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Abstract

Large-pore cubic Ia-3d mesoporous silicas were synthesized by co-condensation of tetraethoxysilane (TEOS) and a small amount of phenyl-
triethoxysilane (PTES) under acidic conditions using triblock copolymer P123 (EO,yPO70EQOy) as the template. In the synthesis procedure, the
amount of PTES added in the range of 3.0-10% was very vital for the formation of the ordered la-3d structure. In addition, the prehydrolysis of
PTES prior to TEOS in the template solution was also important for the preparation of ordered Ia-3d materials. If TEOS was prehydrolyzed, ordered
2d-hexagonal materials were obtained. After mild calcination at 250 °C to selectively remove the template, [a-3d and 2d-hexagonal materials with
10% PTES were selected to be sulfonated to introduce sulfonic acid sites into the channels. Both Ia-3d and 2d-hexagonal mesoporous sulfonic acid
catalysts can effectively catalyze the liquid phase condensation reaction of phenol with acetone to Bisphenol A. The catalytic activity of the Ia-3d
catalyst was slightly higher than that of the 2d-hexagonal one. Additionally, after calcination at 550 °C to remove the template and phenyl groups,
Ia-3d mesoporous materials with different pore sizes (3.8—6.8 nm) were further functionalized with amino groups by postsynthesis grafting. It was
found that in the synthesis of flavanone the catalytic performance of amino-functionalized Ia-3d mesoporous base catalysts increased with the

increase in their pore sizes.
© 2007 Published by Elsevier B.V.
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1. Introduction

Since the discovery of the ordered mesoporous MCM-
41S family [1], a great variety of mesoporous materials have
been obtained. Due to their high specific surface areas, uni-
form mesoporous channels and excellent mechanical stability,
the potential applications of these materials in adsorption and
catalysis have attracted much attention [2—4]. The heteroatom-
substituted mesoporous materials have been widely studied for
catalyzing many reactions. To develop new catalytic applications
of mesoporous materials, much attention has been paid to the
immobilization of various organic groups, which contain active
sites or can be further modified to introduce active components,
to the pore surface of mesoporous materials by postsynthesis
grafting or co-condensation. Until now, various organic groups
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such as phenyl, octyl, mercapto, amino, vinyl, methacrylate and
cyclodextrin were anchored to the pore surface of mesoporous
materials MCM-41, MCM-48, HMS, MSU, etc. However, the
relatively small pore sizes (<4 nm) of these organic—inorganic
mesoporous materials would probably limit their potential appli-
cations in the catalysis field, especially in the reactions of bulky
molecules. Fortunately, the synthesis of SBA-15 [5,6] and its
hybrid derivates [7-11] resulted in the formation of large pores
(>5nm), which makes the efficient diffusion and reactions of
bulky molecules possible.

Compared with the two-dimensional channels of 2d-
hexagonal SBA-15 materials, the independent and intricately
interwoven three-dimensional channels of large-pore (>5nm)
Ia-3d materials are more beneficial to the diffusion and transport
of reactants and products in catalytic reactions. Up to now, there
are some reports about the synthesis of large-pore (>5 nm) Ia-3d
materials [12—-17]. However, these studies have only focused on
the preparation of Ia-3d materials, but not on their applications
such as in catalysis.
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We have reported in a short communication that large-pore
cubic Ia-3d mesoporous materials can be prepared by virtue of
the addition of 3.0-8.0% PTES in the synthesis system [18].
In this study, by lowering the ageing temperature from 50 °C
to 35°C, large-pore cubic la-3d mesoporous materials have
been obtained in the range of 3.0-10% PTES. In addition, here
we have also found that the prehydrolysis of PTES prior to
TEOS in the template solution was very important for the prepa-
ration of cubic Ia-3d materials. If TEOS was prehydrolyzed,
phenyl-functionalized 2d-hexagonal mesoporous materials were
obtained.

By the sulfonation of phenyl groups, sulfonic acid sites were
introduced into the channels of mildly calcined (250 °C) Ia-
3d materials. Additionally, by postsynthesis grafting, amino
groups were introduced into the channels of calcined (550 °C)
Ia-3d materials. These phenyl-sulfonic acid functionalized Ia-
3d mesoporous acid catalysts and amino-functionalized Ia-3d
mesoporous base catalysts were found to be very efficient in the
synthesis of Bisphenol A and flavanone, respectively.

