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Cubic Pm3n mesoporous silica isomorphous to SBA-1 with three-dimensional inter-connected pore struc-
tures was prepared for the first time in alkaline condition (pH around 9) using sodium silicate as the silica
source and cetyltriethylammonium (CTEA") bromide as pore-directing agent with the aid of NaCl salt. In
contrast to the conventional SBA-1 material prepared in the acidic environment, the mesostructure of the
cubic Pm3n material, designated SBA-1-alk, was stable toward washing with water and hydrothermal
treatment. The high stability is due to that the silicate condensation is more complete under the alkaline

ifl{:;’fggsr:oute condition. The chemical forces governed the assembly of the surfactant and silicate in the alkaline con-
Cubic Pm3n dition was probed by pyrene fluorescence technique to be an S*I” type interaction. Moreover, the direct
Mesoporous metal incorporation into the silica framework became very efficient through this alkaline route. The SBA-
SBA-1 1-alk isomorphously substituted with Al(III) was found an efficient catalyst for the alkylation of 2,4-di-
CTEA tert-butylphenol by cinnamyl alcohol to form flavan.
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1. Introduction

Mesoporous molecular sieves [1-4] of high surface area and or-
dered uniform pores have been shown to be technologically prom-
ising for the applications in catalysis [5-7], sensors [8],
optoelectronic devices [9], and biomedicine [10]. As the applica-
tions are concerned, three-dimensional inter-connected pore
structures are usually favorable to the one-dimensional array of
pores due to better pore accessibility. Cubic Pm3n phase SBA-1 sil-
ica with inter-connected network of cage-type pores was synthe-
sized in strong acidic media (pH < 1) with surfactants of
relatively large head group (C,Hzn+1(CoHs)sN*, n=12, 14, 16, and
18), which tend to form globular micelles [2-4,11]. The drawback
of the material from practical applications has been the low stabil-
ity of the as-made samples toward washing with water [12]. More-
over, phase transformation of the materials upon drying was
observed [13,14]. Efforts have been made to overcome this disad-
vantage by increasing the amount and concentration of acid used
[15] or concomitantly adding auxiliary agents [16]. On the other
hand, the incorporation of metal ions into the framework of meso-
porous silica is important in order to introduce functionalities and
broaden its applications [17-20]. However, under the strongly
acidic synthesis condition, metal incorporation into SBA-1 has
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been very inefficient [18-20]. The metal loadings are usually very
low, and the metal ions often form extra-framework species in-
stead of isomorphous substitution for the silicon sites [17].

A model involving “charge density matching” has been pro-
posed to explain the self-assembly of surfactant and silica precur-
sor during the mesophases formation [3]. Under acidic condition
with pH below the isoelectric point of silanol (pH ~ 2), the pro-
tonated silanol groups (I") react with positive charged surfactants
(S*) via the counteranions (X™) through a S*XI" type interaction.
In contrast, in aqueous solution of pH higher than 2, the self-
assembly is considered through a stronger S'I” type interaction,
where I~ stands for Si-O~ groups. Conventionally, SBA-1 is pre-
pared in strongly acidic media. Huo et al. [11] has attributed
the difficulties of forming silica mesophases with a globular
micellar aggregate in basic medium to that the surface of globular
micelle has the largest surface curvature and the lowest charge
density of all lyotropic liquid crystals. It is difficult to have charge
matching for the silicate framework in the Si-O~ form of high
charge density under alkaline condition with that of the globular
micelle. Up to now, only three papers have reported the prepara-
tion of cubic Pm3n mesoporous silica materials at pH values close
to or higher than the isoelectric point of silanol. Chao et al. [21]
have slowly grown SBA-1 silica of cube-shape morphology in an
extremely diluted cetyltrimethylammonium (CTMA) solution at
pH 1-2. The pH value for preparing cubic Pm3n mesoporous silica
was raised to 4-7 when a stoichiometric amount of poly(acrylic
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acid) was mixed with C{4,TMA pore-directing agent to stabilize
the spherical micelles [22]. On the other hand, SBA-6 which is
also a cubic Pm3n mesoporous silica was prepared by using a
gemini surfactant, 18B43.; (N,N,N,N',N'-pentamethyl-N'-[4-(4-
octadecyloxyphenoxy)-butyl]-propane-1,3-diammonium dibromide),
and benzyltrimethylammonium hydroxide as the base to hydrolyze
TEOS [23]. In the present study, well-ordered cubic Pm3n silica
was prepared for the first time using sodium silicate as the silica
source and CTEA" (cetyltriethylammonium) bromide as the pore-
directing agent with the optimal pH value of the synthesis solu-
tion around 9. In contrast to the conventional synthesis condition
of SBA-1, where large amount of mineral acid is needed and tet-
raethylorthosilicate (TEOS) was the silica source, the alkaline
route is more economical and environmentally friendly. Most of
all, hetero-elements could be efficiently incorporated into the sil-
ica framework through isomorphous substitution, and the cubic
mesostructure of the resultant materials was stable toward wash-
ing with water and hydrothermal treatment. The catalytic proper-
ties of the aluminum-incorporated cubic Pm3n mesoporous silica
were examined by carrying out the alkylation of 2,4-di-tert-butyl-
phenol with cinnamyl alcohol as a model reaction [24,25].

2. Experimental
2.1. Preparation of cubic Pm3n mesoporous silica in alkaline condition

In the typical procedure, the pore-directing agent CTEABr was
first dissolved in an aqueous solution containing sodium chloride
and a small amount of hydrochloric acid. To this mixture at desired
temperature, the aqueous solution of sodium silicate was added so
that the pH value of the final solution was in 3-11. The molar com-
position of the reaction mixture was Na,SiO3/CTEABr/NaCl/HCl/
H,0 =1.0/0.26/0-10/0.56-0.83/500, where the acid content was
much lower than that in conventional synthesis route (HCl/
TEOS ~ 3-140). The mixture was stirred for 10 min and then aged
for 48 h. The solid product was recovered by filtration, washing
thoroughly with distilled water, and drying at 100 °C overnight.
To remove the template, the as-synthesized samples were calcined
in air under static condition at 550 °C for 6 h. The resultant mate-
rials are designated “SBA-1-alk”.

