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One-pot synthesis of Mg containing MCM-41 (Mg-MCM-41) materials was carried out
by a room temperature (RT) method and by a hydrothermal (HT) method and they were
used for aldol condensation of 4-nitrobenzaldehyde and acetone and self-condensation of
acetone. The RT method can prepare MCM-41 materials containing large amounts of Mg
while maintaining the structural characteristics of MCM-41 even at very low Si/Mg ratios
(large Mg loadings), but the HT method cannot. The RT method can also give more active
catalysts than the HT method, because the catalysts prepared by the former method are
more basic than those prepared by the latter one. The characterization results indicate
that Mg atoms in Mg-MCM-41 prepared by the RT method exist as MgO dispersing well
on the wall surface of pores, while those in Mg-MCM-41 prepared by the HT method are
included in the bulk with a smectite-like structure.
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1. Introduction

MCM-41 discovered by the Mobil scientists 2 is the most famous member of

mesoporous silicious materials. It possesses a hexagonally ordered array of uniform pores,

large surface areas, and large pore volumes. The morphology of MCM-41 strongly depends on



the preparation variables such as template type, silica source, relative concentration, pH value,
aging conditions and so on B!, Conventionally, MCM-41 is synthesized by hydrothermal
treatment of a solution containing the silica source and the template at elevated temperatures
around 100-150 °C for a few days. On the other hand, the room-temperature synthesis of
silicious MCM-41 is also possible 7. It is a rapid method under mild conditions consuming

less energy and time than the hydrothermal synthesis.

The diffusion of large molecules inside the mesopores of MCM-41 would be faster
compared with widely used microporous zeolites. Such textural properties of MCM-41 can be
advantageous for its application in catalysis. Despite of this advantage, silicious MCM-41 itself
is usually catalytically low active or inactive because its chemical nature is very similar to that
of amorphous silica and hence it requires functionalization to be used as catalysts. To generate
catalytically active sites, the incorporation of such heteroatoms as Al 8161 v/ [171 T [18=211 "\
[2223] ‘£ 24 and B ) was examined. Among the MCM-41 materials containing heteroatoms,
Al containing ones (AI-MCM-41) have been most extensively studied because of their
importance as solid acid catalysts ™. The incorporation of Al into silica framework can
produce surface silanol groups with enhanced acidic strength and the amount of those acidic
sites can be increased with increasing the amount of Al incorporated; however, the
incorporation of even small amounts of Al into MCM-41 could cause the decreases in the
hexagonally ordered structure, the surface area, and the pore volume "> Such negative
effects of Al incorporation on the textural properties of AI-MCM-41 can be avoided by some

degree with the room-temperature synthesis 22!,

Development of solid base catalysts is still an important issue from both the academic and
industrial viewpoints =34
MCM-41 P37 One of them is the functionalization of MCM-41 with basic metal oxides like

MgO and CaO B¥49 vy et al. ®® reported that, when 20 wt%-MgO was supported on

. There are several ways to prepare solid base catalysts from

Al-MCM-41 by impregnation of Mg acetate followed by calcination, the decreases in the
hexagonally ordered structure, the surface area, and the pore volume were also observed. Such
a decrease in the hexagonally ordered structure did not occur when 10 wt%-MgO was
supported on pure silica MCM-41; however, the surface area and the pore volume were
decreased probably due to the blockade of mesopores 9. Thus, even with the impregnation

method, supporting a large amount of MgO could also show a negative effect on the textural



properties of MCM-41.

