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bstract

Large-pore cubic Ia-3d mesoporous silicas were synthesized by co-condensation of tetraethoxysilane (TEOS) and a small amount of phenyl-
riethoxysilane (PTES) under acidic conditions using triblock copolymer P123 (EO20PO70EO20) as the template. In the synthesis procedure, the
mount of PTES added in the range of 3.0–10% was very vital for the formation of the ordered Ia-3d structure. In addition, the prehydrolysis of
TES prior to TEOS in the template solution was also important for the preparation of ordered Ia-3d materials. If TEOS was prehydrolyzed, ordered
d-hexagonal materials were obtained. After mild calcination at 250 ◦C to selectively remove the template, Ia-3d and 2d-hexagonal materials with
0% PTES were selected to be sulfonated to introduce sulfonic acid sites into the channels. Both Ia-3d and 2d-hexagonal mesoporous sulfonic acid
atalysts can effectively catalyze the liquid phase condensation reaction of phenol with acetone to Bisphenol A. The catalytic activity of the Ia-3d

◦
atalyst was slightly higher than that of the 2d-hexagonal one. Additionally, after calcination at 550 C to remove the template and phenyl groups,
a-3d mesoporous materials with different pore sizes (3.8–6.8 nm) were further functionalized with amino groups by postsynthesis grafting. It was
ound that in the synthesis of flavanone the catalytic performance of amino-functionalized Ia-3d mesoporous base catalysts increased with the
ncrease in their pore sizes.

2007 Published by Elsevier B.V.
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. Introduction

Since the discovery of the ordered mesoporous MCM-
1S family [1], a great variety of mesoporous materials have
een obtained. Due to their high specific surface areas, uni-
orm mesoporous channels and excellent mechanical stability,
he potential applications of these materials in adsorption and
atalysis have attracted much attention [2–4]. The heteroatom-
ubstituted mesoporous materials have been widely studied for
atalyzing many reactions. To develop new catalytic applications
f mesoporous materials, much attention has been paid to the
mmobilization of various organic groups, which contain active

ites or can be further modified to introduce active components,
o the pore surface of mesoporous materials by postsynthesis
rafting or co-condensation. Until now, various organic groups

∗ Corresponding author. Tel.: +86 431 8499140; fax: +86 431 8949334.
E-mail address: qkan@mail.jlu.edu.cn (Q. Kan).
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uch as phenyl, octyl, mercapto, amino, vinyl, methacrylate and
yclodextrin were anchored to the pore surface of mesoporous
aterials MCM-41, MCM-48, HMS, MSU, etc. However, the

elatively small pore sizes (<4 nm) of these organic–inorganic
esoporous materials would probably limit their potential appli-

ations in the catalysis field, especially in the reactions of bulky
olecules. Fortunately, the synthesis of SBA-15 [5,6] and its

ybrid derivates [7–11] resulted in the formation of large pores
>5 nm), which makes the efficient diffusion and reactions of
ulky molecules possible.

Compared with the two-dimensional channels of 2d-
exagonal SBA-15 materials, the independent and intricately
nterwoven three-dimensional channels of large-pore (>5 nm)
a-3d materials are more beneficial to the diffusion and transport
f reactants and products in catalytic reactions. Up to now, there

re some reports about the synthesis of large-pore (>5 nm) Ia-3d
aterials [12–17]. However, these studies have only focused on

he preparation of Ia-3d materials, but not on their applications
uch as in catalysis.

mailto:qkan@mail.jlu.edu.cn
dx.doi.org/10.1016/j.molcata.2007.02.024
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We have reported in a short communication that large-pore
ubic Ia-3d mesoporous materials can be prepared by virtue of
he addition of 3.0–8.0% PTES in the synthesis system [18].
n this study, by lowering the ageing temperature from 50 ◦C
o 35 ◦C, large-pore cubic Ia-3d mesoporous materials have
een obtained in the range of 3.0–10% PTES. In addition, here
e have also found that the prehydrolysis of PTES prior to
EOS in the template solution was very important for the prepa-

ation of cubic Ia-3d materials. If TEOS was prehydrolyzed,
henyl-functionalized 2d-hexagonal mesoporous materials were
btained.

