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bstract

New amino-functionalized monodispersed mesoporous silica spheres (MMSS) were synthesized directly by co-condensation
f 3-aminopropyltrimethoxysilane (AP-TMS), [3-(2-aminoethylamino)propyl]trimethoxysilane (AEAP-TMS) or 3-[2-(2-
minoethylamino)ethylamino]propyltrimethoxysilane (AEAEAP-TMS) with tetramethoxysilane. By changing the methanol ratio or adding
xtra silica source, amino-functionalized MMSS with different particle diameter (310–780 nm) and the same mesopore size were successfully
ynthesized. TEM observations revealed that the mesopores were aligned radially from the center towards the outside of the spheres even in the

mino-functionalized MMSS. The effect of particle diameter on base catalytic activity was investigated using the amino-functionalized MMSS.
n addition, the amino-functionalized MMSS were found to be excellent base catalysts in the nitroaldol condensation reactions. The effectiveness
actor 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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. Introduction

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

To broader the applications of mesoporous silica, many
esearchers have focused on the syntheses of organic–inorganic
ybrid materials by incorporating organic functional groups
nto mesoporous silica [1,2]. In particular, mesoporous silicas
hat have been modified by amino groups have attracted much
ttention as useful heterogeneous catalysts in these publica-

ions. Recently aminopropyl-functionalized mesoporous silica

aterials were reported to be effective base catalysts for Kno-
venagel condensations [3–6], the aldol condensations [7–9],
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ichael additions [6,7,10], epoxidation reactions [11], and
laisen–Schmidt condensations [12]. Furthermore, the devel-
pment of biomimetic catalysts, in which a metal complex is
ormed by binding an amino acid to an amino group in meso-
orous silica, has been reported [13].

Postsynthesis grafting and co-condensation are general mod-
fication methods that have been utilized to attach organic
roups to silica surface via the formation of covalent bonds.
rafting can be used to incorporate organic functional groups

fter the particles are formed. This typically involves reactions
etween hydroxyl groups on the surfaces of the mesopores and
silane compound. The technique has been widely utilized,

nd has various merits. The structure of the mesoporous silica
articles can be maintained, a wide range of functional groups
an be used, and high hydrothermal stability can be achieved
14]. However, it has been noted that the uniform dispersion
f organic functional groups is difficult, and the grafting leads
o the condensation of organic functional groups near the pore

indows causing “pore blocking” [15]. On the other hand, the

o-condensation method has a tendency to decrease the degree
f mesoporosity as a result of the incorporation of functional
roups. Nevertheless, it is still possible to homogenously incor-
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orate organic functional groups onto the surface of mesopores
15].

In previous studies into the synthesis of MCM-41 meso-
orous silica, attempts to control the morphology of the
articles were made for MCM-41 type materials that
ad been organically functionalized by the co-condensation
ethod. Mann et al. reported that, by changing the

rganoalkoxysilane or its concentration, spherical, tube-like,
od-like and filament-shaped particles could be obtained.
or instance, when 3-aminopropyltrimethoxysilane was used,
blate ellipsoidal particles were obtained [16]. Furthermore,
in et al. carried out synthesis using lower concentra-

ions of surfactants and rod-shaped particles were obtained
ith 3-aminopropyltrimethoxysilane and N-(2-aminoethly)-
-aminopropyltriethoxysilane, while spherical particles were
btained when 3-[2-(2-aminoethylamino)ethylamino]propyltri-
ethoxysilane was used [17]. In addition, they found that these

pherical particles exhibited some selectivity in base catalysis
hen secondary organic functional groups were incorporated