2.2. Preparation of Al(Ill)-incorporated cubic Pm3n mesoporous silica
under alkaline condition

CTEABr was first dissolved in an aqueous solution containing
sodium chloride and a small amount of hydrochloric acid. To this
mixture at 0 °C, the aqueous solution containing sodium aluminate
and sodium silicate with Al/Si atomic ratios varied in 1-7% was
added so that the pH value of the final solution was kept around
9. The molar composition of the reaction mixture was Na,SiOs/
NaAlO,/CTEABr/NaCl/HCI/H,0 = 1.0/0.01-0.07/0.26/6/0.60/500.
After stirring for 10 min, the mixture was aged at 0 °C for 48 h. The
solid product was recovered by filtration, washing thoroughly with
distilled water, and drying at 100 °C overnight. To remove the tem-
plate, the as-synthesized samples were calcined in air under static
condition at 550 °C for 6 h. The resultant materials are named “Al-
SBA-1-alk”.

2.3. Pyrene fluorescence

In the pyrene fluorescence experiments, trace amount of pyrene
(3 uM) was dissolved in the CTEA" micelles (0.058 M) before the
introduction of silica source. An appropriate amount of the stock
solution of pyrene (12 mM) in ethanol was introduced into a volu-
metric flask and spread over the flask wall. Then ethanol was evap-

orated away by a gentle stream of nitrogen. A 0.058 M CTEABr
solution was introduced into the volumetric flask containing pyr-
ene, and the mixture was stirred at 30 °C for at least 12 h to reach
equilibrium. The other procedure for preparing mesoporous silica
was the same as that for synthesis of cubic Pm3n mesoporous silica
mentioned above.

2.4. Hydrothermal stability

To examine the hydrothermal stability of the synthesized mate-
rials, about 0.5 g of the calcined sample was dispersed in 50 mL of
de-ionized water. The mixture was sealed in a polypropylene (PP)
bottle and heated at 100 °C under static condition for 5 days. The
solid was then filtered and dried at 100 °C overnight.

2.5. Catalytic reaction procedure

To generate Brensted acid sites on Al-SBA-1-alk, the calcined
samples were ion-exchanged with 1 M NH4CI solution twice, fol-
lowed by filtration, washing with de-ionized water, drying at
100 °C, and calcination at 550 °C again. Before used as the catalyst,
the solid was baked at 200 °C at least for 5 h to remove adsorbed
moisture. The alkylation of 2,4-di-tert-butylphenol (2,4-DTBP)
with cinnamyl alcohol was performed in a 50 mL flask immersed
in a thermostat bath with a magnetic stirrer. About 100 mg of
the catalyst suspended in 12.5 mL dimethyl sulfoxide (DMSO)
was mixed with 0.25 mmol of 2,4-di-tert-butylphenol (Aldrich)
and 0.20 mmol of cinnamyl alcohol (Aldrich), and the reaction
was proceeded at 95 °C for 24 h. After quenching to room temper-
ature, the liquid products were separated from the solid catalyst by
filtration and analyzed with a Chrompack 9000 gas chromatograph
equipped with a flame ionization detector and a RTX-5 capillary
column (30 m x 0.53 mm) using toluene as an internal standard.

2.6. Characterization

Powder XRD patterns were recorded using a PANalytical X'pert
Pro diffractometer with Cu Ko radiation operated at 40 mA and
45 kV. In situ XRD studies were conducted at beam-line 17A of
the NSRRC, Hsinchu, Taiwan. The patterns were recorded in the
transmission mode (1.5 GeV and 120-200 mA). The wavelength
of synchrotron radiation at 17A is 0.131-0.133 nm. The in situ
XRD data were expressed in scattering vector ¢q, where
q =4mnsind/ = 2n/d. N, sorption isotherms were measured using a
Micromeritics Tristar 3000 system at liquid nitrogen temperature
(77 K). Before the measurements, the samples were degassed at
200 °C for 10 h under vacuum (103 Torr). The surface areas were
evaluated using Brunauer-Emmett-Teller (BET) method. Pore size
distribution was determined by Barrett—Joyner-Halenda (BJH)
method using the desorption branch of the isotherms and the pore
sizes were obtained from the peak positions of the distribution
profiles. Transmission electron microscopy (TEM) was performed
on a Hitachi H-7100 electron microscope, operating at 75 kV, and
SEM images were taken using a Hitachi S-800 field emission scan-
ning electron microscope. The energy dispersed X-ray (EDX) emis-
sion spectra were taken with a Hitachi S-2400 scanning electron
microscope. The 2°Si and 2’Al NMR experiments were carried out
at frequencies of 59.63 and 78.21 MHz, respectively, on a Brucker
MSL-300 NMR spectrometer equipped with a commercial 7 mm
MAS NMR probe. The magic-angle spinning frequencies were set
to 5 kHz for all experiments. Chemical shifts were externally refer-
enced to Si(CHs), and 1 M Al(NO3); solution. The Q*/(Q? + Q%) area
ratios were obtained by deconvolution of the peaks in the spectra
using WinFit software. The inductively coupled plasma-atomic
emission spectra (ICP-AES) of the samples dissolved in mixed HF-
HNOs solutions were taken using an ELAN 5000 instrument.
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Steady-state fluorescence measurements were performed using
an EDINBURGH FS900 fluorescence spectrometer. Pyrene was ex-
cited with a 338 nm light source and the emission wavelength
was collected in the range of 350-600 nm. The fluorescence life-
times were measured by time-correlated single-photon counting
apparatus. Samples were excited with 338 nm light source and
the detection was made at 395 nm. The fluorescence decay profiles
were analyzed with a nonlinear least-squares iterative reconvolu-
tion method. For solution samples, the fluorescence quartz cell
(1 cm in thickness) was used. To measure the spectra of the solid
samples, the gel after 24 h crystallization period was wiped on a
quartz plate as a film of ca. 1 mm thickness. The size of the quartz
plate was 1.5 mm x 1.4 cm x 4.5 cm. The quartz plate was then in-
serted into the diagonal of the quartz cell to minimize the light
scattering.

