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Abstract

New amino-functionalized monodispersed mesoporous silica spheres (MMSS) were synthesized directly by co-condensation
of 3-aminopropyltrimethoxysilane (AP-TMS), [3-(2-aminoethylamino)propyl]trimethoxysilane (AEAP-TMS) or 3-[2-(2-
aminoethylamino)ethylamino]propyltrimethoxysilane (AEAEAP-TMS) with tetramethoxysilane. By changing the methanol ratio or adding
extra silica source, amino-functionalized MMSS with different particle diameter (310-780 nm) and the same mesopore size were successfully
synthesized. TEM observations revealed that the mesopores were aligned radially from the center towards the outside of the spheres even in the
amino-functionalized MMSS. The effect of particle diameter on base catalytic activity was investigated using the amino-functionalized MMSS.
In addition, the amino-functionalized MMSS were found to be excellent base catalysts in the nitroaldol condensation reactions. The effectiveness

factor was evaluated to be 0.8—0.82 and improved substantially compared with MMSS prepared by grafting method.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

In recent years, various ordered mesoporous materials have
been synthesized by using surfactants as templates. Mesoporous
silica materials with uniform pore sizes, high surface areas, and
high concentrations of surface hydroxyl groups are expected to
be used for catalysts, adsorbents, sensors, separation, and ion
exchange columns.

To broader the applications of mesoporous silica, many
researchers have focused on the syntheses of organic—inorganic
hybrid materials by incorporating organic functional groups
into mesoporous silica [1,2]. In particular, mesoporous silicas
that have been modified by amino groups have attracted much
attention as useful heterogeneous catalysts in these publica-
tions. Recently aminopropyl-functionalized mesoporous silica
materials were reported to be effective base catalysts for Kno-
evenagel condensations [3-6], the aldol condensations [7-9],
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Michael additions [6,7,10], epoxidation reactions [11], and
Claisen—Schmidt condensations [12]. Furthermore, the devel-
opment of biomimetic catalysts, in which a metal complex is
formed by binding an amino acid to an amino group in meso-
porous silica, has been reported [13].

Postsynthesis grafting and co-condensation are general mod-
ification methods that have been utilized to attach organic
groups to silica surface via the formation of covalent bonds.
Grafting can be used to incorporate organic functional groups
after the particles are formed. This typically involves reactions
between hydroxyl groups on the surfaces of the mesopores and
a silane compound. The technique has been widely utilized,
and has various merits. The structure of the mesoporous silica
particles can be maintained, a wide range of functional groups
can be used, and high hydrothermal stability can be achieved
[14]. However, it has been noted that the uniform dispersion
of organic functional groups is difficult, and the grafting leads
to the condensation of organic functional groups near the pore
windows causing “pore blocking” [15]. On the other hand, the
co-condensation method has a tendency to decrease the degree
of mesoporosity as a result of the incorporation of functional
groups. Nevertheless, it is still possible to homogenously incor-
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porate organic functional groups onto the surface of mesopores
[15].

In previous studies into the synthesis of MCM-41 meso-
porous silica, attempts to control the morphology of the
particles were made for MCM-41 type materials that
had been organically functionalized by the co-condensation
method. Mann et al. reported that, by changing the
organoalkoxysilane or its concentration, spherical, tube-like,
rod-like and filament-shaped particles could be obtained.
For instance, when 3-aminopropyltrimethoxysilane was used,
oblate ellipsoidal particles were obtained [16]. Furthermore,
Lin et al. carried out synthesis using lower concentra-
tions of surfactants and rod-shaped particles were obtained
with 3-aminopropyltrimethoxysilane and N-(2-aminoethly)-
3-aminopropyltriethoxysilane, while spherical particles were
obtained when 3-[2-(2-aminoethylamino)ethylamino]propyltri-
methoxysilane was used [17]. In addition, they found that these
spherical particles exhibited some selectivity in base catalysis
when secondary organic functional groups were incorporated
[18,19].

However, these spherical mesoporous silicas were found to
feature lower monodispersity and the array-direction of the
mesopores was irregular.