2. Experimental

2.1. Synthesis of large pore phenyl-functionalized cubic
la-3d mesoporous silicas

A typical synthesis procedure of large-pore cubic la-3d meso-
porous silicas was as follows: 1.5 g of P123 (EO29PO70EO,
MW =5800, Aldrich) was dissolved in 40 mL of 0.75M HCI
at 35 °C, and then 15.2X mmol of phenyltriethoxysilane (PTES,
Aldrich) was added under vigorous stirring. After vigorous stir-
ring for 15 min, 15.2 (1 — X) mmol of tetracthoxysilane (TEOS)
was added and the mixture was further stirred at 35°C for
20 h. The final gel composition (mol) was 0.017 P123:(1 — X)
TEOS:X PTES:2.0 HCI1:147 H,O (X=0.03-0.10). The reac-
tant mixture was transferred into a Teflon-lined stainless steel
autoclave and then aged at the required temperature for 24 h.
After cooling down to the room temperature, the product
was filtered, washed with distilled water repeatedly and then
dried at 60 °C in air overnight. As-synthesized materials were
denoted by I.(y),, where x and y, respectively, represent the
ageing temperature and the molar fraction of PTES in silicon
sources.

2.2. Preparation of phenyl-sulfonic acid functionalized
cubic la-3d mesoporous acid catalysts

As-synthesized materials were calcined at 250°C in air
for 6h to selectively remove the template. One gram of the
mildly calcined Ia-3d material was dried under vacuum at
120 °C overnight and then sulfonated with 25% fuming sul-
furic acid in the presence of CH;Cl; at room temperature for
5h (25 mL of CH;Cl; and 3 mL of 25% fuming sulfuric acid)
[19]. After the reaction the sulfonated material was filtered,
and washed with CH,Cl, and then distilled water until the
filtrate was neutral. The solid thus obtained was denoted by
L:(»)-SO3H.

2.3. Preparation of amino-functionalized cubic la-3d
mesoporous base catalysts

As-synthesized materials were calcined at 550 °C in air for
6h to remove the template and phenyl groups. One gram of
the calcined Ia-3d material was dried under vacuum at 120 °C
overnight, and then added to 20 mL of dry toluene in a S0 mL
flask. Then 0.4 mL of 3-aminopropyltriethoxysilane (APTES)
was added and the mixture was stirred. After 24 h, the solid was
filtered, washed with toluene and ethanol, and then dried in air.
The obtained solid was denoted by I,(y)-APS.

2.4. Characterization

Powder X-ray diffraction (XRD) patterns were obtained on
a Siemens D5005 diffractometer using Cu Ko radiation. Trans-
mission electron microscopy experiments were performed on
a Hitachi H-8100 electron microscope with an acceleration
voltage of 200kV. N; adsorption—desorption isotherms were
recorded at 77K with a Micromeritics ASAP 2010. Before
the measurements, the samples were outgassed at 120°C for
10h. The BET surface areas were obtained from the adsorption
branches in the relative pressure range of 0.05-0.20. The pore
size distributions were calculated from the adsorption branches
by the Barret-Joyner—Halenda (BJH) method. The pore volume
was taken at the relative pressure of 0.97. The 2°Si MAS NMR
and 13C CP/MAS NMR spectra were recorded on a Bruker
DRX-400 system equipped with a magic-angle spin probe in
a 4-mm ZrO rotor. The 2°Si MAS NMR spectra were recorded
at 79.4MHz, with a pulse delay of 2.0s, acquisition time of
16.9 ms, and spinning rate of 4kHz. The '3C CP/MAS NMR
spectra were recorded at 100.5 MHz, with a pulse delay of
3.0, acquisition time of 17.1 ms, and spinning rate of 4 kHz.
Tetramethylsilane was used as areference. TG analysis was mea-
sured on a DTG-60 apparatus (Shimadzu) at a heating rate of
10 °C/min in air. N, C and S elemental analyses were performed
on a Heraeus CHNS elemental analyzer. The acid amount of the
sulfonated material was determined by base titration. Typically,
0.05 g of the solid was immersed in 30 g of sodium chloride
aqueous solution (10 wt%) for 24 h. The resulting suspension
was filtered and the filtrate was titrated by dropwise addition of
0.05 M NaOH (aq).

