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A series of copper containing mesoporous silicas has been prepared at room temperature using
tetramethylorthosilicate as the source of silicon, a quaternary ammonium chloride salt as organic template
surfactant and copper complexes obtained from organofunctional silicon molecules as ligands. Using this
synthetic route, it was possible to prepare mesoporous materials containing up to 4.7 wt% copper. The
structure and the sorption properties of the obtained materials have been studied by X-ray diffraction, Fourier-
transform reflectance IR spectroscopy, transmission electron microscopy and surface area measurements. All
experimental data reveal that calcined products containing up to 2.4 wt% copper retain the basic structural
characteristics of MCM-41 materials, while higher copper loading leads to progressive destruction of hexagonal
structure. Electron paramagnetic resonance was used to study the symmetry and environment of Cu(ir) species
in the silicate framework of the as synthesized and calcined materials, as well as the accessibility of these
centers to polar adsorbed molecules, such as pyridine. The spectra of calcined materials indicate a distorted
octahedral geometry for the Cu(m) centers which were easily accessible by pyridine molecules. Cyclic
voltammetry showed that calcined copper containing mesoporous samples exhibit a marked electroactivity
indicating that most of the copper centers are distributed on the mesoporous surfaces.

Introduction

An important class of inorganic materials with large internal
surface area and high pore volume, designated as MCM-41,
has recently emerged.> As these materials display cylindrical
pores with diameters in the range 20-100 A, they show
potential promise as effective absorbents and catalysts in
processes involving large molecules that can diffuse freely
through their pores. However, since mesoporous pure silica
does not show exchange properties, incorporation of metal
centers in the silicate framework is necessary for their use in
catalysis. Several attempts have been made to prepare MCM-
41 based materials with various amounts of Al or other
metals,>® which can endow silica with desirable properties.
Thus, the substitution of framework silicon by other tetra-
valent or trivalent metal ion such as Ti**, Sn**, B3,
AP*,Cr’" ete., has led to modified MCM-41 structures
containing variable amounts of these ions.””'' On the other
hand, the presence of divalent metals in the silica framework is
also desirable for catalytic and other applications. For the
synthesis of M(11)-substituted silica the following three methods
have been described: (i) ion exchange of mesoporous matrix
with a metal salt solution,'>'? (ii) grafting the inner walls of
mesoporous silica with an organometallic complex'*!® and (iii)
incorporation of metal oxide centers into the mesoporous
structures by direct insertion of metal ions as precursors in the
initial stage of synthesis.'®!” Recently, a new sol-gel method
for the incorporation of divalent metal ions into mesoporous
silica was reported.'® The method relies on the use of
organofunctional silicon alkoxides of the type (RO);Si—-X-A
(A represents an organic functional group and X is a
hydrolytically stable spacer), which have the ability to form
metal complexes that are similar to those formed from the
corresponding ligands without the (RO);Si group. These
organically substituted alkoxides, after binding to metal ions

(e.g. Cu®™ ), can undergo co-condensation with Si(OR)4 units
by the sol-gel route to yield metal implanted mesoporous
silicas.!”® The main advantages of the sol-gel method are the
possibility to incorporate higher concentrations of metal
centers in the silica framework and the resulting homogeneous
distribution in the resulting porous structure.

In this work, we explore in detail the ability of (RO);Si—-X-A
derivatives to bind M(11) centers and report the synthesis and
characterization of MCM-41 materials modified with Cu®*
ions. The structure and sorption properties of the obtained
materials were studied by X-ray diffraction (XRD), transmis-
sion electron microscopy (TEM), IR reflectance spectroscopy
(FTIR) and surface area measurements. The environment and
accessibility of the incorporated Cu®* centers were studied
using electron paramagnetic resonance (EPR) and cyclic
voltammetry (CV).

Experimental
Synthesis of copper containing MCM-41

Cu-containing MCM-41 materials were synthesized by a sol-
gel approach using Si(OCH3), as the silicon source and
complexes of the type {[(CH30);Si(CH,);NHCH,CH,-
NH;],}Cu, formed from copper and commercially available
N-[3-(trimethoxysilyl)propyljethylenediamine (DIAMO) in a
molar ratio of 1: 2. This ratio proved to be the optimal in order
to obtain well ordered solids. The precursor metal complexes
were prepared in situ and then mixed with Si(OCH3),4 in the
presence of a water—methanol solution of hexadecyltrimethyl-
ammonium chloride to yield mesoporous silicas containing
Cu[NHCH,CH,NH,(CH,)3Si03], centers. During the pre-
paration the (CH;0)3Si— segments of the Cu complex were
easily hydrolyzed and participated in network condensation.
The solid products were then calcined at 600 °C in air to remove
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Table 1 Chemical composition and structural properties of calcined MCM materials