In our laboratory we have succeeded in the synthesis
of hexagonally ordered and well-defined highly monodis-
persed mesoporous silica spheres (hereafter abbreviated as
MMSS) from tetramethoxysilane (TMOS) and n-alkyltrimethyl-
ammonium halide (C,, TMAX, X =Cl, Br) [20-22]. By changing
the surfactant that is used for the template and also the syn-
thetic conditions, the particle diameters and the pore sizes
of MMSS can be controlled flexibly. For fundamental stud-
ies of catalytic reactions, the diameters of the particles should
be monodispersed. We have been studied the effect of pore
size on base catalysis using amino-functionalized MMSS by
grafting method. It was found for the first time that the reac-
tion mostly proceeded inside the radially aligned mesopores
(the effective factor: 0.63) and that the optimum pore size
for amino-functionalized MMSS was affected by changing
the type and the number of the substituent groups on the
reactants. In addition, amino-functionalized MMSS was found
to be an excellent catalyst due to the radial alignment of
the mesopores compared to the other types of mesoporous
silica [23].

In this study, we attempted to synthesize functionalized
MMSS using a co-condensation method to incorporate various
amino groups. Compared with the grafting method, it can be
expected that the distribution of amino groups becomes homoge-
nously and the catalytic activity improves.

As a result, we have succeeded in obtaining amino-
functionalized monodispersed spherical particles that contain
radially aligned mesopores. We also confirmed that they show
high base catalytic activities. By controlling the conditions used
for the syntheses, MMSS particles of different sizes but with the
same diameter of pores were synthesized.

It was found that the effectiveness factor improved
greatly compared with the particle prepared by grafting
method.

2. Experimental
2.1. Chemicals and catalyst synthesis

We synthesized amino-functionalized MMSS by using
hexadecyltrimethylammonium chloride (Cj¢TMACI) as a
template for a co-condensation reaction between tetram-
ethoxysilane (TMOS) and organic trimethoxysilane (R-TMS).
Three different types of organic trimethoxysilanes were
used: 3-aminopropyltrimethoxysilane, (CH30)3Si(CH;)3NH;
(AP-TMS), which contains just one amino group, [3-(2-
aminoethylamino)propyl]trimethoxysilane, (CH30)3Si(CH>)3
NHCH,CH,;NH, (AEAP-TMS), which contains two amino
groups, and 3-[2-(2-aminoethylamino)ethylamino]propyltri-
methoxysilane, (CH30)3Si(CH;)3NHCH,CH,NHCH,CH,;NH,»
(AEAEAPTMS) which contains three amino groups. 3-Amino-
propyltrimethoxysilane (AP-TMS), [3-(2-aminoethylamino)
propyl]trimethoxysilane (AEAP-TMS), and 3-[2-(2-amino-
ethylamino)ethylamino] propyltrimethoxysilane (AEAEAP-
TMS) were purchased from Aldrich. Hexadecyltrimethy-
lammonium chloride (Ci¢TMACI) and tetramethoxysilane
(TMOS) were purchased from Tokyo Kasei. Monodispersed
silica spheres (500nm in diameter) were purchased from
Nippon Shokubai Co., Ltd. All of the chemicals were used
as-received. Hereinafter in this paper, we abbreviate the
synthesized materials as MS-XY (where X is AP, AEAP or
AEAEAP, and Y is 5%, 10% or 20%). X denotes the type
of organic alkoxysilane that was used and Y denotes the
molar ratio of R-TMS in the total silane monomer used in
the co-condensation reaction. The co-condensation ratio (Y) is
expressed as R-TMS/(TMOS + R-TMS), which was calculated
by the added amount of silanes for the syntheses. In case of
MS-AP5% with different particle diameter, we abbreviate the
synthesized material as MS-AP5%-Z. Z denotes the particle
diameter (310-780 nm).

The synthesis reactions were carried out under basic condi-
tions, as follows.

For example, in the case of MS-AP5%, 3.52 g of C;¢TMACI
and 2.28 ml of 1M sodium hydroxide solution were dis-
solved in 800g of a methanol/water (50/50, w/w) solution
(methanol ratio: 0.5). A mixture of 1.25 g (8.24 mmol) of TMOS
and 0.08 g (0.43 mmol) of AP-TMS (AP-TMS/(TMOS + AP-
TMS) =5 mol%) were then added to the solution with vigorous
stirring at 298 K. After the addition of the TMOS and the AP-
TMS, the clear solution suddenly turned opaque and resulted in
a white precipitate.

