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a b s t r a c t

The compounds 3-aminopropyl-trimethoxysilane (APMS), [3-(2-aminoethylamino)propyl]trimethoxysil-
ane (2APMS) and 3-[2-(2-aminoethylamino)ethylamino]propyl-trimethoxysilane (3APMS) were loaded
by grafting on MCM-41 matrices of various chemical compositions, aluminosilicate (AlMCM-41;
Si/Al = 64) and niobosilicate (NbMCM-41; Si/Nb = 64). The materials prepared were characterized using
XRD, N adsorption/desorption, thermogravimetric analysis, FTIR spectroscopy and elemental analysis.
noevenagel reactions 2

Thermal stability of APMS was found not to depend on the chemical composition of the support. The
higher stability of 2APMS and 3APMS was related to the hydrogen bonding between amine groups and
surface hydroxyls. The models of amine grafted in MCM-41 materials were proposed. Basic activity in
2-propanol dehydrogenation and Knoevenagel reactions was found strongly dependent on the nature
of the support and changed in the following order: APMS/AlMCM-41 > APMS/NbMCM-41. The acidity of

for t
the support is considered

. Introduction

The end of the 20th century has brought increasing interest in
he use of silica materials modified with aminopropyl and/or other
rganic moieties as catalysts [e.g. 1–4] mainly in base-catalysed
eactions. An important drawback of these materials is the lack of
niform and well ordered mesoporosity, which is of significance

n catalysis. Discovery of the M41S family of mesoporous materi-
ls [5] has stimulated research in the area of surfactant-templated,
eriodic mesoporous hosts. Much progress has been made in the

ast few years in the development of organo-modified mesoporous
olecular sieves [6–10]. Several reviews have been devoted to this

mportant type of materials [e.g. 11–15].
Development of clean processes for production of fine chem-

cals requires the use of recyclable solid catalysts. Besides acid
atalysts, solid base catalysts need to be explored. The design of

ase catalyst featuring large mesoporous surfaces allows perform-

ng base-catalysed reactions in the fields of production of perfumes,
harmaceuticals and agro-chemicals.

∗ Corresponding author. Tel.: +48 61 829 1243; fax: +48 61 829 1505.
∗∗ Corresponding author. Tel.: +34 91 398 7350.

E-mail addresses: ziolek@amu.edu.pl (M. Ziolek), rmartin@ccia.uned.es
R.M. Martín-Aranda).
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he explanation of the activity sequence.
© 2010 Elsevier B.V. All rights reserved.

Post-synthesis grafting of organotrialkoxysilane [6,8,13,16,17]
has been effectively used to incorporate active organic functional
groups onto the mesoporous silicas surface. Such prepared cata-
lysts show high activity for base-catalysed reactions because of
their high surface area and large pore channels. Moreover, their
activity is expected to vary by controlling the amine content, its
nature and strength (primary, secondary, or tertiary amine).

The primary amino groups bound on mesoporous silicas, the
materials MCM-41, SBA-15, have been previously reported efficient
catalysts for the Knoevenagel condensation reaction under mild
conditions [6,8]. The mechanism of their catalytic activity has also
been discussed. The reaction of benzaldehyde and ethylcyanoac-
etate (ECA) in the presence of primary amine may proceed very
fast via the formation of imine in which the benzaldehyde molecule
first reacts with the –NH2 group present on the catalyst surface to
form an intermediate imine (C N double bond) compound. Next,
the acidic methylene group of ECA attacks the C N double bond
of imine and forms the condensation product leaving behind the
–NH2 group. However, in the same reaction in the presence of sec-
ondary or tertiary amines, the more common aldol type mechanism
prevails. Thus, the higher activity of primary amine vs. secondary

or tertiary one has been attributed to the faster reaction through
imine formation [e.g. 8].

The idea of our work was to get a better insight into
the role of chemical composition of metallosilicate mesoporous
ordered supports on the catalytic activity of amino-grafted

http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:ziolek@amu.edu.pl
mailto:rmartin@ccia.uned.es
dx.doi.org/10.1016/j.cattod.2010.04.031
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ing of mesopores after APMS immobilization. It is important to
stress that the amount of nitrogen in the APMS-grafted materi-
als (Table 1) differs depending on the chemical composition of
the support (APMS/NbMCM-41 > APMS/AlMCM-41). The grafting
of 2APMS and 3APMS on aluminosilicate support giving rise to a

Table 1
Texture parameters of the catalysts and the amount of nitrogen in the amino-grafted
MCM-41 materials.