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

ynthesis of Bisphenol A and flavanone, respectively.

. Experimental

.1. Synthesis of large pore phenyl-functionalized cubic
a-3d mesoporous silicas

A typical synthesis procedure of large-pore cubic Ia-3d meso-
orous silicas was as follows: 1.5 g of P123 (EO20PO70EO20,
W = 5800, Aldrich) was dissolved in 40 mL of 0.75 M HCl

t 35 ◦C, and then 15.2X mmol of phenyltriethoxysilane (PTES,
ldrich) was added under vigorous stirring. After vigorous stir-

ing for 15 min, 15.2 (1 − X) mmol of tetraethoxysilane (TEOS)
as added and the mixture was further stirred at 35 ◦C for
0 h. The final gel composition (mol) was 0.017 P123:(1 − X)
EOS:X PTES:2.0 HCl:147 H2O (X = 0.03–0.10). The reac-

ant mixture was transferred into a Teflon-lined stainless steel
utoclave and then aged at the required temperature for 24 h.
fter cooling down to the room temperature, the product
as filtered, washed with distilled water repeatedly and then
ried at 60 ◦C in air overnight. As-synthesized materials were
enoted by Ix(y)a, where x and y, respectively, represent the
geing temperature and the molar fraction of PTES in silicon
ources.

.2. Preparation of phenyl-sulfonic acid functionalized
ubic Ia-3d mesoporous acid catalysts

As-synthesized materials were calcined at 250 ◦C in air
or 6 h to selectively remove the template. One gram of the
ildly calcined Ia-3d material was dried under vacuum at

20 ◦C overnight and then sulfonated with 25% fuming sul-
uric acid in the presence of CH2Cl2 at room temperature for

h (25 mL of CH2Cl2 and 3 mL of 25% fuming sulfuric acid)

19]. After the reaction the sulfonated material was filtered,
nd washed with CH2Cl2 and then distilled water until the
ltrate was neutral. The solid thus obtained was denoted by

x(y)-SO3H.
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.3. Preparation of amino-functionalized cubic Ia-3d
esoporous base catalysts

As-synthesized materials were calcined at 550 ◦C in air for
h to remove the template and phenyl groups. One gram of

he calcined Ia-3d material was dried under vacuum at 120 ◦C
vernight, and then added to 20 mL of dry toluene in a 50 mL
ask. Then 0.4 mL of 3-aminopropyltriethoxysilane (APTES)
as added and the mixture was stirred. After 24 h, the solid was
ltered, washed with toluene and ethanol, and then dried in air.
he obtained solid was denoted by Ix(y)-APS.

.4. Characterization

Powder X-ray diffraction (XRD) patterns were obtained on
Siemens D5005 diffractometer using Cu K� radiation. Trans-
ission electron microscopy experiments were performed on
Hitachi H-8100 electron microscope with an acceleration

oltage of 200 kV. N2 adsorption–desorption isotherms were
ecorded at 77 K with a Micromeritics ASAP 2010. Before
he measurements, the samples were outgassed at 120 ◦C for
0 h. The BET surface areas were obtained from the adsorption
ranches in the relative pressure range of 0.05–0.20. The pore
ize distributions were calculated from the adsorption branches
y the Barret–Joyner–Halenda (BJH) method. The pore volume
as taken at the relative pressure of 0.97. The 29Si MAS NMR

nd 13C CP/MAS NMR spectra were recorded on a Bruker
RX-400 system equipped with a magic-angle spin probe in
4-mm ZrO2 rotor. The 29Si MAS NMR spectra were recorded
t 79.4 MHz, with a pulse delay of 2.0 s, acquisition time of
6.9 ms, and spinning rate of 4 kHz. The 13C CP/MAS NMR
pectra were recorded at 100.5 MHz, with a pulse delay of
.0 s, acquisition time of 17.1 ms, and spinning rate of 4 kHz.
etramethylsilane was used as a reference. TG analysis was mea-
ured on a DTG-60 apparatus (Shimadzu) at a heating rate of
0 ◦C/min in air. N, C and S elemental analyses were performed
n a Heraeus CHNS elemental analyzer. The acid amount of the
ulfonated material was determined by base titration. Typically,
.05 g of the solid was immersed in 30 g of sodium chloride
queous solution (10 wt%) for 24 h. The resulting suspension
as filtered and the filtrate was titrated by dropwise addition of
.05 M NaOH (aq).

