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a b s t r a c t

In the present work, the basicity of three different Si–MCM-41 mesoporous materials, namely, (1) as-syn-
thesized Si–MCM-41, (2) Si–MCM-41 modified by dispersing cesium oxide (Cs2O) and (3) Si–MCM-41
with anchored aminopropylsilyl group was compared for the first time. The fact that Knoevenagel and
Claisen–Schmidt condensations stand out to be important in carbon–carbon bond formation as well as
in the preparation of fine chemicals and intermediates, led them to be used as model reactions for the
purpose of evaluating the catalytic performance. The activity of the modified samples was compared with
that of the as-synthesized material [CTA+]–Si–MCM-41 (where CTA+ stands for the structure directing
agent). This catalyst presented the highest catalytic activity compared to that of Si–MCM-41 modified
with Cs2O or aminopropylsilyl group. This is of extreme high advantage, because it can be used as-syn-
thesized without further modification. Furthermore, structural properties of the Si–MCM-41 samples
were determined based on X-ray diffraction measurements (XRD), nitrogen adsorption/desorption iso-
therms, 29Si nuclear magnetic resonance (MAS NMR) and X-ray photoelectron spectroscopy (XPS).

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

There is a vast interest in the use of heterogeneous catalytic
processes as a substitute for homogeneous catalysis, which suffers
from several environmental drawbacks. Nevertheless, in basic
catalysis, the use of homogeneous media is currently more com-
mon in comparison with the eco-friendly heterogeneous media
[1,2]. Recently, heterogenization of homogeneous catalysts has be-
come an important strategy for the preparation of supported cata-
lysts which retain the active catalytic sites of the homogeneous
analogue and provide at the same time advantages of easy separa-
tion and recycling as well as reusability of the catalysts [3,4].

One well-known and widely mentioned material in the last
years is the siliceous mesoporous molecular sieve from Mobil, de-
noted with number 41 (Si–MCM-41) [5]. Its highly ordered pore
systems and extremely high surface area of up to 1200 m2/g have
drawn immense attention. The presence of groups able to be func-
tionalized (i.e. silanol groups) makes them useful as support for or-
ganic compounds and metal oxides on which very high dispersion
of the active phase can be achieved [3,6]. Additionally, these mate-
rials present potential application in processes dealing with large
molecules as in fine chemistry and pharmaceutical production,
ll rights reserved.
without the stereo spatial limitations in the case of microporous
molecular sieves.

Although MCM-41 was discovered in 1992, many properties
have already been explored, and the commercial application of
some of them is likely underway. Surprisingly, a novel property
of this molecular sieve was found recently: as-synthesized Si–
MCM-41, denoted [CTA+]–Si–MCM-41 (CTA stands for cetyltri-
methylammonium cation), showing interesting and remarkable
basic properties. This attractive catalyst has already been tested
in three different reactions: Knoevenagel condensation [7–11],
Michael addition [12] and cycloaddition reaction of CO2 with
epoxides [13].

The basic properties of [CTA+]–Si–MCM-41 are resultant of the
presence of siloxy anions (�SiO�), which exist in combination with
the cationic surfactant [8,9]. The existence of the ionic pair
�SiO�CTA+ has been demonstrated by various authors [8,9,14,15].
In fact, during the synthesis of the [CTA+]–Si–MCM-41 material,
the specific arrangement of the cationic organic molecules sup-
ports the ordering of the structure at the micelle–silicate interface
[16], hence generating the siloxy anions. Because the MCM-41 cat-
alyst channels are filled with the ionic surfactant, the high activity
in the investigated reactions is attributed to basic sites present at
the pore-mouth. The [CTA+]–Si–MCM-41 possesses a surface area
of only 1 m2/g, and therefore the basic sites present inside the
channels are inaccessible for the reactants [9]. This catalyst shows
high catalytic activity even at low temperatures and has in

http://dx.doi.org/10.1016/j.jcat.2010.01.015
mailto:dilson@ufscar.br
http://www.sciencedirect.com/science/journal/00219517
http://www.elsevier.com/locate/jcat


L. Martins et al. / Journal of Catalysis 271 (2010) 220–227 221
addition an extra great advantage, because it can be used as-syn-
thesized, without further modification.