In the case of MS-AP5%-680nm, the same amount of
TMOS/AP-TMS mixture was again added to the solution
0.5h later. After 8h of continuous stirring, the mixture
was aged overnight. The white powder was then filtered
and washed three times with distilled water, after which
it was dried at 318K for 72h. The powder that was
obtained was heated in 60ml of ethanol solution contain-
ing 1 ml of concentrated hydrochloric acid (0.6 ml) at 333K
for 3h to remove the templates. Then, the powder was
filtered, washed several times with ethanol, and dried at
318 K.
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The incorporation of an AP group into spherical silica that did
not have mesopores was processed as follows: 1 g of monodis-
persed silica spheres were added to a mixture of 20ml of
dehydrated toluene and 0.2g of AP-TMS, and the solution
was then refluxed for 15h at 363 K. The product was dried
overnight at 318 K after filtration. The spherical silica on which
a 3-aminopropyl group was covalently attached (SS-AP) was
obtained.

2.2. Sample characterization

Powder X-ray diffraction measurements were carried out
with a Rigaku Rint-2200 X-ray diffractometer using Cu-Ka
radiation. Scanning electron micrographs (SEMs) were obtained
with a SIGMA-V (Akashi Seisakusho). The surfaces of the
samples were coated with gold before the measurements. The
average particle diameter was calculated from the diameters
of 50 particles in an SEM picture. The standard deviation
was also calculated, from which the particle diameter dis-
tribution was judged. The nitrogen adsorption isotherm was
measured using a Belsorp-mini II (BEL Japan) at 77 K. The
sample was evacuated at 373 K under 10~3 mmHg before mea-
surement. The pore diameter was calculated by using the
Barrett—Joyner—Halenda (BJH) method. By considering the lin-
earity of a Brunauer—Emmett-Teller (BET) plot, the specific
surface area was calculated using adsorption data in the P/Pg
range from 0.05 to 0.13. Transmission electron micrographs
were obtained using a JEOL-200CX TEM at an acceleration
voltage of 200kV. 2°Si magic-angle-spinning (MAS) nuclear
magnetic resonance (NMR) and 3¢ cross-polarization (CP)
NMR analyses were carried out on a Bruker AVANCE 400 spec-
trometer at 79.49 MHz for 2°Si and at 100.61 MHz for '3C. The
29Si MAS NMR spectra were measured at 60 s repetition delay
and 3 s pulse width. The '3C CP-MAS NMR spectra were
measured with a repetition delay of 2's, 2 ms contact time, and
2.8 ws 'H 90° pulse. The chemical shifts for 2°Si and '*C NMR
were referenced to tetramethylsilane and glycine, respectively.
For both measurements, the spinning rate was 5 kHz. N elemen-
tal analyses (EA) were carried out on an Elementer varioEL
elemental analyzer.

2.3. Catalytic reactions

Before the reaction, the amino-functionalized materials were
treated with an ammonia solution to remove any residual CI™
ions and to neutralize the protonated amines in the sample [24].
0.35g of the modified sample was suspended in 20ml of a
methanol solution containing 1 ml of ammonia solution (28%) at
room temperature for 8 h. The solid was recovered by filtration,
washed with ethanol, and finally dried in a vacuum at 423 K for
12 h.

The reactions were carried out in a round-bottomed flask
equipped with a reflux condenser and were stirred magnetically.
The nitroaldol condensation was typically carried out as follows:
a reaction mixture consisting of 50 mg of the catalyst, 0.61 g
(5.0 mmol) of p-hydroxybenzaldehyde in 10 ml of nitromethane,
was heated at 363 K with constant stirring for 1 h. The mixture

was filtered and the catalyst was washed thoroughly with chlo-
roform. The filtrate was evaporated under reduced pressure. The
solid that was obtained was dissolved completely in a sufficient
amount of acetone-dg. An internal standard, THF (=10 mmol),
was added into the acetone-dg solution. The product was ana-
lyzed by studying its 'H NMR spectra on a JEOL JNM-LAS500
NMR spectrometer [23].

In case when p-methoxybenzaldehyde was used as a reac-
tant, the reaction was monitored periodically by withdrawing
an aliquot of solution from the solution in order to determine
a reaction rate. The samples were filtered and analyzed by gas
chromatograph (Agilent, 6890) provided with a 30 m capillary
column of DB-1, using decane as an internal standard for mass
balance. These products were characterized by MS (Agilent,
6890-5973) provided with a 30 m capillary column of DB-5MS.

