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Abstract
In this work, we report a new hybrid nanomaterial based on the immobilization of 4-

formyl benzo-9-crown-3 ether (FB9C3) onto the mesopores of MCM-41. First, the
mesoporous molecular sieve MCM-41 was covalently grafted with 3-aminopropyl
triethoxysilane to give aminopropyl modified MCM-41 (AmpMCM-41). Reaction of
this material with FB9C3 afforded the B9C3-AmpMCM-41 hybrid nanomaterial. The
prepared B9C3-AmpMCM-41 was characterized with different physicochemical
methods such as Fourier transform infrared spectroscopy, X-ray diffraction (XRD),
scanning and transmission electron microscopy, thermogravimetric analysis (TGA-
DTA), and BET nitrogen adsorption-desorption analysis. The XRD analysis revealed
that textural properties of the support were preserved during the immobilization
process. However, nitrogen adsorption-desorption analysis showed sequential reduction
in surface area, pore volume, and pore size during the grafting experiments. Elemental
analysis showed the presence of 0.11 mmol FB9C3 per gram of the hybrid
nanomaterial.
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Introduction
The field of organic-inorganic hybrid materials is

expanding because of their important role in the
development of advanced functional materials [1-8]. In
this regard, design and construction of organic-
inorganic hybrid nanomaterials with tunable physical
properties have attracted extensive research interest in
materials chemistry. Inorganic-organic hybrid materials
can be grossly divided into two major classes: Class I in
which only weak bonds exist and class II in which the

building blocks are connected by covalent bonds.
Hybrid materials of MCM-41 take advantage of the

properties of the MCM-41 support, as well as of the
immobilized surface groups [7-9]. The advantages of
MCM-41 such as its high surface area and porous
structure support it as an ideal building block in hybrid
materials. On the other hand, hybridization results in
materials with high specific surface areas that allow the
use of less material, reducing cost and toxicity.

In recent years, various methods for functionalizing
the surfaces of MCM-41 with different groups have
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been investigated as the surface modification permits
tailoring of the surface properties for numerous
potential applications including catalysis [8-15], enzyme
immobilization [16], environmental pollution
management [17-18], and electrochemistry [19-20].

Macrocycles of the (-CH2-CH2O-)n type in which n ≥
4 are generally referred to as crown ethers [21]. The
essential repeating unit of simple crown ethers is
ethyleneoxy -CH2-CH2O- unit. The nine-membered ring
1,4,7-trioxonane (9-crown-3) is also named as a crown
and can certainly interact with cations. Complexation by
9-crown-3 (often two molecules per cation) is known
but less common.  The most important property of
crown ethers is their ability to form stable complexes
with metal ions, organic cations, and neutral polar
molecules. This forms the basis for the use of crown
ethers as selective ligands coordinated to metal cations,
including their use for extraction [22-23], in ion
selective electrodes [24], photosensitive systems [25],
etc.

Our current interest in the preparation of hybrid
materials with potential applications in catalysis of
organic reactions [10-13,26-28] and selective adsorbents
for metal cations [29-30] led us to investigate the
preparation and characterization of B9C3-AmpMCM-41
hybrid nanomaterial which belongs to the type II of
organic-inorganic hybrid materials. The prepared hybrid
nanomaterial is predicted to have interesting properties
as selective adsorbent for metal cations and also
application in ion selective electrodes.

Materials and Methods
All chemicals were purchased from Merck chemical

company and used without further purification. The 4-
formyl benzo-9-crown-3 ether was prepared and
characterized according to the literature method [31].