2.5. Catalytic reactions

The syntheses of Bisphenol A and flavanone were carried out
in a sealed glass vessel. Before the reaction, both mesoporous
acid and base catalysts were dried under vacuum at 120 °C
overnight. For the synthesis of Bisphenol A, 60 mmol of phe-
nol and 10 mmol of acetone were added to a flask containing
0.10 g of the dried mesoporous phenyl-sulfonic acid catalyst.
The reaction mixture was stirred at 85 °C for 24 h, and then a
small amount of acetonitrile was added and then the mixture
was filtered. The products were analyzed on a gas chromato-
graph (GC-8A, Shimadzu) equipped with an HP-5 capillary
column, and confirmed by standard compounds. For the syn-
thesis of flavanone, 10 mmol of benzaldehyde and 10 mmol of
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2/-hydroxyacetonphenone were added to a flask with 0.20 g of
the dried amino-functionalized mesoporous base catalyst. The
reaction mixtures were stirred at 140 °C for 15 h, and then 5 mL
of dimethyl sulfoxide (DMSQO) was added and then the mixture
was filtered. The filtrate was analyzed on a gas chromatograph
(GC-8A, Shimadzu) equipped with an HP-5 capillary column,
and confirmed by GC-MS.

3. Results and discussion

3.1. Large pore phenyl-functionalized cubic la-3d
mesoporous silicas

Based on the powder XRD diffraction analysis (Fig. 1), it is
found that in the synthesis procedure the amount of PTES added
to the template solution plays a very crucial role in obtaining the
ordered Ia-3d materials. If no PTES is added or the amount of
PTES added is less than 3.0%, only the ordered 2d-hexagonal
SBA-15 or SBA-15-like material is obtained. When the amount
of PTES is elevated to 3.0%, the characteristic diffraction peaks
(110) and (200) of the 2d-hexagonal material disappear, and
a well-defined shoulder peak and a broad diffraction peak in
the range of 20 =1.3-2.0° are observed, suggesting the transi-
tion from the 2d-hexagonal SBA-15-like symmetry to the Ia-3d
structure. With further increasing amount of PTES to 5.0%, the
ordered material with Ia-3d symmetry can be easily obtained,
which exhibits an intense peak indexed as (21 1) and a shoul-
der peak indexed as (220) in the XRD pattern [12—15]. The
other 4-weak peaks in the range of 26 =1.3-2.0° can also be
observed, which are indexed as (32 1), (400), (420)and (332)
reflections, respectively. This well-defined Ia-3d structure can
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Fig. 1. Powder XRD patterns of mildly calcined (250 °C) purely siliceous SBA-
15,11 00(0.03),1; 900(0.05), I; 90(0.10) and amorphous material contanining 15%
PTES.

be further confirmed by TEM images. The electron micro-
graphs in Fig. 2 are taken along [1 1 1], [1 1 0], [1 0 0] directions,
respectively. These images show that the ordered Ia-3d struc-
ture is throughout the sample. At 10% PTES, the ordered Ia-3d
material can still be obtained, but its cell parameter obviously
shrinks in comparison to that I;¢¢(0.05) (Table 1). At higher
amounts of PTES, e.g. 15%, the amorphous material is obtained.
The effect of PTES/(PTES + TEOS) ratio (3.0-10%) on the
phase behavior of the synthesized system may be explained
as follows: since phenyl groups are hydrophobic, they will be
preferentially bound to the hydrophobic PPO blocks than to
the hydrophilic PEO blocks, enlarging the hydrophobic volume
and increasing the hydrophobic/hydrophilic ratio. Finally these
changes will lead to the phase transition from high-curvature 2d-
hexagonal to low-curvature Ia-3d symmetry. This phenomenon
has also been observed when 3-mercaptopropyltrimethoxysilane
(MPTS) [12], triethoxyvinylsilane (TEVS) [14], butanol [15], or
anionic sodium dodecyl sulfate (SDS) [17] was used as additives
for the synthesis of Ia-3d materials. If the PTES/(PTES + TEOS)
ratio is reduced to 1.0%, the amount of hydrophobic phenyl
groups is not high enough to significantly enlarge the hydropho-
bic/hydrophilic ratio, and thus the ordered Ia-3d structure cannot
be formed. If this value is increased to 15% or more, the self-
assembly between copolymer template and silicon sources will
be disturbed, and only the amorphous material is formed.