18,19].
However, these spherical mesoporous silicas were found to

eature lower monodispersity and the array-direction of the
esopores was irregular.
In our laboratory we have succeeded in the synthesis

f hexagonally ordered and well-defined highly monodis-
ersed mesoporous silica spheres (hereafter abbreviated as
MSS) from tetramethoxysilane (TMOS) and n-alkyltrimethyl-

mmonium halide (CnTMAX, X = Cl, Br) [20–22]. By changing
he surfactant that is used for the template and also the syn-
hetic conditions, the particle diameters and the pore sizes
f MMSS can be controlled flexibly. For fundamental stud-
es of catalytic reactions, the diameters of the particles should
e monodispersed. We have been studied the effect of pore
ize on base catalysis using amino-functionalized MMSS by
rafting method. It was found for the first time that the reac-
ion mostly proceeded inside the radially aligned mesopores
the effective factor: 0.63) and that the optimum pore size
or amino-functionalized MMSS was affected by changing
he type and the number of the substituent groups on the
eactants. In addition, amino-functionalized MMSS was found
o be an excellent catalyst due to the radial alignment of
he mesopores compared to the other types of mesoporous
ilica [23].

In this study, we attempted to synthesize functionalized
MSS using a co-condensation method to incorporate various

mino groups. Compared with the grafting method, it can be
xpected that the distribution of amino groups becomes homoge-
ously and the catalytic activity improves.

As a result, we have succeeded in obtaining amino-
unctionalized monodispersed spherical particles that contain
adially aligned mesopores. We also confirmed that they show
igh base catalytic activities. By controlling the conditions used
or the syntheses, MMSS particles of different sizes but with the

ame diameter of pores were synthesized.

It was found that the effectiveness factor improved
reatly compared with the particle prepared by grafting
ethod.

i
f
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3
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. Experimental

.1. Chemicals and catalyst synthesis

We synthesized amino-functionalized MMSS by using
exadecyltrimethylammonium chloride (C16TMACl) as a
emplate for a co-condensation reaction between tetram-
thoxysilane (TMOS) and organic trimethoxysilane (R-TMS).
hree different types of organic trimethoxysilanes were
sed: 3-aminopropyltrimethoxysilane, (CH3O)3Si(CH2)3NH2
AP-TMS), which contains just one amino group, [3-(2-
minoethylamino)propyl]trimethoxysilane, (CH3O)3Si(CH2)3
HCH2CH2NH2 (AEAP-TMS), which contains two amino
roups, and 3-[2-(2-aminoethylamino)ethylamino]propyltri-
ethoxysilane, (CH3O)3Si(CH2)3NHCH2CH2NHCH2CH2NH2

AEAEAPTMS) which contains three amino groups. 3-Amino-
ropyltrimethoxysilane (AP-TMS), [3-(2-aminoethylamino)
ropyl]trimethoxysilane (AEAP-TMS), and 3-[2-(2-amino-
thylamino)ethylamino] propyltrimethoxysilane (AEAEAP-
MS) were purchased from Aldrich. Hexadecyltrimethy-

ammonium chloride (C16TMACl) and tetramethoxysilane
TMOS) were purchased from Tokyo Kasei. Monodispersed
ilica spheres (500 nm in diameter) were purchased from
ippon Shokubai Co., Ltd. All of the chemicals were used

s-received. Hereinafter in this paper, we abbreviate the
ynthesized materials as MS-XY (where X is AP, AEAP or
EAEAP, and Y is 5%, 10% or 20%). X denotes the type
f organic alkoxysilane that was used and Y denotes the
olar ratio of R-TMS in the total silane monomer used in

he co-condensation reaction. The co-condensation ratio (Y) is
xpressed as R-TMS/(TMOS + R-TMS), which was calculated
y the added amount of silanes for the syntheses. In case of
S-AP5% with different particle diameter, we abbreviate the

ynthesized material as MS-AP5%-Z. Z denotes the particle
iameter (310–780 nm).

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

For example, in the case of MS-AP5%, 3.52 g of C16TMACl
nd 2.28 ml of 1 M sodium hydroxide solution were dis-
olved in 800 g of a methanol/water (50/50, w/w) solution
methanol ratio: 0.5). A mixture of 1.25 g (8.24 mmol) of TMOS
nd 0.08 g (0.43 mmol) of AP-TMS (AP-TMS/(TMOS + AP-
MS) = 5 mol%) were then added to the solution with vigorous
tirring at 298 K. After the addition of the TMOS and the AP-
MS, the clear solution suddenly turned opaque and resulted in
white precipitate.