3. Results and discussion
3.1. Nadl effect in alkaline condition

Fig. 1 shows the small angle XRD patterns of the as-made and
calcined materials prepared at pH 9 with various amounts of NaCl.
The solid products synthesized without NaCl showed only poorly
resolved XRD bands in the small angle region, while the ordering
of the pore structure was significantly improved by adding a prop-
er amount of NaCl salt (NaCl/Si molar ratio in 6-10) into the syn-
thesis mixture. The XRD patterns of the calcined samples not
only show three distinct diffraction peaks at 26 ~ 1.5-2.5° indexed
to the (200),(210), and (21 1) planes of cubic Pm3n symmetry, but
also four weaker peaks at 20 ~ 2.5-4° assignable to the (222),
(320),(321), and (400) planes.

The solid state 2°Si MAS NMR spectra of the as-made samples
were also shown in Fig. 1. Two distinct resonance peaks at —98
and —107 ppm corresponding to Q> and Q? respectively, as well
as a weak shoulder at —88 ppm for Q? were clearly seen, where
Q" represents Si in different coordination environments of
Si(0Si),(OH)4_,, and n = 2-4. The relative integrated intensities of
the Q*/(Q?+ Q%) signals for the samples synthesized with NaCl
are higher than that without NaCl (1.32-1.34 vs. 1.01), implying
that the presence of NaCl could enhance silicate condensation.
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The degree of silicate condensation and the ordering of the meso-
structure were not further improved when the NaCl/Si molar ratios
were greater than 6. Therefore, the materials studied hereafter
were prepared with a NaCl/Si molar ratio of 6.

The thermal stability of cubic Pm3n mesoporous silica prepared
at pH 9 with various amounts of NaCl was examined by thermo-
gravimetric analysis (TGA). Fig. 2 shows that all the as-made sam-
ples lost weight in two steps: about 3-5% at 30-110 °C is due to the
desorption of water, and another 38-50% at 150-400 °C, is attrib-
uted to the combustion and decomposition of the CTEA" template.
However, the differential (DTA) peak shifts toward higher temper-
ature, and the amount of template incorporated increases with the
increase in the amount of NaCl added, implying that the interac-
tion between the template and silica wall is enhanced by the pres-
ence of NaCl.

The elemental analysis by EDX showed that NaCl can be thor-
oughly removed by washing with water. For instance, the Si/Na/
Cl molar ratio in the as-made SBA-1-alk sample was
1.0:0.29:0.31, while that of washed sample was 1.0:0.00:0.01.
These results infer that sodium and chloride ions are not incorpo-
rated into the silica mesostructure. These results are in consistence
with the “charge density matching” model. Under alkaline condi-
tion, the silicate (I") and cationic micelle (S*) are considered to
assemble through an S'I"-type interaction and no counteranions
(X") are needed during the self-assembly process [3]. Moreover,
the cubic SBA-1-alk prepared in alkaline condition overcomes the
drawback of the conventional SBA-1 prepared in acid, whose as-
made material has low stability toward washing with water [12].
That is probably attributed to the strong S*I -type interaction as
well as the high degree of silicate condensation of the silica walls
of the cubic mesoporous silica prepared in alkaline condition.

It has been suggested that salts can decrease the critical micelle
temperature (CMT) of the surfactants and increase the ionic
strength of synthesis solutions, and thus facilitate the self-assem-
bly of the micelles and inorganic precursors [26-29]. On the other
hand, the anions like chloride, were considered to render the
hydrophobic part of the surfactant by so-called salting-out effect,
and stabilize the micelle structure [30-33]. The present study fur-
ther demonstrates that NaCl salt can enhance silicate condensa-
tion, which has been previously reported by our laboratory [34].

»Si NMR

Q4/(Q2+Q3) = 1.34

Q4/(Q2+Q3) = 1.32

Q4/(Q2+Q3) = 1.01
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Fig. 1. XRD patterns and 2°Si MAS NMR spectra of (A) as-made, (B) calcined after washing, samples prepared at pH 9 with various amounts of NaCl; molar composition NaCl/

Na,SiO5 = (a) 0, (b) 6, and (c) 10.



44
100-]
90
<
& 80
8
£ 704 a)
=
§ ]
60|
() (b)
50 b)
(©
40 c)
T T T T T T 1 T T T 1
100 200 300 400 500 600 700 100 200 300 400

Temperature (°C)

Fig. 2. (A) TGA and (B) DTG profiles taken in air atmosphere of as-synthesized
mesostructured silica prepared at pH 9 with NaCl/Si of (a) 0, (b) 6, and (c) 10.

3.2. pH effect

The effect of pH value of the synthesis solution on the meso-
structure was examined by X-ray diffraction and 2°Si MAS NMR
and the results are shown in Fig. 3. The as-made samples prepared
in the pH range of 3-11 all possessed XRD patterns of cubic Pm3n
phase. It is for the first time to report that cubic Pm3n mesoporous
silica can be synthesized in such a wide range of pH values. After
they were thoroughly washed with water and then calcined at
550 °C for 6 h, only the samples prepared at pH 8-10 retained
well-resolved XRD peaks. It is attributed to that the silica conden-
sation is probably more complete under alkaline condition. 2°Si
MAS NMR spectra of the as-made samples show that the integrated
intensity ratio of the Q*/(Q? + Q) signals for the sample prepared at
pH 9 is significantly higher than that at pH 6 (1.32 vs. 0.96), con-
firming that higher degree of silicate condensation was achieved
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Fig. 4. (A) N, adsorption/desorption isotherms (shifted in vertical axis by 0, 150,
300, 450 and 600 cm?/g STP, respectively), and (B) BJH pore size distribution of
calcined samples synthesized at pH (a) 10, (b) 9, (¢) 8, (d) 7, and (e) —0.3.

at higher pH value. However, solubility of silica becomes pro-
nounced if the pH of the solution is larger than 10.

