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Mesoporous Basic Catalysts

Highly Ordered Mesoporous Silicon Oxynitride
Materials as Base Catalysts**

Yongde Xia and Robert Mokaya*

The discovery of mesoporous silicates by researchers at the
Mobil company a decade ago, was a significant step in
expanding the range of ordered zeolite-type materials beyond
the microporous range and into the mesoporous regime.l!l
However, purely siliceous mesoporous materials have neutral
silica frameworks, which limits their applications in the fields
of catalysis, ion exchange or adsorption. To obtain mesopo-
rous solids with potential for use as catalysts, it is necessary to
introduce heteroatoms and/or organic functional moieties
that have specific active sites, into or onto the silica frame-
work.?! For example when Si in a mesoporous silica frame-
work is substituted by other metal ions, M+, (where M"+ may
be tetravalent, Ti**, V4, Sn*+ or trivalent, AI**, Fe’+, Ga*+)B34
the framework either maintains electroneutrality (for M**) or
acquires an overall negative charge (for M*+) that may be
compensated for by cations (e.g. protons). The M* ion
substituted silica materials may be used as redox catalysts
while M3+ ion substituted materials can function as solid acid
or basic catalysts when protons or alkali/alkaline earth cations
are the charge balancing ions respectively. In both cases the
number and strength of the active sites generated generally
depends on the amount and nature of the heteroatom. An
extensively studied example is that of aluminum-containing
mesoporous silica materials, which have attracted attention
because of their potential application as solid acid catalysts.[*

Although most metal-ion (i.e., cation) substituted meso-
porous silica frameworks can be prepared by direct synthesis
or by post-synthesis grafting methods, it is now thought that
grafted materials are more catalytic active than their directly
prepared analogues because of the higher accessibility of
active sites.’) However, in contrast to the abundance of
research on cation-modified mesoporous silica materials,
there are very few reports on framework “anion-modified”
materials. Anion modified frameworks have been extensively
studied for other classes of materials. For example when
amorphous silica,[) microporous aluminosilicate/alumino-
phosphate,”! or aluminum vanadatel® are treated with ammo-
nia at high temperatures, the oxygen in their framework is
partially displaced by nitrogen or NH, species (to generate
oxynitride frameworks), which have active sites capable of
catalysing base-catalyzed reactions. As a consequence of the
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amorphous nature of the pore walls of mesoporous silica
materials, NH, species can be immobilized/incorporated onto
the surface of mesoporous silica frameworks via high-temper-
ature treatment in the presence of ammonia or nitrogen.[>*]
This affords new types of mesostructured solid base materials
with high surface area and pore volume.

Basic mesoporous materials may be prepared by one of
three other routes;['”! 1) cation exchange with alkali (e.g.,
Nat, K+, Cs*) metal ions, 2) impregnation with basic salts and
3) functionalisation with organic moieties (e.g., amines),
which are basic. These methods, however, suffer from various
disadvantages, such as competition from acidic sites and a low
cation exchange capacity (which limits number of possible
basic sites) for route 1), while route 2) and 3) suffer from
problems with leaching along with structural degradation and
a drastic decrease in textural properties (surface area, pore
volume and pore size).>!%l Herein, we report a synthesis route
to mesoporous base catalysts, which exhibit excellent meso-
structural ordering and considerable catalytic activity. We
present the synthesis of structurally well-ordered anion (NH,
species) modified mesoporous-silica materials and also report
on their catalytic activity for the base catalysed Knoevenagel
condensation reaction. The materials were obtained by
reacting cubic phase mesoporous silica with ammonia (a
process hereinafter referred to as nitridation) at high temper-
ature to obtain nitrogen-containing mesoporous-silica mate-
rials. The high structural ordering of the nitrogen-containing
mesoporous materials reported here benefits from the use of
high-quality sodium-free Si-MCM-48 as the starting mate-
rial.l"l The use of Na-free Si-MCM-48 allowed us to use an
optimised (i.e., relatively high) nitridation temperature—the
presence of sodium ions in mesoporous silicas is known to
have a detrimental effect on thermal/hydrothermal stabil-
ity.'"121 An optimised nitridation temperature preserved the
mesoporous structure from collapse and allowed the ammo-
nia molecules to react efficiently with silanol groups and/or
bridging oxygen on the host Si-MCM-48 material. We show
that NH, species are incorporated onto the N-containing
MCM-48 materials and generate basic sites, which exhibit
considerable catalytic activity for the Knoevenagel conden-
sation reaction. The resulting well-ordered mesoporous oxy-
nitride materials, which have high surface area and pore
volume, are likely to be attractive as alternative basic catalysts
especially for large molecule transformations.