In the case of MS-AP5%-680 nm, the same amount of
MOS/AP-TMS mixture was again added to the solution
.5 h later. After 8 h of continuous stirring, the mixture
as aged overnight. The white powder was then filtered

nd washed three times with distilled water, after which
t was dried at 318 K for 72 h. The powder that was
btained was heated in 60 ml of ethanol solution contain-

ng 1 ml of concentrated hydrochloric acid (0.6 ml) at 333 K
or 3 h to remove the templates. Then, the powder was
ltered, washed several times with ethanol, and dried at
18 K.
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The incorporation of an AP group into spherical silica that did
ot have mesopores was processed as follows: 1 g of monodis-
ersed silica spheres were added to a mixture of 20 ml of
ehydrated toluene and 0.2 g of AP-TMS, and the solution
as then refluxed for 15 h at 363 K. The product was dried
vernight at 318 K after filtration. The spherical silica on which
3-aminopropyl group was covalently attached (SS-AP) was

btained.

.2. Sample characterization

Powder X-ray diffraction measurements were carried out
ith a Rigaku Rint-2200 X-ray diffractometer using Cu-K�

adiation. Scanning electron micrographs (SEMs) were obtained
ith a SIGMA-V (Akashi Seisakusho). The surfaces of the

amples were coated with gold before the measurements. The
verage particle diameter was calculated from the diameters
f 50 particles in an SEM picture. The standard deviation
as also calculated, from which the particle diameter dis-

ribution was judged. The nitrogen adsorption isotherm was
easured using a Belsorp-mini II (BEL Japan) at 77 K. The

ample was evacuated at 373 K under 10−3 mmHg before mea-
urement. The pore diameter was calculated by using the
arrett–Joyner–Halenda (BJH) method. By considering the lin-
arity of a Brunauer–Emmett–Teller (BET) plot, the specific
urface area was calculated using adsorption data in the P/P0
ange from 0.05 to 0.13. Transmission electron micrographs
ere obtained using a JEOL-200CX TEM at an acceleration
oltage of 200 kV. 29Si magic-angle-spinning (MAS) nuclear
agnetic resonance (NMR) and 13C cross-polarization (CP)
MR analyses were carried out on a Bruker AVANCE 400 spec-

rometer at 79.49 MHz for 29Si and at 100.61 MHz for 13C. The
9Si MAS NMR spectra were measured at 60 s repetition delay
nd 3 �s pulse width. The 13C CP-MAS NMR spectra were
easured with a repetition delay of 2 s, 2 ms contact time, and

.8 �s 1H 90◦ pulse. The chemical shifts for 29Si and 13C NMR
ere referenced to tetramethylsilane and glycine, respectively.
or both measurements, the spinning rate was 5 kHz. N elemen-

al analyses (EA) were carried out on an Elementer varioEL
lemental analyzer.

.3. Catalytic reactions

Before the reaction, the amino-functionalized materials were
reated with an ammonia solution to remove any residual Cl−
ons and to neutralize the protonated amines in the sample [24].
.35 g of the modified sample was suspended in 20 ml of a
ethanol solution containing 1 ml of ammonia solution (28%) at

oom temperature for 8 h. The solid was recovered by filtration,
ashed with ethanol, and finally dried in a vacuum at 423 K for
2 h.

The reactions were carried out in a round-bottomed flask
quipped with a reflux condenser and were stirred magnetically.

he nitroaldol condensation was typically carried out as follows:
reaction mixture consisting of 50 mg of the catalyst, 0.61 g

5.0 mmol) of p-hydroxybenzaldehyde in 10 ml of nitromethane,
as heated at 363 K with constant stirring for 1 h. The mixture

i
w
m
t
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as filtered and the catalyst was washed thoroughly with chlo-
oform. The filtrate was evaporated under reduced pressure. The
olid that was obtained was dissolved completely in a sufficient
mount of acetone-d6. An internal standard, THF (≈10 mmol),
as added into the acetone-d6 solution. The product was ana-

yzed by studying its 1H NMR spectra on a JEOL JNM-LA500
MR spectrometer [23].
In case when p-methoxybenzaldehyde was used as a reac-

ant, the reaction was monitored periodically by withdrawing
n aliquot of solution from the solution in order to determine
reaction rate. The samples were filtered and analyzed by gas

hromatograph (Agilent, 6890) provided with a 30 m capillary
olumn of DB-1, using decane as an internal standard for mass
alance. These products were characterized by MS (Agilent,
890-5973) provided with a 30 m capillary column of DB-5MS.