Under these circumstances, our group initiated the one-pot room temperature synthesis of
Mg containing MCM-41 (Mg-MCM-41). In the present study, two series of Mg-MCM-41
materials were prepared by a room temperature (RT) method and by a hydrothermal (HT)
method, and differences in their structural and catalytic properties were investigated. It has
been shown that the synthesis of Mg-MCM-41 materials having the characteristic ordered
structure of MCM-41 is possible by the RT method in one-pot even at small Si/Mg ratios (i.e.
large Mg loadings), while the preparation of such Mg-MCM-41 is difficult by the HT synthesis.
Using those Mg-MCM-41 materials, aldol condensation of 4-nitrobenzaldehyde and acetone
and self-condensation of acetone (Scheme 1) were carried out as model base-catalyzed
reactions. It was found that the RT method can give more active catalysts than the
hydrothermal synthesis. The difference in the catalytic activity between the two synthesis
methods was discussed on the basis of the characterization results obtained by several
techniques including X-ray fluorescence, XRD, TEM, N, adsorption, measurement of base

strength, °Si NMR, and UV/Vis spectroscopy.

2. Experimental
2.1. Catalyst preparation

Two series of MCM-41 materials were prepared by a room temperature (RT) method and
by a hydrothermal (HT) method. The RT method was similar to that in the literature %, For the
preparation of pure silica MCM-41, 5 cm® of 28% ammonia aqueous solution, 1.67 g of
hexadecyltrimethylammonium-bromide (CTAB), and 5 cm® tetraethylorthosilicate (TEOS)
were successively added to 500 cm® of distilled water under stirring. Then, the mixture was
further stirred at room temperature for 1 h. The resulting precipitates were collected by
filtration and washed with distilled water until the pH value of water decreased to 7. The solid
materials obtained were dried in an oven at 333 K for 12 h and calcined in air at 573 K for 2 h
and then at 873 K for 6 h. For the calcination, the heating rate was 2 K min™. The sample
obtained is designated as MCM-RT. MCM-41 samples incorporated with Mg and
co-incorporated with Mg and Al were also prepared via the RT method. For the preparation,

required amounts of Mg ethoxide and Al chloride hexahydrate were further added to the



above-mentioned ammonia, CTAB, and TEOS solution. Following procedures were the same
as used in the preparation of MCM-RT. The Si/Mg ratio was changed in a range from 1.5 to 10
(1.5, 2.7, 5, and 10), while the Si/Al ratio was set at 30. These samples are designated as
Mg-MCM-RT and Mg-Al-MCM-RT.

For comparison, corresponding MCM-41 samples were prepared with a HT method
(designated as MCM-HT, Mg-MCM-HT, and Mg-Al-MCM-HT) similar to that in the literature
(18] For the preparation of these samples, to a mixture of 66.8 cm® of distilled water and 4.7
cm® of 28% ammonia aqueous solution, 1.4 g of CTAB was dissolved, and the solution was
stirred at room temperature for 30 min. Then, 5.36 g of TEOS was added dropwise under
stirring over a period of 15 min. For the preparation of Mg-MCM-HT and Mg-Al-MCM-HT,
required amounts of the Mg and Al precursors were further added after the addition of TEOS.
The resulting mixture was kept at room temperature for 12 h under stirring. The mixture was
moved to a 100 cm® Teflon-lined autoclave and heated in an oven at 383 K for 72 h without
stirring. The procedures following the hydrothermal treatment were the same as employed in

the RT synthesis method.

Among the Mg containing MCM-41 samples, the characterization was mostly carried out

for the ones of a Si/Mg ratio of 2.7, corresponding to the MgO loading of 20 wt%.

2.2. Catalyst characterization

The catalyst compositions were determined by X-ray fluorescence using a JEOL
JSX-3100RII spectrometer and they were found to be almost the same with the nominal ones.
X-ray diffraction (XRD) was used to examine the structure of samples. The small- and
large-angle XRD patterns were recorded on a RIGAKU RINT 2200 ULTIMA diffractometer
using Ni filtered CuK, radiation. Transmission electron microscopy (TEM) images were
collected on a JEOL JEM-2000FX microscopy. BET surface area, total pore volume, and pore
size distribution were obtained from N, adsorption—desorption isotherms using a gas sorption
analyzer (YUASA IONICS, NOVA 1000). Before analysis, all the samples were dried at 423 K
for 2 h under vacuum. The pore size distribution was evaluated by the Barret-Joyner-Halenda

method.



