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Abstract

Mesoporous titano- and zirconosilicate molecular sieves, Ti-MCM-41 and Zr-MCM-41, respectively, with Si/M

ratios in the range from 11 to 96 (M ¼ Ti or Zr), have been synthesized by the hydrothermal method and characterized

by XRD, XRF, N2 adsorption and diffusive reflectance UV–Vis (DRUV–Vis), FT-IR and electron spin resonance

(ESR) spectroscopic techniques. The redox behavior and selective oxidation properties of these materials have been

investigated. ESR of samples reduced with LiAlH4 (298 K) and H2 (673–873 K) reveals two types of metal ion species:

species I0 located inside the pore walls and species I00 located at the pore surface. The reduced species I00 are highly

reactive towards oxygen and form M(O��
2 ) radicals. The M(O��

2 ) radicals were also observed when the samples were

reacted with aqueous H2O2 or tert-butylhydroperoxide (TBHP). ESR studies reveal that Ti-MCM-41 is easier to reduce

and reoxidize than Zr-MCM-41. The DRUV–Vis spectra are consistent with a monoatomic dispersion of the metal

ions. In the samples with high metal loading the presence of a nanocrystalline metal oxide phase cannot be ruled out.

Both Ti-MCM-41 and Zr-MCM-41 catalyze the hydroxylation of 1-naphthol with aqueous H2O2 and the epoxidation

of norbornylene with TBHP. � 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Metallosilicate molecular sieves, obtained by
isomorphous substitution of Si by metal ions in
silicate structures, exhibit catalytic activity in se-
lective oxidation reactions using hydrogen perox-
ide and alkylhydroperoxides at mild conditions.

Among the microporous metallosilicates, titanium-
substituted silicalite-1 (TS-1; MFI topology; pore
diameter � 5:5 �AA) is unique in catalyzing a variety
of selective oxidation reactions [1,2]. In recent
years, attention has increasingly been directed to-
wards the study of metal-containing mesoporous
M41S type molecular sieves with large pores (20–
100 �AA diameter) suitable for the transformation of
bulky organic compounds [3–8]. Metal ions such
as Al [9–12], Ti [13,14], Fe [15], Mn [16], V [17,18],
and Ga [19–21] have been successfully incorpo-
rated into the MCM-41 framework. The catalytic
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activity of these modified MCM-41 materials has
been examined in the selective oxidation of sub-
strates such as hex-1-ene, a-terpineol, norbornyl-
ene and 2,6-di-tert-butylphenol. Titanium- and
zirconium-containing MCM-41 materials have
been reported to be useful as catalysts and catalyst
supports [22–25]. Kevan and co-workers [26–28]
reported on the electron spin resonance (ESR)
spectroscopic characterization of Ti-MCM-41
samples irradiated with c-rays. Recently, we have
reported detailed spectroscopic investigations on
the incorporation of Sn(IV) [29] and Zr(IV) [30]
ions in MCM-41. The present study deals with the
redox behavior and catalytic activity of mesopor-
ous titano- and zirconosilicate molecular sieves
(Ti-MCM-41 and Zr-MCM-41) with varying me-
tal contents (Si/M¼11–96) prepared by hydro-
thermal methods. Characterization of the samples
by XRD, XRF, N2 adsorption, FT-IR, diffuse
reflectance UV–Visible (DRUV–Vis) and ESR
prove the substitution of metal ions in the frame-
work of the MCM-41 structure.

2. Experimental

2.1. Materials

The MCM-41 samples were synthesized hy-
drothermally, using fumed silica (99%, Sigma),
tetramethylammonium silicate (TMA silicate; 10
wt.% silica solution, TMA/SiO2 ¼ 0:5; Sachem
Inc., USA), cetyltrimethylammonium chloride/
hydroxide (CTMACl/OH; 17.9 wt.% Cl and 6.7
wt.% OH) prepared in the laboratory by partial
exchange of CTMACl (25 wt.% aqueous solution,
Aldrich) over an ion exchange resin, TMA hy-
droxide (TMAOH; 99%, Aldrich) and titanium
butoxide and zirconium butoxide (80 wt.% solu-
tion in 1-butanol, Aldrich). The all-silica MCM-41
(Si-MCM-41) and Zr-MCM-41 samples were
prepared as reported earlier [30].