Catalyst Surface area
BET (m2/g)

Average pore
diameter (nm)

Mesopore
volume (cm3/g)

N loading
(mmol/g)

AlMCM-41 909 3.9 0.76 0.2
20 D. Blasco-Jiménez et al. / Cat

aterials. In our previous work [18] the focus was on sil-
cate and niobosilicate MCM-41 grafted with one amine (3-
minopropyl-trimethoxysilane – APMS). One of the aims of
his study was to determine the influence of the nature
f the amine (3-aminopropyl-trimethoxysilane – APMS, [3-(2-
minoethylamino)propyl]trimethoxysilane – 2APMS and 3-[2-(2-
minoethylamino)ethylamino]propyl-trimethoxysilane – 3APMS)
inked to MCM-41 mesoporous molecular sieves containing vari-
us T atoms (Al and Nb) on the properties and catalytic activity of
he catalysts obtained. The thermal stability of the amines grafted
n aluminosilicate and niobosilicate MCM-41 supports and their
ctivity in the base-catalysed reactions (tested in Knoevenagel con-
ensation) have been analysed. Moreover, the role of the type of
etal (Nb or Al) in MCM-41 support has been considered.

. Experimental

.1. Synthesis of the catalysts

Mesoporous molecular sieves of MCM-41 type were synthe-
ized by the classical hydrothermal method [5] and modified in
he preparation of AlMCM-41 and NbMCM-41-64 [19].

.2. Grafting

The ammonium forms of mesoporous molecular sieves,
H4AlMCM-41 and NH4NbMCM-41 were obtained via cation
xchange with NH4

+ ions (from NH4Cl solution). They were trans-
ormed to hydrogen forms by calcination at 673 K for 2 h.

The hydrogen forms, HAlMCM-41 and HNbMCM-41, were the
upports for grafting of 3-aminopropyl-trimethoxysilane (APMS),
3-(2-aminoethylamino)propyl]trimethoxysilane (2APMS) and
-[2-(2-aminoethylamino)ethylamino]propyl-trimethoxysilane
3APMS) (Aldrich). The grafting procedure was carried out accord-
ng to [20] and was as follows: 2.3 g of the support powders

ere refluxed in a dry toluene solution (200 mL) containing
0 mL of APMS at 373 K for 18 h. The catalysts were recovered
y filtration followed by washing in dry toluene (200 mL), water
100 mL) and acetonitrile (20 mL). The powder was dried in
n oven at 373 K and stored for the later use. The catalysts
btained were labelled as APMS/TMCM-41, 2APMS/TMCM-41,
APMS/TMCM-41.

.3. Catalysts characterization

The materials prepared were characterized using XRD, N2
dsorption/desorption, thermogravimetric analysis, FTIR spec-
roscopy and elemental analysis.

XRD measurements were carried out with a Bruker AXS D8
dvance diffractometer with Cu K� radiation (� = 0.154 nm), with
step size of 0.02◦ and 0.05◦ in the small-angle and high-angle

anges, respectively.
The N2 adsorption/desorption isotherms were obtained in a

icromeritics ASAP equipment, model 2010. The samples were
re-treated in situ under vacuum at 333 K for 24 h. The surface
rea was calculated by the BET method. The pore size distribu-
ions (PSD) and the mesopore volumes were determined from the
dsorption/desorption isotherms using DFT.

The thermogravimetric analyses of the solids were carried out
ith ATA Instruments thermogravimetric system, model SDT Q600
G–DSC.
The elemental analyses of the solids were carried out with Ele-

entar Analyser Vario EL III.
Infrared spectra were recorded with the Vector 22 (Bruker)

pectrometer (resolution 4 cm−1, number of scans = 64). The
Today 152 (2010) 119–125

pressed wafers of the materials (∼5 mg cm−1) were placed in the
vacuum cell and evacuated in the range RT–673 K for 1 h.

2.4. Catalytic tests

2.4.1. 2-Propanol decomposition
The 2-propanol conversion (dehydration and dehydrogena-

tion) was performed, using a microcatalytic pulse reactor inserted
between the sample inlet and the column of a CHROM-5 chro-
matograph. The catalyst bed (0.02 g with a size fraction of
0.5 < Ø < 1 mm) was first activated at 673 K for 2 h under helium flow
(40 cm3 min−1). The 2-propanol (Aldrich) conversion was studied
at 423, 473, 523, 573 K using 2 �l pulses of alcohol under helium
flow (40 cm3 min−1). The reactant and reaction products: propene,
2-propanone (acetone) and diisopropyl ether were analysed using
CHROM-5 gas chromatograph on line with microreactor. The reac-
tion mixture was separated on 2 m column filled with Carbowax
400 (80–100 mesh) at 338 K in helium flow (40 cm3 min−1) and
detected by TCD.