It is well known that the elevation of ageing temperature will
lead to the increase in the hydrophobicity of EO block moiety
in triblcok copolymer and then the increase in the hydrophobic
volume of surfactant micells, finally resulting in the enlargement
of pore dimension of mesoporous silica [6]. Here, we investi-
gated the effect of ageing temperature on the pore structures of
phenyl-functionalized Ia-3d mesoporous materials with 5.0%
PTES. The powder XRD patterns of the materials aged at differ-
ent temperature are shown in Fig. 3. Ia-3d materials are obtained
atall the ageing temperature, but the elevated temperature makes
diffraction peaks more intense and much clearer. For the mate-
rial aged at 35°C, only (21 1) and (2 2 0) diffraction peaks can
be observed, and the broad peak in the range of 1.3-2.0° (26)
is absent. However, at the ageing temperature of 80 °C, 100°C
or 130 °C, the characteristic diffraction peaks of Ia-3d materi-
als can be easily observed. For these materials, the structural
improvement with the increase in ageing temperature can also
be confirmed by the nitrogen adsorption—desorption isotherms

Table 1
Physicochemical properties of mildly calcined (250 °C) phenyl-functionalized
Ta-3d mesoporous materials

Sample Phase ap® (nm)  SggT Pore size Vi
(m*g™")  (nm) em’g™)

SBA-15 2d-hexagonal 12.3 925 8.8 1.39
1100(0.03) Ta-3d 25.5 1152 7.5 1.30
135(0.05)  Ia-3d 22.1 805 4.2 0.48
130(0.05)  Ta-3d 24.7 1072 6.1 0.84
1100(0.05) Ia-3d 25.2 1091 7.2 1.21
1130(0.05) Ta-3d 25.5 862 8.9 1.33
1100(0.10) TIa-3d 23.6 1022 53 1.03

2 ap: cell parameter.
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Fig. 2. TEM images of mildly calcined (250 °C) I; ¢0(0.05) along different directions: (A) [1 1 1], (B) [1 10] and (C) [100].

211

1,3((0.05)

Intensity

1,00(0.05)

I50(0.05)

1;5(0.05)

0.5 1.0 1.5 2.0 25 3.0
26/(°)

Fig. 3. Powder XRD patterns of mildly calcined (250 °C) 135(0.05), I3(0.05),
1100(0.05) and I;30(0.05).

and the pore size distributions (Fig. 4). These isotherms dis-
play typical IV isotherms with a sharp inflection due to the
capillary condensation in the uniform mesopore channels and
with a H1 type hysteresis loop which implies that these samples
have bicontinuous mesopore channels without necks (Fig. 4A).
With increasing ageing temperature, the inflection is shifted
to the higher relative pressure, and the capillary condensation
also becomes much steeper, indicating the enlargement of pore
dimension and the narrowing of pore size distribution. The
pore size distributions of these materials support this analysis
(Fig. 4B). When the ageing temperature is elevated from 35 °C
to 130 °C, the pore size is doubled from 4.2 nm to 8.9 nm, and
the pore size distribution becomes more narrow. Meanwhile,
the pore volume is also steeply increased from 0.48 cm> g~ ! to
1.33cm® g~ (Table 1).