. Results and discussion

.1. Synthesis of amino-functionalized MMSS

The morphology of the amino-functionalized mesoporous
ilica was observed using an SEM. SEM images are shown in
ig. 1. Table 1 presents the precipitation times of the particles
time precipitates appear after the addition of silica source),
heir average diameters and standard deviations as obtained
rom the SEM images. We consider particles with a standard
eviation of below 10% to be monodispersed. Although the
egree of monodispersity decreased with increasing number of
mino groups in the molecule, monodispersed silica spheres
ere obtained for AP-TMS or AEAP-TMS with less than 10% of

mine silica source added, or for AEAEAP-TMS with less than
%. The reason for the decrease in monodispersity with increas-
ng number of amino moieties was assumed to be because the
niformity of the reaction decreased due to the promoted con-
ensation of silanol groups rather than the increased basicity
f the reaction solution. The average diameters of the particles
hat were obtained were about 500–600 nm. The diameter of the
articles decreased with increasing the amount of amino groups.

The degree of mesoporosity in the obtained silica was
valuated by powder XRD analysis. Fig. 2 shows the XRD pat-
erns of samples synthesized under different AP-TMS ratios.
rom the lowered peak intensity, it was deduced that the
egree of mesoporosity had decreased with increasing AP-TMS
o-condensation ratio, although d1 0 0 peaks corresponding to
exagonal arrays of mesopores were observed for all of the par-
icles. The decrease is due to the destruction of the regularity
f arrays of micelles by the amino groups. A similar tendency
as reported for MCM-41 [25] and SBA-15 [6], in which the AP
roups were modified. In the case of MS-AP5%, a slightly higher
eak was observed, indicating a higher degree of mesoporosity.
able 2 shows an analysis of samples with standard deviations of

ess than 10% in their XRD patterns, nitrogen adsorption mea-
urements and nitrogen content. The intensity of d1 0 0, which

s an indicator of the degree of mesoporosity, tends to decrease
ith increasing concentration and number of incorporated amino
oieties in the molecule. However, it was confirmed that all of

he 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%, (e) MS-AEAP20%, and (f) MS-AEAEAP20%.
Scale bar represents 1.1 �m.

Table 1
Properties of particles obtained from various silica precursors

Sample R-TMS Ratio of R-TMS (%) Precipitation timea (s) Average diameter (nm) Standard deviation (%)

MS-AP5% AP-TMS 5 145 600 5.3
MS-AP10% AP-TMS 10 140 620 4.9
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
M 150

m
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s
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MSS – –

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

The nitrogen adsorption–desorption isotherms were then
easured and the distributions of the pores were analyzed by the
JH method. Fig. 3 shows the results for samples synthesized
nder different AP-TMS co-condensation ratios. The isotherms
re type IV that is similar to the samples without any organic

unctional groups (MMSS). The pore volume decreased as the
o-condensation ratio of the organic trimethoxysilane increased,
nd for MS-AP20%, almost no nitrogen was adsorbed. The
ther products (MS-AEAP, MS-AEAEAP) that were synthe-

t
I
A
o

able 2
tructural properties of the amino-functionalized MMSS

ample XRD Nitrogen Adsorption

d1 0 0 (nm) Intensity (cps) Pore size (nm)

S-AP5% 3.56 12,600 1.96
S-AP10% 3.69 10,400 1.91
S-AEAP5% 3.63 12,500 1.79
S-AEAP10% 3.52 4,600 1.62
S-AEAEAP5% 3.80 6,600 1.77
MSS 3.53 14,500 2.20

S-AP – – –

a Calculated from the amount used in the synthesis.
520 7.0

ized using different organic silanes showed a similar tendency
Table 2). Among synthesized particles that were formed using
-TMS with the same co-condensation ratio, AP-TMS, which
ossess the smallest organic functional group, showed the largest
ore size, specific surface area, and pore volume. It is considered

hat organic functional groups are incorporated into the pores.
t can be seen from Table 2, MS-AP5%, MS-AP10% and MS-
EAP5% have highly ordered hexagonal regularity (intensity
f d1 0 0 > 10,000) and large pore volumes (>0.4 ml/g).