2.4.2. Knoevenagel probe reaction
The experimental work was carried out in a Pyrex-glass batch

reactor. The equimolar mixtures of the two reactants, benzaldehyde
and the active methylenic compound (ethylcyanoacetate, or diethyl
malonate) without any solvent were pre-heated to the reaction
temperature, 393 K, under continuous stirring. Then, depending on
the active methylenic compound employed, ethylcyanoacetate or
diethyl malonate, 1, 2 or 10 wt% of solid catalyst was added respec-
tively and the reaction started. Samples were taken periodically,
and the evolution of the reaction was followed by gas chromatog-
raphy, using an Agilent Technologies 6890N chromatograph.

The influence of external and internal diffusion on the total rate
of the reaction was determined by changing the stirring rate in
the range 1000–3500 rpm and by the use of different particle sizes
(0.074, 0.140, 0.250 mm diameter), respectively.

The catalysts were recycled by washing them in acetone, subse-
quently dried in an oven at 373 K overnight.

3. Results

3.1. Texture/structure

XRD patterns of niobosilicate MCM-41 shown in Fig. 1A indicate
that grafting of APMS on this material leads to the disordering of the
hexagonal arrangement of mesopores in the long range (deduced
from the drop in intensity of the XRD peaks at 2� = 3–5◦). It is
seen even after normalisation of (1 0 0) peak to the same intensity
value (Fig. 1B). Interestingly, the disordering is less pronounced
in amino-grafted AlMCM-41 (Fig. 1C) which preserves the order-
APMS/AlMCM-41 637 3.3 0.37 1.8
3APMS/AlMCM-41 277 2.9 0.19 4.5
NbMCM-41 1049 3.8 0.96 0.1
APMS/NbMCM-41 707 3.2 0.44 2.0
2APMS/NbMCM-41 279 2.9 0.14 2.1
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Fig. 1. XRD patterns of MCM-41 catalysts in the small-angle range; (A) and (C) or

igher amount of nitrogen only slightly decreases the intensity
f XRD reflexes indicating that even these amines do not change
ignificantly the ordering of the material.

The textural parameters calculated from N2 adsorp-
ion/desorption isotherms are shown in Table 1. They indicate a
ecrease in the surface area of amino-grafted AlMCM-41 (about
0% decrease) and NbMCM-41 (ca. 33% drop). The mesopore vol-
me also decreases in the amino-grafted metallosilicate materials.
he decrease in the mesopore volume after grafting of amines
hen compared with the pristine support suggests the collapse of

ome mesopores or blockage effect.

.2. Thermal stability of aminoalkoxysilanes in mesoporous
atrices

The thermal stability of all APMS in MCM-41 type supports was
stimated on the basis of infrared spectroscopy (FTIR) measure-
ents after evacuation of the material at various temperatures

nd the thermogravimetric measurements. The stability of amine is
educed from the temperature at which the drop in the band inten-
ity of the N–H vibration in the NH2 group takes place (the band at
596 cm−1) [21]. As follows from Table 2, irrespective of the nature
f the support, the first intensity drop of the FTIR (NH2) band, in
he APMS-grafted materials, occurs at the same temperature, i.e.
73 K. It should be added that this FTIR band loses ca. 61–63% of
he initial intensity after evacuation at 573 K, also irrespective of
he nature of the support. Moreover, evacuation at 673 K causes
lmost total disappearance of the –NH2 IR band for all the samples

escribed in Table 2. However, it does not mean that amine has
ndergone total decomposition and has been removed after such
reatment, because the chemical analysis of these samples indicates
he presence of ca. 20% of the initial amount of nitrogen.

able 2
tability of aminoalkoxysilanes – FTIR study.

Catalysts Start of amine
decomposition
from IR, temp. (K)

Disappearance of
amine IR band,
temp. (K)

APMS/AlMCM-41 473 673
2APMS/AlMCM-41 573 673
3APMS/AlMCM-41 573 673
APMS/NbMCM-41 473 673
XRD patterns, (B) after normalisation of (1 0 0) peak to the same intensity value.