.5. Catalytic reactions

The syntheses of Bisphenol A and flavanone were carried out
n a sealed glass vessel. Before the reaction, both mesoporous
cid and base catalysts were dried under vacuum at 120 ◦C
vernight. For the synthesis of Bisphenol A, 60 mmol of phe-
ol and 10 mmol of acetone were added to a flask containing
.10 g of the dried mesoporous phenyl-sulfonic acid catalyst.
he reaction mixture was stirred at 85 ◦C for 24 h, and then a
mall amount of acetonitrile was added and then the mixture

as filtered. The products were analyzed on a gas chromato-
raph (GC-8A, Shimadzu) equipped with an HP-5 capillary
olumn, and confirmed by standard compounds. For the syn-
hesis of flavanone, 10 mmol of benzaldehyde and 10 mmol of
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′-hydroxyacetonphenone were added to a flask with 0.20 g of
he dried amino-functionalized mesoporous base catalyst. The
eaction mixtures were stirred at 140 ◦C for 15 h, and then 5 mL
f dimethyl sulfoxide (DMSO) was added and then the mixture
as filtered. The filtrate was analyzed on a gas chromatograph

GC-8A, Shimadzu) equipped with an HP-5 capillary column,
nd confirmed by GC–MS.

. Results and discussion

.1. Large pore phenyl-functionalized cubic Ia-3d
esoporous silicas

Based on the powder XRD diffraction analysis (Fig. 1), it is
ound that in the synthesis procedure the amount of PTES added
o the template solution plays a very crucial role in obtaining the
rdered Ia-3d materials. If no PTES is added or the amount of
TES added is less than 3.0%, only the ordered 2d-hexagonal
BA-15 or SBA-15-like material is obtained. When the amount
f PTES is elevated to 3.0%, the characteristic diffraction peaks
1 1 0) and (2 0 0) of the 2d-hexagonal material disappear, and
well-defined shoulder peak and a broad diffraction peak in

he range of 2θ = 1.3–2.0◦ are observed, suggesting the transi-
ion from the 2d-hexagonal SBA-15-like symmetry to the Ia-3d
tructure. With further increasing amount of PTES to 5.0%, the
rdered material with Ia-3d symmetry can be easily obtained,
hich exhibits an intense peak indexed as (2 1 1) and a shoul-

er peak indexed as (2 2 0) in the XRD pattern [12–15]. The
ther 4-weak peaks in the range of 2θ = 1.3–2.0◦ can also be
bserved, which are indexed as (3 2 1), (4 0 0), (4 2 0) and (3 3 2)
eflections, respectively. This well-defined Ia-3d structure can

ig. 1. Powder XRD patterns of mildly calcined (250 ◦C) purely siliceous SBA-
5, I1 0 0(0.03), I1 0 0(0.05), I1 0 0(0.10) and amorphous material contanining 15%
TES.
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e further confirmed by TEM images. The electron micro-
raphs in Fig. 2 are taken along [1 1 1], [1 1 0], [1 0 0] directions,
espectively. These images show that the ordered Ia-3d struc-
ure is throughout the sample. At 10% PTES, the ordered Ia-3d