N content (mmol/g)

SBET (m2/g) Pore volume (ml/g) Theoreticala Experimental

930 0.52 0.77 0.49
790 0.44 1.54 0.68
800 0.42 1.45 0.73
480 0.22 1.90 1.57
650 0.34 2.04 1.27

1090 0.76 – –
4 – – 0.12



228 T.M. Suzuki et al. / Journal of Molecular Catalysis A: Chemical 280 (2008) 224–232

F
M

t
a
f
r
(
t
t
d

Fig. 4. 29Si MAS NMR spectra of amino-functionalized MMSS: (a) MS-
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ig. 2. XRD patterns of the samples obtained from different AP-TMS ratio: (a)
MSS, (b) MS-AP5%, (c) MS-AP10%, and (d) MS-AP20%.

The N contents of the samples were analyzed. Table 2 shows
he measured values as well as calculated values from the
mounts used in the syntheses. When the ratio for the organic
unctional groups in the synthesis (=R-TMS co-condensation
atio) 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

he AEAEAP-TMS group were incorporated. In the case where
he AP-TMS co-condensation ratio increased to 10%, the value
ecreased to 44%.

a
w
t

ig. 3. (A) Nitrogen adsorption–desorption isotherms of (a) MMSS, (b) MS-AP5%
orresponding samples.
P10%, (b) MS-AEAP10%, and (c) MS-AEAEAP5%.

Solid-state NMR analyses of MS-AP10%, MS-AEAP10%,
nd MS-AEAEP5% were performed and their chemical
tructures were investigated. Fig. 4 shows the 29Si MAS
MR spectra. Three clear resonance peaks derived from
n (Qn = Si(OSi)n(OH)4−n, n = 2–4, Q4: δ = −110 ppm, Q3:
= −100 ppm, Q2: δ = −90 ppm) and two peaks derived from
m (Tm = RSi(OSi)m(OH)3−m, m = 1–3, T3: δ = −65 ppm, T2:
= −55 ppm) were observed. The presence of the Tm peaks indi-
ates the introduction of an organic functional moiety into the
ilica skeleton. Due to the small quantity of AEAEP, the peaks
or T3 and T2 were not significant in the MS-AEAP5% if com-
ared with the other samples. Fig. 5 shows the results of 13C CP
AS NMR analysis. All of the samples exhibited peaks derived

rom the C atoms of the combined organically functionalized
roups. Furthermore, a peak derived from the ethoxy group was
lso observed, which indicates a partial esterification of silanol

ith ethanol, the solvent that was used for the extraction of

emplates.

, (c) MS-AP10%, (d) MS-AP20%, and (B) BJH pore size distributions of
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Table 3
Properties of MS-AP5% with various diameter

Sample Methanol
ratio

Amount of Si source
added (10−3 mol)

Average
diameter (nm)

S.D.a

(%)
d1 0 0

(nm)
Pore size
(nm)

SBET

(m2/g)
Pore volume
(ml/g)

N content
(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
MS-AP5%-780 nm 0.5 17.3 780

a Standard deviation.

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.
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Fig. 6. Scanning electron micrographs of various size of MS-AP5%: (a) 310 n
4.7 3.71 2.27 1060 0.77 0.56
3.6 3.62 2.12 1020 0.67 0.55