1

Sample Cu(wt%) djgo/nm a./nm Wall thickness/nm BET surface area/m” g
MCM-41 0 3.0 3.5 1.7 1021
Cu40-MCM 1.2 32 3.7 2.0 1116
Cu20-MCM 2.4 33 3.8 2.0 988
Cul0-MCM 3.4 3.0 3.5 — —
Cu05-MCM 4.7 3.6 4.2 2.5 580

“This sample exhibits a maximum at 3.0 nm and an intense shoulder at 3.2 nm. This is indicative of the presence of two different pore size dis-

tributions.

all organic components. The heat treatment, however, did not
remove the Cu(n) centers as indicated by the pale blue colour of
the synthesized samples. The results of chemical analysis for
calcined samples from different DIAMO/TMOS ratios are
given in Table 1.

In a typical preparation, 1 mmol of DIAMO was added
dropwise to a methanolic solution of copper(i) chloride
(0.5 mmol in 5 ml methanol). The resulting dark blue solution
was then added under stirring to 20 mmol Si(OCHj3)4 and the
mixture was left for 3-4 min. The clear solution was added to a
stirred solution containing 34 ml of distilled water, 7 ml of
methanol, and 2.76 mmol of hexadecyltrimethylammonium
chloride. After a few seconds a dark blue solid was precipitated.
The product, designated as MCM-Cu(2.4) (the number in
parentheses indicates the wt% copper in the calcined sample) was
allowed to age for 3 h, and then filtered off, washed extensively
with distilled water and methanol, dried in air and finally
calcined at 600°C for 5h (heating rate 0.2°C min~'). The
material was pale blue indicating the incorporation of copper
ions into the mesoporous framework. Mesoporous materials
with various amounts of copper were prepared by varying the
DIAMO/TMOS ratio, from 40 to 5, but always keeping the total
Si to surfactant ratio at a fixed value of 7.6.

For EPR spectral comparisons, a MCM-41 sample contain-
ing ca. 4.7 wt% copper was prepared by impregnation of the
appropriate amount of copper chloride salt in methanol. The as
recovered wet impregnated sample was dried at 150 °C for 2 h
prior to EPR measurements.

Physical measurements

X-Ray powder diffraction data were collected on a D500
Siemens diffractometer using Cu-Ko (40 kV, 35 mA) radiation
and a secondary beam graphite monochromator. Diffracto-
grams were collected in the 26 range 1-10°, in steps of 0.01° and
a counting time of 1s per step. IR reflectance spectra were
measured with a Nicolet 550 infrared spectrometer equipped
with a DTGS detector. Absorption coefficients were calculated
after a Kramers—Kroning inversion of the reflectivity spectra
and using the equation a=4nve"/n where ¢” is the imaginary
part of the dielectric constant (relative permittivity), »n the
refractive index and v the frequency (cm ™ '). Chemical analysis
was performed with a Perkin-Elmer 3000 ICP spectrometer.
The N, adsorption—desorption isotherms were measured at
—196°C on a Quantachrome Autosorb-I porosimeter. BET
surface areas were calculated from the linear part of the BET
plot according to TUPAC recommendations. The pore size
distribution was estimated from the absorption isotherm using
a cylindrical pore model.?! Transmission electron micrographs
were taken on a 200 kV Philips CM20 microscope. Electron
paramagnetic resonance (EPR) spectra were obtained using a
Bruker ER 200D-SRC spectrometer equipped with an Oxford
ESR 9 cryostat, a Bruker 035M NMR-gaussmeter and an
Anritsu MF76A microwave frequency counter. Spectra were
recorded at 10 K and collected on a PC interfaced to the
spectrometer.

Electrochemical studies were performed with a conventional
three-electrode potentiostatic system. A PAR model 173
potentiostat with a model 175 programmer and a Sefram
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TGM 164 XY/t recorder were used. In order to study the
electroactivity of the insulating mesoporous powders, we mixed
them (10 mg) with graphite powder (10 mg). The resulting
mixtures were then pressed on a Teflon coated carbon tissue
(10 mm diameter disk) using IR pellet equipment (the applied
force was 3.5tonnecm 2 for 5min). The resulting pellets
exhibited excellent mechanical properties and could be picked
up with a gold wire in order to perform electrical connection
with an external circuit, or supported by a gold grid inserted in
a specially designed Teflon frame. All potentials were referred
toan Ag|Ag™ (10 mM) reference electrode. The potentials were
cycled with a sweep rate of 10 mV s~ !. The electrolyte, 0.1 M
NEt4ClOy in dry acetonitrile, was extensively deoxygenated by
purging with N».