The textural properties of the calcined SBA-1-alk samples were
examined by N, physisorption experiments, and the results are
shown in Fig. 4 and Table 1. The calcined SBA-1-alk samples have
type IV isotherms according to the IUPAC classification, and that
was the characteristics of ordered mesoporous materials. They
are basically in the shape similar to that of cubic SBA-1 [2-4]. How-
ever, the pore size distribution is not as broad as that of conven-
tional SBA-1 synthesized in acid. The surface areas were 1008,
1328, 1432, and 1022 m?/g and the pore volumes were 0.81,
0.89, 1.03, and 0.94 cm?/g for the samples synthesized at pH values
of 7, 8,9, and 10, respectively. Moreover, the BJH pore diameter in-
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Fig. 3. XRD patterns and 2°Si MAS NMR spectra of (A) as-made, (B) washed, (C) calcined after washing, samples prepared at pH values of (a) 11, (b) 10, (c) 9, (d) 8, (e) 6, (f) 4,
and (g) 3; molar composition Na,SiO5;/CTEABr/NaCl/HCI/H,0 = 1.0/0.26/6.0/0.56-0.83/500.
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Table 1
Structural parameters of calcined cubic Pm3n mesoporous silica samples prepared at
different values of pH by N, adsorption/desorption experiments.

pH ap (nm) Seer (M%/8)  Dmeso (NM)  Vpore (cm?/g)
As-made Calcined
-03" 958 8.63 1430 18 0.93
7 9.30 8.91 1008 2.0 0.81
8 9.30 9.04 1328 22,35 0.89
9 9.39 9.06 1432 25,35 1.03
10 9.48 9.09 1022 2.5,3.4 0.94

" pH —0.3 is calculated for [HCl]=2.2M (pH = —log [H*]). The acidic synthesis
condition was TEOS/CTEABr/HCI/H,0 = 1.0:0.13:5.0:125 at 0 °C for 1 day.

creases with the pH value of the synthesis solution up to a pH value
of 9. In general, the samples prepared in alkaline conditions have
larger pore diameters than that prepared in acid. However, these
samples also tend to contain a small amount of larger pores of
ca. 3.5 nm in diameter other than the mesopores in 2.2-2.5 nm.
Since the hysteresis loop increases in area as pH raises, those pores
of ca. 3.5 nm are likely due to the structural defects formed during
the rapid precipitation. Although the amount of defects increases
with pH value of the synthesis solution, the SBA-1-alk samples pre-
pared at pH 8-10 can well retain the cubic mesoporous structure
after being washed with water and calcined at 550 °C. Moreover,
the calcined sample prepared at pH 9 has the largest surface area
and pore volume. Therefore, pH 9 is the optimal synthesis condi-
tion used hereafter.

SEM images show that the cubic mesoporous materials synthe-
sized by alkaline route were generally spherical without any facets
(Fig. 5). The particle size of the spheres was pH dependent, due to
that the rates of silicate hydrolysis and condensation are strongly

500 nm

20 nm

influenced by the pH of the synthesis solution. For the material
synthesized at pH 9, the particles were very small of around
100-300 nm in diameter. On the other hand, the particles of
SBA-1 synthesized by acidic route have well-defined external mor-
phology with crystal facets, and the particle size was usually in 3-
15 pm [35].

TEM photographs confirm that the materials synthesized by
alkaline route possessed long-range ordering of the three-dimen-
sional cubic arrays. The average pore diameter determined from
TEM photographs is 2.4 nm, which is in consistence with that from
N, sorption experiments.

3.3. Effect of sodium silicate concentration

The concentration of sodium silicate in the synthesis solutions
was found to have pronounced effects on the textural properties
of the resulting cubic Pm3n mesoporous silica. When doubling the
silicate concentration but keeping those of other components the
same and final pH of 8-9 (molar composition in Na,SiO3/CTEABr/
NaCl/HCI/H,0 = 1.0/0.13/3.0/0.59-0.63/250), the resultant materi-
als are still well-ordered cubic Pm3n phase (Fig. 6A). After calcina-
tion, the intensity of X-ray diffraction peaks of the sample
synthesized with diluted silicate increases markedly due to the
raise in background contrast, while those of samples prepared with
concentrated silicate are much weaker. Moreover, the diffraction
peaks of the latter samples shift ca. 0.2° towards lower angles, infer-
ring the shrinkage of unit cell upon calcination, which was not seen
on the sample prepared with diluted silicate. These results imply
that the materials prepared with concentrated silicate solutions
are less stable. The N, physisorption isotherms of calcined samples
are shown in Fig. 6B. The calcined cubic Pm3n mesoporous silica
synthesized with concentrated silicate concentration still have type

20 nm

Fig. 5. SEM and TEM photographs of calcined SBA-1-alk samples synthesized at pH (a and c) 8.0 and (b and d) 9.0.
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IV isotherms but the hysteresis loops in P/Po > 0.4 region are differ-
ent from that synthesized with diluted silicate. The moving of the
hysteresis loops to P/Py ~ 0.6-1 and abrupt increases in volume of
N, absorption near saturated vapor pressure imply that the materi-
als are aggregates of nanoparticles, which are confirmed by the SEM
photographs shown in Fig. 6C. The surface areas and pore volumes
of the samples synthesized with concentrated silicate at pH 8-9 are
1053-1060 m?/g and 0.84-0.90 cm?/g, respectively, and all are
smaller than those of the SBA-1-alk materials synthesized with
diluted solution (1328-1432m?/g and 0.89-1.03 cm’/g,
respectively).