The base strength of the samples were examined by using several Hammet indicators of
4-nitrophenol (pKa = 7.1), cresol red (pKa = 8.0), Thymol blue (pKa) = 8.9, phenolphthalein
(pKa = 9.3), and 4-nitroanilline (pKa = 18.4). A certain amount of the sample was dispersed in
an ethanol solution of the indicator for a few minutes. Then, it was checked by naked eyes
whether the sample turned to the deprotonated color of the indicator. By changing the indicator

employed, the base strength of the samples was determined.

The chemical environments of Si atoms were analyzed by #*Si MAS (Magic Angle
Spinning) NMR spectroscopy with and without CP (cross-polarization). All NMR experiments
were performed on a Bruker MSL 400 spectrometer (for details, see Supporting Information).
Diffuse reflectance UV-vis spectra were also measured on a Shimadzu UV-3100PC

spectrometer to examine the state of Mg atoms.

2.3. Catalytic reactions

All reaction runs were carried out in a 100 cm® Teflon-lined autoclave. For the aldol
condensation of 4-nitrobenzaldehyde and acetone, the reactor was charged with 10 cm?® of
acetone, 0.5 mmol of 4-nitrobenzene, and 50 mg of catalyst and purged with N, several times.
Then, the reaction was conducted at 353 K for 7 h under stirring. After the reaction, the mixture
was cooled, separated from the solid catalyst, and analyzed by a gas chromatograph with a
flame ionization detector. The self-condensation of acetone was carried out in the same reactor
with 10 cm® of acetone and 50 mg of the catalyst at 353 K for 2 h. The procedures for this

reaction were the same as for the aldol condensation mentioned above.

3. Results and Discussion
3.1. Textural properties

Fig. 1 represents the pore size distribution curves of several samples. It shows that all the
samples prepared by the RT method contained uniform mesopores around 2.4 nm, which is one
of the structural characteristics of MCM-41, although the curves of Mg-MCM-RT and
Mg-Al-MCM-RT were slightly broader (Fig. 1a). It was also found that there were not large

differences in the surface area among these samples prepared by the RT method (Table 1). The



surface areas of Mg-MCM-RT and Mg-Al-MCM-RT were larger than 80% of that of MCM-RT.
In contrast to the RT method, the pore size distribution curves of the samples prepared by the
HT method were distinctly changed by the incorporation of Mg. Compared to MCM-HT, the
intensities of the peaks at 2.4 nm in the distribution curves of Mg-MCM-HT and
Mg-AlI-MCM-HT were much weaker (Fig. 1b), revealing the collapse of the uniform mesopore
structure by the incorporation of Mg. In addition, the surface areas of Mg-MCM-HT and
Mg-AlI-MCM-HT were also much lower than that of MCM-HT (Table 1). In the pore size
distribution curve of MCM-HT, the peak at 2.4 nm was accompanied by the one at 4 nm. The
latter peak was absent in the distribution curve of MCM-RT and this would probably result
from the coalescence of two adjacent mesopores of 2.4 nm in the diameter. Thus, for the
preparation of MCM-41 material containing Mg, it would be better to employ the RT method

than the HT method from the viewpoint of the pore structure.

Fig. 2 illustrates the small-angle XRD patterns of several samples. In the XRD pattern of
MCM-RT, the typical peaks attributed to the hexagonally ordered structure of mesopore array
were observed at 2.3°, 3.9°, and 4.5°, which were indexed [100], [110], and [200], respectively
(12837 For Mg-MCM-RT and Mg-Al-MCM-RT, the [100] reflection became broader and the
[110] and [200] reflections were not discernible. Those would result from the short-range order
of the mesopore arrays in these samples; however, one can say that the hexagonally ordered
structure would be preserved in them. For the corresponding samples prepared by the HT
method, the [100] reflection was very weak (Mg-MCM-HT) or absent (Mg-Al-MCM-HT). In
conformity with the results of the small-angle XRD measurements, the hexagonally ordered
array could be observed in the TEM image of Mg-AI-MCM-RT, but not in that of
Mg-Al-MCM-HT (Fig. 3). Thus, the order of mesopore array in the Mg containing sample also

depended on the preparation method used.

