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A periodic mesoporous organosilica material was synthesized by microwave heating (PMO-M) using 1,2-
bis(trimethoxysilyl)ethane as a precursor in a cationic surfactant solution, and textural properties were
compared with those of the product produced by conventional convection heating (PM O-C). These synthesi zed
materials were characterized using XRD, TEM/SEM, N adsorption isotherm, 2Si and *C NMR, and TGA,
which confirmed their good structural orders and clear arrangements of uniform 3D-channels. Synthesis time
was reduced from 21 hin PMO-C to 2-4 hin PMO-M. PMO-M was made of spherical particlesof 1.5-2.2 um
size, whereas PMO-C was made of decaoctahedron-shaped particles of ca. 8.0 um size. Effect of synthesis
temperature, time, and heating mode on the PMO particle morphology was examined. The particle size of
PMO-M could be controlled by changing the heating rate by adjusting microwave power level. PMO-M
demonstrated improved separation of selected organic compounds compared to PMO-C in a reversed phase
HPLC experiment. Ti-grafted PMO-M aso resulted in higher conversion in liquid phase cyclohexene
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epoxidation than by Ti-PMO-C.
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Introduction

Mesoporous molecular sieves are composed of ordered
uniform pores of 20-100A range and are effective in
transforming large organic molecules.? These materials can
be prepared using surfactant molecules as a structure
directing agent, around which, dissolved silicateionsform a
micelle and condensed to a mesoporous material. Organic
functionalization on the mesoporous materiadls can be
conducted with their surface modified with various organic
functional groups by post-synthetic grafting,®* or by em-
ploying a direct synthetic approach in which TEOS (tetra
ethylorthosilicate) is combined with a organosilane com-
pound by sol-gel methods.>®

Recently, anew type of periodic mesoporous organosilicas
(PMOs) containing bridge-bonded organic groups (-CHz-
CHy-,"® -CH=CH- 201 CgH,,*2 (CeHa)2 13) directly integrated
into the silicaframework was synthesized by several groups.
PMOs have attracted much attention because new catalytic
and adsorptive functions can be assigned to them by intro-
ducing various organic groups directly bonded to the silica
host.”*® PMOs can be crystalized to single crystal-like
uniform particles, whilst purely inorganic mesoporous silica
materias usually have no definite shape. In addition, alarge
fraction of organic component in its composition can aso
prove useful in controlling hydrophobicity needed for the
adsorption of non-polar organic molecules in chromato-
graphy or in liquid phase organic reactions.

It is known that hydrotherma synthesis of inorganic
materias using microwave heating promotes nucleation and
can reduce synthesis time and particle size significantly in
comparison with the conventional convection heating
method. Zeolite Y, ZSM-5,2 AIPO,-5,% Ti-grafted MCM-
41,7 and Zr incorporated SBA-16 % were synthesized using

microwave heating. In addition, uniform interna heating
achieved by rapid rotation of water molecules induced by
the microwave irradiation can result in particles with more
uniform size distribution. We can anticipate PM Os prepared
by microwave heating method to have uniform smaller
particles, which will be advantageous either in liquid phase
catalytic reactions or in chromatographic separation by
diminishing the diffusion resistances involved in each pro-
cess.

In this work, a PMO containing homogeneous ethane
groups was synthesized using microwave heating and its
particle properties were compared with the one prepared by
conventional oven heating. The effect of microwave power,
synthesis temperature, time, and heating mode on particle
morphology was examined. Finaly, PMOs obtained were
tested as a HPLC column material and as a catayst for
cyclohexene epoxidation after titanium grafting.

Experimental

Synthesis of hybrid mesoporous materials. 1,2-Bis(tri-
methoxysilyl)ethane (BTME, 96%), hexadecyl-trimethyl-
ammonium chloride (CisTMACI), hydrochloric acid (37%),
ethanol (99.5%), mesitylene (97%) and cyclohexene (99%),
hydrogen peroxide (H20., 30 wt %), titanium(lV) isoprop-
oxide (97%) and acetonitrile (99.93%) were obtained from
Aldrich and used as received.