The results in Table 2 also show that 2APMS and 3APMS decom-
pose at higher temperatures than APMS. The temperature of the
first intensity drop ((–NH2) IR band) for both, 2APMS and 3APMS is
573 K.

The thermogravimetric analyses (TGA), exemplary shown in
Fig. 2 for AlMCM-41 based materials, confirmed the results of FTIR
spectroscopy. The TG curves for silicate and niobosilicate MCM-41
have been compared in our earlier paper [18]. It has been evidenced
that the pristine niobosilicate NbMCM-41 exhibits one drop of
weight at ca. 373 K caused by desorption of water adsorbed. APMS-
grafted sample shows additional weight loss that ends at ca. 900 K,
irrespectively of the chemical composition of the matrix. The same
is true for APMS/AlMCM-41 (Fig. 2). TG curve of 3APMS/AlMCM-41
has a shape similar to that obtained for APMS immobilized mate-
rial, but the temperature of total decomposition of the amine is
higher. Moreover, the DTG curve reveals three maxima indicating
three steps of 3APMS decomposition.

3.3. Surface characterization

FTIR spectra were measured for identification of functional
groups in the amino-modified materials evacuated at room tem-
perature (Fig. 3). The band at 1596 cm−1 assigned to the NH2
vibration dominates in the spectra of amino-grafted materials sug-
gesting that methoxy species are involved in APMS grafting on
the surface of the supports. Interestingly, the presence of methoxy
species is observed in the IR spectra of 2APMS and 3APMS/AlMCM-
41 (1455 cm−1) [22,23] indicating that not all methoxy species
are involved in the chemical interactions with surface hydroxyls
leading to amino-grafting. On the contrary, in grafting of APMS
most methoxy species take part in the chemical bonding with
the surface. It should be emphasised that in 2APMS- and 3APMS-
grafted AlMCM-41, the hydrogen bonded species were observed in
hydroxyl region of IR spectra. Hydrogen bonding between amine
groups of 3-aminopropyl(trimethoxysilane) and surface hydrox-
yls had been already suggested by Das and Sayari [8]. Our results
confirmed this suggestion.
3.4. 2-Propanol decomposition

The reaction of 2-propanol decomposition has been used as a
test for basic–acidic properties of the samples [24,25]. It allows esti-
mation of the nature of acidic and basic centres and the strength
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Fig. 2. DTG curves of APMS/AlMCM-41

Table 3
The results of 2-propanol decomposition.

Catalysts 2-PrOH
conv. (%)

Temp. (K) Acetone
selectivity (%)

Ref.

APMS/MCM-41 0.3 573 8 [18]
APMS/AlMCM-41 0.3 423 35 This work
2APMS/AlMCM-41 0.3 423 43 This work
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malonate was carried out on the supports and amino-grafted mate-
3APMS/AlMCM-41 0.3 423 51 This work
APMS/NbMCM-41 0.3 423 15 [18]
2APMS/NbMCM-41 0.3 423 16 This work

f the basic centres from the products formed. Both, Brønsted and
ewis, acid sites activate the reaction towards propene formation,
hereas basic centres are active in dehydrogenation to acetone.

he formation of diisopropyl ether indicates the presence of Lewis
cid–base pairs. The acidic route is much faster than the basic one.
owever, the selectivity to acetone for the same 2-propanol con-
ersion can give a general insight into basicity (strong Lewis basic
ites) of the materials. The results collected in Table 3 include those
ublished earlier for silicate MCM-41 based materials. They indi-

ate the following sequence of basicity of APMS-grafted MCM-41
aterials:

PMS/AlMCM-41 > APMS/NbMCM-41 > APMS/MCM-41

Fig. 3. FTIR spectra of the cataly
and 3APMS/AlMCM-41 catalysts.

This order indicates a significant influence of the nature of the sup-
port on the basicity.

Considering the influence of the nature of the amine grafted on
the same support (AlMCM-41) one can find the following order of
basic activity (deduced from acetone selectivity):

3APMS/AlMCM-41 > 2APMS/AlMCM-41 > APMS/AlMCM-41

It is important to add that the pristine supports revealed acidic
properties changed as follows:

HAlMCM-41 > HNbMCM-41 > HMCM-41

3.5. Knoevenagel reactions

Liquid phase Knoevenagel test reactions for Lewis basicity of
various strengths were applied for characterization of the materi-
als prepared [26–30]. The test reactions met the green chemistry
requirement, it means were performed without any solvent. The
condensation of benzaldehyde and ethylcyanoacetate and diethyl
rials. In the first reaction activated by medium basic sites (pKa = 9)
the only reaction product was Knoevenagel one, whereas in the
reaction with diethyl malonate requiring stronger basic centres
(pKa = 13.3) also side-reaction products were formed.