As already described, the hexagonally ordered array of uniform mesopores, large surface
areas, and large pore volumes are structural characteristics of MCM-41 materials. The
above-mentioned results of N, adsorption and XRD measurements reveal that the RT method
can prepare MCM-41 materials containing large amounts of Mg while maintaining those
structural characteristics, but this is very difficult by the HT method. The Si/Mg ratio of the
Mg-MCM-RT sample in Table 1 and Figs. 1 and 2 was 2.7. It should be noted that this ratio
corresponds to the Mg loading of 20 wt% in MgO. Even by the impregnation method, loading



such a large amount of Mg was difficult because of the collapse of the hexagonally ordered
structure and/or the blockage of mesopores 8. To examine the further extension of the RT
method, it was applied to prepare an Mg-MCM-RT sample of a smaller Si/Mg ratio of 1.5,
which corresponds to 40 wt% in MgO. Even at this low ratio, the sample still had a large
surface area of 865 m?/g and showed the characteristic peaks in its pore size distribution curve
and small-angle XRD pattern (Fig. S1), although the peak intensities were slightly weaker
compared to the sample of the Si/Mg ratio of 2.7. Thus, the RT method is excellent for the
preparation of Mg incorporated MCM-41.

3.2. Catalytic Performance

As the model reaction, the aldol condensation of 4-nitrobenzaldehyde and acetone
producing 4-hydroxy-4-(4-nitrophenyl)-butan-2-one and 4-(4-nitrophenyl)-3-buten-2-one was
carried out using the catalysts containing various amounts of Mg. For this reaction, MCM-RT
and MCM-HT were inactive and the catalytic activity was emerged by incorporating Mg. In
Fig. 4, the conversion of 4-nitrobenzaldehyde is plotted against the amount of Mg incorporated.
It is shown that both the catalytic activities of Mg-MCM-RT and Mg-Al-MCM-RT were
enhanced with increasing the amount of Mg incorporated, while the activities of Mg-MCM-HT
and Mg-Al-MCM-HT were not changed so much by increasing the Mg incorporation.
Consequently, the catalysts prepared by the HT method exhibited much lower activity than
those prepared by the RT method at high Mg loadings.

In Fig. 4, it is also seen that there is practically no difference in the activity between
Mg-MCM-RT and Mg-Al-MCM-RT and the activity of Mg-Al-MCM-HT is lower than that of
Mg-MCM-HT. These findings reveal that the Al incorporation into MCM-RT and -HT has no
or negative effect on the catalytic activity. In the literature “'~* it has been reported that
synergistic effect can be observed for the aldol condensation reaction over acid-base

bifunctional solid catalysts. Such synergistic effect was absent in the present catalyst system.

As shown in Fig. 1, the mesopore volumes of Mg-MCM-HT and Mg-Al-MCM-HT were
much smaller than those of Mg-MCM-RT and Mg-Al-MCM-RT. Over Mg-MCM-HT and
Mg-Al-MCM-HT, therefore, the reaction would mostly proceed inside their micropores, which

might limit the reaction by the diffusion resistance of the relatively large molecule of



4-nitrobenzaldehyde. To examine this possibility, the self-condensation of acetone was carried
out, because this reaction was considered to be less affected by the diffusion in the micropores.
As shown in Fig. 5, Mg-MCM-RT was again found to be much more active than Mg-MCM-HT.

So, the difference in the activity was caused by other reasons than the pore structure.