Results and discussion

Structural characterization and sorption properties of as-
synthesized and calcined copper containing MCM-41 samples

Fig. 1 shows the powder XRD patterns from as synthesized and
calcined copper containing MCM-41 samples prepared from
different molar ratios of TMOS/DIAMO. The patterns show a
characteristic strong diffraction at low scattering angle 20,
corresponding to djoo spacings in the range 41-32 A for the as
synthesized samples. Calcined samples show a decrease in the
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Fig. 1 Powder X-ray diffraction patterns of MCM-41 samples contain-
ing different amounts of copper: (a) as synthesized and (b) after
calcination at 600 °C.



dygo spacing compared to the as synthesized samples. The
decrease in djq reflects a shrinkage in the pore diameters upon
calcination. Calcined MCM-Cu(1.2) and MCM-Cu(2.4) exhibit
sharper djqo reflections accompanied by better resolved 110 and
200 reflections than those of MCM-Cu(3.4) and MCM-Cu(4.7)
materials. The higher order Bragg reflections, indicative of
hexagonal phases, lose intensity after calcination but are still well
resolved in the patterns of MCM-Cu(1.2) and MCM-Cu(2.4)
(Fig. 1). These reflections become weak and diffuse as the
concentration of copper increases, i.e. in MCM-Cu(3.4) and
MCM-Cu(4.7), implying poor crystallinity. Attempts to prepare
modified MCM-41 with greater amounts of copper (> 5 wt%)
gave XRD patterns without the characteristic djoo reflection
suggesting loss of long range packing order. Combining the
XRD and chemical analysis data (Table 1) we conclude that the
best results, ie. maximum copper loading and long range
hexagonal order, are achieved with ca. 2.5 wt% copper.

The N, adsorption-desorption isotherms for the MCM-
Cu(2.4) sample and the corresponding pore size distribution
curve calculated using a cylindrical pore model®! are shown in
Fig. 2. The shape of the isotherms is typical of a MCM-41
material prepared by hydrothermal synthesis.*> A well defined
step in the adsorption curve, near P/P,=0.2 indicates filling of
the framework-confined mesopores. The sample exhibits a high
surface area of ca. 1000 m> gfl, while from the pore size
distribution curve the pore diameter is calculated to be ca.
20 A. Combining these data with the XRD data of the same
sample, we can determine the framework wall thickness by
subtracting the mesopore size from the repeat distance a,
between pore centers given by a0=2d100/\/3 from which the
wall thickness is found to be 20 A. This value is somewhat
larger than the wall thickness of a MCM-41 sample prepared
from Si(OCHj3), without copper (17 A). This increase can be
ascribed to the participation of some of the Cu-DIAMO
complex in building the framework walls of the as synthesized
sample. A large framework wall thickness is desirable for
improved thermal stability.

Fig. 3(a) shows the transmission electron microscopy (TEM)
lattice image of calcined MCM-Cu(1.2). The material exhibits a
long range hexagonal ordering of the channels. The size of
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Fig. 2 Nitrogen adsorption—desorption isotherms for calcined MCM-
Cu(2.4). Inset, pore distribution calculated from the Nj-adsorption
branch.

mesopores estimated by TEM is in good agreement with the
value determined from adsorption and XRD experiments. From
the representative hexagonal ordering of the channels [Fig. 3(b)]
the following unit cell parameters can be obtained, a, =40 A,
pore diameter =20 A, wall thickness=20 A, values which
compare well with a,=37 A, pore diameter=17 A and wall
thickness =20 A, calculated from adsorption and XRD results.