aterial can still be obtained, but its cell parameter obviously
hrinks in comparison to that I1 0 0(0.05) (Table 1). At higher
mounts of PTES, e.g. 15%, the amorphous material is obtained.
he effect of PTES/(PTES + TEOS) ratio (3.0–10%) on the
hase behavior of the synthesized system may be explained
s follows: since phenyl groups are hydrophobic, they will be
referentially bound to the hydrophobic PPO blocks than to
he hydrophilic PEO blocks, enlarging the hydrophobic volume
nd increasing the hydrophobic/hydrophilic ratio. Finally these
hanges will lead to the phase transition from high-curvature 2d-
exagonal to low-curvature Ia-3d symmetry. This phenomenon
as also been observed when 3-mercaptopropyltrimethoxysilane
MPTS) [12], triethoxyvinylsilane (TEVS) [14], butanol [15], or
nionic sodium dodecyl sulfate (SDS) [17] was used as additives
or the synthesis of Ia-3d materials. If the PTES/(PTES + TEOS)
atio is reduced to 1.0%, the amount of hydrophobic phenyl
roups is not high enough to significantly enlarge the hydropho-
ic/hydrophilic ratio, and thus the ordered Ia-3d structure cannot
e formed. If this value is increased to 15% or more, the self-
ssembly between copolymer template and silicon sources will
e disturbed, and only the amorphous material is formed.

It is well known that the elevation of ageing temperature will
ead to the increase in the hydrophobicity of EO block moiety
n triblcok copolymer and then the increase in the hydrophobic
olume of surfactant micells, finally resulting in the enlargement
f pore dimension of mesoporous silica [6]. Here, we investi-
ated the effect of ageing temperature on the pore structures of
henyl-functionalized Ia-3d mesoporous materials with 5.0%
TES. The powder XRD patterns of the materials aged at differ-
nt temperature are shown in Fig. 3. Ia-3d materials are obtained
t all the ageing temperature, but the elevated temperature makes
iffraction peaks more intense and much clearer. For the mate-
ial aged at 35 ◦C, only (2 1 1) and (2 2 0) diffraction peaks can
e observed, and the broad peak in the range of 1.3–2.0◦ (2θ)
s absent. However, at the ageing temperature of 80 ◦C, 100 ◦C

◦
r 130 C, the characteristic diffraction peaks of Ia-3d materi-
ls can be easily observed. For these materials, the structural
mprovement with the increase in ageing temperature can also
e confirmed by the nitrogen adsorption–desorption isotherms

able 1
hysicochemical properties of mildly calcined (250 ◦C) phenyl-functionalized
a-3d mesoporous materials

ample Phase a0
a (nm) SBET

(m2 g−1)
Pore size
(nm)

Vt

(cm3 g−1)

BA-15 2d-hexagonal 12.3 925 8.8 1.39

1 0 0(0.03) Ia-3d 25.5 1152 7.5 1.30

3 5(0.05) Ia-3d 22.1 805 4.2 0.48

8 0(0.05) Ia-3d 24.7 1072 6.1 0.84

1 0 0(0.05) Ia-3d 25.2 1091 7.2 1.21

1 3 0(0.05) Ia-3d 25.5 862 8.9 1.33

1 0 0(0.10) Ia-3d 23.6 1022 5.3 1.03

a a0: cell parameter.
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Fig. 2. TEM images of mildly calcined (250 ◦C) I1 0 0(0.05) along

Fig. 3. Powder XRD patterns of mildly calcined (250 ◦C) I3 5(0.05), I8 0(0.05),
I1 0 0(0.05) and I1 3 0(0.05).
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different directions: (A) [1 1 1], (B) [1 1 0] and (C) [1 0 0].

nd the pore size distributions (Fig. 4). These isotherms dis-
lay typical IV isotherms with a sharp inflection due to the
apillary condensation in the uniform mesopore channels and
ith a H1 type hysteresis loop which implies that these samples
ave bicontinuous mesopore channels without necks (Fig. 4A).
ith increasing ageing temperature, the inflection is shifted

o the higher relative pressure, and the capillary condensation
lso becomes much steeper, indicating the enlargement of pore
imension and the narrowing of pore size distribution. The
ore size distributions of these materials support this analysis
Fig. 4B). When the ageing temperature is elevated from 35 ◦C
o 130 ◦C, the pore size is doubled from 4.2 nm to 8.9 nm, and
he pore size distribution becomes more narrow. Meanwhile,
he pore volume is also steeply increased from 0.48 cm3 g−1 to
.33 cm3 g−1 (Table 1).