The syntheses of MS-AP5% particles with different parti-
le diameters were then investigated. The particle diameter was
ontrolled by changing the methanol/water ratio or by adding
xtra silica source with a fixed co-polymerization ratio of 5%.
ig. 6 shows the SEM images and Table 3 shows the prop-
rties of the synthesized silica particles. It was revealed that
he particle diameter can be decreased while retaining their

onodispersity by decreasing the methanol/water ratio during
he synthesis, and that is similar to the samples without any
rganic functional groups [23]. An average diameter of 310 nm
or MS-AP5% was obtained by synthesis using a methanol ratio
f 0.45. This is due to a decrease in the solubility of silica,
eaning that the particles were precipitated more easily. By

dding more of the silica source, particle diameter could be
nlarged [26]. When the amount of added silica was equal to the
riginal amount of silica, the diameter of the obtained monodis-
ersed spherical particles was 680 nm (MS-AP5%-680 nm). On
he contrary, when a twofold amount of silica was added, the
iameter became 780 nm (MS-AP5%-780 nm). These particles,

ith diameters in the range between 310 nm and 780 nm, were

ll confirmed as possessing ordered mesopores and high specific
urface areas of 1000 m2/g by XRD analysis and by nitrogen
bsorption measurements, respectively. Fig. 7 shows a TEM

m, (b) 490 nm, (c) 680 nm, and (d) 780 nm. Scale bar represents 1.1 �m.
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Table 4
Results of nitroaldol reactions of benzaldehyde (5 mmol) with nitromethane
(10 ml) in the presence of 50 mg MMSS catalyst (363 K)

Entry Catalyst X Time (h) Yield (%) TONa

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%b NO2 1 80 245
11 MS-AP5%b NO2 3 100 306
12 MS-AEAP5%b NO2 1 100 205
13 MSN catalyst

(AEAEAP1.0 mmol/g)b,c
NO2 20 93 56

a Turnover number = mmol product/mmol organic groups during reaction
time.
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ig. 7. Transmission electron micrograph of MS-AP5% with particle diameter
f 310 nm.

mage of MS-AP5%-310 nm. Since the previously synthesized
MSS (which consisted of inorganic components alone) had

article diameters of 500 nm, an electron beam could not reach
ts core. Therefore, observation of its internal structure by TEM
as conducted with metals introduced into the pores [21,22] or
y cutting epoxy-resin-embedded MMSS by electron beam [26].
nd it was revealed that hexagonally packed mesopores were

ligned radially from the center to the surface of the MMSS.
owever, direct observation is possible for this size of parti-

les (310 nm). As a result, it was observed that the hexagonal
ores were arrayed in a radial pattern, as was observed for non-
unctionalized MMSS. This was the first direct observation of the
adially aligned mesoporous structure of amino-functionalized
esoporous material.

.2. Evaluation of basic catalytic activity for various MMSS

Various synthesized amino-functionalized MMSS were
valuated for their base catalytic performance by the
itroaldol condensation reaction of nitromethane and p-
ydroxybenzaldehyde. Table 4 shows the results of the catalytic
eactions. For comparison, the experimental results for spher-
cal silica without pores grafted with an aminopropyl moiety
SS-AP) and a similar result that was reported in a literature 19
or non-monodispersed spherical mesoporous silica, in which
EAEP is incorporated (MSN catalyst) are shown. MMSS that

s not amino-functionalized shows no catalytic activity (Entry 9);
owever, amino-functionalized MMSS exhibits excellent cat-
lytic activity. In the case of MS-AP5%, which possesses an

minopropyl group, the yield increased with increasing reac-
ion time. When the reaction time increased from 1 h to 2 h, the
ield increased from 82% to 94%, and the TON (turnover num-
er) improved from 167 to 192 (Entries 2 and 3). Furthermore,

o
(
r
o

b Reaction conditions: 3 mmol of 4-nitrobenzaldehyde, 10 ml of nitromethane,
0 mg catalyst.
c Data are from Ref. [19].

e make a comparison between MS-AP5% and MS-AP10%,
hen MS-AP10% exhibits higher yield (Entries 2 and 4) while

MSS-AP5% shows a value of TON that is 1.3 times higher.
rom this data, it was concluded that an optimum amounts of
mino groups exits for catalytic activity.