2.2. Synthesis of Ti-MCM-41

The molar composition of the synthesis gel of
Ti-MCM-41, in terms of oxides, was as follows:

SiO2 : 0–0:08 TiO2 : 0:089 ðCTMAÞ2O
: 0:155 ðTMAÞ2O : 18H2O:

In a typical synthesis (Ti-MCM-41(B)), a 24.6%
solution of CTMACl/OH (16.7 g) was placed in
a polypropylene beaker, and 2.08 g TMAOH dis-
solved in 10 g water and 13.6 g TMA silicate were
added to it while stirring. The thick gel formed was
stirred for 15 min. Fumed silica (3.1 g) was then
added slowly in about 10 min to the above mixture
under stirring. After complete addition the stirring
was continued for 1 h. To this thick slurry, 0.52 g
of Ti(OC4H9)4 (for Si/Ti¼50) in 5–6 g of iso-
propanol were added. Stirring was continued for
another 1 h. The pH of the final slurry was
maintained at 11.5 using 0.1 N H2SO4. The mix-
ture was then transferred to a stainless steel au-
toclave and heated at 383 K for 5 days. The solid
material (Ti-MCM-41(B)) was filtered, washed
with deionized water and dried at 373 K in air. The
product was then calcined at 823 K, first in flowing
nitrogen (for 3 h) and then in flowing air (for 6 h)
to remove the organic matter.

Three Ti-MCM-41 and four Zr-MCM-41 sam-
ples with different metal contents were synthesized.
The synthesis of these materials is reproducible.
The compositions of the gels and calcined solids
and their physicochemical characteristics are pre-
sented in Table 1. All the Zr-containing samples
and Si-MCM-41 were reported earlier [30], and the
data for these materials are included in Table 1 for
completeness.

Ti- and Zr-impregnated MCM-41 samples (Ti-
MCM-41(Imp) and Zr-MCM-41(Imp), respec-
tively) with Si/M ratios of 25 were prepared
by adding 0.26 g of Ti(OC4H9)4 and 0.35 g of
Zr(OC4H9)4, respectively, dissolved in 5 g of 2-
propanol to 1 g of dry Si-MCM-41. The mixture
was gently heated to dryness while stirring. The
samples were finally calcined at 573 K in flowing
air for 4 h.

2.3. Physicochemical characterization

X-ray diffractograms of the calcined sam-
ples were recorded on a Rigaku Miniflex diffrac-
tometer using nickel-filtered CuKa radiation (k ¼
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1:5406 �AA, 30 kV, 15 mA) over 2h ¼ 1:5–10� and a
scan speed of 1�/min. The chemical composition
was determined using a Rigaku 3070 E wave-
length dispersive XRF spectrometer with a Rh
target energized at 50 kV and 40 mA. The surface
area and pore diameter of the samples were de-
termined from N2 adsorption isotherms (obtained
on a Coulter 100 instrument), using the Barret–
Joyner–Halenda (BJH) model [31]. DRUV–Vis
spectra of the solid samples were recorded on a
Shimadzu UV-2101 PC spectrophotometer. FT-IR
spectra of the samples as KBr pellets were taken
on a Pye Unicam SP-300 spectrophotometer.

ESR spectra were recorded on a Bruker EMX
spectrometer operating at X-band frequency and
100 kHz field modulation. The spectra at 77 K
were measured using a quartz finger dewar. Spec-
tral simulations were performed using the Bruker
Simfonia software package. ESR experiments were
carried out on the samples reacted with dry hy-
drogen or LiAlH4. Prior to the reduction with dry
hydrogen, the samples were evacuated (10�1 Pa)
and dehydrated by gradually raising the tempera-
ture from 298 K to a set value (673, 773 or 883 K)
in about 4–5 h and then kept at that temperature
for a further period of 6 h. The samples, thus ac-
tivated, were treated with a flow of dry hydrogen
(20 cm3/min) at the set temperature for 6 h. Then
the samples were cooled to 298 K and transferred
into ESR tubes. Reduction with LiAlH4 in anhy-
drous distilled THF was carried out under argon
atmosphere at 298 K for 6 h.

ESR measurements were also done on samples
reacted with 25% aqueous H2O2 or tert-butyl-
hydroperoxide (TBHP) (70% aqueous solution,

Aldrich). In those cases the catalysts (45 mg) were
initially activated at 673 K, and then 0.1 cm3 of
oxidant solution were added at 298 K till the
sample became wet.

2.4. Catalytic activity

Catalytic activities of the samples in the hy-
droxylation of 1-naphthol and epoxidation of
norbornylene were studied using a batch reactor at
atmospheric pressure. Aqueous H2O2 was used as
oxidant in the hydroxylation of 1-naphthol and
TBHP in the epoxidation of norbornylene.