The catalytic stability of the [CTA+]–Si–MCM-41 molecular sieve
was previously tested in toluene media [9,10]. After each reaction
procedure, the catalyst was separated by centrifugation, vacuum
dried and reused without any further treatment [10]. Under these
conditions, the catalyst showed only minor deactivation accompa-
nied with a small loss of the CTA+ surfactant. This leaching process
resulting from CTA cations that are weakly connected to the mi-
celles contributed to lower its catalytic activity. Apart from that,
no further significant activity loss was observed after the fourth
use. The stability of the remaining surfactant cations inside the
pores can be explained by the strong interaction between the
non-polar molecule tails of the surfactants in the micelle [17,18].

In general, the basicity in calcined Si–MCM-41 molecular sieve
is achieved by functionalizing its surface with compounds contain-
ing terminal amines [3,6]. The material is functionalized by
anchoring organic bases at the silanol groups, thereby forming a
covalent bond. Unfortunately, these organic–inorganic hybrid
materials are less basic than the corresponding free organic amine
molecule. This fact has already been explained as involving the
interaction of the amine function with residual silanol groups
[19]. Prior to functionalizing, the cationic surfactants present in
the pores have to be removed in the first place in order to make
the pores free and to generate the silanol groups, usually carried
out by calcination under airflow. Here, special care has to be taken,
because high local temperature can lead to the condensation of
neighboring silanol groups as well as the reduction in their num-
ber, thus limiting the number of organic molecules to be anchored
[3].

Another method of obtaining basic Si–MCM-41 can be achieved
by dispersing alkali metal oxides [20,21]. However, due to the pH
of the impregnating solution, the Si–MCM-41 structure can be
somewhat damaged [20]. It is well known that Si–O bonds, present
in these materials, undergo hydrolysis even in slightly elevated pH
(ffi8.5) environments. Because Si–MCM-41 has high surface area
and tiny walls, the hydrolysis of these bonds takes place easily. Ce-
sium acetate is usually used for the impregnation of calcined Si–
MCM-41, followed by heating to generate the basic Cs2O centers
[21]. Alkali metals and metal oxides are among the strongest bases
Scheme 1. Preparation of the catalysts: (I) [CTA+]–Si–MCM-41 synthesis; (II) CTA+ cation
the calcined material with APTES and (IV) dispersion of C2H3CsO2 on Si–MCM-41 (Catal
known. Nevertheless, these oxides have a very low surface area,
which limits their application as efficient catalysts. For this reason,
by supporting these oxides on higher surface area carriers (i.e. sili-
ceous mesoporous materials), it is expected to obtain materials
exhibiting strong basicity and a high number of well-dispersed sin-
gle basic sites. Since cesium oxide creates stronger basic centers
than other alkali metals, researchers have focused their attention
on supported cesium catalysts.

Many basic materials have been tested as catalysts in condensa-
tion reactions. Most of them involve much simpler preparation
procedures such as hydrotalcites, zeolites or even very simple
and efficient catalysts with a high surface area of MgO [22]. Addi-
tionally, these catalysts can be reused without great loss of activity.
While literature data show that other catalysts perform quite well
in the process involving the synthesis of fine chemicals, the nature
as well as the scope of this present work has been made to focus
solely and objectively on Si–MCM-41.

The aim of the present research is to compare the catalytic
properties of a series of Si–MCM-41 molecular sieves, containing
different basic sites including: (1) as-synthesized [CTA+]–Si–
MCM-41, (2) functionalized Si–MCM-41, enclosing aminopropyl
group and (3) cesium containing Si–MCM-41. The structural prop-
erties of the samples were characterized by X-ray powder diffrac-
tion (XRD), nitrogen adsorption/desorption isotherms (BET surface
area and BJH pore size distribution), 29Si MAS NMR (nuclear mag-
netic resonance) and X-ray photoelectron spectroscopy (XPS).
These materials were tested in the Knoevenagel condensation as
a model reaction and in the more demanding Claisen–Schmidt
reaction.
2. Experimental

2.1. Synthesis of Si–MCM-41 catalysts

The mesoporous material [CTA+]–Si–MCM-41 (denoted as Cata-
lyst A, step I in Scheme 1) was synthesized using tetraethoxysilane
(TEOS), aqueous ammonia (NH4OH), absolute ethanol (EtOH) as co-
solvent and the organic template C16H33N(CH3)3Br (CTA+Br�,
Scheme 1) [10]. The molar composition of the reaction medium
removal by calcination; (III) functionalization of Si–MCM-41 (Catalyst B) by treating
yst B) followed by calcination.