3. Results and discussion
3.1. Synthesis of amino-functionalized MMSS

The morphology of the amino-functionalized mesoporous
silica was observed using an SEM. SEM images are shown in
Fig. 1. Table 1 presents the precipitation times of the particles
(time precipitates appear after the addition of silica source),
their average diameters and standard deviations as obtained
from the SEM images. We consider particles with a standard
deviation of below 10% to be monodispersed. Although the
degree of monodispersity decreased with increasing number of
amino groups in the molecule, monodispersed silica spheres
were obtained for AP-TMS or AEAP-TMS with less than 10% of
amine silica source added, or for AEAEAP-TMS with less than
5%. The reason for the decrease in monodispersity with increas-
ing number of amino moieties was assumed to be because the
uniformity of the reaction decreased due to the promoted con-
densation of silanol groups rather than the increased basicity
of the reaction solution. The average diameters of the particles
that were obtained were about 500-600 nm. The diameter of the
particles decreased with increasing the amount of amino groups.

The degree of mesoporosity in the obtained silica was
evaluated by powder XRD analysis. Fig. 2 shows the XRD pat-
terns of samples synthesized under different AP-TMS ratios.
From the lowered peak intensity, it was deduced that the
degree of mesoporosity had decreased with increasing AP-TMS
co-condensation ratio, although djo¢ peaks corresponding to
hexagonal arrays of mesopores were observed for all of the par-
ticles. The decrease is due to the destruction of the regularity
of arrays of micelles by the amino groups. A similar tendency
was reported for MCM-41 [25] and SBA-15 [6], in which the AP
groups were modified. In the case of MS-AP5%, a slightly higher
peak was observed, indicating a higher degree of mesoporosity.
Table 2 shows an analysis of samples with standard deviations of
less than 10% in their XRD patterns, nitrogen adsorption mea-
surements and nitrogen content. The intensity of djog, which
is an indicator of the degree of mesoporosity, tends to decrease
with increasing concentration and number of incorporated amino
moieties in the molecule. However, it was confirmed that all of
the particles possessed hexagonal mesopores.
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Fig. 1. Scanning electron micrographs of (a) MS-AP5%, (b) MS-AEAP5%, (c) MS-AEAEAP5%, (d) MS-AP20%, () MS-AEAP20%, and (f) MS-AEAEAP20%.

Scale bar represents 1.1 pm.

Table 1
Properties of particles obtained from various silica precursors

Sample R-TMS Ratio of R-TMS (%) Precipitation time® (s) Average diameter (nm) Standard deviation (%)
MS-AP5% AP-TMS 5 145 600 53
MS-AP10% AP-TMS 10 140 620 49
MS-AP20% AP-TMS 20 130 550 14
MS-AEAP5% AEAP-TMS 5 150 600 5.7
MS-AEAP10% AEAP-TMS 10 150 540 6.1
MS-AEAP20% AEAP-TMS 20 150 430 25
MS-AEAEAP5% AEAEAP-TMS 5 150 560 10
MS-AEAEAP10% AEAEAP-TMS 10 140 450 27
MS-AEAEAP20% AEAEAP-TMS 20 135 340 31
MMSS - - 150 520 7.0

* Time precipitates appear after the addition of TMOS and R-TMS.

The nitrogen adsorption—desorption isotherms were then
measured and the distributions of the pores were analyzed by the
BJH method. Fig. 3 shows the results for samples synthesized
under different AP-TMS co-condensation ratios. The isotherms
are type IV that is similar to the samples without any organic
functional groups (MMSS). The pore volume decreased as the
co-condensation ratio of the organic trimethoxysilane increased,
and for MS-AP20%, almost no nitrogen was adsorbed. The
other products (MS-AEAP, MS-AEAEAP) that were synthe-

Table 2
Structural properties of the amino-functionalized MMSS

sized using different organic silanes showed a similar tendency
(Table 2). Among synthesized particles that were formed using
R-TMS with the same co-condensation ratio, AP-TMS, which
possess the smallest organic functional group, showed the largest
pore size, specific surface area, and pore volume. It is considered
that organic functional groups are incorporated into the pores.
It can be seen from Table 2, MS-AP5%, MS-AP10% and MS-
AEAP5% have highly ordered hexagonal regularity (intensity
of dj 00> 10,000) and large pore volumes (>0.4 ml/g).