Fourier transform infrared spectra were recorded
using Perkin-Elmer Spectrum RXI FT-IR spectrometer,
using pellets of the materials diluted with KBr. Powder
X-ray diffraction data were collected with a SIEFERT
XRD 3003 PTS diffractometer using Cu Kα radiation.
Carbon and nitrogen content of the samples was
analyzed on Thermo Finnigan (Flash 1112 Series EA)
CHN Analyzer. Thermogravimetric analysis (TGA) of
the samples was performed using a Perkin Elmer
Diamond Thermogravimeter. Dried samples was placed
in the TGA furnace and heated at a rate of 10°C min-1

from room temperature to 700°C in static air. Nitrogen
sorption studies were performed at liquid nitrogen
temperature (77 K) using Quanta chrome Nova 2200,
Version 7.11 Analyzer. Before the adsorption
experiments the samples were outgassed under nitrogen

gas at 120°C. All calculations were performed using the
program of Quantachrome Nova 2200e surface area
analyzer. The morphology of the product was observed
by using ZEISS-DSM 960A scanning electron
microscope with attached camera operating at 30 kV.

Preparation of MCM-41 and aminopropyl modified
MCM-41 (AmpMCM-41)

Mesoporous molecular sieve MCM-41 was prepared
according to the literature method [32]. Modification of
the prepared MCM-41 was carried out as follows:
MCM-41 (2 g) was suspended in dry toluene (60 ml)
and aminopropyl triethoxysilane (1 g) was then added
to the resulted muxture. The resulting mixture was
refluxed for 24 hours under dry nitrogen atmosphere.
After filtration and washing with dichloromethane and
ethanol, the solid was dried. The resulting material was
then soxhlet extracted with dichloromethane to remove
the residue of silylating reagent and then vacuum dried
at 120°C.

Preparation of B9C3-AmpMCM-41 hybrid
nanomaterial

Immobilization of the 4-formyl benzo-9-crown-3
ether for the preparation of hybrid nanomaterial was
achieved according to the standard method used for the
synthesis of Schiff bases. A mixture of vacuum dried
AmpMCM-41 (1.5 g) in 25 ml absolute ethanol and 3
mmol of 4-formyl benzo-9-crown-3 ether was refluxed
for 24 hours under dry nitrogen atmosphere to afford
MCM-41 supported benzo-9-crown-3 ether, B9C3-
AmpMCM-41. The solid was filtered, and then soxhlet
extracted with ethanol to remove the unreacted 4-
formyl benzo-9-crown-3 ether and dried under vacuum
at 120°C overnight.

Results and Discussion
Preparation of the B9C3-AmpMCM-41 hybrid
nanomaterial

The sequence of processes for the preparation of
B9C3-AmpMCM-41 hybrid material is represented in
Figure 1. In the first step, condensation of the surface
hydroxyl groups of MCM-41 with the ethoxy groups of
aminopropyl triethoxysilane forms stable covalent Si-O-
Si linkage, leading to the attachment of aminopropyl
groups on the surface of MCM-41. In this grafting
reaction mainly two ethoxy groups of the silylating
agent were replaced by silanol groups of the surface
[33]. The condensation reaction modifies both external
and inner channel silanol groups. However, since the
high surface area in MCM-41 can be attributed to the
pore system, functionalization occurs predominantly on
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the internal surface. In the next step, Schiff base
condensation of the amine groups of resulting
AmpMCM-41 with carbonyl groups of 4-formyl benzo-
9-crown-3 ether gives rise to the preparation of B9C3-
AmpMCM-41 hybrid nanomaterial. In this reaction, the
amine group of AmpMCM-41 and carbonyl group of 4-
formyl benzo-9-crown-3 ether are condensed to afford

imine bond through which the crown ether is attached
onto the inner surface of MCM-41.

Characterization of the B9C3-AmpMCM-41 hybrid
nanomaterial

In order to confirm the modification of MCM-41
surface, the FT-IR spectra of the MCM-41, B9C3-

Figure 1. The sequence of processes in the preparation of B9C3-AmpMCM-41 hybrid nanomaterial