Scheme 2. Knoevenagel condensation reaction between benzaldehyde and ethyl cyanoacetate.

Scheme 3. Claisen–Schmidt condensation reaction between benzaldehyde and acetophenone.
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was 1.0 TEOS:0.3 CTABr:11 NH3:144 H2O:28 EtOH, which has
shown to lead to high mesoporous phase ordering degree [10]. A
typical [CTA+]–Si–MCM-41 preparation procedure is described as
follows: 26.0 g of CTA+Br� (ABCR, 98 wt.%) was dissolved in
334.0 g of deionized water; 327.4 g of aqueous ammonia (28 wt.%
solution, Alfa Aesar) and 263.0 g of absolute ethanol was added
to the surfactant solution. The solution was then stirred for
15 min, and afterwards 49.6 g of TEOS (Fluka, 98 wt.%) was added.
After 2 h of vigorous stirring at 30 �C and filtration, the white pre-
cipitate was successively washed with plenty of distilled water and
dried at 60 �C for 24 h. A total of 29.7 g of [CTA+]–Si–MCM-41 was
obtained.

With the aim of obtaining Si–MCM-41 (Catalyst B, step II in
Scheme 1), a part of the [CTA+]–Si–MCM-41 sample was calcined,
under oxygen atmosphere, through a heating ramp of 1 �C/min
up to 520 �C and then kept at this same temperature for 6 h.

Functionalized Si–MCM-41 (Catalyst C) was obtained by treat-
ing the calcined material with aminopropyltriethoxysilane (APTES,
step III in Scheme 1). In a typical procedure, Si–MCM-41 material
(4 g) was vacuum dried (<5 � 10�2 bar) at 150 �C for 3 h and
immediately suspended in anhydrous toluene (40 g). An amount
of 1.328 g (6.0 mmol) of APTES (Fluka, 96 wt.%) was added to this
suspension, and the mixture was further stirred under reflux for
3 h. Toluene and the produced ethanol were distilled off under vac-
uum, and the obtained material was denoted as AP–Si–MCM-41
(Catalyst C, whereby AP stands for aminopropylsilyl group).

Cs2O–Si–MCM-41 (Catalyst D, Scheme 1) was obtained by incip-
ient wetness impregnation of calcined and dried Si–MCM-41 (4 g)
using 10 mL of a 0.6 mol/L solution of cesium acetate (CsOAc,
Strem Chemical 99.9 wt.%). The mixture, CsOAc and Si–MCM-41,
was dried at room temperature and again calcined at 500 �C for 4 h.
2.2. Knoevenagel and Claisen–Schmidt condensation reactions in the
batch reactor

The condensation reactions were performed in a 2-mL borosili-
cate glass reactor (GC type tapered flask, with silicon septum). The
reactor was immersed in a water bath, equipped with temperature
control. The condensation reactions, between benzaldehyde and
ethyl cyanoacetate at 30 �C (Scheme 2, Knoevenagel) and between
benzaldehyde and acetophenone at 120 �C (Scheme 3, Claisen–
Schmidt), were carried out using stoichiometric amounts of the
reactants (4.8 mmol), 20 mg of the catalyst (1.9 wt.%) for 3 h. The
Knoevenagel reaction was also carried out in toluene as solvent
using initial reactants concentration of 0.5 mol/L. Sampling was
achieved first by removing the catalyst in rapid centrifugation
(one minute) and then cooling the liquid product, which was fur-
ther analyzed using gas chromatography (GC, Siemens RGC 202).
For this purpose, a DB-1 capillary column (100 m) with a flame ion-
ization detector was used. The carrier gas was N2 (1.5 bar), and the
analysis temperature was 230 �C (oven temperature), 220 �C
(injector) and 280 �C (detector). The retention times were com-
pared with those of authentic compounds.

2.3. Knoevenagel condensation in continuous operating plug-flow
reactor

Furthermore, [CTA+]–Si–MCM-41 catalyst activity in Knoevena-
gel condensation was investigated in a continuous flow reactor for
100 h. For the purpose of limiting the pressure drop through the
packed bed, the catalyst was granulated. The powder was then
pressed at 8 ton/cm2 to form pellets which afterwards were
crushed and sieved to 1.0–1.6 mm size. The resultant pellets
(5.5 g) were transferred to a glass reactor with controlled temper-
ature device (30 �C). A continuous flow (8 mL/h) of benzaldehyde
and ethyl cyanoacetate mixture in toluene (reactants concentra-
tion of 0.5 mol/L) was used.
3. Characterization

3.1. X-ray powder diffraction

Small-angle X-ray diffraction patterns were recorded on a Sie-
mens D-5000 diffractometer, using the powder method, in the
1 < 2h < 10� interval. Cu Ka radiation (k = 0.15405 nm) and nickel
filter were used. The distance (aH) between pore centers of the hex-
agonal structure was calculated from aH = 2d100/(3)1/2.