IR spectra of the as synthesized and calcined MCM-Cu(2.4)
samples are shown in Fig.4. Spectrum (a) from an as
synthesized sample shows bands at 1047, 954, 792 and
445cm™'. Bands at similar wavenumbers in the spectra of
crystalline and amorphous SiO, have been assigned to
characteristic vibrations of Si—-O-Si bridges crosslinking the
silicate network.?>2® Thus, the stronger band at 1047 cm!in
Fig. 4(a) can be assigned to the asymmetric stretching mode
vibration of the Si-O-Si group whereas the bending motion of
oxygens in the same bridge is responsible for the band at
792 cm™! (motion along the bisector of the Si-O-Si bridging
group). In addition, the rocking motion of bridging oxygens
perpendicular to the Si—O-Si plane can be correlated with the
445cm™! band. All these Si-O bands show increases in
wavenumber upon heat treatment at 600°C, indicating a
further condensation of Si—O-Si bridges that increases the
crosslinking of the silicate framework [Fig. 4(b)]. Finally, the
band at 954 cm ™!, which originates from the presence of
Si—O™ and Si—OH bonds in silicate tetrahedral units, decreases
in intensity upon heat treatment. This is an expected result
since calcination of the as synthesized MCM material leads to
dehydroxylation of the silicate surface and removal of the

Fig. 3 (a) TEM micrograph for calcined MCM-Cu(1.2) and (b) an
enlarged area of (a) showing the regular hexagonal arrangement of
pores (dark); the light region is the silica network.
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Fig. 4 IR absorption spectra for MCM-Cu(2.4): (a) as synthesized and
(b) after calcination at 600 °C.

template ions with a concomitant decrease in the number of
Si—O~ and Si-OH units. The removal of surfactant template is
evident from the high wavenumber part of the spectrum where
the absorption bands at 2925 and 2852 cm ™! from the asym-
metric and symmetric vibrations of CH, units as well as the
high frequency shoulder in the 2925 cm ™' band from the asym-
metric vibration of the CH; group vanish upon calcination.

Location and coordination geometry of Cu>" in MCM-41

In order to probe the location and environment of Cu>* ions in
the silica framework, low temperature EPR spectroscopy was
employed. Fig. 5 shows the EPR spectra of (a) a precursor Cu-
complex in a frozen methanol solution, (b) air-dried MCM-
Cu(2.4) and (c) calcined MCM-Cu(2.4). The spectrum of the
frozen Cu—DIAMO complex can be described by an axial spin
Hamiltonian with parameters gj=2.19, g,=2.05 and
Ay=0.0180 cm ! which point to a square planar symmetry for
Cu(in) ions coordinated to four nitrogens.?’~>° The spectrum of
the as synthesized MCM-Cu(2.4) sample consists of two signals,
probably arising from two different copper centers denoted “a”
and “b”. The more intense signal, assigned to center “a”, can be
described by an axial spin Hamiltonian with parameters
g1=2.19, 4;=0.01810 cm™ ! and g, =2.05. This set of para-
meters is similar to that observed for the Cu—-DIAMO complex
suggesting similar environments for Cu(1) ions in both samples.
Thus we can assume that the greater part of Cu(i) ions is
complexed by DIAMO in the as synthesized MCM-Cu(2.4)
material. On the other hand, the signal of lower intensity, center
“b”, is described by gj=2.27 and 4;=0.0158 cm™". In this case
the parameter g, could not be determined because of overlap
with the more intense g, part of center “a”.

The observed differences in the EPR parameters between
centers “a’”’ and “b” can be attributed to a varying number of
nitrogen coordinated sites and to a change in the symmetry of
the species. According to a large number of Cu(i) EPR studies
a g| value in the range 2.27-2.29 is characteristic for two
nitrogen coordination, a value of 2.23 for three nitrogen and a
value of 2.20 for four nitrogen coordination.?”*° Furthermore,
values of gy=2.27 and 4=0.01580 cm~! have been reported
for distorted octahedral (or tetragonal) configuration and
g1=2.19 and 4;=0.01810 cm” ! for square planar symmetry.°
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Fig.5 EPR spectra of (a) frozen DIAMO-Cu solution, (b) as
synthesized MCM-Cu(2.4) and (c) MCM-Cu(2.4) after calcination at
600 °C. The spectra were recorded at a temperature of 10 K.

According to these assignments signal “b” can be ascribed to
Cu(n) ions in distorted octahedral symmetry with two nitrogens
and four oxygens as ligating atoms, the latter from framework
or water molecules. These species probably originate from
partial destruction of one chelating moiety of the complex
{[(CH;0)3Si(CH,);NHCH,CH,NH,],}Cu during formation
of the crystalline solid.