3.3. Chemical properties

To elucidate the reason for the difference in the catalytic activity by the preparation
method, further characterization of the catalysts were conducted. The base strength of the
catalysts was determined by using several pH indicators. Mg-MCM-RT (Si/Mg = 2.7) was
colored by phenolphthalein (pKa = 9.3) to its deprotonated color. In contrast, Mg-MCM-HT
(Si/Mg = 2.7) was not colored by either phenolphthalein or cresol red (pKa = 8.0), but colored
by 4-nitrophenol (pKa = 7.1). With the other Mg-MCM-RT and Mg-MCM-HT samples of
different Si/Mg ratios, the same results were obtained, revealing that the base strength did not
depend on the Si/Mg ratio. Thus, the basicity of Mg-MCM-RT is stronger than Mg-MCM-HT,
resulting in the higher activity of Mg-MCM-RT as observed.

The quantification of those basic sites was examined by an acid-base titration.
Unfortunately, however, it was unable because Mg species in the samples were easily dissolved

into the acid solution.

Fig. 6 represents the large-angle XRD patterns of Mg-MCM-RT and of Mg-MCM-HT at a
few different Si/Mg ratios. In the XRD patterns of Mg-MCM-RT at Si/Mg ratios of 2.7 and 1.5,
two peaks assigned to MgO were observed at 42° and 62° along with a broad one of amorphous
silica around 24°. In the XRD patterns of Mg-MCM-HT at the same Si/Mg ratios, the peaks of
MgO could not be seen. Instead, three weak peaks were observed at 20°, 35°, and 60°. Those
peaks were ascribable to Mg containing smectite (Mg-smectite) 1*). Thus, the chemical states
of Mg species are different between Mg-MCM-RT and Mg-MCM-HT at least at low Si/Mg
ratios (high Mg loadings). Probably, the MgO-like and Mg-smectite-like species could exist in
Mg-MCM-RT and Mg-MCM-HT, respectively, even at higher Si/Mg ratios (lower Mg
loadings), although they could not be identified by XRD.

Diffuse reflectance UV-vis spectra of Mg-MCM-RT and of Mg-MCM-HT are represented



in Fig. 7. Both catalysts showed the absorption bands at 250 and 273 nm, which could be

4451 and of Mg-O pairs involving

assigned to the absorption bands of Mg-O-Si species !
3-coordinated O ions 18! respectively. The former band was predominant in the spectrum

of Mg-MCM-RT, while it was weaker than the latter one in the spectrum of Mg-MCM-HT.

The presence of Mg-O-Si species was also identified by °Si MAS NMR. Fig. 8 illustrates
29%Si MAS NMR spectra of Mg-MCM-RT and Mg-MCM-HT. In the spectrum of Mg-MCM-RT,
two signals at =110 and —100 ppm and a broad signal around —80 ppm were observed. The
signals at =110 and —100 ppm would arise from Si atoms with four siloxane bonds and from
those with three siloxane bonds and a hydroxyl group, respectively “"*° The broad signal

s 517331 The structure of Mg

around —80 ppm could be assigned to Si atoms in Mg-O-Si group
species corresponding to this signal will be discussed later. In the spectrum of Mg-MCM-HT,
two additional strong signals around —98 and —92 were observed. These could be related to the
formation of Mg-smectite like species whose formation was detected by the large-angle XRD
measurements (Fig. 6), because these two peaks were absent in the spectrum of MCM-HT (Fig.
S2) and several magnesium silicate minerals and silica supported MgO catalysts could show
resonance peaks in a region between —78 and —98 ppm “7*'*1, Surface sensitive ?°Si CP MAS
NMR spectra of Mg-MCM-RT and Mg-MCM-HT were also measured (Fig. 9). Comparison of
Figs. 8 and 9 clearly showed that the intensity of the signal around —80 ppm was enhanced in
the CP spectrum of Mg-MCM-RT. Such enhancement was not observed for any signal for
Mg-MCM-HT. These results reveal that Mg species involved in Mg-MCM-RT are located on
the surface of silica [50]. Reversely, the absence of the enhancement in the signal intensity for

Mg-MCM-HT suggests that most Mg species exist in the bulk of the catalyst.