3.2. Surface area analysis

Nitrogen adsorption/desorption isotherms were recorded at li-
quid nitrogen temperature using the equipment supplied by
Micromeritics (ASAP 2000). Samples were evacuated prior to mea-
surements at 120 �C for 12 h under a vacuum of 0.01 Pa. Surface
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areas were estimated from the BET equation using P/Po 6 0.3 [23],
while the pore diameters, DPore, were calculated from the inflection
point of the cumulative pore volume versus diameter curve ob-
tained from the corrected form of BJH equation [24].

3.3. Elemental analysis

Carbon, hydrogen and nitrogen mass percentages were deter-
mined using the Elementar Vario EL. All analyses were carried
out in duplicate.

3.4. 29Si MAS NMR

29Si magic-angle spinning (MAS) nuclear magnetic resonance
(NMR) spectra were recorded at room temperature with a Bruker
DSX 500 spectrometer, using a 4-mm rotor operating at
400 MHz. Magic-angle spinning at 5 kHz was used in all experi-
ments. NMR experiments were performed using a 5-ms p/2 excita-
tion pulse and 30 s of recycle delay.

3.5. XPS

The XPS measurements were carried out using a commercial
spectrometer (UNI-SPECS UHV). The Mg Ka line was used
(hm = 1253.6 eV), and the pass energy of the analyzer was set to
10 eV. The inelastic background of the C 1s, O 1s, N 1s and Si 2p
core-level spectra was subtracted using Shirleýs method. The bind-
ing energies of the spectra were corrected using the hydrocarbon
component of adventitious carbon fixed at 285.0 eV. The composi-
tion of the surface layer was determined from the ratios of the rel-
ative peak areas corrected by sensitivity factors for the
corresponding elements. The spectra were fitted using multiple
Voigt profiles without placing constraints. The width at half maxi-
mum (FWHM) varied between 1.5 and 2.2 eV, and the accuracy of
the peak positions was ±0.1 eV.

4. Results and discussion

4.1. Characterization of Si–MCM-41 samples

The small-angle X-ray diffraction pattern of the as-synthesized
[CTA+]–Si–MCM-41 sample (catalyst A) shows four well-resolved
peaks (Fig. 1, curve 1) that can be indexed as (1 0 0), (1 1 0),
(2 0 0) and (2 1 0) reflections associated with the hexagonal sym-
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Fig. 1. X-ray diffraction patterns of MCM-41 molecular sieves (1) [CTA+]–Si–MCM-
41, (2) Si–MCM-41, (3) AP–Si–MCM-41, (4) CsOAc–Si–MCM-41 not calcined and (5)
Cs2O–Si–MCM-41 calcined.
metry [5]. No diffraction peak was observed in the region of higher
angles between 10� and 40� (not shown), indicating the absence of
other silicate phases. The distance aH between the pore centers
contracted from 4.74 to 3.89 nm (as can be seen in Table 1) when
the sample was calcined, as expected when CTA cations are re-
moved, and the adjacent silanol groups condensed. As a result,
the BET specific area increased from 9 to 1272 m2/g. Upon amino-
propylsilyl immobilization in the calcined Si–MCM-41 sample, no
significant change was observed in the XRD pattern (Fig. 1, curve
3). In contrast, the X-ray powder pattern of cesium–MCM-41 was
strongly affected by the impregnation of the host material and sub-
sequent calcination, which thereby led to an increase in the back-
ground intensity. This effect can be partially attributed to the
strong X-ray absorption of cesium atoms, as can be seen in the
Si–MCM-41 sample physically mixed with CsOAc (Fig. 1, curve
4). However, for the calcined sample (Cs2O–Si–MCM-41), the X-
Ray diffraction pattern (Fig. 1, curve 5) and nitrogen sorption iso-
therm (Fig. 2, curve 4 and Table 1) indicate the transformation of
the silicate hexagonal arrangement into amorphous phase [5]. This
collapse of the pore system may be caused by the cesium oxide to-
gether with the steam generated by the combustion of the acetate
precursor during calcination. Here is worthy to be mentioned a sta-
ble system of cesium and lanthanum oxide supported on Si–MCM-
41 previously developed by Kloetstra et al. [25]. These materials
possess small, intraporous, thermally stable CsLaOx clusters having
a mild basicity. The presence of CsLaOx helped in maintaining the
stability of the mesoporous framework.

