR spectroscopy and confirmed
by the potentiometric titration with NaOIHL3]. Elemen-
tal analysis of the GPh-SH sample showed a sulfur con-
tent of 1.5mmolg?! that is higher than the sulfur con-
tent of 1.15mmolglof Ph-MPyy sample. However, the
potentiometric titration of GPh-S4Bl results in an acid-
ity of H*=0.9mmolg?, which is relatively low com-
pared to the sulfur content of GPh-SH (1.5 mmotand
about three times as much as that of the Phyd/ample
(H*=0.3mmolg?l) (seeTable ).

The entity of the mercatopropyl group after grafting was
also confirmed by3C and?°Si NMR spectroscopy. THEC
resonance at 11.0 and 26.8 ppnfig. 3A are assignable to
the mercaptopropyl group and due to théd@rbon directly
bonded to a Si atom and the combination 6t@rbon bonded
to —SH moities and € carbon of the propyl chain, respec-
tively [10]. The signal for the bridging phenylene fragment
appeared at 133 ppff].

-Ph-
] f Hs- CH20H2CHZSi
250 200 150 100 50 0
(A) Chemical Shift, ppm
-Ph-
\ HOZS-CHoCH,CH,Si
“ ;l f J
WX L i %
250 200 150 100 50 0
(B) Chemical Shift, ppm

Fig. 2. Nitrogen adsorption (closed circle)-desorption (open circle) Fig. 3.13C CP MAS NMR spectra of mesoporous hybrid materials. (A)

isotherms of mesoporous hybrid materials (A) GPh-SH and (B) GP{HSO

GPh-SH and (B) GPh-Sbi.
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=
- ™ Fig. 5. Esterification of acetic acid with ethanol catalyzed by sulfonic acid
0c: [ N functionalized mesoporous benzene-silica solids. Reaction condition: acetic
Si v acid, 0.1 mol; ethanol, 1.0 mol; catalyst, 0.2 g; reaction temperature, 343 K.

catalytic activity than Nafion-H. Since the GPh-§ODand
Nafion-H have almost comparable acidic strength and hy-
drophobic surface properties, it is evident that apart from
. \ \ . acidity and hydrophobicity of the material other constraints
0 -50 -100 -150 are also the governing factor for the catalytic activity. Fur-
(B) Chemical shift, ppm thermore, some diffusion limitation occurs to Nafion where
the resultant activity might be limited by diffusion control.
Fig. 4. 2°Si MAS NMR spectra of benzene-bridged mesoporous hybrid ma- Due to the swelling of the Nafion beads it is quite possible
terials. (A) GPh-SH and (B) GPh-S@. that participation of at least some of the exchange sites is
restricted. Therefore, an active role of crystal-like walls and
13C NMR spectroscopy of GPh-S8 clearly evidenced  unique surface structure can be proposed as the reason for
the formation of-SOzH group by the resonances at 53.6 ppm the enhanced catalytic activity of GPh-g@@ Moreover, the
(C* bonded with-SOsH), 18.2 ppm (&) and 12.1 ppm (&) rather different hydrophobic properties of the two materials
(Fig. 3B). No peak at 26.8 ppm was observed, indicating that respond differently to hydrophilic substrates (acetic acid and
no—SH moieties remained on the sample after oxidgtl&y. ethanol) due to varied hydrophobic—hydrophilic interactions.
The intense signals at71.4 and—81.6 observed in the On the other hand, the significant difference in activity
295 NMR spectrumfig. 4A) of GPh-SH are of ¥and T of of Ph-MPyg compared to GPh-S$Bl may be due to the dif-
phenylene-bridged silicon and a#48.3,—61.2, and—71.4 ferent ion-exchange capacity, structural integrity, and meso-
are of 7/, 7% and T of mecartopropyl fragment bonded scopic nature of Ph-Mi and GPh-S@H, where the lat-
silicon[10]. No Q sites silicon species were observed either, ter two parameters could facilitate diffusion of reactants and
confirming the stable Si—C bond upon oxidatiéigy. 4B), but products during the reaction. The ion-exchange capacity of
the intensity of 1 silicon of GPh-SGH decreased sharply  Ph-MPy was one-third of that of the GPh-SB catalyst.
compared to the GPh-SH, while the intensity 8fdilicon re- After reaction, GPh-SgH and Ph-MRg were filtered off
mained almost the same. Connected with the potentiometricand recycled for further use. About 25% loss of its original
result, it implies that the loosely bonded SigEH,CH,SH catalytic activity was monitored after the recycle of GPh-
species was removed from the benzene—silica surface duringsOsH, while no obvious loss of catalytic activity was ob-
the oxidation process and thus, resulting in the lower acidity served for the recycled Ph-Mg The loss of catalytic activity
compared to the initial S content. for GPh-SQH may be due to the leaching of weakly bonded
The esterification of acetic acid with ethanol was per- SiCH,CH,CH>SOsH species during the reaction. The par-
formed under optimal reaction conditions under argon at- ticipation of leached species in estrification was not evident.
mosphereFig. 5demonstrates the reaction profiles observed However, the differences in the catalytic performance of orig-
with three different catalysts GPh-g8, Ph—MRygand com- inal and recycled materials depends on the location from
mercially available Nafion-H along with Ph-HMM without ~ where the active species were leached. The easily accessi-
sulfonic acid group. Ethyl acetate was the only product de- ble catalytic active species of GPh-8®Dare preferentially
tected. Under identical reaction conditions, the conversion located on the external surface or near the pore mouth, which
of acetic acid on Ph—-HMM was below 8%, while it was result in the higher catalytic activity of original GPh-S®
above 90% on GPh-SB after 6 h of reaction. This result  catalyst. This result also indicates that more stable network
implies that the sulfonic acid group mainly contributes to (O1.5Si—CsHs—SiOy 5)n—(SiOy sCH2CH2CH>SH)y, could be
the formation of ethyl acetate. GPh-g@®exhibited higher formed by one step co-condensation process compared to the
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post-synthesis grafting method, which eventually leads to thein the catalytic reaction. Further investigation for expanding
stable (Q 5Si—CsH4-Si0O4 5)n—(SiOy sCH2CH2CHSOsH) m the application fields of these materials is under way.
network to oxidation. On the other hand, the post-synthesis

grafting leads to the weakly bonded SigEH,CH,SO3H

species. However, the relative effectiveness of the grafting References
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