Synthesis of PMO was carried out in molar ratio of 1
BTME: 0.91 CisTMACI: 2.28 NaOH: 336 H,O according to
the procedure by Inagaki et al.® The surfactant and NaOH
were added to water in a polypropylene bottle and vigor-
ously stirred with mild heating until it becomes clear. After
introducing BTME dropwise under nitrogen, the mixture
was dtirred for 19 h a 25 °C. This mixture was then
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transferred to a 200 mL Teflon vessel for microwave
heating. The microwave instrument used was a CEM MDS-
2100 modd equipped with a fiber optic temperature probe
and a pressure controller, which was capabl e of an adjustable
power output. The sample was quickly heated to the target
synthesis temperature and subsequently adjusted to constant
50% power level to maintain isothermal condition. Synthesis
was carried out at temperatures of 95, 115, and 135°C for 4
h. Heating time was aso varied between 30 minto 6 h at a
fixed temperature of 115 °C. To study the effect of heating
rate, microwave heating power (maximum 950 W at 2450
MHz) was adjusted to 100, 50, 25, and 15% of the full
power until the target synthesis temperature was attained,
and subsequently adjusted to constant 50% power for 4 h at
115°C. The precipitates obtained were filtered, washed with
distilled water, and dried a room temperature. After reflux-
ing 1 g sample of the as-synthesized PMOsin 3.8 g of 37 wt
% HCI in 150 mL ethanol for 6 h at 50 °C, it was filtered
with ethanol and dried for future use. A PMO sample (PMO-
C) was also prepared in a convection oven kept at 95 °C for
21 hwithout stirring, for comparison.

Characterization. The structural arrangement in PMOs
was verified by X-ray diffraction using Ni-filtered CuK,
radiation (Rigaku model D/Max-3C). Morphology was
examined by TEM (Jeol model JEM-200CX) and SEM
(Hitachi, X-650). The specific surface area and average pore
diameters were determined by N, physisorption at liquid
nitrogen temperature using a Micromeretics ASAP 2000
automatic analyzer. The surface area was determined by
BET method and the pore size distribution was calculated by
the Barrett-Joyner-Halenda (BJH) method using the desorp-
tion branch of the isotherm. Prior to the measurements,
PMOs were vacuum degassed at 383 K. TGA (Mettler
Toledo TGA/SDTA 851) was performed at a heating rate of
10 °C/min up to 800 °C in a nitrogen flow.

The #Si and **C NMR spectra were recorded on a Bruker
Advance Il (500 MHZz) spectrometer. UV-Vis diffuse reflec-
tance spectroscopy was performed under ambient conditions
using dehydrated MgO as a reference in the range of 190-
600 nm on a Varian CARY 3E double beam spectrometer.

HPLC column test. C-18 modification on the PMO
sampleswas carried out for areversed phase application. For
this purpose, 1 g of PMO, 0.6 mL of pyridine and 6 mL of
xylene were put into a small round bottom flask with a
reflux condenser and stirred. Subsequently, 0.4 g of chloro-
dimethyloctadecylsilane was added and stirred at 100 °C for
5 h. The product was filtered and washed with toluene, THF,
and methanol, and dried. For trimethylsilylation capping, 1 g
of the dried product, 0.6 mL of pyridine, 6 mL of xylene,
and 0.2 mL of chlorotrimethylsilane were mixed and stirred
at 100 °C for 3 h, followed by filtering, washing, and drying
as before. A micro-column (0.5 mm 1.D. x 300 mm) was
packed with the surface-treated PM O samples and examined
for their chromatographic performancesin HPLC.