Table 2 presents the chemical composition of the MCM-41
samples. Elemental C, H and N analysis of [CTA+]–Si–MCM-41
and AP–Si–MCM-41 samples showed a C/N ratio close to 19 and
3, corresponding to the chemical composition of CTA and AP,
respectively. The samples AP–Si–MCM-41 and Cs2O–Si–MCM-41
were prepared in order to obtain comparable amounts of the guest
material (GM), i.e. GM/Si molar ratio of 0.09 (GM = AP or Cs). Sam-
ple [CTA+]–Si–MCM-41 had a CTA/Si molar ratio of 0.18; however,
this value does not represent a real amount of GM effectively in
contact with the reactants during catalysis, because most of the
CTA cationic surfactants are occluded inside the mesopores. This
means that the reactants cannot reach active sites located in the
interior of the pores but can only get to those at the pore-mouth.

Nitrogen sorption isotherms of the samples containing different
guest materials are presented in Fig. 2. Two major trends related to
the successive post-treatment observed are highlighted as follows:
(1) the variation of the total pore volume and (2) a shift of the cap-
illary condensation step. The calcined Si–MCM-41 material
(Fig. 2A, curve 1) exhibits a type IV isotherm typical of mesoporous
materials. A similar isotherm profile was observed after the immo-
bilization of the aminopropylsilyl group (curve 2), indicating the
preservation of the mesoporous structure. However, in this sample,
the nitrogen uptake decreased (Table 1), suggesting the presence of
bulky material inside the silica channels. The decrease of the aver-
age pore diameter (from 2.5 nm to 1.8 nm, Table 1) is a clear indi-
cation of the successful anchoring of the aminopropylsilyl group
inside the Si–MCM-41 porous system.
Table 1
Structural parameters of Si–MCM-41 molecular sieves containing different guest
materials.

Sample BET surface
area (m2/g)

Vp (cm3/g) aH (nm) DPore (nm)

[CTA+]–Si–MCM-41 9 0.02 4.74 –
Si–MCM-41 1272 0.68 3.89 2.5
AP–Si–MCM-41 537 0.30 3.83 1.8
CsOAc–Si–MCM-41 144 0.23 3.96 2.3
Cs2O–Si–MCM-41 25 0.05 – 2.3 (1.5–5.6)
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Fig. 2. (A) Nitrogen physisorption isotherms and (B) BJH pore diameter distribution of MCM-41 molecular sieves: (1) Si–MCM-41, (2) AP–Si–MCM-41 and (3) CsOAc–Si–
MCM-41 not calcined, (4) Cs2O–Si–MCM-41 calcined and (5) [CTA+]–Si–MCM-41. Filled and empty symbols stand for adsorption and desorption, respectively.

Table 2
Chemical composition of Si–MCM-41 catalysts containing different guest materials.

Sample Mass percentage C/N (molar
ratio)

GMa/Si
(molar ratio)

GM
(wt.%)

%N %C %H

[CTA+]–Si–MCM-41 1.93 30.87 6.67 18.6 0.18 38.6
Si–MCM-41 – – – – – –
AP–Si–MCM-41 1.91 5.22 3.31 3.2 0.09 8.2
CsOAc–Si–MCM-41 n.d. n.d. n.d. n.d. 0.09 22.2
Cs2O–Si–MCM-41 – – – – 0.09 17.3

a Guest material, i.e. CTA+, AP or Cs.

Fig. 3. 29Si MAS NMR solid-state spectra (cross polarization) of different Si–MCM-
41 catalysts: (1) [CTA+]–Si–MCM-41, (2) Si–MCM-41, (3) AP–Si–MCM-41 and (4)
Cs2O–Si–MCM-41.
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Upon the impregnation with cesium, the Si–MCM-41 material
exhibited a considerable change in its textural properties, as shown
in Fig. 2B (curve 3). After the incipient wetness impregnation, it
was observed that there was a decrease in the mean pore diameter,
the pore volume, as well as in the specific surface area (Table 1). A
broader distribution of mesopores is shown in Fig. 2B (curve 4,
DPore between 1.5 and 5.6 nm with a maximum at 2.3 nm), indicat-
ing the disruption of the regular network. The occluded [CTA+]–Si–
MCM-41 catalyst showed a very low surface area of 9 m2/g (Table
1) related to the external surface of the siliceous material as no
pores were found for this sample (Fig. 2B, curve 5).