In the synthesis procedure of la-3d materials, besides the
amount of PTES added, the prehydrolysis of PTES prior to
TEOS in the surfactant solution is also important. For the mate-
rial with 5.0% PTES, if PTES is added 15 min prior to TEOS
into the template solution, the ordered Ia-3d material is obtained
(Fig. 5a). If TEOS and PTES are mixed in advance and then
added to the template solution, a mixture of 2d-hexagonal and Ia-
3d structures is obtained (Fig. 5b). When TEOS is prehydrolyzed
for 15 min or more, the well-defined 2d-hexagonal SBA-15-like
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Fig. 4. N, adsorption—desorption isotherms (A) and pore size distributions (B) of mildly calcined (250 °C) I35(0.05), Ig0(0.05), 11 90(0.05) and I; 30(0.05).

materials are formed (Fig. 5S¢ and d). The pronounced effect of
prehydrolysis period of PTES or TEOS on the special structure
of synthesized material might be explained as follows: during
the synthesis procedure, if PTES is added 15 min prior to TEOS
into the surfactant solution, the hydrophobic phenyl groups will
be preferentially bound to the hydrophobic PO blocks, finally
causing the phase transition from high-curvature 2d-hexagonal
to low-curvature Ia-3d phase (Fig. 5a). If PTES and TEOS are
mixed in advance and then co-condensed in the surfactant solu-
tion, the phenyl groups in PTES cannot be entirely bound to

d
= c
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Fig. 5. Powder XRD patterns of mildly calcined (250 °C) Ia-3d I 00(0.05) (a),
2d-hexagonal materials with TEOS prehydrolyzed for O min (b), 15 min (c) and
30 min (d) (a small amount of cubic structure is present in the material (b)).

the hydrophobic PO blocks before the formation of mesoporous
material. Therefore, only those surfactants well bound by phenyl
groups can direct the formation of the Ia-3d structure, and the
left will result in the formation of the 2d-hexagonal structure
(Fig. 5b). If TEOS is prehydrolyzed 15 min or more prior to
PTES in the template solution, the surfactant micelles will be
covered with some polymeric silicas, making it very difficult
for the hydrophobic phenyl groups to be bound to hydrophobic
PO blocks, resulting in the synthesis of 2d-hexagonal material
(Fig. 5c and d). A similar phenomenon is also observed for the
synthesis of the material with 10% PTES (not shown).

Fig. 6 displays the 2°Si MAS NMR and '3C CP/MAS NMR
spectra of phenyl-functionalized Ia-3d mesoporous materials.
As shown in Fig. 6A, the resonance peaks at —109.0 ppm and
—100.3 ppm are assigned to Q4 [Si(OSi)4] and Q3 [Si(OSi)30H]
species of the silica framework, and the peak at —79.4 ppm
corresponds to 73 [RSi(OSi)3] species. The presence of T3
species indicates that PTES has been condensed into the silica
framework, and the Si—C bonds between phenyl groups and sil-
icon atoms are very stable during the hydrothermal treatment
and calcination procedure. With increasing amount of PTES
from 5.0% to 10%, the intensities of T° peaks increase, sug-
gesting that more organosilane has been incorporated into the
silica framework. In the '>C CP/MAS NMR spectrum pattern
of as-synthesized 1;00(0.10), (Fig. 6B), the resonance peaks
at 127 ppm, 134 ppm, 16.0 ppm, 70.8 ppm, 73.6 ppm, 75.8 ppm
are observed. Among them, the peaks at 127 ppm and 134 ppm
correspond to the C atoms in phenyl groups, and the others
are assigned to the C atoms of the template [14]. After mild
(250°C) calcination, the resonances of the template dramat-
ically decrease, and only faint signals between 60 ppm and
80 ppm could be observed, which should be assigned to the C
atoms in the incompletely decomposed template. Meanwhile,
the characteristic peaks of C atoms in phenyl groups are pre-
served, in accordance with the results obtained from the 2°Si
MAS NMR analysis. These results can be confirmed by the TG
analysis.
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Fig. 6. (A) 2°Si MAS NMR spectra of mildly calcined (250 °C) I; 9 ¢(0.05) and I; ¢0(0.10); (B) '*C CP/MAS NMR spectra of as-synthesized I; 9o(0.10), and mildly
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The TG analysis of as-synthesized Ij(0(0.05, 15), and
I100(0.10, 15), materials (Fig. 7A) shows that the weight losses
(above 100 °C) concentrate at 182.0 °C and above 300 °C. The
former should be due to the decomposition of the template
copolymer [5,6], and the latter must include the decomposition
of phenyl groups. After mild calcination at 250 °C, the TG-
DTG curves of 11 90(0.05) and 11 ¢0(0.10) (Fig. 7B) show that
the weight loss at 182.0°C is absent, and only the broad peak
above 300 °C (centered at 385.2 °C and 604.9 °C) is observed.
Based on the 1C CP/MAS NMR (Fig. 6B), the weight loss at
385.2°C might be due to the combustion of the residues pro-
duced by the incomplete decomposition of the template, and
the one at 604.9 °C should be assigned to the decomposition of
phenyl groups. With increasing amount of PTES, the weight
loss of phenyl groups increases, suggesting that more PTES
was incorporated into the silica framework. This result is in