Sample XRD Nitrogen Adsorption N content (mmol/g)
di oo (nm) Intensity (cps) Pore size (nm) SBET (mZ/g) Pore volume (ml/g) Theoretical® Experimental

MS-AP5% 3.56 12,600 1.96 930 0.52 0.77 0.49
MS-AP10% 3.69 10,400 1.91 790 0.44 1.54 0.68
MS-AEAP5% 3.63 12,500 1.79 800 0.42 1.45 0.73
MS-AEAP10% 3.52 4,600 1.62 480 0.22 1.90 1.57
MS-AEAEAP5% 3.80 6,600 1.77 650 0.34 2.04 1.27
MMSS 3.53 14,500 2.20 1090 0.76 - -

SS-AP - - - 4 - - 0.12

4 Calculated from the amount used in the synthesis.
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Fig. 2. XRD patterns of the samples obtained from different AP-TMS ratio: (a)
MMSS, (b) MS-AP5%, (c) MS-AP10%, and (d) MS-AP20%.

The N contents of the samples were analyzed. Table 2 shows
the measured values as well as calculated values from the
amounts used in the syntheses. When the ratio for the organic
functional groups in the synthesis (=R-TMS co-condensation
ratio) was 5%, 64% (0.49/0.77) of the AP-TMS group, 50%
(0.73/1.45) of the AEAP-TMS group and 62% (1.27/2.04) of
the AEAEAP-TMS group were incorporated. In the case where
the AP-TMS co-condensation ratio increased to 10%, the value
decreased to 44%.
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Fig. 4. 2Si MAS NMR spectra of amino-functionalized MMSS: (a) MS-
AP10%, (b) MS-AEAP10%, and (c) MS-AEAEAP5%.

Solid-state NMR analyses of MS-AP10%, MS-AEAP10%,
and MS-AEAEP5% were performed and their chemical
structures were investigated. Fig. 4 shows the 2°Si MAS
NMR spectra. Three clear resonance peaks derived from
Q" (Q"=Si(0Si),(OH)4_,, n=2-4, 0*: §=—110ppm, Q>
8=—100ppm, Q%: §=—90 ppm) and two peaks derived from
" (T" =RSi(0Si),,(OH)3_,,, m=1-3, T3: §=—65ppm, T
8 =—55 ppm) were observed. The presence of the 7" peaks indi-
cates the introduction of an organic functional moiety into the
silica skeleton. Due to the small quantity of AEAEP, the peaks
for 73 and T2 were not significant in the MS-AEAP5% if com-
pared with the other samples. Fig. 5 shows the results of 3C CP
MAS NMR analysis. All of the samples exhibited peaks derived
from the C atoms of the combined organically functionalized
groups. Furthermore, a peak derived from the ethoxy group was
also observed, which indicates a partial esterification of silanol
with ethanol, the solvent that was used for the extraction of
templates.
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Fig. 3. (A) Nitrogen adsorption—desorption isotherms of (a) MMSS, (b) MS-AP5%, (c) MS-AP10%, (d) MS-AP20%, and (B) BJH pore size distributions of

corresponding samples.
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Table 3
Properties of MS-AP5% with various diameter
Sample Methanol Amount of Si source Average S.D.2 dioo Pore size SBET Pore volume N content

ratio added (1073 mol) diameter (nm) (%) (nm) (nm) (m?/g) (ml/g) (mmol/g)
MS-AP5%-310 nm 0.45 - 310 7.2 3.89 2.38 920 0.70 0.49
MS-AP5%-490 nm 0.48 - 490 6.9 3.69 2.14 1060 0.72 0.49
MS-AP5%-680 nm 0.5 8.67 680 4.7 3.71 227 1060 0.77 0.56
MS-AP5%-780 nm 0.5 17.3 780 3.6 3.62 2.12 1020 0.67 0.55

2 Standard deviation.
c2 The syntheses of MS-AP5% particles with different parti-

N 1 3
(@) —/Si/\/\NHz
2

Il
120 100 80 60 40 20 0 -20
ppm

1
220 200 180 160 140

Fig. 5. 13C CP MAS NMR spectra of amino-functionalized MMSS: (a) MS-
AP10%, (b) MS-AEAP10%, and (c) MS-AEAEAP5%. *Signals of residual
ethoxy group.