The structural ordering of the parent Si-MCM-48 and
ammonia treated MCM-48 materials was assessed by powder
X-ray diffraction (XRD). As shown in Figure 1, all the XRD
patterns are typical for highly ordered MCM-48 materials
with an intense d spacing (211) diffraction peak and several
well-resolved higher order peaks in the 26 range of 3-6°,
which can be indexed to Ia3d cubic structure.l'l The synthe-
sized and calcined Si-MCM-48 materials have different
dyy, spacing (37.6 A and 35.4 A respectively), which indicates
a 6% contraction of the MCM-48 lattice after calcination.
However, after being subjected to thermal treatment at 900 °C
in a flow of ammonia gas, the resulting N-containing materials
(designated as N-MCM-48A and N-MCM-48B for materials
derived from nitridation of calcined or as-synthesized Si-
MCM-48 respectively) exhibit similar d,;; spacing of about
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Figure 1. Powder XRD patterns of a) as-synthesized Si-MCM-438, b) cal-
cined Si-MCM-48 and nitrided c¢) N-MCM-48A and d) N-MCM-48B
materials.

30.3 A. Noteworthy, when the parent Si-MCM-48 was sub-
jected to heat treatment at 900 °C in air for the same duration
as for the nitridation reaction (i.e., 20 h) it was virtually
destroyed (surface area and pore volume reduced to 62 m?g!
and 0.07 cm®g~! respectively). This implies that an ammonia
atmosphere is an important factor in maintaining structural
ordering during nitridation. Interestingly, the intensity of the
d,y, diffraction peak for both nitrided materials is higher than
that of the respective parent materials as shown in Figure 1.

The nitridation reaction occurs according to the following
schemes

=Si—OH + NH; — =Si-NH, + H,0
and/or

=Si—0-Si= + NH; — =Si—NH-Si= + H,0 or

=Si—NH, + =Si—OH

Given that synthesized mesoporous silica materials have a
higher concentration of silanol groups than their calcined
analogues,?! it is reasonable to expect sample N-MCM-48B,
which was obtained by nitridation of the synthesized Si-
MCM-48, to have a higher NH, density on its surface.
Elemental analysis (see Table 1) confirmed that sample N-
MCM-48B contained 14.7 wt % of N, which corresponded to a
Si:N:O molar ratio of 1:0.65:1.025 while N-MCM-48A
obtained by nitridation of calcined Si-MCM-48 had a
N content of 11.4 wt% which is close to a Si:N:O molar
ratio of 1:0.5:1.25.

The quality and structural ordering of the parent Si-
MCM-48 and N-MCM-48 materials were also evaluated by N,
sorption studies. The N, sorption isotherms of the materials
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Table 1: Elemental composition, d spacing and textural properties of studied MCM-48 materials.
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Both Si-MCM-48 and the N-

MCM-48 materials have a surface

Sample N content  d,;; spac-  Surface area per gram Pore volume per gram Pore k
Wt %) ing [A] [m?g7] [em*g] size [A] area per gram in the range 1200—
y L .
Si-MCM-48 35.4 1247 1.10 34.1 1500 m*g™, which is typical for
N-MCM-48A 114 30.4 1340 0.65 200 highly ordered MCM-48 materi-
N-MCM-488 147 303 1487 0.66 17.8 als.""l However, the N-MCM-48

are presented in Figure 2 and the corresponding textural
properties are summarized in Table 1. Both Si-MCM-48 and
N-MCM-48 exhibit type IV isotherms with a typical capillary
condensation step into uniform pores without hysteresis. This
indicates that both Si-MCM-48 and the N-MCM-48 samples
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Figure 2. Nitrogen sorption isotherms of a) calcined Si-MCM-48 and
nitride, b) N-MCM-48A, and c) N-MCM-48B materials. P/P, is partial
pressure.