100 dssengeee-s (A)
90+ - I100(0' 10)5
1 N I,,(0.05),
80 +

DT, Aexothermic

L L L L L L
100 200 300 400 500 600 700 800
Temperature (°C)

accordance with the 2°Si MAS NMR analysis (Fig. 6A). The
weight loss below 100°C in the TG-DTG analysis (Fig. 7B)
should be attributed to the desorption of the physically adsorbed
water. With increasing amount of PTES incorporated, much less
amount of water is desorbed, indicating that the pore surface
becomes more hydrophobic.

3.2. Modification of la-3d mesoporous silicas and their
catalytic applications

3.2.1. Preparation of la-3d mesoporous phenyl-sulfonic
acid catalysts and their applications in the synthesis of
Bisphenol A

Bisphenol A is a very important raw material for the pro-
duction of epoxy resins and other polymers. It is usually
obtained by the condensation reaction of phenol with acetone

100

o1d

604.9°C
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100
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80 100
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Fig. 7. (A) TG-DTA curves of as-synthesized 11 ¢¢(0.05), and 11 90(0.10),; (B) TG-DTG curves of mildly calcined (250 °C) 11 9(0.05) and I ¢¢(0.10).
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in the presence of acid catalysts (Scheme 1), such as het-
eropolyacid (H3PW12,04¢) supported on K-10 clay [20], zeolites
[21], mesoporous sulfonic acid [22], and ion-exchange resins
like Amberlysts. Here we have investigated the catalytic per-
formance of large-pore Ia-3d and 2d-hexagonal mesoporous
phenyl-sulfonic acid catalysts in this reaction. For compari-
son, p-toluenesulfonic acid and SBA-15 silica were also used
as catalysts. Mesoporous phenyl-sulfonic acid catalysts were
prepared by the sulfonation of Ia-3d and 2d-hexagonal mate-
rials containing 10% PTES with 25% fuming sulfuric acid
in the presence of CH;Cl,. Both Ta-3d and 2d-hexagonal
sulfonated materials keep the ordered structures of their par-
ent materials, which could be confirmed by the power XRD
and Ny adsorption—desorption measurements (not shown). The
introduction of sulfonic acid sites into the channels can be con-
firmed by the S elemental analysis and the acid-base titration
(Table 2).

The “per acid site yield” of all the acid catalysts is listed
in Table 2. Under the identical conditions, only p,p’-Bisphenol
A and its isomer o,p’-Bisphenol A are produced, and other
products like trisphenols are not observed while no products
are obtained over SBA-15 silica. Among all the catalysts, p-
toluenesulfonic acid is the most active, probably due to that
the acid sites in the homogeneous system could be more
easily contacted by reaction reagents than those in the het-
erogeneous system. In addition, both Ia-3d I;0¢(0.10)-SOsH
and 2d-hexagonal Hj¢(0.10)-SO3H mesoporous solid acid
catalysts display high catalytic performance. Usually, in the
liquid-phase reactions catalyzed by solid catalysts, the larger
pore dimension of these solid catalysts is more beneficial
to the diffusion of reactants and products, and thus lead to
the improvement of their catalytic performance. Surprisingly,
though the pore size (5.6nm) of Hjo(0.10)-SO3H is larger
than that (5.0nm) of 1;00(0.10)-SO3H, the catalytic activity
of the latter is slightly higher than that of the former (33 ver-
sus 30) (Table 2). This inconsistent result should be attributed