The condensation of silicate under alkaline condition is faster
than that in conventional acidic condition. The condensation is
considered to proceed even faster when more concentrated silicate
solution is used. The more rapid condensation should have less
interference on the spherical micelles of CTEA, and lead to the for-
mation of cubic mesoporous silica of less defects. However, the ra-
pid condensation also leads to SBA-1-alk silica in the form of
nanoparticles, which is less thermally stable and of lower surface
area and pore volume. Therefore, the optimal molar composition
of the reaction mixture to prepare thermally stable cubic Pm3n
mesoporous silica is Na,SiO3/CTEABr/NaCl/HCI/H,0 = 1.0/0.26/6/
0.58/500.

(A)

C

3.4. Temperature effect and hydrothermal stability

In conventional SBA-1 synthesis, the cubic phase of well-or-
dered pores has to be prepared near 0 °C. However, through the
alkaline route the cubic Pm3n mesostructure could be prepared
at a temperature up to 50 °C. Fig. 7A and B shows that XRD pat-
terns corresponding to well-ordered cubic structure was observed
on the as-made and water-washed samples prepared in 0-50 °C.
Moreover, the hydrothermal stability of the calcined samples
was tested by suspending 0.5 g portion of the powder samples in
50 mL water and heated at 100 °C in an autoclave for 5 days.
Fig. 7C shows that cubic Pm3n mesostructure is retained for all
samples after hydrothermal treatment. However, the one synthe-
sized at 30 °C shows better ordering of the mesostructure than
those synthesized at 0 and 50 °C. Therefore, 30 °C is the optimal
temperature for alkaline synthesis of cubic Pm3n mesoporous sil-
ica. Table 2 shows that the surface area and porosity of the cal-
cined and hydrothermally treated samples were still high. The
pore diameter, surface area and pore volume of the sample synthe-
sized at 30°C were 2.3 nm, 1042 m?/g and 0.92 cm?[g, respec-
tively, and these values decreased only about 10% after the
material was heated in boiling water for 5 days. In contrast, the
mesostructure of SBA-1 synthesized in conventional acidic condi-
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Fig. 6. (A) XRD patterns, (B) N, physisorption isotherms (shifted in vertical axis by 0, 150, and 300 cm>/g STP, respectively), and (C) SEM photographs of SBA-1-alk samples
prepared with concentrated Na,SiO3 at (a) pH 9, as-made; (b) pH 9, calcined; (c) pH 8, as-made; (d) pH 8, calcined; and that prepared with diluted Na,SiO3 at (e) pH 9, as-

made; (f) pH 9, calcined.



M.-C. Liu et al./ Microporous and Mesoporous Materials 121 (2009) 41-51 47

(A) (B) (C)

() () ©

(b) (b) (b)

(@) (a) @)
> s 4 s 2 3 4 5 2 3 4 s
26/ degree 26/ degree 20/ degree

Fig. 7. XRD patterns of samples synthesized at pH 9 and aging temperature of (a)
0°C, (b) 30°C, (c) 50°C: (A) water-washed, (B) calcined, and (C) calcined and
hydrothermally treated at 100 °C for 5 days. The molar composition is Na;SiOs/
CTEABr/NaCl/HCI/H,0 = 1.0/0.26/6.0/0.58/500.

tion collapsed just by washing with water at room temperature
[15].

3.5. Comparisons of cubic Pm3n mesoporous silica synthesized in
alkaline and acidic conditions

The formation rates of cubic Pm3n mesophase under acidic and
alkaline conditions were compared by carrying out in situ XRD

Table 2
Structural parameters of calcined SBA-1-alk samples synthesized at pH 9 and
different temperatures after hydrothermal treatment.”

T (oc) SBET (mzlg) Dmeso (nm) Vpore (cm3/g)
0 1432 (911) 2.5 (2.3) 1.03 (0.88)
30 1174 (1042) 2.6 (2.3) 1.05 (0.92)
50 1098 (979) 2.6 (2.3) 1.02 (0.91)

" 0.5 g of calcined samples were suspended in 50 mL water and heated at 100 °C in
the autoclave for 5 days.

(A)

=)
o
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T
08 10 12 14 16 1.8
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experiments. Fig. 8 shows that it took more than half an hour for
the weak peaks corresponding to cubic Pm3n phase to be resolv-
able under acidic condition [13]. In contrast, well-resolved peaks
of cubic Pm3n phase were observed in several minutes after adding
sodium silicate into the surfactant solution when preparing the
material at pH 9. These results demonstrate that the silicate con-
densation is much faster in alkaline condition than in the acid.

TGA studies compared the thermal decomposition of CTEA*
template in cubic Pm3n silica prepared by the acidic and alkaline
routes. Fig. 9 shows that the water-washed SBA-1-alk prepared
at pH 9 has a weight loss of 44% at 223 °C, while the SBA-1 pre-
pared at pH —0.1 has a slightly larger weight loss of 48% at a higher
temperature of 255 °C. These results are in consistence with those
observed for CTMA-containing mesoporous materials prepared in
acidic and basic conditions [36]. The CTMA template in MCM-41
which was synthesized in basic condition decomposed at lower
temperatures than that in SBA-3 which was a product of acidic
synthesis. Kleitz et al. [36] proposed that the strong basicity of
Si-O~ groups would promote the Hofmann elimination of the
CTMA template. The mesoporous silica synthesized in alkaline con-
dition contains silanol groups mainly in the deprotonated Si-O~
form on the surface, while those synthesized in acids are in the
form of Si-OH or Si-OH;. Similar decomposition mechanism can
account for the lower decomposition temperature of CTEA* tem-
plate in SBA-1-alk synthesized in alkaline condition than that in
SBA-1 synthesized in acids.