Titanium grafting and cyclohexene epoxidation. Titanium
grafting was conducted inside a glove box under nitrogen
environment. A desired amount of titanium(lV) isoprop-
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oxide (Ti/S = 2 mol %) was dispersed in 150 mL of
isopropyl acohol (99.7%, Merck) and mixed with 1 g of
PMO samples under vigorous tirring for 3 h at ambient
temperature. The solid was filtered, washed with isopropyl
acohol, and dried at ambient temperature overnight.

The catalytic properties of the Ti-grafted samples were
tested for the liquid phase cyclohexene epoxidation using
H.O, as an oxidant. Reactions were carried out under
vigorous gtirring in a two-neck pyrex round bottom reactor
equipped with a condenser and a thermometer by mixing 33
mmol substrate, 10 mmol H2O, (30 wt %, Aldrich), 20 mL
acetonitrile (solvent), and 0.2 g catalyst at 333K for 3h. The
products were analyzed by using a HP 5890 series || GC
equipped with a Supelco Nukol™ fused silica capillary
column with aFID.

Results and Discussion

The XRD patterns of PMO samples prepared are shown in
Figure 1. XRD pattern of PMO-C in () (i) corresponds to
those attributed to a cubic symmetry with an intense (120)
peak accompanied by the minor (200) and (112) peaks
between 2 thetavalues of 1.5-2.0.% Those of PMO-M samples
synthesized by microwave hesating at different temperatures
for 4 hin (a) (ii-iv) aso clearly show the characteristic (120)
peak but minor peaks are rather indistinct, which could be
partly due to smaller particle size of PMO-M (see later). As
was shown in (b), the plot of (120) peak intensity in the
PMO-M samples prepared at 115 °C against microwave
irradiation time indicates that it takes longer than 2 h
irradiation to have a PMO-M material with good structural
order. It is noteworthy in that it took 21 h to synthesize
PMO-C sample by conventiona heating, while it only took
4 h to synthesize PMO-M by microwave heating. TEM
pictures in (c) show clear arrangements of uniform meso-
poresin PMO-M.

N, adsorption-desorption isotheems of the PMO-M
samples are compared in Figure 2, which al show type IV
isotherms with hysteresis loops present at relative pressures
in between 0.3 and 0.8. Corresponding textural properties
are summarized in Table 1. The textural property values of
the PMO-C (799 m%g, 28 A) matched very well with those
reported by Inagaki et al.” (770 m?g, 29 A) but PMO-M
samples had their pore diameters (32-39 A) and pore
volumes (0.94-1.09 cm®(g) somewhat larger than those of
PMO-C (28 A, 0.79 cm®/g) accompanied by ca. 3-5% reduc-
tion in surface area; as the synthesis temperature for PMO-
M increased gradually, both pore volume and average pore
diameter increased concurrently. The PMO-M synthesized at
115 °C for 6 h was partidly collapsed in structure. This
phenomenon of diminished crystalinity in PMO-C after
prolonged microwave heating may be a consequence of
different microwave energy absorbance characteristics of the
organic and inorganic portionsin PMO-C.

25 MAS NMR of these materials confirmed that Si-C
covalent bond is the basic unit of framework structure in
PMO-M and *C CP MAS NMR confirmed that the ethane
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Figure 1. (a) X-ray diffraction patterns of PMO samples:. (i) PMO-
C; (ii)(iii)(iv) PMO-M samples prepared at 95, 115, and 135 °C for
4 h, (b) Crystalinity curve of the PMO-M samples synthesized at
115 °C, (c) TEM image of the PMO-M synthesized at 95 °C for
4h.

fragments of the precursor were not cracked during hydro-
lysis process®?* The #®Si cross-polarization (CP) MAS
NMR spectrum of the PMO-M sample in Figure 3(a) shows
two signals at —56.8 and —66.9 ppm which are assigned to Si
species covaently bonded to carbon atoms [-56.8 ppm,
SiC(OH)(0Si),; —66.9 ppm, SIC-(0Si)s, respectively]. The
13C CP NMR spectrum of the sample in Figure 3(b) shows
one signa at 4.8 ppm, which is assigned to an ethane frag-
ment sandwiched by slicons (Si-CH2CH2-Si). The SO,
species such as SI(OH)(0OSi)s and Si(0Si)4, whose signals
are usualy observed between —90 and —-120 ppm were
absent. No carbon signal due to surfactant (CTMACI) is
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Figure 2. N, adsorption-desorption isotherms of PMO-M samples
prepared a (a) 95 °C, (b) 115 °C, (c) 135 °Cfor 4 h.