Table 2

to that Ia-3d I 9 9(0.10)-SO3H possesses the three-dimensional
interwoven channels and the larger surface area. Compared
with homogeneous p-toluenesulfonic acid, mesoporous solid
acid catalysts show higher selectivity to p,p’-Bisphenol A
(Table 2). The selectivity to p,p’-Bisphenol A (p,p//o,p’ ratio)
over Hj0(0.10)-SO3H is 3.7, slightly higher than that (3.1)
over I1¢0(0.10)-SO3H. This phenomenon might be ascribed to
that the channels of the Ia-3d catalyst are not straight and not as
narrow-ranged as those of the 2d-hexagonal catalyst.

3.2.2. Preparation of amino-functionalized la-3d
mesoporous base catalysts and their applications in the
synthesis of flavanone

Flavanone is an important polyphenolic compound, and
widely used to manufacture various medicines. Commonly,
flavanone is prepared via the Claisen-Schmidt condensa-
tion reaction of benzaldehyde with 2’-hydroxyacetopheone
and the subsequent intramolecular Michael reaction of 2'-
hydroxychalcone under acidic or basic conditions [23]. Until
now some solid catalysts such as barium hydroxides [24], hydro-
talcites [25], and natural phosphates modified with NaNOs3 or
KF [26], have been used for the synthesis of flavanone. Amino-
functionalized SBA-15 mesoporous solid base catalysts have
also been applied to the preparation of flavanone [27]. Here
we have investigated the catalytic activity of large-pore amino-
functionalized Ia-3d mesoporous base catalysts (I,(y)-APS) in
the synthesis reaction of flavanone. Additionally, we also inves-
tigated the effect of pore sizes of I,(y)-APS on their catalytic
performance.

As shown in Table 3, the BET surface area, pore size, and pore
volume of I,(y)-APS (x=35°C, 80 °C and 100 °C, respectively)
correspondingly decrease in comparison to those of parent mate-
rials, which indicates that during the grafting procedure amino
groups have been introduced into the channels. This analysis
could be confirmed by the presence of the N element in the
L.(y)-APS materials (Table 3).

Condensation reaction of phenol with acetone to Bisphenol A over different acid catalysts®

Catalyst S content (mmol/g final solid) Acid amount (mmol H*/g solid) Bisphenol A (mol)/acid site (mol) p,p'lo,p’ molar ratio
p-TsOHP 56 2.0

SBA-15 silica 0.11 - -
1100(0.10)-SO3H® 0.20 0.33 (5.0nm)¢ 33 3.1
Hj00(0.10)-SO3H® 0.18 0.30 (5.6 nm)? 30 3.7

4 Reaction conditions: 0.10 g catalyst, 60 mmol phenol, 10 mmol acetone, =85 °C, r=24h.

b p-Toluenesulfonic acid.

¢ PTES is prehydrolyzed prior to TEOS in template solution for 15 min.
4 Pore size (calculated from the adsorption branches).

¢ TEOS is prehydrolyzed prior to PTES in template solution for 60 min.



J. Huang et al. / Journal of Molecular Catalysis A: Chemical 271 (2007) 200-208

Table 3

207

The pore parameters of 1,(y)-APS and their catalytic performance in the synthesis of flavanone®

Sample Sger (m*g~!)  Poresize (nm)  Vi(cm®g™!)  N/Si  Conv.of B(%)  Select.toC (%)  Select.toD (%)  Select. to E (%)
135(0.05)° 795 3.8 0.48

135(0.05)-APS 392 29 0.33 6.0 9.2 35.5 64.5 -

I30(0.05)° 1010 5.6 1.09

Ig0(0.05)-APS 560 49 0.75 62 724 25.5 56.3 182
1100(0.05) 1091 6.8 1.25

100(0.05)-APS 586 6.1 0.79 66 842 25.0 54.3 20.7

4 Reaction conditions: 0.20 g catalyst, 10 mmol benzaldehyde, 10 mmol 2’-hydroxyacetonphenone, =140 °C, r=15h.
b Samples were calcined at 550 °C in air for 6 h to remove the template and phenyl groups.