In the synthesis procedure of Ia-3d materials, besides the
mount of PTES added, the prehydrolysis of PTES prior to
EOS in the surfactant solution is also important. For the mate-

ial with 5.0% PTES, if PTES is added 15 min prior to TEOS
nto the template solution, the ordered Ia-3d material is obtained

Fig. 5a). If TEOS and PTES are mixed in advance and then
dded to the template solution, a mixture of 2d-hexagonal and Ia-
d structures is obtained (Fig. 5b). When TEOS is prehydrolyzed
or 15 min or more, the well-defined 2d-hexagonal SBA-15-like
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Fig. 4. N2 adsorption–desorption isotherms (A) and pore size distributions

aterials are formed (Fig. 5c and d). The pronounced effect of
rehydrolysis period of PTES or TEOS on the special structure
f synthesized material might be explained as follows: during
he synthesis procedure, if PTES is added 15 min prior to TEOS
nto the surfactant solution, the hydrophobic phenyl groups will
e preferentially bound to the hydrophobic PO blocks, finally

ausing the phase transition from high-curvature 2d-hexagonal
o low-curvature Ia-3d phase (Fig. 5a). If PTES and TEOS are

ixed in advance and then co-condensed in the surfactant solu-
ion, the phenyl groups in PTES cannot be entirely bound to

ig. 5. Powder XRD patterns of mildly calcined (250 ◦C) Ia-3d I1 0 0(0.05) (a),
d-hexagonal materials with TEOS prehydrolyzed for 0 min (b), 15 min (c) and
0 min (d) (a small amount of cubic structure is present in the material (b)).
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f mildly calcined (250 ◦C) I3 5(0.05), I8 0(0.05), I1 0 0(0.05) and I1 3 0(0.05).

he hydrophobic PO blocks before the formation of mesoporous
aterial. Therefore, only those surfactants well bound by phenyl

roups can direct the formation of the Ia-3d structure, and the
eft will result in the formation of the 2d-hexagonal structure
Fig. 5b). If TEOS is prehydrolyzed 15 min or more prior to
TES in the template solution, the surfactant micelles will be
overed with some polymeric silicas, making it very difficult
or the hydrophobic phenyl groups to be bound to hydrophobic
O blocks, resulting in the synthesis of 2d-hexagonal material
Fig. 5c and d). A similar phenomenon is also observed for the
ynthesis of the material with 10% PTES (not shown).

Fig. 6 displays the 29Si MAS NMR and 13C CP/MAS NMR
pectra of phenyl-functionalized Ia-3d mesoporous materials.
s 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)3OH]

pecies of the silica framework, and the peak at −79.4 ppm
orresponds to T3 [RSi(OSi)3] species. The presence of T3

pecies indicates that PTES has been condensed into the silica
ramework, and the Si–C bonds between phenyl groups and sil-
con atoms are very stable during the hydrothermal treatment
nd calcination procedure. With increasing amount of PTES
rom 5.0% to 10%, the intensities of T3 peaks increase, sug-
esting that more organosilane has been incorporated into the
ilica framework. In the 13C CP/MAS NMR spectrum pattern
f as-synthesized I1 0 0(0.10)a (Fig. 6B), the resonance peaks
t 127 ppm, 134 ppm, 16.0 ppm, 70.8 ppm, 73.6 ppm, 75.8 ppm
re observed. Among them, the peaks at 127 ppm and 134 ppm
orrespond to the C atoms in phenyl groups, and the others
re assigned to the C atoms of the template [14]. After mild
250 ◦C) calcination, the resonances of the template dramat-
cally decrease, and only faint signals between 60 ppm and
0 ppm could be observed, which should be assigned to the C
toms in the incompletely decomposed template. Meanwhile,

he characteristic peaks of C atoms in phenyl groups are pre-
erved, in accordance with the results obtained from the 29Si

AS NMR analysis. These results can be confirmed by the TG
nalysis.
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ig. 6. (A) 29Si MAS NMR spectra of mildly calcined (250 ◦C) I1 0 0(0.05) and
alcined (250 ◦C) I1 0 0(0.10). Asterisks denote the spinning sidebands of pheny