On the basis of the results of large-angle XRD, UV-vis spectroscopy, and MAS NMR
spectroscopy, further discussion was made on the structure of Mg species involved in the
catalysts. As shown in Fig. 6, the XRD patterns of Mg-MCM-RT showed the presence of MgO
over the catalysts. Because the peak intensity of MgO was weak, MgO would probably be
finely dispersed on the silica surface. On the other hand, the UV-vis and MAS NMR
measurements for Mg-MCM-RT detected Mg-O-Si species and those species were found to
locate on the silica surface. The NMR signal around —80 ppm was previously assigned to
amorphous magnesium silicate of Mg,SiO4, which was proposed to be formed as an

intermediate during the heat treatment of chrysotile Y. Taking account of the XRD results,



however, the formation of such compound for Mg-MCM-RT was unlikely. Similar NMR
signals were reported in the literature for MgO catalysts supported on silica or MCM-41and for
a milled mixture of Mg(OH), and silica "*%!. Thus, one can conclude that Mg atoms involved
in Mg-MCM-RT exist as MgO that is finely dispersed on the surface inside the pores (Scheme
2a). Those MgO species would strongly interact with the surface consisting of silica, resulting
in the formation of Mg-O-Si bonds. For Mg-MCM-HT, the XRD measurement showed the
formation of Mg-smectite like species (Fig. 6). Smectite is one of the layered clay minerals in
which one layer consists of one octahedral sheet sandwiched by two tetrahedral sheets. The
octahedral sheet contains divalent cations like Mg** surrounded by four oxygen atoms and the
tetrahedral sheet contains Si** cations surrounded by six oxygen atoms. Mg-smectite can be
synthesized from co-precipitates produced from MgCl, and water-glass by hydrothermal
treatments under certain conditions without using any template “>**. When an un-calcined
Mg-MCM-RT sample was hydrothermally treated as for the HT method and then calcined, the
resulting sample showed the three XRD peaks of Mg-smectite. So, it is highly probable that
Mg-smectite like species are also formed in the course of the hydrothermal treatment for the
HT method and an appreciable fraction of Mg atoms is included in the bulk with the
smectite-like structure (Scheme 2b). Of course, the formation of MgO species dispersing on the
pore surface, which are supposed to exist on Mg-MCM-RT, cannot completely be excluded for
Mg-MCM-HT. But the amount of such MgO species over Mg-MCM-HT would be small, as
suggested by the NMR results. Thus, the state of Mg atoms is different by the preparation

method.

Angelici et al. [48] prepared silica supported MgO catalysts by either kneading or
co-precipitation and found that the catalysts prepared by the former was stronger base than the
ones prepared by the latter. They described that an intimate contact between the two
components is significant for the basicity, but full mixing of them is not. The situation is
similar for the present catalyst system. As mentioned above, the base strength of the catalyst
was different by the preparation method. This can be explained by the difference in the
chemical state of Mg atoms. In the Mg-smectite structure, the chemical nature of Mg atoms in
the tetrahedral sheet would be different from that of bulk MgO because of the 2-dimentional
structure. Furthermore, even if those Mg atoms have the catalytic activity as base, it would be
hindered by the octahedral sheets sandwiching the tetrahedral sheet. Consequently, the basicity
of Mg-smectite is weak as previously revealed by CO, temperature programmed desorption

experiments 4. Therefore, Mg atoms in Mg-MCM-HT would show weak basicity. On the

10



other hand, Mg atoms in Mg-MCM-RT exist as MgO dispersing on the wall surface of pores
and hence its basicity would be similar to that of bulk MgO. Thus, Mg-MCM-RT is stronger
base than Mg-MCM-HT.