st after evacuation at RT.
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The novelty of our study in comparison to the already published
results [3,6,8,13,16–18] was the use of metallosilicate mesoporous
materials of different chemical compositions and consequently, dif-
ferent acidities, as supports for three aminopropylalkoxysilanes
(APMS, 2APMS and 3APMS). The differences in these three amines

F
(

ig. 4. Condensation of benzaldehyde and ethylcyanoacetate at 393 K using MCM-
1, AlMCM-41 and NbMCM-41 catalysts (before and after APMS modification).

In liquid phase-solid catalysed reactions special care should be
aken to avoid the reaction to be controlled by diffusion of the reac-
ants. To check this, the reactions were carried out at 393 K, on
tirring the solution at 1000–3500 rpm. The conversion remained
ractically the same, which indicated that, under our experimen-
al conditions, the reaction was not controlled by external diffusion.
he reactions were repeated under the same conditions for the cat-
lysts with particle size from three different ranges (0.074, 0.140,
.250 mm in diameter), at 1500 rpm. The same conversions were
btained in all cases, irrespective of the catalysts particle size.
herefore, we can assume that if a catalyst with a particle size in
he range studied is used, the results will not be affected by the so-
alled internal diffusion. Since both external and internal diffusion
id not occur, further studies were performed during the reaction.

The reaction curves for APMS-grafted MCM-41 materials are
resented in Figs. 4 and 5. It is clearly evidenced that amino-grafting
ignificantly increases benzaldehyde conversion for both Knoeve-
agel reactions. The order of activity is as follows:
PMS/AlMCM-41 > APMS/NbMCM-41 � APMS/MCM-41

nd is in line with the activity sequence observed for 2-propanol
ecomposition. For the condensation of benzaldehyde with diethyl

ig. 5. Condensation of benzaldehyde and diethyl malonate at 393 K using MCM-41, AlM
A) and selectivity (B).
Today 152 (2010) 119–125 123

malonate the selectivity to Knoevenagel product changes in the
same order (Fig. 5B). It should be pointed out that the acidity of
mesoporous support decreases in the same sequence.

The role of the nature of amine grafted on AlMCM-41 (the best
selected support) can be estimated from the results presented in
Fig. 5A. Taking into account the initial step of the reaction, the
activity changes in the following order:

APMS/AlMCM-41 > 2APMS/AlMCM-41 > 3APMS/AlMCM-41

Similar results were presented by Das and Sayari [8] for amino-
grafted silicate mesoporous materials. Interestingly, this sequence
of activity is in contrast to that noted for 2-propanol decomposi-
tion. The difference in these results can be explained by the difficult
access to –NH groups in 2APMS and 3APMS modified samples
for bulky molecules used in the Knoevenagel reaction and by the
decrease in the basicity strength of NH2 groups in the same order
as proposed earlier [8].

4. Discussion
Fig. 6. Models of grafted aminoalkoxysilanes.

CM-41 and NbMCM-41 catalysts (before and after APMS modification); conversion
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Fig. 7. Possible reaction routes for the Knoevenagel

re in the number of nitrogen atoms in molecules and the alkyl
hain length. The acidity of the support is higher for AlMCM-41 than
or NbMCM-41 [19,31]. The results of XRD and nitrogen adsorption
tudy indicated that the textural stability and ordering of TMCM-
1 (T = Al or Nb) materials during the aminopropylmethoxysilane
reatment only slightly depends on the chemical composition of
he material. The main point of our interest was the effect of the
ype of support on the thermal stability of amines and the activity
n base-catalysed reactions.

The FTIR and TGA results (Fig. 2, Table 2) indicate that the sta-
ility of amines does not depend on the nature of the support (i.e.
hemical composition/acidity of aluminosilicate, niobosilicate) for
he amino-grafted samples. These results suggest that the type of
onding of the amines with the surface of all mesoporous materials

s similar. The results of FTIR study (Fig. 3) show that the grafting
f amines occurs via the interaction between silanol OH groups
rom the support and alkoxy groups from APMS. For 2APMS and
APMS only one alkoxy group seems to be involved in this chemi-
al interaction and therefore alkoxy species are well detected in the
R spectra. Analysis of these results taking into regard the presence
f hydrogen bonded species in 2APMS- and 3APMS-grafted materi-
ls allowed us to propose the model of grafted aminoalkoxysilanes
hown in Fig. 6. The type of amine bonding proposed in this figure,
xplains the higher thermal stability of 2APMS and 3APMS. More-
ver, the hydrogen bonding between the surface silanol groups
nd NH2 decreases the basicity strength of the amino groups.
herefore, the rate of condensation of benzaldehyde with diethyl
alonate (the Knoevenagel reaction which requires strong basic-