The TG analysis of as-synthesized I1 0 0(0.05, 15)a and
1 0 0(0.10, 15)a materials (Fig. 7A) shows that the weight losses
above 100 ◦C) concentrate at 182.0 ◦C and above 300 ◦C. The
ormer should be due to the decomposition of the template
opolymer [5,6], and the latter must include the decomposition
f phenyl groups. After mild calcination at 250 ◦C, the TG-
TG curves of I1 0 0(0.05) and I1 0 0(0.10) (Fig. 7B) show that

he weight loss at 182.0 ◦C is absent, and only the broad peak
bove 300 ◦C (centered at 385.2 ◦C and 604.9 ◦C) is observed.
ased on the 13C CP/MAS NMR (Fig. 6B), the weight loss at
85.2 ◦C might be due to the combustion of the residues pro-
uced by the incomplete decomposition of the template, and

he one at 604.9 ◦C should be assigned to the decomposition of
henyl groups. With increasing amount of PTES, the weight
oss of phenyl groups increases, suggesting that more PTES
as incorporated into the silica framework. This result is in

B

d
o

Fig. 7. (A) TG-DTA curves of as-synthesized I1 0 0(0.05)a and I1 0 0(0.10)a; (B)
.10); (B) 13C CP/MAS NMR spectra of as-synthesized I1 0 0(0.10)a and mildly
ps.

ccordance with the 29Si MAS NMR analysis (Fig. 6A). The
eight loss below 100 ◦C in the TG-DTG analysis (Fig. 7B)

hould be attributed to the desorption of the physically adsorbed
ater. With increasing amount of PTES incorporated, much less

mount of water is desorbed, indicating that the pore surface
ecomes more hydrophobic.

.2. Modification of Ia-3d mesoporous silicas and their
atalytic applications

.2.1. Preparation of Ia-3d mesoporous phenyl-sulfonic
cid catalysts and their applications in the synthesis of

isphenol A

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

TG-DTG curves of mildly calcined (250 ◦C) I1 0 0(0.05) and I1 0 0(0.10).
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n the presence of acid catalysts (Scheme 1), such as het-
ropolyacid (H3PW12O40) supported on K-10 clay [20], zeolites
21], mesoporous sulfonic acid [22], and ion-exchange resins
ike Amberlysts. Here we have investigated the catalytic per-
ormance of large-pore Ia-3d and 2d-hexagonal mesoporous
henyl-sulfonic acid catalysts in this reaction. For compari-
on, p-toluenesulfonic acid and SBA-15 silica were also used
s catalysts. Mesoporous phenyl-sulfonic acid catalysts were
repared by the sulfonation of Ia-3d and 2d-hexagonal mate-
ials containing 10% PTES with 25% fuming sulfuric acid
n the presence of CH2Cl2. Both Ia-3d and 2d-hexagonal
ulfonated materials keep the ordered structures of their par-
nt materials, which could be confirmed by the power XRD
nd N2 adsorption–desorption measurements (not shown). The
ntroduction of sulfonic acid sites into the channels can be con-
rmed by the S elemental analysis and the acid–base titration
Table 2).

The “per acid site yield” of all the acid catalysts is listed
n Table 2. Under the identical conditions, only p,p′-Bisphenol

and its isomer o,p′-Bisphenol A are produced, and other
roducts like trisphenols are not observed while no products
re obtained over SBA-15 silica. Among all the catalysts, p-
oluenesulfonic acid is the most active, probably due to that
he acid sites in the homogeneous system could be more
asily contacted by reaction reagents than those in the het-
rogeneous system. In addition, both Ia-3d I1 0 0(0.10)–SO3H
nd 2d-hexagonal H1 0 0(0.10)–SO3H mesoporous solid acid
atalysts display high catalytic performance. Usually, in the
iquid-phase reactions catalyzed by solid catalysts, the larger
ore dimension of these solid catalysts is more beneficial
o the diffusion of reactants and products, and thus lead to
he improvement of their catalytic performance. Surprisingly,