Figure 2. FT-IR spectra of (a) MCM-41, (b) B9C3-AmpMCM-41, and (c) B9C3
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AmpMCM-41, and FB9C3 were obtained and have
been shown in Figure 2. The broad peak at about 1000-
1200 cm-1 in the FT-IR spectra of MCM-41 (Figure 2a)
and B9C3-AmpMCM-41 (Figure 2b) are assigned to Si-
O-Si asymmetric stretching vibrations. The FT-IR
spectrum of B9C3-AmpMCM-41 showed the
characteristic band of the propyl groups (νC-H) at 2964
cm-1 which were not present in the FT-IR spectrum of
MCM-41. On the other hand, in the FT-IR spectrum of
B9C3-AmpMCM-41 the observation of the band at
1626 cm-1 was attributed to the stretching vibration of
C=N bond and some weak bands observed at 1400-1500
cm-1 was assigned to stretching vibrations of aromatic
rings in 4-formyl benzo-9-crown-3 ether. The absence
of these bands in the parent MCM-41 proved the
successful grafting of the 4-formyl benzo-9-crown-3
ether to the surface of MCM-41.

On the other hand, the amount of functionalization
with aminopropyl groups was found to be 0.1 mmol.g-1

on the basis of nitrogen content measurement.
Textural properties of the materials were investigated

with X-ray diffraction and BET adsorption-desorption
analyses. X-ray diffraction patterns of MCM-41,
AmpMCM-41, and B9C3-AmpMCM-41 hybrid
material are shown in Figure 3 and corresponding

texture parameters are given in Table 1. In the X-ray
diffraction pattern of unmodified MCM-41 (Figure 3a),
the strong reflection at 2θ = 2.71 belongs to <100>
reflection and three weaker reflections at higher angles
arise from <110>, <200> and <210> reflections of a
hexagonal unit cell. The hexagonal unit cell parameter
a0 (or lattice parameter), a measure of d-spacing present
between the hexagonal layers, is calculated as d100
(2/√3). The XRD patterns of the AmpMCM-41 and
B9C3-AmpMCM-41 hybrid nanomaterial (Figures 3b-
c) show only the <100> reflection with lower intensity
and the other reflections have been disappeared partly
due to a decrease in the mesoscopic order of the
materials and mainly due to the contrast matching
between the silicate framework and organic moieties
located inside the MCM-41 channels [34]. Also the
position of this reflection shifted to lower angles (or
higher d-values) that indicates the expansion of unit cell
parameter due to the incorporation of organic groups
within MCM-41. Incorporation of FB9C3 moiety
resulted in shifting the <100> reflection to lower angles
(or higher d-values) with respect to that of MCM-41 and
AmpMCM-41. As a result, this indicates further unit
cell expansion in comparison with AmpMCM-41.

Mesoporous texture of the MCM-41, AmpMCM-41,

Table 1. Texture parameters of samples obtained from XRD
Lattice parametera (Å)XRD d100 value (Å)2θ / ºSample

37.632.62.71MCM-41
38.433.32.65AmpMCM-41
4034.62.56B9C3-AmpMCM-41

a Determined by equation: a0 = d100 (2/√3)

Figure 3. XRD patterns of (a) MCM-41, (b) AmpMCM-41, and (c) B9C3-AmpMCM-41 hybrid nanomaterial
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and B9C3-AmpMCM-41 hybrid nanomaterial was
further controlled by nitrogen sorption analyses. The
adsorption-desorption isotherms of N2 at 77 K for
MCM-41, AmpMCM-41, and B9C3-AmpMCM-41
hybrid nanomaterial (Figure 4a) show hysteresis loops
which indicate the presence of mesoporosity in these
materials and exhibits type IV isotherm according to the