have good structural ordering. The capillary condensation
step for Si-MCM-48 is in the relative pressure range 0.25-0.35
while the N-MCM-48 samples exhibit pore filling steps in the
relative pressure range 0.15-0.22, thus indicating that the
high-temperature treatment in ammonia results in a signifi-
cant reduction in pore size. As shown in Table 1 the pore size
of the N-MCM-48 materials is in the super-microporous to
lower mesopore range. The reduction in pore size after
nitridation arises from contraction of the lattice occasioned by
the relatively severe thermal treatment at 900°C. Indeed as
noted above, extended (20 h) calcination at 900°C virtually
destroys the parent Si-MCM-48 material. Pore-wall thicken-
ing after nitridation also contributes to pore size reduction.
The wall thickness of Si-MCM-48 was 11 A compared to
141A and 151A for N-MCM-48A and N-MCM-48B
respectively. However, the structural changes resulting from
the thermal treatment in ammonia are not necessarily at the
expense of pore uniformity or structural ordering as evi-
denced in Figure 1 and Figure 2.
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materials retain only 60% of the
pore volume of the parent Si-
MCM-48 material. This is consis-
tent with the pore size contraction observed. The pore size
contraction is expected to have a much greater effect on the
pore volume than on the surface area, which is observed to
increase slightly after nitridation. We note that a slight
increase in surface area after nitridation has previously been
observed for other types of porous materials."*! The overall
picture that emerges from the textural parameters is that
upon nitridation of well-ordered Si-MCM-48, the resulting N-
MCM-48 materials retain good structural ordering despite a
significant decrease in pore volume and pore size.

The excellent structural ordering of the N-MCM-48
materials was also evidenced by transmission electron micros-
copy (TEM) as shown by the representative TEM image in
Figure 3. Well-ordered pore channels are observed, thus
indicating the excellent ordering of the nitrided materials.
From the TEM micrograph it is possible to estimate a pore

Figure 3. Representative TEM image of nitrided N-MCM-438A.

channel diameter of 2 nm, which is similar to the pore size
obtained from nitrogen sorption studies (Table 1). The
particle morphology of the Si-MCM-48 and N-MCM-48
materials was investigated by scanning electron microscopy
(SEM) and representative SEM images are shown in Figure 4.
The Si-MCM-48 material exhibits well-formed cubic (rhom-
bic dodecahedral) crystal-like particles (Figure 4a) of diam-
eter in the range of 0.5-2 um. The N-MCM-48A material
(Figure 4b) also displays cubic crystal-like particles of diam-
eter in the range 0.5-1 um while the N-MCM-48B sample is
made up of cubic particles, which, in some cases, appear to be
bunched together but with a discernable particle size of 0.5—
2 um as shown in Figure 4c. It is worthwhile to note that the
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Figure 4. Representative SEM images of a) calcined Si-MCM-48 and
nitrided b) N-MCM-48A and c) N-MCM-48B materials.

“bunching” appearance shown in Figure 4c for sample N-
MCM-48B is also observed for the N-MCM-48A and Si-
MCM-48'] and is therefore not a unique feature of sample N-
MCM-48B. The particle morphology is therefore largely
maintained after nitridation. The retention of particle mor-
phology after nitridation has previously been reported for
other types of porous oxides.["¥

Infrared spectroscopy was used to ascertain the presence
of NH or NH, groups on the surface of the nitrided MCM-48
materials. Pure silica MCM-48 (Figure 5a) exhibits very low
absorbance bands from Si—OH v(OH) at 3743 cm~! and
adsorbed water at 3673 cm~! and 1620 cm~! along with several
small peaks attributed to »(CH) and 6(CH) which were also
observed at about 2900 cm~! and 1384 cm™! arising from the
presence of trace amount of surfactant on the sample. The
peaks at 2340 cm~! and 1860 cm™' come from the overtones
and combination bands of lattice vibrations. The main effect
of increasing the evacuation temperature from 100°C to
400°C was the gradual decrease of the intensity of peaks
attributed to adsorbed water. The N-containing MCM-48
sample (N-MCM-48A, Figure 5b) on the other hand displays
several very strong absorbance bands at 3396 cm~! and
3147 cm™!, which are attributed to the stretching NH bands
v(N—H).[7:13] The strong absorbance bands at 1401 cm~! and
1639 cm™! can be assigned to d,(NH,*) of NH; bonded to a
Si—OH hydroxyl group and the presence of adsorbed NH; or/
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Figure 5. IR spectrum of a) calcined Si-MCM-48 and b) nitrided N-MCM-48A
samples evacuated in vacuo at the temperatures shown. A=Absorbance.

and water.>"”l On increasing the evacuation temperature
from 100°C to 400°C, the intensities of absorbance bands
from all the NH, species (including v(NH) from Si—-NH-Si
and Si—NH, at 3396 cm~! and 3147 cm~! and J,(NH,*) from
NH,* at 1401 cm™') decrease gradually. The bands at
3147 cm~! and 1401 cm~! are, however, still observed after
thermal treatment at 400°C in a vacuum, thus indicating that
at least part of the NH, species incorporated into the
mesoporous silica are thermal stable up to 400°C.