hough the pore size (5.6 nm) of H1 0 0(0.10)–SO3H is larger
han that (5.0 nm) of I1 0 0(0.10)–SO3H, the catalytic activity
f the latter is slightly higher than that of the former (33 ver-
us 30) (Table 2). This inconsistent result should be attributed

r
g
c
I

able 2
ondensation reaction of phenol with acetone to Bisphenol A over different acid cata

atalyst S content (mmol/g final solid) Acid amount (mmol H

-TsOHb

BA-15 silica 0.11

1 0 0(0.10)–SO3Hc 0.20 0.33 (5.0 nm)d

1 0 0(0.10)–SO3He 0.18 0.30 (5.6 nm)d

a Reaction conditions: 0.10 g catalyst, 60 mmol phenol, 10 mmol acetone, T = 85 ◦C
b p-Toluenesulfonic acid.
c PTES is prehydrolyzed prior to TEOS in template solution for 15 min.
d Pore size (calculated from the adsorption branches).
e TEOS is prehydrolyzed prior to PTES in template solution for 60 min.
.

o that Ia-3d I1 0 0(0.10)–SO3H possesses the three-dimensional
nterwoven channels and the larger surface area. Compared
ith homogeneous p-toluenesulfonic acid, mesoporous solid

cid catalysts show higher selectivity to p,p′-Bisphenol A
Table 2). The selectivity to p,p′-Bisphenol A (p,p′/o,p′ ratio)
ver H1 0 0(0.10)–SO3H is 3.7, slightly higher than that (3.1)
ver I1 0 0(0.10)–SO3H. This phenomenon might be ascribed to
hat the channels of the Ia-3d catalyst are not straight and not as
arrow-ranged as those of the 2d-hexagonal catalyst.

.2.2. Preparation of amino-functionalized Ia-3d
esoporous base catalysts and their applications in the

ynthesis of flavanone
Flavanone is an important polyphenolic compound, and

idely used to manufacture various medicines. Commonly,
avanone is prepared via the Claisen-Schmidt condensa-

ion reaction of benzaldehyde with 2′-hydroxyacetopheone
nd the subsequent intramolecular Michael reaction of 2′-
ydroxychalcone under acidic or basic conditions [23]. Until
ow some solid catalysts such as barium hydroxides [24], hydro-
alcites [25], and natural phosphates modified with NaNO3 or
F [26], have been used for the synthesis of flavanone. Amino-

unctionalized SBA-15 mesoporous solid base catalysts have
lso been applied to the preparation of flavanone [27]. Here
e have investigated the catalytic activity of large-pore amino-

unctionalized Ia-3d mesoporous base catalysts (Ix(y)-APS) in
he synthesis reaction of flavanone. Additionally, we also inves-
igated the effect of pore sizes of Ix(y)-APS on their catalytic
erformance.

As shown in Table 3, the BET surface area, pore size, and pore
olume of Ix(y)-APS (x = 35 ◦C, 80 ◦C and 100 ◦C, respectively)
orrespondingly decrease in comparison to those of parent mate-

ials, which indicates that during the grafting procedure amino
roups have been introduced into the channels. This analysis
ould be confirmed by the presence of the N element in the
x(y)-APS materials (Table 3).

lystsa

+/g solid) Bisphenol A (mol)/acid site (mol) p,p′/o,p′ molar ratio

56 2.0
– –

33 3.1
30 3.7

, t = 24 h.
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Table 3
The pore parameters of Ix(y)-APS and their catalytic performance in the synthesis of flavanonea

Sample SBET (m2 g−1) Pore size (nm) Vt (cm3 g−1) N/Si Conv. of B (%) Select. to C (%) Select. to D (%) Select. to E (%)