The small amount of hydrochloric acid present in the surfactant
solution before the addition of sodium silicate was found essential
for the preparation of cubic Pm3n mesoporous silica, although the
acid was neutralized by sodium silicate latter and the final pH of
the solutions was varied in 3-11. It should be noticed that the
amount of acid used (HCl/Na,SiO3 ~ 0.56-0.83) is much lower than
that in the conventional acidic synthesis route (HCI/TEOS ~ 3-140)
[11,12,15,17-20]. On the other hand, if the same amount of nitric
acid instead of HCI was used, two-dimensional-hexagonal meso-
porous silica was obtained (Fig. 10). The formation of mesostruc-
tured silica of different phases in different acids using CTEA*
surfactant under strong acidic conditions has been reported in
the literature [37]. These results infer that the structures of the
CTEA" micelles are strongly influenced by the acids used. The glob-
ular micelles, which served as the template for the cubic meso-
structure and formed in the acidic environment, are stabilized by
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o
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Fig. 8. In situ XRD studies of cubic Pm3n mesoporous silica after different crystallization periods: (A) under acidic condition with TEOS/CTEABr/HCI/H,0 = 1:0.13:3:125, and
(B) under alkaline condition at pH 9 with Na,SiO3/CTEABr/NaCl/HCI/H,0 = 1.0/0.26/6.0/0.58/500.
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Fig. 9. (A) TGA and (B) DTG profiles taken in air atmosphere of as-made cubic Pm3n
mesoporous silica prepared at pH value of (a) —0.1 and (b) 9.

the chloride anions. If nitric acid is used instead of HCl, cylindrical
micelles of CTEA" are formed and stabilized by nitrate anions. In
the alkaline synthesis route, the small amount of acids added in
the surfactant solutions is apparently enough to determine the
structure of the micelles. The sodium silicate added later should

T T T T T T T T T T T T T T 1
15 2.0 25 3.0 35 4.0 45 5.0
20/ degree

Fig. 10. XRD patterns of mesoporous materials prepared using CTEA" surfactant
and (a) under strong acidic condition with HCI, (b) under strong acidic condition
with HNOs, (c) at pH 9 started with a small amount of HCl, and (d) at pH 9 started
with a small amount of HNOs.

condensate around the micelles in such a rapid rate that the mi-
celle structure is retained.

3.6. Pyrene fluorescence studies

The micelle environment in the mesoporous silica was studied
by pyrene fluorescence techniques. Trace amount of pyrene
(3 uM) was dissolved in CTEA* micelles (0.058 M) before the intro-
duction of the silica source. The pyrene fluorescence fine structure
shows five predominant peaks in UV-Vis region [38,39]. The typi-
cal pyrene spectra of mesoporous silica prepared using CTEA" sur-
factant are shown in Fig. 11A. The 0-0 vibronic transition from the
ground state to the lowest excited electronic state gives rise to the
so-called emission peak 1 (I; peak) at 374 nm, which is symmetry-
forbidden. Its intensity is increased by the distortion of the n-elec-
tron cloud in polar media, while the emission peak 3 (I3 peak) at
385 nm is symmetry-allowed and solvent-insensitive. Usually,
the I; peak shows minimal intensity variation with polarity,
whereas I; peak shows significant intensity enhancement in polar
solvents. As a result, the I,/I5 ratio is larger when the micro-envi-
ronment of pyrene is more polar [37]. The I;/I5 ratio is 1.7 in water,
and 0.58 in cyclohexane [40].

The I,/I5 intensity ratios obtained on the mesophase silica syn-
thesized using pyrene-containing CTEA™ micelles with either HCI
or HNOj as the acid source are compared in Table 3. To avoid the
interference from salt effect under alkaline synthesis condition,
NaCl was the salt when HCl was the acid and NaNOs was the salt
when HNOs; was the acid. The mesophases obtained with HCI
and HNOs; were cubic Pm3n and two-dimensional-hexagonal,
respectively, and that is not affected by either acidic or alkaline
synthesis route, as shown in Fig. 10. The I;/I5 intensity ratios were
in 1.51-1.54 for mesostructured silica synthesized by conventional
acidic route with HCl or HNO; as the acid source, and that de-
creased to 1.36-1.40 for the materials synthesized by the alkaline
route. These values imply that although pyrene is considered a
hydrophobic molecule and dissolved in the hydrophobic part of
the micelle, it is probably situated in a short distance from the
hydrophilic head-groups of the CTEA™ micelle instead of at the cen-
ter of the hydrophobic core. Moreover, the I;/I5 ratios for the silica
synthesized in acids are close to the value (1.54) for pyrene-con-
taining micelles of CTEABr in aqueous solution. That implies that
the micro-environment of the micelles in the silica prepared by
acidic route is similar to that in aqueous solution. In other words,
there should be a large amount of water around the micelles in
the mesopores. These results are consistent with the mechanism
proposed by Egger et al. [41] that a drastic change in the water
activity in the interface between micelle and silica is responsible
for the conventional SBA-1 mesophase formation. Comparatively,
the lower I;/I5 ratios for mesostructured silica synthesized under
alkaline condition imply that pyrene is seated in a relatively hydro-
phobic environment or less amount of water is present in the inter-
face between micelle and silica framework.