cle diameters were then investigated. The particle diameter was
controlled by changing the methanol/water ratio or by adding
extra silica source with a fixed co-polymerization ratio of 5%.
Fig. 6 shows the SEM images and Table 3 shows the prop-
erties of the synthesized silica particles. It was revealed that
the particle diameter can be decreased while retaining their
monodispersity by decreasing the methanol/water ratio during
the synthesis, and that is similar to the samples without any
organic functional groups [23]. An average diameter of 310 nm
for MS-AP5% was obtained by synthesis using a methanol ratio
of 0.45. This is due to a decrease in the solubility of silica,
meaning that the particles were precipitated more easily. By
adding more of the silica source, particle diameter could be
enlarged [26]. When the amount of added silica was equal to the
original amount of silica, the diameter of the obtained monodis-
persed spherical particles was 680 nm (MS-AP5%-680 nm). On
the contrary, when a twofold amount of silica was added, the
diameter became 780 nm (MS-AP5%-780 nm). These particles,
with diameters in the range between 310 nm and 780 nm, were
all confirmed as possessing ordered mesopores and high specific
surface areas of 1000 m?/g by XRD analysis and by nitrogen
absorption measurements, respectively. Fig. 7 shows a TEM

Fig. 6. Scanning electron micrographs of various size of MS-AP5%: (a) 310 nm, (b) 490 nm, (c) 680 nm, and (d) 780 nm. Scale bar represents 1.1 pm.
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Fig. 7. Transmission electron micrograph of MS-AP5% with particle diameter
of 310 nm.

image of MS-AP5%-310nm. Since the previously synthesized
MMSS (which consisted of inorganic components alone) had
particle diameters of 500 nm, an electron beam could not reach
its core. Therefore, observation of its internal structure by TEM
was conducted with metals introduced into the pores [21,22] or
by cutting epoxy-resin-embedded MMSS by electron beam [26].
And it was revealed that hexagonally packed mesopores were
aligned radially from the center to the surface of the MMSS.
However, direct observation is possible for this size of parti-
cles (310nm). As a result, it was observed that the hexagonal
pores were arrayed in a radial pattern, as was observed for non-
functionalized MMSS. This was the first direct observation of the
radially aligned mesoporous structure of amino-functionalized
mesoporous material.

3.2. Evaluation of basic catalytic activity for various MMSS

Various synthesized amino-functionalized MMSS were
evaluated for their base catalytic performance by the
nitroaldol condensation reaction of nitromethane and p-
hydroxybenzaldehyde. Table 4 shows the results of the catalytic
reactions. For comparison, the experimental results for spher-
ical silica without pores grafted with an aminopropyl moiety
(SS-AP) and a similar result that was reported in a literature 19
for non-monodispersed spherical mesoporous silica, in which
AEAERP is incorporated (MSN catalyst) are shown. MMSS that
is not amino-functionalized shows no catalytic activity (Entry 9);
however, amino-functionalized MMSS exhibits excellent cat-
alytic activity. In the case of MS-AP5%, which possesses an
aminopropyl group, the yield increased with increasing reac-
tion time. When the reaction time increased from 1 h to 2 h, the
yield increased from 82% to 94%, and the TON (turnover num-
ber) improved from 167 to 192 (Entries 2 and 3). Furthermore,

Table 4
Results of nitroaldol reactions of benzaldehyde (5 mmol) with nitromethane
(10 ml) in the presence of 50 mg MMSS catalyst (363 K)

CHO NO
catalyst X 2
—_—
X CH3N02 X

1 2

X =0H, NO,

Entry  Catalyst X Time (h)  Yield (%) TON?
1 MS-AP5% OH 0.5 44 89
2 MS-AP5% OH 1 82 167
3 MS-AP5% OH 2 94 192
4 MS-AP10% OH 1 91 134
5 MS-AEAP5% OH 1 83 227
6 MS-AEAP10% OH 1 14 18
7 MS-AEAEAP5% OH 1 60 142
8 SS-AP OH 1 7 58
9 MMSS OH 1 0 0

10 MS-AP5%P NO, 1 80 245

11 MS-AP5%P NO, 3 100 306

12 MS-AEAP5%" NO» 1 100 205

13 MSN catalyst NO, 20 93 56

(AEAEAP1.0 mmol/g)>-°

% Turnover number =mmol product/mmol organic groups during reaction
time.

b Reaction conditions: 3 mmol of 4-nitrobenzaldehyde, 10 ml of nitromethane,
20 mg catalyst.