As shown in Fig. 4, Mg-Al-MCM-RT and Mg-Al-MCM-HT did not show the synergistic
effect observed by other authors for the aldol condensation reactions over acid-base

(#1744 There was practically no difference in the activity between

bifunctional solid catalysts
Mg-MCM-RT and Mg-Al-MCM-RT and the activity of Mg-Al-MCM-HT was lower than that
of Mg-MCM-HT. As discussed above, Mg atoms involved in Mg-MCM-RT are supposed to
exist as MgO that is finely dispersed on the surface inside the pores (Scheme 2a), while those
in Mg-MCM-HT are supposed to be included in the bulk with the smectite-like structure
(Scheme 2b). Because the Si/Al ratio was set at a high value of 30 (i.e. the Al loading was low)
for Mg-AI-MCM-RT and Mg-Al-MCM-HT, the state of Mg atoms would not be largely
affected by the co-incorporation of Al atoms. Al atoms incorporated into the silica framework
produce acid sites on its surface **%2% Over Mg-Al-MCM-RT, however, those acid sites
would be covered by MgO species that are finely dispersed on the surface, resulting in the
absence of the synergistic effect with this catalyst. The octahedral sheet in the structure of
smectite, which is supposed to be formed in the bulk of Mg-AI-MCM-HT, can contain not only
divalent Mg cations but also trivalent Al cations [“*). Al atoms co-exiting in the same sheet
structure might lower the basic properties of Mg species, causing the lower catalytic activity of
Mg-Al-MCM-HT than Mg-MCM-HT.

The preset study has shown that the RT method is excellent for the preparation of superior
Mg containing MCM-41 materials. It may also be applicable for the effective incorporation of

other hetero atoms into MCM-41. Such study will be reported in future.

4. Conclusions

In the present study, one-pot synthesis of Mg containing MCM-41materials was carried
out by the RT method and by the HT method, and the differences in their structural and
catalytic properties were investigated. Mg-MCM-RT and Mg-Al-MCM-RT have the ordered

mesopore structure, large surface areas, and large pore volumes even at a low Si/Mg ratio of

11



2.7, which correspond to Mg loadings to 20 and 40 wt% as MgO. At such a low Si/Mg ratio of
2.7, Mg-MCM-HT and Mg-Al-MCM-HT have less or no ordered mesopore structure and their
surface areas and total pore volumes are much smaller. The Hammet indicator experiments
showed that the base strength do not depend on the Si/Mg ratio and the basicity of
Mg-MCM-RT is stronger than Mg-MCM-HT. These resulted in the higher catalytic activity of
Mg-MCM-RT than Mg-MCM-HT as observed for the two model aldol condensation reactions
employed. On the basis of the characterization results obtained by XRD, ?°Si MAS NMR, and
UV/Vis spectroscopy, it has been concluded that Mg atoms in Mg-MCM-RT exist as MgO well
dispersing on the wall surface of pores, while those in Mg-MCM-HT are included in the bulk
with a smectite-like structure. Such a structural difference may result in the distinction of the

base strength.
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Figure and table captions

Table 1 Textural properties of MCM-41 materials prepared

Scheme 1. (a) Aldol condensation of nitrobenzaldehyde and acetone and (b) self-condensation
of acetone.

Scheme 2. States of Mg atoms in (a) Mg-MCM-RT and (b) Mg-MCM-HT.

Fig. 1. Pore size distribution curves of some selected MCM-41 samples prepared by the RT
method and by the HT method. The Si/Mg ratio was 2.7 for all Mg containing samples and the
Si/Al ratio was 30 for all Al containing samples.

Fig. 2. Small-angle XRD patterns of some selected MCM-41 samples prepared (a) by the RT
method and (b) by the HT method. The Si/Mg ratio was 2.7 for all Mg containing samples and
the Si/Al ratio was 30 for all Al containing samples. The patterns were moved vertically for
clarity.