The 29Si MAS NMR spectra (hydrogen–silicon cross polarization)
for Si–MCM-41 catalysts containing different guest materials are
shown in Fig. 3. The technique was used to analyze the changes
in the chemical environment of Si–MCM-41 after the addition of
guest materials and calcination. Three distinct resonance peaks at
�95, �101 and �110 ppm are attributed to the Q2, Q3 and Q4 sili-
con atoms (Qi = Si(OSi)i(OH)4�i, i = 1–4), respectively, and two
other peaks at �60 and �70 ppm are attributed to the T2 and T3 sil-
icon atoms (Ti = RSi(OSi)i(OH)3�i, i = 1–3, R = aminopropyl), respec-
tively. The signal Q3 is most intense in sample Si–MCM-41 (curve
2). A quantitative conclusion from this result cannot be drawn;
however, this result reflects the higher amount of silanol groups
�SiOH existent in this calcined sample. The appearance of peaks
T2 and T3 in the AP–Si–MCM-41 sample (curve 3) provides a proof
that the organosiloxane precursor APTES is condensed as a part of
the silica framework. No signal at �45 ppm is observed, which cor-
responds to the silicon atom bonded in APTES, indicating that the
compound reacted completely. The intensity of Q3 signal in AP–
Si–MCM-41 is reduced after the immobilization, which is an addi-
tional proof that silanol groups were used in the grafting. Compar-
ing samples [CTA+]–Si–MCM-41 and Si–MCM-41 (curves 1 and 2),
we found out that there was a difference between the spectra,
especially for the Q2 signal, as a consequence of the different



L. Martins et al. / Journal of Catalysis 271 (2010) 220–227 225
chemical environment of �SiOH and �SiO�CTA+ of both samples.
Moreover, the spectrum of sample Cs2O/Si–MCM-41 (curve 4) dif-
fers from that of Si–MCM-41, an outcome expected with the trans-
formations with cesium acetate and calcination. The disappearance
of signal Q2 in sample Cs2O/Si–MCM-41 suggests the condensation
between neighbor silanol groups during calcination for the decom-
position of cesium acetate.

In the spectral analysis of the XPS data, the attention was fo-
cused on O1s and C1s core-level spectra. The shift in binding en-
ergy of O1s components was investigated by XPS prior to and
after calcination of [CTA+]–Si–MCM-41 (Fig. 4). The O1s binding
energies shift significantly with the presence of CTA+, suggesting
that the chemical form of the surface oxygen species changes
according to the structural attribution shown in Table 3. The O1s
binding energy corresponding to SiO2 (Fig. 4, peak 2 and Table 3)
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Fig. 4. O1s and C1s XPS spectra of [CTA+]–Si–MCM-41, Si–MCM-41 and CTABr.

Table 3
Attribution of decomposed signals observed in XPS spectra.

Signal O1s C1s

Energy
(eV)

Group Energy
(eV)

Group

1 533.8 �SiOH 286.4–285.9 (CH3)3–+N–CxH2x+1

2 532.8–532.3 SiO2 284.9 –CyH2y+1 (alkyl chain)
3 530.2 �SiO�

(CH3)3–+N–
– –

Table 4
Effect of the different MCM-41 catalysts A–D on Knoevenagel condensation at 30 �C and 1

Catalyst 1 h – Toluene

Benzaldehyde conversion (%)

A [CTA+]–Si–MCM-41 59.8
B Si–MCM-41 0
C AP–Si–MCM-41 22.8
D Cs2O–Si–MCM-41 2.9
shifts to a lower binding energy level in the presence of the CTA+

cations (from 532.8 to 532.3 eV), indicating that the framework
oxygen basicity increases in the composite material [9]. Further-
more, the O1s spectrum of [CTA+]–Si–MCM-41 shows a smaller
component at lower binding energy (530.2 eV), which can be
attributed to siloxy anion interacting with CTA+ cation as
�SiO�(CH3)3–+N–C16H33. This interaction of the hydrophilic head
of the surfactant ((CH3)3–+N–) with siloxy anions was also detected
for this component in the C1s spectrum, which shifted from 285.9
to 286.4 eV compared to the CTABr precursor.