The pyrene fluorescence lifetime was utilized to probe the spe-
cies near the micelle (Fig. 11B). For the mesostructured silica syn-
thesized by acidic route, the lifetimes were 223 and 70 ns with HCI
and HNOs as the acid sources, respectively. The variation of life-
time with different acids confirms that the cationic micelles and
protonated silica are assembled through an S*X"I" type interaction,
where X is the counter-anion of the acids. The shorter lifetime ob-
served in HNO; than in HCl implies that the NO; ion is more pow-
erful than ClI™ in quenching pyrene fluorescence. On the other
hand, the fluorescence lifetimes for mesostructured silica synthe-
sized in alkaline condition with the aid of NaCl and NaNOs salts
were nearly independent of the counter-anions of the acids or
salts. The values were in a close range of 236 and 202 ns with
HCI and HNOs as the acid sources, respectively. These results sug-
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Fig. 11. (A) Typical emission spectra, and (B) fluorescence lifetime of pyrene in mesoporous materials prepared using CTEA* surfactant and (a) under strong acidic condition
with HCI, (b) under strong acidic condition with HNOs, (c) at pH 9 started with a small amount of HCl, and (d) at pH 9 started with a small amount of HNOs.

gest that little amounts of the counter-anions are incorporated in
the interface, and the cationic micelle and silica are assembled
through an S*I” type interaction.

The direct ion-pairing mechanism between the surfactant and
silicate, and the more hydrophobic environment shown by pyrene
fluorescence all direct for more compact replication of the micelles
under alkaline conditions. Table 1 compares the unit cell parame-
ters of the SBA-1-alk synthesized in alkaline conditions with that of
conventional SBA-1 (synthesized at pH —0.3, TEOS/CTEABr/HCl/
H,0 = 1.0/0.13/5.0/125). For the as-made samples prepared under
alkaline conditions, the ag values are indeed smaller than that
made in acid. After calcination, however, the unit cell shrank more
markedly for the sample prepared in acid (from 9.58 to 8.63 nm)
than those prepared in alkaline conditions. The more intense
shrinkage of the sample prepared in acid can be elucidated by
the less complete condensation of the silica framework, which is
confirmed by the 2°Si MAS NMR spectra of the as-made samples
shown in Fig. 3. As a result, the pore diameters of calcined SBA-
1-alk materials synthesized under alkaline conditions are larger
than that of conventional SBA-1.

3.7. Al-incorporated cubic Pm3n mesoporous silica

In order to demonstrate that hetero-elements could be effi-
ciently incorporated into the framework of cubic Pm3n mesopor-
ous silica by the alkaline synthetic route, sodium aluminate were
mixed into the sodium silicate before introduction of CTEABr tem-

Table 3
The fluorescence intensity I;/I5 ratios and lifetimes (7) of pyrene in the mesoporous
silica synthesized by different routes.

Acid source Synthesis route

Acidic? Alkaline®

LIz T (ns) LIz T (ns)
HCl 1.54 223 1.40 236
HNO;3 1.51 70 1.36 220

4 Mesoporous silica was prepared following the procedures in Ref. [34]. The
molar composition of the synthesis gel was TEOS/CTEABr/acid/H,0 = 1:0.13:3:125.

b Salts were NaCl and NaNOs for HCl and HNOj; acids, respectively, at final pH
of 9.

plate in the synthesis procedure and the final pH of the synthesis
solution was adjusted to around 9. The XRD patterns confirmed
that the resultant materials retained cubic Pm3n phase although
the diffraction peaks became broader with the increase in Al(III)
loading (Fig. 12A). The results of elemental analysis and the phys-
ical properties determined by N, sorption on the calcined samples
are given in Table 4. The amounts of Al(IIl) ions incorporated in the
solids are close to those in the synthesis solutions up to Al/Si atom-
ic ratio of 5%. With the Al/Si atomic ratios in 1-5%, the BET surface
area and pore volume of the samples retain high (990-1243 m?/g
and 0.89-0.90 cm®/g, respectively). Above 5%, the incorporation
efficiency of Al(IIl) and the pore volume of the resultant material
decrease rapidly. 27Al solid state MAS NMR spectra of the calcined
samples containing Al/Si in 1-5% show only a single peak at
50 ppm assigned to the tetrahedrally coordinated aluminum
(Fig. 12). The absence of signals around 0 ppm, corresponding to
the octahedrally coordinated aluminum, indicates that no extra-
framework alumina species were formed. For cubic Pm3n meso-
porous silica prepared with Al/Si=7%, a small peak appears at
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Fig. 12. (A) XRD patterns and (B) solid state 2’Al MAS NMR spectra of calcined Al-
SBA-1-alk synthesized with Al/Si molar ratio of (a) 1%, (b) 2%, (c) 5%, and (d) 7% by
the alkaline route.
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Table 4

Physico-chemical properties of the calcined siliceous and Al-substituted cubic Pm3n mesoporous silica synthesized under alkaline condition.?

Samples Sger (m?[g) Vpore” (cm?[g) Dpore (NM) Al/Si atomic ratio

Solution Solid®
SBA-1-alk 1432 1.03 2.5 - -
1% Al-SBA-1-alk 1243 0.90 2.5 0.01 0.013
2% Al-SBA-1-alk 1004 0.90 2.4 0.02 0.020
5% Al-SBA-1-alk 990 0.89 2.4 0.05 0.045
7% Al-SBA-1-alk 984 0.68 2.3 0.07 0.049

2 pH 9 with Na,SiOs/NaAlO,/CTEABr/NaCl/HCI/H,0 = 1.0/0.01-0.07/0.26/6/0.60/500.

> The pore volume was accumulated until P/Py = 0.95.
¢ Analyzed by ICP-MS.

0 ppm on the 2’Al solid state MAS NMR spectrum, indicating that a
small portion of Al(IIl) ions forms extra-framework alumina spe-
cies. Therefore, the Al(Ill) ions are efficiently incorporated into
the silica framework of cubic Pm3n mesostructure through the
alkaline synthesis route up to Al/Si = 5%.