¢ Data are from Ref. [19].

we make a comparison between MS-AP5% and MS-AP10%,
then MS-AP10% exhibits higher yield (Entries 2 and 4) while
MMSS-AP5% shows a value of TON that is 1.3 times higher.
From this data, it was concluded that an optimum amounts of
amino groups exits for catalytic activity.

Comparative studies of reactions lasting for 1 h revealed that
MS-AEAP5%, which contains two amino groups as catalytic
sites in each molecule, shows the highest catalyst activity (TON:
227, Entry 5). However, when this is converted to “activity per
amino-group” within the molecule, the equivalent value of TON
is about 113, meaning that the individual activities of the amino
groups are lower than for the cases of MS-AP5% (Entry 2) and
MS-AP10% (Entry 4). Furthermore, MS-AEAP10% exhibited
significantly lowered activity, in that the yield was 14% and
TON was 18, even with the increase in the number of amino
groups. This arises because of the decreased pore diameter
(from 1.79 to 1.62 nm) with the increased volume of the AEAP
group; thus, the diffusion rate of the reactant in the mesopores
decreased.

In addition, MS-AEAEAP5% modified by AEAEAP (which
has three amino groups) exhibited a TON of 142 (Entry 7), which
equates to about 47 per amino group. When comparing Entries
2, 5, and 7, it was suggested that, with increasing number of
amino groups in each organosilane, the relative value of TON
decreases. The reason for this is that due to the incorporation
of bulky molecules, the diffusion of p-hydroxybenzaldehyde
(which is a nearby reactant of the reaction site) was inter-
rupted. However, because there is a report that the efficiency
of catalytic activity is in the order of primary amine > secondary
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amine > tertiary amine [9], arelative comparison of TON by con-
sidering converted values per amino group might not be totally
appropriate.

Amino-functionalized SS-AP obtained from non-porous
spherical silica with a particle diameter of 550 nm (standard
deviation 4.4%) by grafting AP-TMS showed a yield of 7% and
a TON value of 58 (Entry 8). Therefore, the amino groups that
are bound to the surfaces of the particles do possess some activ-
ity; however, due to their low specific surface area, the yield
seems to be extremely low. As the result, it was considered that
most of the catalytic reactions occur inside the pores.

Lin et al. reported on spherical mesoporous silica that incor-
porated AEAEAP (MSN catalyst: specific surface of 805.8 m?/g,
pore volume 0.57 ml/g) [17] and its base catalytic activity [19].
They used p-nitrobenzaldehyde for the reactant and evaluated
the catalytic reaction at 363 K for 20 h. The results showed that
the yield was 93% and the value of TON was 56 (Entry 13). As
a result of the evaluation under the same condition, MS-AP5%
exhibited excellent activity, the yield was 80% and TON was
245 for 1 h (Entry 10). When the reaction time increased to 3 h,
the yield reached to 100% (TON: 306, Entry 11). Surprisingly,
MS-AEAP5% shows 100% yield in spite of the reaction time
of 1h (Entry 12). The MSN catalyst that was synthesized did
not contain radially arrayed mesopores; thus, the diffusion of
the reactants and the products could be limited. On the other
hand, in the case of MMSS particles that have radially arrayed
mesopores, the diffusion of reactants and products occurs easily,
indicating that their use as a catalyst is advantageous.

3.3. Effect of particle diameters on catalytic activity

An evaluation of base catalytic reactions was performed using
AP-modified MMSS which had different particle diameters but
almost the same pore size. The co-condensation ratio of AP-
TMS was always 5 mol%. The results are shown in Table 5. The
results revealed that catalytic activity dependent on the parti-
cle diameters when they are in the range between 490 nm and
780 nm, and that the smaller the diameter, the higher the activity.
This is because most of the surfaces of the particles consist of
mesopores, then the smaller the particle, the greater the num-
ber of pores that are accessible per unit weight. However, the
activity actually decreased for the smallest diameter of particle,
MS-AP5%-310nm. This happened because, with the smaller
diameter, the aggregation of particles becomes a significant fac-

Table 5
Results of nitroaldol reactions of 4-hydroxybenzaldehyde (5mmol) with
nitromethane (10 ml) in the presence of 50 mg MMSS catalyst (363 K, 1 h)