I3 5(0.05)b 795 3.8 0.48
I3 5(0.05)-APS 392 2.9 0.33 6.0 9.2 35.5 64.5 –
I8 0(0.05)b 1010 5.6 1.09
I8 0(0.05)-APS 560 4.9 0.75 6.2 72.4 25.5 56.3 18.2
I1 0 0(0.05)b 1091 6.8 1.25
I1 0 0(0.05)-APS 586 6.1 0.79 6.6 84.2 25.0 54.3 20.7

a Reaction conditions: 0.20 g catalyst, 10 mmol benzaldehyde, 10 mmol 2′-hydroxyacetonphenone, T = 140 ◦C, t = 15 h.
b Samples were calcined at 550 ◦C in air for 6 h to remove the template and phenyl groups.
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According to the analytic results from GC–MS, the prod-
cts are 2′-hydroxychalcone (C), flavanone (D) and a by
roduct (MW = 312.3) (E), which should be produced by the
urther Claisen-Schmidt condensation reaction of flavanone
ith benzaldehyde in the presence of Ix(y)-APS base catalysts

Scheme 2). The product E has not been produced when other
asic catalysts are used, and the related reaction mechanism
s under investigation. The conversion of B and the selectivi-
ies to products are shown in Table 3. Under the same reaction
onditions, I3 5(0.05)-APS, I8 5(0.05)-APS and I1 0 0(0.05)-APS,
hose pore size are 2.9 nm, 4.9 nm and 6.1 nm, respectively, dis-
lay distinct catalytic performance. The conversion of B over
3 5(0.05)-APS is only 9.2%. However, those over I8 5(0.05)-
PS and I1 0 0(0.05)-APS are 72.4% and 84.2%, respectively.
ince these three mesoporous base catalysts possess the cubic
a-3d structure, the difference in the conversions of B should be
scribed to their different pore sizes. Therefore, it is believed
hat in this liquid condensation reaction, the larger pore size of
x(y)-APS base catalysts is more beneficial to the effective diffu-
ion of reactants and products, and thus leads to the increase of
he conversion of B. In addition, the pore size of Ix(0.05)-APS
as a great effect on the distribution of products (Table 3). For

3 5(0.05)-APS, the products are only C and D, and the bulkier E
s not observed, which indicate that the small pore size (2.9 nm)
f I3 5(0.05)-APS limits the formation of the product E. How-
ver, for I8 5(0.05)-APS and I1 0 0(0.05)-APS, their larger pore

B
i
a
s

.

ize lead to the formation of the product E, and the selectivities
o the product E are 18.2% and 19.7%, respectively. With the
ncrease in the pore size of Ix(0.05)-APS from 2.9 nm to 6.1 nm,
he selectivity to the product C gradually decreases, and the
electivity to products (D + E) correspondingly increases. The
electivities to products (D + E) over I3 5(0.05)-APS, I8 5(0.05)-
PS and I1 0 0(0.05)-APS are 64.5%, 74.5% and 75.0%. These
ata indicate that the enlargement of the pore size of Ix(0.05)-
PS is favorable to the intramolecular Michael reaction of
′-hydroxychalcone (C) to flavanone (D), and thus the further
laisen-Schmidt condensation reaction of flavanone (D) with
enzaldehyde to the product E.

. Conclusions

Templated by triblock copolymer (EO20PO70EO20), large
ore phenyl-functionalized Ia-3d mesoporous silicas have
een synthesized by co-condensation of TEOS and PTES. By
he prehydrolysis of PTES prior to TEOS, the ordered Ia-3d

aterials have been obtained in the PTES molar percentage
ange of 3.0–10%. By the prehydrolysis of TEOS prior to PTES,
he ordered 2d-hexagonal material has also been synthesized.

y further modifications, phenyl-sulfonic acid functional-

zed Ia-3d and 2d-hexagonal mesoporous acid catalysts and
mino-functionalized Ia-3d mesoporous base catalysts were
uccessfully prepared. In the condensation reaction of phenol
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ith acetone to Bisphenol A, both Ia-3d and 2d-hexagonal
esoporous phenyl-sulfonic acid catalysts exhibited high cat-

lytic performance. Due to the three-dimensional channels, the
a-3d acid catalyst displayed slightly higher catalytic activity
han the 2d-hexagonal one. In the synthesis of flavanone, the
ore sizes of amino-functionalized Ia-3d mesoporous base cat-
lysts displayed a great effect on their catalytic performance. It
as found that with the increase in the pore size of Ix(0.05)-APS,

heir catalytic performance pronouncedly increased.
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