Comparative studies of reactions lasting for 1 h revealed that
S-AEAP5%, which contains two amino groups as catalytic

ites in each molecule, shows the highest catalyst activity (TON:
27, Entry 5). However, when this is converted to “activity per
mino-group” within the molecule, the equivalent value of TON
s about 113, meaning that the individual activities of the amino
roups are lower than for the cases of MS-AP5% (Entry 2) and
S-AP10% (Entry 4). Furthermore, MS-AEAP10% exhibited

ignificantly lowered activity, in that the yield was 14% and
ON was 18, even with the increase in the number of amino
roups. This arises because of the decreased pore diameter
from 1.79 to 1.62 nm) with the increased volume of the AEAP
roup; thus, the diffusion rate of the reactant in the mesopores
ecreased.

In addition, MS-AEAEAP5% modified by AEAEAP (which
as three amino groups) exhibited a TON of 142 (Entry 7), which
quates to about 47 per amino group. When comparing Entries
, 5, and 7, it was suggested that, with increasing number of
mino groups in each organosilane, the relative value of TON
ecreases. The reason for this is that due to the incorporation

f bulky molecules, the diffusion of p-hydroxybenzaldehyde
which is a nearby reactant of the reaction site) was inter-
upted. However, because there is a report that the efficiency
f catalytic activity is in the order of primary amine > secondary
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reaction, and TON (turnover number) determined from data
for 1 h 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
T.M. Suzuki et al. / Journal of Molecular

mine > tertiary amine [9], a relative comparison of TON by con-
idering converted values per amino group might not be totally
ppropriate.

Amino-functionalized SS-AP obtained from non-porous
pherical silica with a particle diameter of 550 nm (standard
eviation 4.4%) by grafting AP-TMS showed a yield of 7% and
TON value of 58 (Entry 8). Therefore, the amino groups that

re bound to the surfaces of the particles do possess some activ-
ty; however, due to their low specific surface area, the yield
eems to be extremely low. As the result, it was considered that
ost of the catalytic reactions occur inside the pores.
Lin et al. reported on spherical mesoporous silica that incor-

orated AEAEAP (MSN catalyst: specific surface of 805.8 m2/g,
ore volume 0.57 ml/g) [17] and its base catalytic activity [19].
hey used p-nitrobenzaldehyde for the reactant and evaluated

he catalytic reaction at 363 K for 20 h. The results showed that
he yield was 93% and the value of TON was 56 (Entry 13). As
result of the evaluation under the same condition, MS-AP5%

xhibited excellent activity, the yield was 80% and TON was
45 for 1 h (Entry 10). When the reaction time increased to 3 h,
he yield reached to 100% (TON: 306, Entry 11). Surprisingly,

S-AEAP5% shows 100% yield in spite of the reaction time
f 1 h (Entry 12). The MSN catalyst that was synthesized did
ot contain radially arrayed mesopores; thus, the diffusion of
he reactants and the products could be limited. On the other
and, in the case of MMSS particles that have radially arrayed
esopores, the diffusion of reactants and products occurs easily,

ndicating that their use as a catalyst is advantageous.

.3. Effect of particle diameters on catalytic activity

An evaluation of base catalytic reactions was performed using
P-modified MMSS which had different particle diameters but

lmost the same pore size. The co-condensation ratio of AP-
MS was always 5 mol%. The results are shown in Table 5. The

esults revealed that catalytic activity dependent on the parti-
le diameters when they are in the range between 490 nm and
80 nm, and that the smaller the diameter, the higher the activity.
his is because most of the surfaces of the particles consist of
esopores, then the smaller the particle, the greater the num-
er of pores that are accessible per unit weight. However, the
ctivity actually decreased for the smallest diameter of particle,
S-AP5%-310 nm. This happened because, with the smaller

iameter, the aggregation of particles becomes a significant fac-

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

ntry Catalyst Yield (%) TONa

MS-AP5%-310 nm 70 137
MS-AP5%-310 nmb 80 164
MS-AP5%-490 nm 82 167
MS-AP5%-680 nm 86 152
MS-AP5%-780 nm 75 135
MS-AP5%-780 nmb 75 135

a Turnover number = mmol product/mmol organic groups per reaction time.
b Sonication was applied for 1 h before the reaction.