ty – pKa = 13.3) is lower for 3APMS and 2APMS than that for APMS
Fig. 5). Moreover, the stabilization of amines, proposed in the

odel, hinders the accessibility of –NH groups for large molecules
uch as benzaldehyde and diethyl malonate. The molecules of 2-
ropanol reach the NH groups much easier and therefore, the
ctivity in acetone formation is proportional to the number of
mine groups in the material.

The effect of the acidity of the support on the basic catal-
sed Knoevenagel reaction evidenced in this work has to be
onsidered in detail. There are two reaction routes described
n literature for the Knoevenagel condensation between ben-
aldehyde and malonic esters (Fig. 7) [6,8,32–34]. One reaction
athway proceeds by the activation of benzaldehyde towards
mine (C N) salt formation and a further reaction with the
ethylene group of the ester. The other possibility is the acti-

ation of the ester via abstraction of proton by basic centres
f the catalyst and a further reaction with benzaldehyde. Small
hanges in the reaction medium or the surrounding of the
nsation between benzaldehyde and malonic esters.

basic centres can easily cause the switching of the Knoeve-
nagel reaction route. It should be noted that the amine group
facilitates the hydrolytic degradation of both silica framework
and organic chain linkage [35–38]. Thus, it is expected that the
protonation of amine group renders the hybrid material more
stable.

The results presented in this paper show that the increased
acidity of the support makes the Knoevenagel reaction more effi-
cient. As the acidity does not influence the stability of amines
in mesoporous materials one has to consider the participation of
the support in the Knoevenagel reaction. Considering the possible
mechanism presented in Fig. 7, one can find that the formation
of imine salt (the reaction route via activation of benzaldehyde)
requires the abstraction of OH− group from the intermediate.
The acidity of the support makes this process faster and as a
consequence, enhances the total rate of the Knoevenagel con-
densation. The iminium reaction path was proposed by Katz et
al. [39] for Henry reaction on silica gel modified with amines
where primary amines/silanol groups activated hydroxybenzalde-
hyde. In the same reaction carried out on amine modified MCM-41
Asefa et al. [33] proposed the cooperative catalytic mechanism in
which the formation of iminium intermediates occurs by the acti-
vation of benzaldehyde by silanols or secondary amines. In our
paper the role of acidity of the support in iminium pathway is
stressed.

The role of the acidity of the support can be also considered
taking into account the APMS loading. Amine loading is lower
for APMS/AlMCM-41 than APMS/NbMCM-41 and therefore in the
first case a higher surface area of the support is accessible for the
reagents and moreover, APMS molecules are more isolated. It is in
line with the recent paper [33] where the authors indicated that
there is an optimum number of amine grafted groups for the effec-
tive activation of benzaldehyde. Too high concentration of amines
can decrease the activation of reagent.

Finally, the catalysts were tested for recyclables during four
regeneration cycles with no appreciable change of activity.

5. Conclusions

1. FTIR study proved the way of APMS bonding to the support. The
results have revealed that aminopropylmethoxysilanes (APMS)

are grafted on metallosilicate MCM-41 supports via interactions
of methoxy species with surface hydroxyls leaving amine groups
accessible for reagents.

2. Hydrogen bonding of NH2 with surface hydroxyls has been found
for 2APMS and 3APMS grafted on mesoporous MCM-41 sam-
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ples and it is responsible for reduction of the basicity strength of
amine groups.

. Thermal stability of amines does not depend on the chemi-
cal composition of TMCM-41, whereas the basicity tested in
2-propanol dehydrogenation and the activity in the Knoevenagel
reactions are influenced by the nature of the supports (AlMCM-
41 support gives rise to the higher activity).

. The support has been shown to be involved in the Knoevenagel
reaction. The acidity of the supports (AlMCM-41, NbMCM-41)
increases the rate of iminium salt formation (from benzalde-
hyde and grafted amine) because acid sites can participate in
the abstraction of OH− groups from the intermediate.

. Selectivity to the Knoevenagel products significantly depends
on the nature of the support for grafted amine (AlMCM-
41 > NbMCM-41).
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