The existence of the ionic pair �SiO�CTA+ is also supported by
the results obtained regarding the chemical composition of the
sample. The molar ratio Br/N in CTABr precursor was of 1.1, a num-
ber quite close to 1 of the original cationic surfactant. On the other
hand, the molar ratio in [CTA+]–Si–MCM-41 was found to be 0.08.
This is an indication that there is another anion balancing the CTA+

cation charge, namely the siloxy anions. The compositional XPS
analysis also confirmed the formation of a stoichiometric SiO2 net-
work containing the CTA+ cation. The ascertained C/N ratio of 23 is
close to the expected value of 19 of the CTA+ cation.
4.2. Catalytic experiments

The Knoevenagel condensation between benzaldehyde and
ethyl cyanoacetate was carried out both in the presence (Table 4)
as well as in the absence of toluene (Table 5), where 1.9 wt.% of
the different siliceous catalysts (A–D) was used in a batch reactor
for 3 h. With these catalysts, the reaction resulted in different
benzaldehyde conversion to form ethyl-2-cyano-3-phenylacrylate.
The widely accepted mechanism in Knoevenagel condensation in-
volves the formation of the anion of ethyl cyanoacetate followed by
its attack on the carbonyl group of benzaldehyde. Neither benzyl
alcohol nor benzoic acid was observed in the GC-chromatograms
of the reaction products, indicating that Cannizzaro reaction does
not take place under these experimental conditions. This finding
was confirmed by the verification of the selectivity values depicted
in Tables 4 and 5, which remained always close to 100%.

The reaction results showed that pure silica resulted in negligi-
ble benzaldehyde conversion (<2%) in all cases. In contrast, signif-
icant conversions were obtained over the organic–inorganic hybrid
catalyst [CTA+]–Si–MCM-41. In this case, the catalyst was sug-
gested to have active sites originated from the presence of SiO�C-
TA+ ionic pair, and as a result of the weak interaction of the organic
cation with the siloxy anion. This catalyst is found to be very
attractive, once it can be quite useful in general heterogeneous
catalysis, particularly in the synthesis of fine chemicals in apolar
media. From Table 4, the catalysts activity can be ordered as
follows: [CTA+]–Si–MCM-41 > AP–Si–MCM-41 > Cs2O–Si–MCM-
41 > Si–MCM-41. It is important to point out that a literature
revision of several solid catalysts used in the Knoevenagel conden-
sation, with benzaldehyde as carbonyl group, revealed that [CTA+]–
Si–MCM-41 can achieve comparable conversions at much lower
temperature (see Supplementary material).

Table 4 shows that the catalyst [CTA+]–Si–MCM-41 in the
presence of toluene gives higher yields (79.7% after 3 h) in the
.9 wt.% of catalyst, using toluene as solvent.

3 h – Toluene

Selectivity (%) Benzaldehyde conversion (%) Selectivity (%)

98.9 79.7 98.8
– 2.0 100

100 49.7 100
100 2.8 100



Table 5
Effect of the different MCM-41 catalysts A–D on Knoevenagel condensation at 30 �C and 1.9 wt.% of catalyst, without solvent.

Catalyst 1 h 3 h

Benzaldehyde conversion (%) Selectivity (%) Benzaldehyde conversion (%) Selectivity (%)

A [CTA+]–Si–MCM-41 40.6 95.4 57.2 99.0
B Si–MCM-41 0.4 100 0.3 100
C AP–Si–MCM-41 26.1 99.3 40.3 99.5
D Cs2O–Si–MCM-41 32.6 98.3 39.3 99.0
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Knoevenagel reaction when compared to solvent-free conditions
(57.2% in Table 5). In contrast, the Cs2O–Si–MCM-41 catalyst
showed an opposite behavior, being more active in the absence
of toluene. This is probably related to the leaching of cesium as
CsOH in polar media. In such a case, the occurrence of homoge-
neous catalysis is likely to be seen. Regarding the [CTA+]–Si–
MCM-41 catalyst, the presence of the solvent possibly dissolves
the solid product formed at the pore-mouth, thus increasing the
conversion. This could be pointed out as a drawback with regard
to the use of [CTA+]–Si–MCM-41 catalyst, since solvent-free condi-
tions are desired in eco-friendly processes. Nevertheless, this cata-
lyst shows an extremely interesting activity in comparison with
the AP–Si–MCM-41 and Cs2O–Si–MCM-41 catalysts, which under-
go several treatments and yet present lower activity.