T
R
n

C

M
M
M

1

ig. 8. Changes in the activity of MMSS catalyst having different particle
iameter in nitroaldolcondensation reaction: (a) MS-AP5%-490 nm, (b) MS-
P5%-680 nm, and (c) MS-AP5%-780 nm.

or. Therefore, sonification was performed prior to the reaction
n order to prevent aggregation. As a result, the activity recovers
o the same level as that of MS-AP5%-490 nm. The catalytic
ctivity of MS-AP5%-780 nm exhibited the same levels with or
ithout sonification. These results lead to the conclusion that
articles tend to aggregate as their diameters decrease and that
atalytic activity decreases for particles of 310 nm.

In order to investigate what ratio of mesopores were
ffectively used for a catalytic reaction, the effectiveness fac-
or (η) was estimated. We used p-methoxybenzaldehyde as
he reactant to compare the effectiveness factor of this sys-
em with amino-functionalized MMSS prepared by grafting

ethod [23]. Fig. 8 shows time course of yields of nitroal-
ol condensation of nitromethane and 4-methoxybenzaldehyde
sing MS-AP5%-490 nm, MS-AP5%-680 nm, and MS-AP5%-
80 nm as a catalyst. Table 6 summarizes initial rate and TOF
turnover frequency, min−1) determined from data for 10 min
able 6
esults of nitroaldol condensations of 4-methoxybenzaldehyde with
itromethane in the presence of catalyst (363 K)

atalyst Initial rate
(mmol g−1

cat min−1)
Initial TOF
(min−1)a

TONb

(yield %)

S-AP5%-490 nm 2.1 4.3 161 (79)
S-AP5%-680 nm 1.9 3.4 129 (72)
S-AP5%-780 nm 1.8 3.2 115 (63)

a Turnover frequency = mmol product/mmol organic groups during initial
0 min.
b Turnover number = mmol product/mmol organic groups during 1 h.
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.8 mmol g−1
cat min−1, respectively. From these rates and particle

iameters data, the effectiveness factor of MMSS was evaluated
o be in the range between 0.80 and 0.82. The effective factor of
he amino-functionalized MMSS prepared by grafting method
as 0.63 and it was found that the effective factor of MMSS pre-
ared by co-condensation method (MS-AP samples) increases
reatly. Because both samples have almost the same proper-
ies (except for their preparation methods), it is considered that
he distribution of organic functional group was affected by the
ynthesis method. The grafting method is said to be difficult to
ncorporate organic functional groups into mesopores homoge-
ously, and leads to higher concentration of organic functional
roups near the pore windows [15]. On the contrary, organic
unctional groups were incorporated homogenously into MS-
P samples prepared by co-condensation method and MS-AP

amples have turned out to be excellent catalysts. Thus, these are
ignificant and effective materials for use in fundamental studies
f catalytic reactions.

. Conclusions

The synthesis of amino-functionalized monodispersed meso-
orous silica spheres with ordered hexagonal regularity was
chieved for the first time using co-condensation reactions. TEM
bservations revealed that the mesopores were aligned radially
rom the center towards the outside of the spheres. By changing
he conditions for the synthesis or adding extra silica source,
mino-functionalized MMSS with almost the same pore size
nd different particle diameters were successfully synthesized.
valuations of the base catalytic activity of these particles con-
rm their effectiveness in catalysis due to their radially aligned
esopores. The effectiveness factor of the particles improved

reatly when compared with other types of amino-functionalized
MSS catalysts prepared by grafting method. Furthermore,

ecause these materials possess identical particle diameters, they
an be useful as ideal materials for the fundamental study of
atalysis.
cknowledgments

The authors thank Dr. Yasutomo Goto for assistance with
MR measurements. The authors also thank Dr. Takao Masuda

[
[

lysis A: Chemical 280 (2008) 224–232

nd Dr. Teruoki Tago of Hokkaido University for fruitful dis-
ussion on the reaction rate of MMSS catalysts.

eferences

[1] A.P. Wight, M.E. Davis, Chem. Rev. 102 (2002) 3589.
[2] F. Hoffmann, M. Cornelius, J. Morell, M. Fröba, Angew. Chem. Int. Ed.
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