The spectrum of the calcined MCM-Cu(2.4) sample is shown
in Fig. 5(c). In contrast to the spectrum of the as synthesized
product that of the calcined material indicates the presence of
only one species that can be described by an axial spin
Hamiltonian with g|=2.39, g, =2.07, 4=0.0120 cm ™!, These
EPR parameters differ only slightly from the g and 4| values
for [Cu(H,0)¢]** found in hydrated ion exchanged Cu-MCM-
41, (g=2.4, 4 =0.0141 ecm™ 1)'3% or hydrated clay minerals
(g=2.38, 4=0.0145 em ™ 1).3132 Accordingly, we propose a
similar octahedral geometry with a tetragonal elongation
resulting from the coordination of Cu(m) to silica oxygens in
MCM-Cu(2.4). It should be noted that the different g and A
values for the as synthesized and calcined Cu-MCM materials
may correspond to the same coordination geometry, since
complete substitution of nitrogen ligands by framework
oxygens would decrease 4| and increase g|.

Fig. 6 shows the EPR spectra of MCM-Cu(2.4) and MCM-
Cu(4.7), in comparison with the spectrum of a reference MCM-
41 sample (see Experimental section) containing 4.7 wt%
Cu(r). The MCM-Cu(4.7) sample has nearly twice an intense
EPR signal in comparison with the MCM-Cu(2.4) sample and
almost the same intensity as that of the reference sample. Since
all spectra were measured under the same conditions, the EPR
intensities of the spectra should be directly proportional to the
concentration of Cu(i) ions in these materials. The small
discrepancies observed for the signal intensities between MCM-
Cu(4.7) and the reference sample might be due to slight
experimental variations in the EPR measurements.

Another important question concerns the accessibility of
Cu(n) sites by other molecules penetrating into the mesoporous
structure. In order to examine this, the calcined MCM-Cu(2.4)
sample was exposed to pyridine vapour for a few hours and
then its EPR spectrum was recorded. The spectra of the
calcined MCM-Cu(2.4) sample before (a) and after pyridine
exposure (b) are illustrated in Fig. 7. The observed axial signals



Fig. 6 EPR spectra for samples calcined at 600 °C: (a) MCM-Cu(2.4)
and (b) MCM-Cu(4.7). (c) MCM-41 reference sample containing ca.
4.7 wt% copper. All spectra were recorded under the same conditions.

with gj=2.39, g,=2.07, 4=0.0120 cm™ ! for the calcined
MCM-Cu(2.4) changed to g=2.27, A4;=0.0160 em” !,
g1 =2.05 after pyridine adsorption. The different parameters
probably arise from the substitution of ligating oxygens by the
nitrogen atoms of pyridine molecules. Based on these EPR
parameters we suggest that the number of nitrogens coordi-

2,72.39

Fig. 7 EPR spectra of MCM-Cu(2.4) samples calcined at 600 °C: (a)
initial spectrum, (b) after exposure to pyridine vapour for a few hours
and (c) after treatment with Nal solution. The spectra were recorded at
a temperature of 10 K.

nated to each copper(ir) ion is probably one or at most two.>
The symmetry of the species probably remains distorted
octahedral or changed to trigonal-distorted planar symmetry
with nitrogen from pyridine molecules and oxygens from the
framework acting as ligands. In an EPR study of ion-
exchanged Cu(i) ions into aluminium containing MCM-41,%’
the same experiment (adsorption of pyridine) did not alter the
EPR signal even for long exposure times (30 days). The
explanation for this different behaviour is that the Cu(i) ion
sites are buried within the mesoporous walls and thus polar
adsorbate molecules, such as pyridine, cannot gain access to
them. On the other hand, the accessibility of Cu®>* centers in
the present MCM-Cu(2.4) solid to pyridine, indicates that most
of the copper(i1) ions are located in the interior surfaces of the
mesopores with a small portion of copper ions present inside
the silicate walls.

The EPR spectrum of calcined MCM-Cu(2.4) was also
measured after a reduction treatment with a solution of a Nal
for a few hours. The spectrum of the reduced sample shows a 25
times lower intensity signal and a weaker hyperfine structure in
comparison to that of untreated sample [Fig. 7(a)]. The
intensity decrease can be attributed to the reduction of Cu(ir)
to Cu(1) which is EPR silent. Spectrum (c) also indicates that
some of the Cu(u) species are unaffected by the reduction
process probably because these ions are trapped into the
mesoporous walls during the synthesis and are thus inaccessible
to reductive reagents.