The Knoevenagel condensation reaction has been shown
to be a useful probe of the basicity of solids when carried out
with a series of methylene groups of varying pK,, and it has
been used to evaluate the basicity of solid bases such as
amorphous silicon oxynitride, silicon imidonitride or alumi-
nophosphates oxynitride.*%1%171 To explore the catalytic
properties of the MCM-48 silicon oxynitride materials,
Knoevenagel condensation between benzaldehyde and malo-
nonitrile (Scheme 1) was preformed at 60°C under an inert

CN

HO
Base “CN
+ CH/CN), ——=

Scheme 1. Knoevenagel condensation reaction between benzaldehyde
and malononitrile.

+ H,O

atmosphere. The catalytic data is presented in Figure 6. It was
found that whilst pure silica MCM-48 exhibited negligible
catalytic activity, N-MCM-48 materials were active catalysts
for the test reaction. After a 3 h reaction time, both N-MCM-
48A and N-MCM-48B achieved conversions of 78% and
96 % respectively to give 1,1-dicyanophenylethylene with a
selectivity of 100 % . The higher conversion over N-MCM-48B
is consistent with its higher nitrogen content. No Michael
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Figure 6. Conversion as a function of time in the Knoevenagel conden-
sation reaction of malononitrile with benzaldehyde at 60°C in toluene
solution catalyzed by; a) N-MCM-48B, b) N-MCM-48A, c) MgO and
conversion as a function of time d) after removal of the catalyst (N-
MCM-48B) by filtration of the reaction mixture. The reaction had previ-
ously been allowed to proceed for 15 min in the presence of the N-
MCM-48B catalysts during which a conversion of 40% was attained.
t=Reaction time.

addition products, which involve the reaction of malononitrile
with the double bond of the 1,1-dicyanophenylethylene, were
detected under our reaction conditions. The Michael addition
reaction is known to require stronger basic sites or higher
reaction temperatures than Knoevenagel condensation,!!”)
thus suggesting that either there are no strong basic sites on
the surface of N-MCM-48 materials, or that higher temper-
atures are required for Michael addition to occur.'”l The
latter is more likely since we did not observe Michael addition
even for a commercially available MgO catalyst which is
known to have strong basic sites. The absence of Michael
addition at a reaction temperature of 60°C is consistent with
previous results.l'] Noteworthy, the catalytic activities ach-
ieved by the N-MCM-48 materials were higher than that of
the commercially available MgO catalyst (see Figure 6). We
infer that the higher overall conversion on the N-MCM-48
catalysts arises from a higher content of basic site (compared
to MgO). This inference is consistent with the higher surface
area and pore volume per gram of the mesostructured N-
MCM-48 oxynitride materials (1200-1500 m?g~! and ca.
0.65 cm?g~!) compared to 44 m?>g~"' and 0.26 cm®*g~! for the
commercial MgO catalyst.

It is important to note that water is one of the products of
the Knoevenagel condensation reaction and that the N-
MCM-48 oxynitrides would, to some extent, be hydrolytically
sensitive to water. Any hydrolysis of the oxynitrides would
yield ammonia. Furthermore, since the N-MCM-48 materials
were nitrided under a flow of ammonia and given that
ammonia is known to catalyze the Knoevenagel condensation
reaction homogeneously, it was important to verify that the
observed catalytic activity was from the solid N-MCM-48
oxynitride materials and not ammonia. Therefore a control
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experiment was performed as follows; a catalytic reaction was
carried out with N-MCM-48B as catalyst and stopped after
15 min at 40% conversion. The reaction mixture was then
cooled and filtered to remove the solid N-MCM-48B catalyst
after which the catalyst free filtrate was heated to 60°C and
conversion monitored as a function of time. As shown in
Figure 5d, no increase in conversion was observed (i.e., the
composition of the filtrate remained unchanged). This
observation from the control experiment rules out any
contribution to the observed catalytic activity from a homo-
geneously catalyzed reaction of ammonia. We therefore
believel®'®l that the presence of NH, species on the N-
MCM-48 materials is responsible for the observed catalytic
activity.