Table 1. Textural properties of PMO-M samples

Sample Synthesis Poresize  Porevol. Surfacearea
No. condition A) (em®g) (m?lg)
1 95°C—-4h 32 0.94 769
2 115°C—-4h 36 0.99 776
3 115°C-6h 56 093 490
4 135°C-4h 39 1.09 741
5 95°C-21h(H) 28 0.79 799

(H)" designates a sample prepared by conventional hydrothermal method

observed, suggesting complete removal of surfactant from
the as-synthesized PMO-M.

TGA of PMO-M was conducted in a nitrogen flow (not
shown) and the weight of PMO-M deceased about 6% at
temperature below 150 °C due to the release of solvent used
for the surfactant extraction. Residual surfactant left inside
the pores decomposed to 400°C. Then, the decomposition of
CHz-CH> groups in their framework gradually appeared at
temperature above 400 °C and ca. 15 wt % loss was detected
at 800°C. Thistrend is essentially in agreement with the the
results reported by Kruk et al.°

Figure 4 shows the SEM images and particle size distri-
bution of the PMO-M synthesized at 95, 115, and 135 °C,
respectively. They all have spherical shape and are smaller
in size than PMO-C (8.0 um) prepared by conventional
heating in (a). The average particle size of PMO-M was 2.2
im when synthesized at 95 °C and 1.5 um at 115 °C and 135
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Figure 3. Si (a) and *3C (b) CP MAS NMR spectra of the PMO-
M sample.

10
5. (b)
hel
I
T 67
£
[}
Z 44 (c) \(d)
2_
0 : : . .
0 1 2 3 4 5

Particle diameter (um)

Figure 4. SEM images and particle size distributions of PMO
samples (&) 95 °C (PMO-C), (b) 95 °C (PMO-M), (c) 115 °C
(PMO-M), and (d) 135 °C (PMO-M) for 4 h.

°C. PMO-M synthesized at 115 °C and 135 °C demonstrated
narrower size distribution than that prepared at 95 °C. Syn-
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heating power(maximum 950 W at 2450 MHz) at 115 °C for 4 h;
(a) 100%, (b) 50%, (c) 25%, (d) 15% of maximum power, (€)
100% microwave heating 1 h + hydrotherma 21 h, (f) 100%
microwave power after an addition of a swelling agent (mesitylene:
surfactant = 2).

thesistime up to 6 h at 115 °C did not affect the morphology
of the synthesized particles nor changed the size distribution
significantly, but the textural properties shown in Table 1
indicated that prolonged microwave irradiation is not
desirable.

Finally, heating rate to the target synthesis temperature of
115 °C was controlled by adjusting microwave power and its
effect on particle size was examined. Once the target temper-
atureisreached, power level was adjusted to 50% full power
and irradiation was kept for further 4 h. At the maximum
power level, it took less than 1 min to reach 115 °C, but as
the power level is dropped, it took progressively longer to
reach the target temperature. We envisaged that this drop in
heating rate would decrease the nucleation rate and the
nutrient left in the substrate mixture would be supplied to the
nuclei to grow. SEM image of the corresponding PMO-M
samples are shown in Figure 5. When microwave heating
power is 100% or 50% of the full power, no clearly detec-
table changes in particle size were observed in (a) and (b).
However, particle size has gradually grown when it comesto
the PMO-M samples synthesized with powers bel ow 50% of
the full power. Deterioration in spherical morphologies and
lossin particle size distribution were also observed in (¢) and
(d). Combination of microwave heating for 1 h with full
power followed by conventiona heating for 21 h produced
PMO with increased particle size in (). By adding a
swelling-agent, mesitylene to the substrate, PMO-M particle
size has grown but crystal surface became increasingly
faceted asin (f).