3.8. Catalytic properties of Al-incorporated cubic Pm3n mesoporous
silica

The alkylation of 2,4-di-tert-butylphenol (DTBP) by cinnamyl
alcohol and the subsequent isomerization of primary cinnamyphe-
nol intermediate to yield flavan in the liquid phase was chosen as a
model reaction to evaluate the catalytic activities of Al-containing
cubic Pm3n mesoporous silica. Table 5 compares the catalytic
activities of Al-SBA-1-alk with those of H-ZSM-5 and HY zeolites.
The reactant 2,4-DTBP is too large to enter the pores of ZSM-5.
Hence, the reaction should proceed only on the outer surfaces of
ZSM-5 particles. Although the reaction was suggested to be cata-
lyzed by moderately acidic sites [24,25], ZSM-5 gave higher 2,4-

Table 5

DTBP conversion and much higher turnover numbers (TON) than
HY. It is attributed to the stronger acidic strength on ZSM-5. More-
over, the very low TON over HY zeolite implies that the reaction
should proceed merely on the outer surface of HY. In spite of hav-
ing larger pore dimensions, the acidity of Al-substituted mesopor-
ous materials like AI-MCM-41, is considered to be much weaker
than that of microporous zeolites [42]. Nevertheless, the 2,4-DTBP
conversion and flavan yield increase with Al-loading in Al-SBA-1-
alk catalysts up to Al/Si=5%. The conversion decreases slightly
when the Al/Si ratio is 7%, which is attributed to the lower pore
volume and a portion of the Al forming extra-framework alumina.
The flavan selectivities are similar to that over HY zeolite, and that
is the thermodynamic equilibrium distribution between cinnamyl-
phenol and flavan [43]. The lower flavan selectivity over ZSM-5 is
probably due to that the ring closure reaction of cinnamylphenol is
restricted by the relatively low amount of acid sites on the outer
surfaces of ZSM-5. On the other hand, the 2,4-DTBP conversion
and flavan yield over Al-SBA-1-alk with Al/Si ratios of 2-5% are
higher than those over H-ZSM-5 and HY zeolites, although both

Alkylation of 2,4-di-tert-butylphenol with cinnamyl alcohol over Al-SBA-1-alk with different Al-loadings.?

CH,OH
O/\/ acid catalyst

cinnamyl alcohol

2 4-di-tert-butylphenol
(DTBP)

OH
(0

primary cinnamylphenol
(Product 1)

94

—_—

dihydrobezebbenzopyran

-flavan (Product 2)
Catalyst Al/Si atomic ratio 2,4-DTBP Flavan

EDX ICP-MS Conv. (%) Yield (%) Select. (%) TON (h™")

SBA-1-alk - - 0 0 0 0
1% Al-SBA-1-alk 0.009 0.013 7.2 6.2 86.3 0.030
2% Al-SBA-1-alk 0.015 0.020 113 9.8 86.5 0.031
5% Al-SBA-1-alk 0.038 0.045 14.5 12.6 87.2 0.018
7% Al-SBA-1-alk 0.045 0.049 13.7 119 86.9 0.015
H-ZSM-5P 0.02 - 9.7 7.7 79.2 0.024
HY* 0.25 - 5.3 4.6 86.8 0.0011

2 Reaction conditions: catalyst (100 mg), 2,4-DTBP (0.25 mmol), cinnamyl alcohol (0.20 mmol), DMSO (12.5 mL), 95 °C, 24 h.
b H-ZSM-5: pore size 0.53 nm.
¢ HY zeolite: pore size 0.74 nm.
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zeolites have higher Al contents. These results indicate that the
acidities generated on Al-incorporated cubic Pm3n mesoporous sil-
ica are efficient to catalyze alkylation of 2,4-di-tert-butylphenol by
cinnamyl alcohol to yield flavan. Furthermore, the highest TON was
obtained over the two Al-SBA-1-alk catalysts with the lowest Al
contents, inferring that the large mesopores of cubic Pm3n meso-
porous silica should facilitate the bulky reactant and intermediate
molecules to diffuse and access the acidic sites inside the pores.
However, as the Al-loading is further increased, the surface area
decreases and a portion of aluminum may be buried inside the sil-
ica framework and not accessible. As a result, the TON decreases
with the increase in Al-loading on SBA-1-alk.

4. Conclusions

The cubic mesoporous silica of Pm3n phase was successfully
synthesized under a wide pH range of 3-11 using CTEABr as tem-
plate, sodium silicate as silica source with the aid of NaCl salt. The
resultant materials characterized by X-ray powder diffraction,
nitrogen adsorption, and 2°Si MAS NMR showed that the optimal
synthesis condition in order to obtain the highest surface area
and pore volume was at pH 9 and with a NaCl/Si molar ratio of
6. The hydrothermal stability of the mesoporous materials was fur-
ther improved by raising the aging temperature from conventional
0 to 30 °C. The pore diameter, surface area and pore volume of the
cubic Pm3n mesoporous silica synthesized at 30 °C decreased only
about 10% after the material was heated in boiling water for 5 days.
Moreover, pyrene fluorescence technique was utilized to probe the
micelle environment in the mesoporous silica. Instead of the weak
electrostatic interaction of S*X"I" type proposed for the self-assem-
bly of the surfactant and silicate in acids, the chemical forces gov-
erned the self-assembly under alkaline condition were S*I™ type
interaction. Through the alkaline route, the direct metal incorpora-
tion into the framework of cubic Pm3n mesoporous silica was
found very efficient. Probed by 2’Al MAS NMR, Al(Ill) ions could
isomorphously substitute Si at the tetrahedral sites of the silica
framework up to a Al/Si atomic ratio of 5%. Moreover, the Al-incor-
porated cubic Pm3n mesoporous silica materials were found to be
efficient catalysts for the alkylation of 2,4-di-tert-butylphenol by
cinnamyl alcohol to yield flavan. The alkaline synthesis route
developed in the present study expands the applications of cubic
Pm3n mesoporous silica in sorption and catalytic reactions.
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