In summary, we have presented here an attractive route
for the preparation of mesoporous base catalysts that are well
ordered and have a high surface area, pore volume and
catalytic activity. The resulting materials are both truly
mesoporous and, as far as we can tell, entirely basic in
character. They exhibit considerable thermal stability and do
not appear to suffer from leaching (of the basic sites) during
catalysis. The method described herein is not limited to
MCM-48 and may be used to prepare mesoporous oxynitride
materials from other types of mesostructured silicas or metal
substituted silicas. There is also scope, by the nitridation
route, to prepare acid/base mesoporous materials where the
ratio of acidity to basicity is readily controlled. Such highly
ordered novel mesoporous oxynitride or acid/base materials
with high surface area and pore volume are attractive and
may find use as alternative solid catalytic materials.

Experimental Section

High-quality sodium-free Si-MCM-48 was synthesized by using a
method in which cetyltrimethylammonium hydroxide (CTAOH) was
used simultaneously as a structure director and also to control the pH
of the synthesis gel.'l Typically, 2.14 g of fumed silica was added to
30 g of a 10% CTAOH stirring solution. The mole ratio of the gel
mixture of SiO,:CTAOH:H,O was 1:0.28:42. After the reaction
mixture was stirred for 2 h at room temperature, it was transferred to
a teflon-lined autoclave and heated at 135°C for 24 h. The autoclave
was cooled to room temperature and the solid product isolated by
filtration and repeatedly washed with a large amount of distilled
water. After the product was air-dried at room temperature, part of
the dry material was calcined in air at 550°C for 6 h to yield calcined
Si-MCM-48. For nitridation, 0.2 g of calcined or synthesized Si-MCM-
48 was placed in an alumina boat and inserted into a flow-through
tube furnace. Prior to thermal treatment, the tube furnace was purged
by Ar for 30 min, then further purged with NH; for another 30 min.
The NH; flow rate was 100 mL min~!, the temperature of the furnace
was increased at a ramp rate of 5 Kmin~! to 900 °C and maintained for
20 h under the NH; atmosphere. The furnace was then cooled down to
RT and purged again with Ar for 30 min. The nitrided sample
obtained from calcined Si-MCM-48 was designated N-MCM-48A and
that obtained from synthesized Si-MCM-48 was designated N-MCM-
48B.

Powder XRD analysis was performed by using a Philips 1710 powder
diffractometer with Cu K, radiation (40kV, 40 mA). Nitrogen
sorption isotherms and textural properties of the materials were
determined at 77 K by using nitrogen in a conventional volumetric
technique by a Coulter SA3100 sorptometer. Before analysis the
samples were oven dried at 150°C and evacuated for 12 h at 200°C
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under vacuum. The surface area was calculated using the BET
method based on adsorption data in the partial pressure (P/P,) range
0.05-0.2 and total pore volume was determined from the amount of
the nitrogen adsorbed at P/P,~0.99. Elemental analysis was carried
out on the nitrided samples by using a CHNS analyzer (Fishons EA
1108). Infrared spectra were recorded using a Perkin Elmer 2000
FTIR spectrometer on self-supporting sample wafers in a pyrex
vacuum IR cell. Prior to the collection of spectra the samples were
heated in the cell for 2 h at increasing temperature, after which the
spectra were recorded at room temperature. Scanning electron
microscopy (SEM) images were recorded using a JEOL JSM-820
scanning electron microscope. Samples were mounted using a
conductive carbon double-sided sticky tape. A thin (ca. 10 nm)
coating of gold sputter was deposited onto the samples to reduce the
effects of charging. Transmission electron microscopy (TEM) images
were recorded on a JEOL 2000-FX electron microscope operating at
200 kV. Samples for analysis were prepared by spreading them on a
holey carbon film supported on a grid.

The Knoevenagel condensation test reactions were performed under
an inert atmosphere (N,), in a flask that was fitted with a reflux
condenser. The flask containing a mixture of redistilled benzaldehyde
(10 mmol), malononitrile (10 mmol) and 40 mL toluene was
immersed in an oil bath and the reaction mixture was stirred with a
bar magnet. Once the mixture reached the reaction temperature
(60°C), 0.05 g catalyst was added into the flask. Samples of the
reaction mixture were then periodically withdrawn by a filtering
syringe and analyzed by a GC-17A gas chromatography to obtain the
extent of conversion (%) as a function of reaction time.
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