Entry Catalyst Yield (%) TON?
1 MS-AP5%-310 nm 70 137
2 MS-AP5%-310 nm® 80 164
3 MS-AP5%-490 nm 82 167
4 MS-AP5%-680 nm 86 152
5 MS-AP5%-780 nm 75 135
6 MS-AP5%-780 nm® 75 135

? Turnover number = mmol product/mmol organic groups per reaction time.
b Sonication was applied for 1 h before the reaction.
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Fig. 8. Changes in the activity of MMSS catalyst having different particle
diameter in nitroaldolcondensation reaction: (a) MS-AP5%-490 nm, (b) MS-
AP5%-680 nm, and (c) MS-AP5%-780 nm.

tor. Therefore, sonification was performed prior to the reaction
in order to prevent aggregation. As a result, the activity recovers
to the same level as that of MS-AP5%-490 nm. The catalytic
activity of MS-AP5%-780 nm exhibited the same levels with or
without sonification. These results lead to the conclusion that
particles tend to aggregate as their diameters decrease and that
catalytic activity decreases for particles of 310 nm.

In order to investigate what ratio of mesopores were
effectively used for a catalytic reaction, the effectiveness fac-
tor (n) was estimated. We used p-methoxybenzaldehyde as
the reactant to compare the effectiveness factor of this sys-
tem with amino-functionalized MMSS prepared by grafting
method [23]. Fig. 8 shows time course of yields of nitroal-
dol condensation of nitromethane and 4-methoxybenzaldehyde
using MS-AP5%-490 nm, MS-AP5%-680 nm, and MS-AP5%-
780nm as a catalyst. Table 6 summarizes initial rate and TOF
(turnover frequency, min~!) determined from data for 10 min
reaction, and TON (turnover number) determined from data
for 1h reaction for various catalysts. Initial rates determined
from data at the reaction time of 10 min for MS-AP5%-490 nm,
MS-AP5%-680 nm, and MS-AP5%-780 nm were 2.1, 1.9, and

Table 6
Results of nitroaldol condensations of 4-methoxybenzaldehyde with
nitromethane in the presence of catalyst (363 K)

CHO NO
catalyst X 2
—_—
H3CO CH3N02 HSCO

3 4
Catalyst Initial rate Initial TOF TONP
(mmol gc’a{ min~!) (min~ 1) (yield %)
MS-AP5%-490 nm 2.1 43 161 (79)
MS-AP5%-680 nm 1.9 3.4 129 (72)
MS-AP5%-780 nm 1.8 32 115 (63)

# Turnover frequency =mmol product/mmol organic groups during initial
10 min.
b Turnover number = mmol product/mmol organic groups during 1 h.
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1.8 mmol gc_a{ min~!, respectively. From these rates and particle
diameters data, the effectiveness factor of MMSS was evaluated
to be in the range between 0.80 and 0.82. The effective factor of
the amino-functionalized MMSS prepared by grafting method
was 0.63 and it was found that the effective factor of MMSS pre-
pared by co-condensation method (MS-AP samples) increases
greatly. Because both samples have almost the same proper-
ties (except for their preparation methods), it is considered that
the distribution of organic functional group was affected by the
synthesis method. The grafting method is said to be difficult to
incorporate organic functional groups into mesopores homoge-
nously, and leads to higher concentration of organic functional
groups near the pore windows [15]. On the contrary, organic
functional groups were incorporated homogenously into MS-
AP samples prepared by co-condensation method and MS-AP
samples have turned out to be excellent catalysts. Thus, these are
significant and effective materials for use in fundamental studies
of catalytic reactions.

4. Conclusions

The synthesis of amino-functionalized monodispersed meso-
porous silica spheres with ordered hexagonal regularity was
achieved for the first time using co-condensation reactions. TEM
observations revealed that the mesopores were aligned radially
from the center towards the outside of the spheres. By changing
the conditions for the synthesis or adding extra silica source,
amino-functionalized MMSS with almost the same pore size
and different particle diameters were successfully synthesized.
Evaluations of the base catalytic activity of these particles con-
firm their effectiveness in catalysis due to their radially aligned
mesopores. The effectiveness factor of the particles improved
greatly when compared with other types of amino-functionalized
MMSS catalysts prepared by grafting method. Furthermore,
because these materials possess identical particle diameters, they
can be useful as ideal materials for the fundamental study of
catalysis.
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