The separation performances of the PMOs samples pre-
pared were compared in Figure 6. PMO-M synthesized at 95
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Figure 6. Chromatograms obtained in 80/20 v/v % MeOH/H,0 at
the flow rate of 10 mL/min with different stationary phases; (a)
PMO-C, (b) PMO-M synthesized at 95 °C for 4 h by microwave
heating method: Solutes 1; 4-Methoxyphenol, 2; Acetophenone, 3;
Ethylbenzoate, 4; Ethylbenzene, 5; Acenaphthylene, 6; Acenaphth-
ene, 7; Phenanthrene, 8; Anthracene.

°C for 4 h by microwave heating demonstrated superior
separation ability to that of PMO-C; peaks are better resolv-
ed and, in particular, solutes 6,7, and 8 are well separated
with PMO-M in (b). This enhancement in separation is
because of the PMO-M having smdler particle size in
spherical morphology. Table 1 aso showed that PMO-M
particles have wider pores accompanied by larger pore
volume than PMO-C, which are the attributes for enhanced
separation.

Cataytic performance results of the Ti-grafted PMOs in
cyclohexene epoxidation are summarized in Table 2. The
UV-Vis spectra for samples containing 2% of Ti grafted to
PMO-M are given Figure 7. The band at ca. 220 nm is
associated with isolated Ti(1V) framework sites fundamen-
tally similar in character to those in TS-1. The shoulder at
270 nm corresponds to partially polymerized hexacoordinate
Ti species, and a smal amount of Ti-O-Ti clusters are

Table 2. Cyclohexene epoxidation by Ti-grafted hybrid PMO
samples

Conversion Selectivity (%)
Samples o - -
(%) oxide 1-of 1-one dio  ethers
Ti-PMO-C 10.1 9 11 30 0 50
Ti-PMO-M 13.9 5 7 24 4 60

Reaction was carried out at 333 K for 3 h using 33 mmol substrate, 20
mmol H20, (30 wt %), 20 mL acetonitrile and 0.2 g catalyst: Ti/(Si+Ti) =
2mol %
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Figure 7. UV-Vis spectra containing 2% of Ti grafted PMO
sample: (a) Ti-PMO-M, (b) Ti-PMO-C.

suspected to co-exist with the isolated Ti sites in samples.
The catalytic reaction was carried out using H2O, as an
oxidant in acetonitrile solvent, and Ti-grafted PMO-M
achieved higher cyclohexene conversion (13.9%) than by
PMO-C after Ti-grafting (10.1%). The product distributions
were mogtly the same. With microwave hesdting, it was
possible to synthesize smaller PMO particles via promoting
nucleation process. The material with smaller particle size
diminish diffusion resistance against reactants/products for
contacting/ leaving catalytic sites in liquid phase reactions,
and resulted in an improvement in catalytic performance.

Conclusions

An organic-inorganic hybrid mesoporous material, PMO-
M, with ethane groups uniformly incorporated to a silica
framework was synthesized using microwave heating. PMO-
M with smaller and uniform particle size was synthesized
because rapid microwave heating promotes nucleation and
simultaneoudly reduction in synthesis time was achieved.
Particle size of the PMO-M was found in a range of 1.5 to
2.2 um, and further control in particle size could be achieved
by adjusting the microwave heating power at the nucleation
stage. PMO-M demonstrated improved separation capacity
in a reversed phase HPLC as a stationary phase and also
showed better catalytic performance in liquid phase cyclo-
hexene epoxidation reaction compared with a PMO-C
prepared by conventional oven heating.
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