Electroactivity of copper containing MCM-41

Cyclic voltammetry (CV) of the as synthesized and calcined
MCM-41 samples did not exhibit any electroactivity in
acetonitrile in the potential range —1.5 to 0.7V as a
consequence of the absence of any redox centers (data not
shown). Similarly, an as synthesized MCM-Cu(2.4) sample was
electrochemically silent. This is expected because of the
presence of surfactant molecules acting as templates in the
synthesis of mesoporous materials. Electron transfer can occur
only if the electroactive species are in contact with graphite
particles in the composite electrode. Surfactant molecules,
which are adsorbed on the external surfaces as well as those
filling cylindrical pores, will strongly obstruct electron transfer
between redox centers and the graphite particles.

By contrast, a calcined MCM-Cu(2.4) sample exhibits a
marked electroactivity as shown in Fig. 8(a). This electro-
activity can be ascribed to the presence of copper centers since
calcined MCM-41 is electroinactive. The first cycle in Fig. 8(a)
clearly shows one reduction peak P! at —447 mV associated
with the anodic peak P,' at —37 mV. A second redox system
(peaks P2 and P,?) of very weak intensity can be seen at more
negative potentials. When the electrode potential is cycled to
more negative potentials (—1.5V), the reverse sweep is
accompanied by a considerable enhancement of the anodic
peak current intensity P,” [Fig. 8(a), dotted line]. The peaks P’
and P.2 are attributed to electrochemical reduction of Cu?™
and Cu* ions and peaks P,', P,> to the electrochemical
oxidation of reduced Cu™ and Cu>*.3*

Repetitive potential cycles between —370mV and
—1160 mV gives rise to a marked enhancement of the cathodic
peak current P2 [Fig. 8(b)]. This peak becomes stable
regardless of the initial or final potential of the sweep. After
cycling for 15 min a stable response is obtained from each of
the redox systems 1 (E,'=—458mV, E,,'=30mV) and 2
(Epe”=—930 mV, E,,>=—420 mV), Fig. 8(b). The peak inten-
sities did not change with either immersion time or number of
redox cycles. This suggests that the metal centers are strongly
bound to the inorganic matrix. This set of electrochemical
experiments unambiguously demonstrate the existence of redox
active copper centers in calcined MCM-Cu(2.4). The electro-
activity observed probably reflects the redox activity of copper
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Fig. 8 Cyclic voltammograms of (a) a composite electrode containing
calcined Cu-MCM-41 in CH;CN (0.1 M TBAP) and (b) the same
electrode after 15min of continuous cycling between —3.70 and
—1160 mV (b). The solid line corresponds to the first cycle and the
dotted line to a second cycle after 15 min. Conditions: potential scan
rate=10 mV s~ . Potentials are given vs. an AglAg™ 10 mM reference
electrode.

centers located at or near the pore openings of the MCM-
Cu(2.4) sample, since electron transfer can occur only if the
electroactive species are in contact with the graphite particles of
the composite electrode. This confirms further the observation
by EPR that most of the copper centers are not located within
the walls forming the mesopores, but are distributed on the
surfaces of the mesoporous structure. The small portion of
copper ions which are inside the walls are not detectable by
electrochemical experiments.

Finally the amount of Cu ions on outer surfaces is small since
the internal surface area of MCM-Cu(2.4) is calculated to be
1200 times greater than the outer surface. Furthermore, the
experimental data for MCM-Cu(2.4) show that the surface area
before surfactant extraction (where the total surface equals that
of the outer surface area) is only 24 m” g~ ! whereas, the total
surface area, after surfactant removal, is 988 m> gfl. Since in
the present work sol-gel synthesis was used to secure excellent
homogeneous dispersion of various species in a silicate matrix,
it is very likely that a large majority of the Cu complexes are
dispersed in the interior pore surfaces.

Conclusions

Copper containing MCM-41 materials have been prepared by a
route based on a sol-gel approach at room temperature.
Remarkably, the amount of copper ion incorporated within the
mesoporous silicate framework was significantly higher
(4.7 wt%) in comparison to that obtainable by other known
procedures (maximum 0.5 wt% Cu). It was found that a copper
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loading above ca. 2.5 wt% led to a progressive destruction of the
long-range hexagonal order of the MCM-41 material. EPR
experiments revealed a distorted octahedral geometry for copper
ions, while polar molecules, such as pyridine, have easy access to
these sites. Cyclic voltammetry of the calcined copper containing
MCM-41 revealed a marked electroactivity for Cu?>* modified
MCM-41 and demonstrated strong binding of the Cu®* centers
to the inorganic matrix as well as high stability.
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