1,(0.05)-APS
Al T
H Claisen-Schmidt

14(0.05)-APS
—_—
Claisen-Schmidt

Intramolecular] Michael Reaction
14(0.05)-APS

Scheme 2.

According to the analytic results from GC-MS, the prod-
ucts are 2’-hydroxychalcone (C), flavanone (D) and a by
product (MW =312.3) (E), which should be produced by the
further Claisen-Schmidt condensation reaction of flavanone
with benzaldehyde in the presence of I,(y)-APS base catalysts
(Scheme 2). The product E has not been produced when other
basic catalysts are used, and the related reaction mechanism
is under investigation. The conversion of B and the selectivi-
ties to products are shown in Table 3. Under the same reaction
conditions, 135(0.05)-APS, Ig 5(0.05)-APS and I ¢ 9(0.05)-APS,
whose pore size are 2.9 nm, 4.9 nm and 6.1 nm, respectively, dis-
play distinct catalytic performance. The conversion of B over
135(0.05)-APS is only 9.2%. However, those over Ig5(0.05)-
APS and 1;00(0.05)-APS are 72.4% and 84.2%, respectively.
Since these three mesoporous base catalysts possess the cubic
Ta-3d structure, the difference in the conversions of B should be
ascribed to their different pore sizes. Therefore, it is believed
that in this liquid condensation reaction, the larger pore size of
L(y)-APS base catalysts is more beneficial to the effective diffu-
sion of reactants and products, and thus leads to the increase of
the conversion of B. In addition, the pore size of L,(0.05)-APS
has a great effect on the distribution of products (Table 3). For
135(0.05)-APS, the products are only C and D, and the bulkier E
is not observed, which indicate that the small pore size (2.9 nm)
of 135(0.05)-APS limits the formation of the product E. How-
ever, for I35(0.05)-APS and I ¢0(0.05)-APS, their larger pore

size lead to the formation of the product E, and the selectivities
to the product E are 18.2% and 19.7%, respectively. With the
increase in the pore size of [(0.05)-APS from 2.9 nm to 6.1 nm,
the selectivity to the product C gradually decreases, and the
selectivity to products (D +E) correspondingly increases. The
selectivities to products (D + E) over I3 5(0.05)-APS, I3 5(0.05)-
APS and I ¢(0.05)-APS are 64.5%, 74.5% and 75.0%. These
data indicate that the enlargement of the pore size of 1,(0.05)-
APS is favorable to the intramolecular Michael reaction of
2/-hydroxychalcone (C) to flavanone (D), and thus the further
Claisen-Schmidt condensation reaction of flavanone (D) with
benzaldehyde to the product E.

4. Conclusions

Templated by triblock copolymer (EO20PO79EOy), large
pore phenyl-functionalized Ia-3d mesoporous silicas have
been synthesized by co-condensation of TEOS and PTES. By
the prehydrolysis of PTES prior to TEOS, the ordered Ia-3d
materials have been obtained in the PTES molar percentage
range of 3.0-10%. By the prehydrolysis of TEOS prior to PTES,
the ordered 2d-hexagonal material has also been synthesized.
By further modifications, phenyl-sulfonic acid functional-
ized Ia-3d and 2d-hexagonal mesoporous acid catalysts and
amino-functionalized Ia-3d mesoporous base catalysts were
successfully prepared. In the condensation reaction of phenol
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with acetone to Bisphenol A, both Ia-3d and 2d-hexagonal
mesoporous phenyl-sulfonic acid catalysts exhibited high cat-
alytic performance. Due to the three-dimensional channels, the
Ia-3d acid catalyst displayed slightly higher catalytic activity
than the 2d-hexagonal one. In the synthesis of flavanone, the
pore sizes of amino-functionalized Ia-3d mesoporous base cat-
alysts displayed a great effect on their catalytic performance. It
was found that with the increase in the pore size of I,(0.05)-APS,
their catalytic performance pronouncedly increased.
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