Fig. 3. TEM images of Mg-AlI-MCM-RT and Mg-Al-MCM-HT. For both the samples, the
Si/Mg and Si/Al ratios were 2.7 and 30, respectively.

Fig. 4. Effects of the Mg loading and the preparation method on the catalytic activity of Mg
incorporated MCM-41 for the aldol condensation of 4-nitrobenzaldehyde and acetone. (o)
Mg-MCM-RT, (e) Mg-Al-MCM-RT, (o) Mg-MCM-HT, (m) Mg-Al-MCM-HT. Reaction
conditions: 4-nitrobenzaldehyde 0.5 mmol, acetone 10 mL, catalyst 50 mg, 353 K, 7 h.

Fig. 5. Comparison between (o) Mg-MCM-RT and (o) Mg-MCM-HT in the catalytic activity
for the self-condensation of acetone. Reaction conditions: acetone 10 mL, catalyst 50 mg, 353
K, 2 h.

Fig. 6. Large-angle XRD patterns of Mg-MCM-RT and Mg-MCM-HT. Numbers in the figure
represent the Si/Mg ratios in the samples examined. The patterns were moved vertically for
clarity.

Fig. 7. Diffuse reflectance UV-vis spectra of (a) Mg-MCM-RT and (b) Mg-MCM-HT. Si/Mg
ratio was 2.7 for both samples.

Fig. 8. 2°Si MAS NMR spectra of (a) Mg-MCM-RT and (b) Mg-MCM-HT. Si/Mg ratio was 2.7
for both samples.

Fig. 9. °Si CP MAS NMR spectra (a) of Mg-MCM-RT and (b) Mg-MCM-HT. Si/Mg ratio was
2.7 for both samples.
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Table list:

Table 1 Textural properties of MCM-41 materials prepared

Sample SBET Vpore
(m*/g) (cm®/g)
MCM-RT 1045 1.52
Mg-MCM-RT? 883 1.22
Mg-Al-MCM-RT®° 852 1.53
MCM-HT 872 0.87
Mg-MCM-HT? 556 0.92
Mg-Al-MCM-HT?*® 483 1.02

2Si/Mg = 2.7, " Si/Al = 30
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Fig. 3.

(8) Mg-AI-MCM-RT

(b) Mg-Al-MCM-HT

20



Fig. 4.

Fig. 5.

Si/Mg (-)

10 5 2.7 15
100 1 1 1 1
80
. o)
S 0 Mg-MCM-RT
Z 60 ® Mg-AIMCM-RT
9 ® 0 Mg-MCM-HT
wn
E 40 () B Mg-A-MCM-HT
S O
O | S mmmmmmm e h
© 20} /° O
- --3m-
0 1 1 1 1 1
2 4 6 8 10
Mg loading (mmol/g)
.20
'.' | 0
- & Mg-MCM-RT
o O Mg-MCM-HT
= L
E L
o 10F
© L Q
[ - -
o o
= L
m
b L
£ 0 Iy M. !
0 2 4 6 8 10

Mg loading (mmol/g)

21




%)
o
&}
o=,
= 4
% w
b=
= 2 » 5
o 2.7
g #]
a 15
0 R ) -
o 20 40 60 BO
20 (degree)
Fig. 6.
| ] 0.1
WA
T |V (a)
3 oA
(T
ll\ -
s w
| | | | |
200 300 400 500
Wavelength (nm)
Fig. 7.



Signal intensity (a. u.)

Signal intensity (a. u.)

Fig. 8.

Fig. 9.

(a) “
1
|
| | | | | | |
-50 -100 150
(D)
-50 =100 -150
Chemical shift (ppm)
35
o (a)
=
2
o
=
m
=
k=
o (b)
-50 -100 -150
Chemical shift (ppm)

23