Brunauer-Deming-Deming-Teller (BDDT) classifica-
tion [35]. In the adsorption isotherm of AmpMCM-41
and B9C3-AmpMCM-41, the inflection point shifts to
lower relative pressures and the volume of nitrogen
adsorbed decreases upon functionalization. As
expected, this indicates the presence of aminopropyl
and FB9C3 groups tethered to the pore walls of the
mesopores. On the basis of the nitrogen sorption studies
of the B9C3-AmpMCM-41 hybrid nanomaterial we can
reveal the location of the 4-formyl benzo-9-crown-3
ether on the surface of MCM-41. As can be seen in
Figure 4a, there is considerable difference in the
adsorption of N2 in the B9C3-AmpMCM-41 hybrid
nanomaterial with respect to the original MCM-41
support. In the case of B9C3-AmpMCM-41 the amount
of nitrogen uptake decreased dramatically which means
that the 4-formyl benzo-9-crown-3 ether has been
introduced to the internal surface of MCM-41. Pore size
distributions were obtained from the desorption branch
of the isotherms using the Barrett, Joyner and Halenda
(BJH) method and are shown in Figure 4b. All materials
show maxima indicating the presence of mesopores.
The texture parameters of the materials derived from
nitrogen sorption analysis are collected in Table 2.
Determination of total surface area is commonly based
on the BET theory of multilayer adsorption with the
relative pressure (p/p0) in range of 0.05–0.30. In
comparison with MCM-41, the B9C3-AmpMCM-41
hybrid nanomaterial shows a decrease of specific
surface area due to incorporation of 4-formyl benzo-9-
crown-3 ether onto the mesopores of MCM-41. The
total pore volume was directly calculated from the
volume of nitrogen held at the highest relative pressure
(p/p0 = 0.98), using 0.8081 g.cm-3 for the density of N2
in its normal liquid state. As can be seen, the total pore
volume was decreased with immobilization of 4-formyl
benzo-9-crown-3 ether onto the mesopores of MCM-41.
These results reveal that incorporation of FB9C3 lead to
specific surface area reduction of prepared materials.
This trend is almost inversed with respect to that
observed in unit cell parameters of the materials. It can
be deduced that decrease of unit cell parameter is equal
to increase of specific surface area of the materials and
vice versa.

The thermal behavior of the B9C3-AmpMCM-41

Figure 4. (a) Nitrogen adsorption-desorption isotherms and
(b) BJH pore size distributions of prepared materials

Table 2. Texture parameters of samples taken from nitrogen sorption studies
Pore diameterb (nm)VT

a (ml.g-1)SBET (m2.g-1)Sample
2.80.851211MCM-41
1.90.35753AmpMCM-41
1.70.0476B9C3-AmpMCM-41

a Total pore volume at p/p0 = 0.98.
b Calculated based on the desorption isotherm branch using the BJH method.
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was investigated by TGA-DTA analysis. Figure 5 shows
the TGA and DTA curves for the prepared B9C3-
AmpMCM-41. The TGA curve indicates two stages of
mass reduction as a function of temperature. The first
stage, about 50-200°C, was ascribed to the loss of
adsorbed water. Due to the hydrophobic nature of the
prepared hybrid material the amount of adsorbed water
was only about 4 wt%.  The corresponding DTA curve
in this region is endothermic because the removal of
adsorbed water is endothermic. The second stage about
200-500°C was assigned to the combustion of organic
compounds, which is in good agreement with
exothermic DTA peak in this region.

A typical scanning electron micrograph of the
prepared B9C3-AmpMCM-41 has been shown in Figure
6a. The SEM image indicates that the obtained
nanoparticles are composed of nearly uniform ellipsoids
with some agglomerations.

On the other hand, the morphology and
microstructure of the prepared material were
investigated by TEM analysis (Figure 6b). From
Figure 6b, highly ordered mesoporous structure and
a narrow pore distribution can be observed. This
indicates that the mesoporous structure of MCM-41
is maintained after the immobilization of 4-formyl
benzo-9-crown-3 ether.

In summary, reaction of the 4-formyl benzo-9-crown-
3 ether with aminopropyl silyl modified MCM-41
afforded B9C3-AmpMCm-41 hybrid nanomaterial in
which the crown ether moiety was attached through
propyl chain spacer. Characterization of the prepared
nanomaterial was performed with different
physicochemical methods. The prepared nanomaterial

predicts to have interesting properties as selective
adsorbent for metal cations and also application in ion

Figure 5. TGA-DTA curves of prepared B9C3-AmpMCM-41 hybrid nanomaterial

Figure 6. (a) SEM and (b) TEM images of the B9C3-
AmpMCM-41 hybrid nanomaterial
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selective electrodes.
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