The Knoevenagel reaction of ethyl cyanoacetate (pKa = 8.6) is a
reaction that can be performed in mild conditions. For this reason,
we also conducted the Claisen–Schmidt reaction that is a more
demanding reaction by using acetophenone (pKa = 15.8), a less
acidic organic substance. The Claisen–Schmidt reaction was per-
formed under similar conditions, except the higher temperature
(120 �C), because the formation of the acetophenone anion tends
to be more difficult owing to the lower acidity of this reactant.
Table 6 shows that in this reaction, the catalyst [CTA+]–Si–MCM-
41 was also the most active, only 22.8% of benzaldehyde conver-
sion was obtained though.

Also important is the catalyst stability, and therefore we have
conducted further experiments in order to test [CTA+]–Si–MCM-
Table 6
Effect of the different MCM-41 catalysts A–D on Claisen–Schmidt condensation at
120 �C and 1.9 wt.% of catalyst, without solvent.

Catalyst Benzaldehyde
conversion (%)

Selectivity (%)

A [CTA+]–Si–MCM-41 22.8 96.4
B Si–MCM-41 0.7 100
C AP–Si–MCM-41 14.4 99.0
D Cs2O–Si–MCM-41 1.1 95.2
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Fig. 5. Benzaldehyde conversion over pelletized [CTA+]–Si–MCM-41 catalyst at
30 �C and up to 100 h on stream (benzaldehyde and ethyl cyanoacetate mixture in
toluene).
41 long-term catalytic activity. Impregnated and functionalized
Si–MCM-41 catalysts were already evaluated by other authors.
Ernst et al. [21] used Cs2O–Si–MCM-41 as basic catalyst in Knoeve-
nagel condensation, and they expected some deactivation to occur,
since Cs2O could be hydrolyzed to CsOH. However, no leaching of
cesium was observed, and the reason is that reaction was con-
ducted in toluene, i.e. in apolar media. Similarly, Jaenicke et al.
[26] investigated Si–MCM-41 catalysts with different functional-
ized organic bases in the formation of monoglycerides from lauric
acid. In several reaction cycles, these catalysts demonstrated sim-
ilar activity after each cycle. In the majority of the cases, improved
selectivity was observed. Despite these good performances, they
reported that pore volume and surface area of these catalysts were
considerably reduced after the first cycle [26].

In order to verify the long-term catalytic stability of [CTA+]–Si–
MCM-41, this catalyst was pressed into pellets and tested in a con-
tinuous flow reactor up to 100 h at 30 �C. The results are shown in
Fig. 5. A very strong initial deactivation was detected. However, no
further deactivation was observed, and benzaldehyde conversion
was kept always around 22%. The deactivation is attributed to
the leaching of CTA+ cations that are weakly connected to the mi-
celles in the [CTA+]–Si–MCM-41 catalyst [9]. After that the activity
maintains, as the residual CTA cations (strongly connected to mi-
celles) did not leach anymore. Thermogravimetric measurements
revealed that after 100 h of reaction, CTA+ cation quantity was re-
duced from ca. 38 wt.% to 32 wt.%.

In a previous work [10], we checked whether homogeneous
catalysis was responsible for the high activity of the [CTA+]–Si–
MCM-41 catalyst. This was done by removing the catalyst from
the reaction mixture through centrifugation, and the composition
of the remaining liquid was then monitored, and no reaction was
further observed. Thus, the development of homogeneous catalysis
by any leached species was excluded.
5. Conclusions

As-synthesized [CTA+]–Si–MCM-41 catalyst exhibited higher
activity in Knoevenagel and Claisen–Schmidt condensation reac-
tions than the modified AP–Si–MCM-41 and Cs2O–Si–MCM-41
molecular sieves. Calcined Si–MCM-41 showed negligible activity,
as it contains no catalytic centers. The active sites in [CTA+]–Si–
MCM-41 are related to siloxy anions, which are combined with
bulky CTA cations. Partial leaching of these organic cations was ob-
served in the beginning of time on stream as demonstrated in the
continuous flow experiment. However, as this catalyst still shows
high activity, reactions can be conducted at low temperatures,
and under these conditions, they show long-term stability. In gen-
eral, this catalyst might be useful for basic heterogeneous catalysis,
particularly for the synthesis of fine chemicals via an eco-friendly
route.
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