In a typical reaction, 0.5 g of substrate (1-
naphthol or norbornylene), 10 g of CH3CN and 0.1
g of solid catalyst were taken in a 50 cm3 round-
bottom flask with a water-cooled condenser. The
reactions were conducted at 353 K in the oxidation
of 1-naphthol and at 343 K in the expoxidation of
norbornylene. An optimum amount of oxidant
(substrate/oxidant (mole ratio)¼1.5) was added to
the reaction mixture, and the reaction was carried
out for 24 h. The products were analyzed by a GC
(HP-5880 A) equipped with a methyl silicon gum
capillary column (HP1, 50 m long and 0.2 mm i.d.)
and a flame ionization detector.

3. Results and discussion

3.1. Material characterization

3.1.1. XRD
The XRD patterns of the as-synthesized Ti-

MCM-41 and Zr-MCM-41 samples resembled

Table 1

Composition and physicochemical characteristics of Ti-MCM-41 and Zr-MCM-41 samples

Sample SiO2/MO2 (mole ratio) XRD d100 (�AA) BET surface

area (m2/g)

Pore diameter

(�AA)

Pore volume

(cm3/g)

Gel Product

Si-MCM-41 – – 36.77 975 27 0.63

Ti-MCM-41(A) 100 63 39.75 – – –

Ti-MCM-41(B) 50 34 40.92 963 30 0.90

Ti-MCM-41(C) 25 18 41.64 914 32 0.98

Zr-MCM-41(A) 100 96 38.38 968 28 0.75

Zr-MCM-41(B) 50 55 39.76 942 30 0.90

Zr-MCM-41(C) 25 39 40.88 889 31 1.05

Zr-MCM-41(D) 12.5 23 33.69 766 25 0.51
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those of Si-MCM-41 [3,4]. The long-range order in
hexagonal symmetry was retained in the calcined
forms of silicious and metal-incorporated MCM-
41 samples. A typical XRD profile of calcined Ti-
MCM-41 is shown in Fig. 1, and the d100 values for
all the samples are listed in Table 1. The XRD
peaks shift to higher d-values with increasing metal
content consistent with a probable incorporation
of Ti and Zr into the MCM-41 structure.

3.1.2. Sorption
All samples exhibited type IV isotherms typical

of a mesoporous texture. The BET surface area,
pore size and pore volume calculated by using the
BJH model [31] are listed in Table 1. In general,
the pore diameter and pore volume of the samples
increased while the surface area decreased with
increasing metal content.

3.1.3. FT-IR and DRUV–Vis spectroscopy
Ti-MCM-41 and Zr-MCM-41 exhibited a band

at 964 and 960 cm�1, respectively, in the FT-IR
spectra (KBr pellets) attributable to the Si–O–(M)
group of the framework. However, caution is re-
quired in assigning this band, as Si-MCM-41
samples also exhibit such a band around 960 cm�1

due to silanol groups at the defect sites. DRUV–
Vis spectra of Ti-MCM-41 and Zr-MCM-41
samples showed a band, due to oxygen to metal
charge transfer transition, at 220 and 208 nm, re-
spectively (Fig. 2). In calcined samples, this band

shifted to the lower energy side by about 5 nm.
The difference in band position for Ti- and Zr-
MCM-41 samples is due to the difference in elec-
tronegativity of the metal ion and covalency of the
metal–oxygen bond. The Ti–O bond is more co-
valent than the Zr–O bond. TiO2 (anatase) showed
this band at around 340 nm (Fig. 2) and ZrO2 at
240 nm. The shift in the charge transfer band po-
sition towards the higher energy side in Ti-MCM-
41 and Zr-MCM-41 compared to pure TiO2

(anatase) and ZrO2, respectively, indicates mono-
atomic dispersion and tetrahedral coordination of
Ti and Zr in the MCM-41 structure. A similar shift
in the charge transfer band position was reported
earlier for other metallosilicates [1,2,7–15].

3.1.4. ESR spectroscopy
Both Ti-MCM-41 and Zr-MCM-41 were ESR

silent consistent with the þ4 oxidation state of Ti
and Zr ions in the MCM-41 structure. On reaction
with dry hydrogen the samples became para-
magnetic and showed two sets of ESR signals,
with one set of signals having g values below the

Fig. 1. Powder XRD pattern of calcined Ti-MCM-41(B).

Fig. 2. DRUV–Vis spectra of calcined samples after smooth-

ening: (a) Ti-MCM-41(B), (b) Zr-MCM-41(B) and (c) TiO2

(anatase).
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free-spin g-value (ge ¼ 2:0023) and the other set of
signals above the free-spin g-value. The intensity
of the signals increased with increasing metal
content. The all-silica sample (Si-MCM-41) trea-
ted with dry hydrogen did not show these signals
indicating the origin of the ESR signals as due
to the incorporated metal ions. The signals with
g-values below the free-spin value are typical of
Ti(III) and Zr(III) ions, while the signals occurring
above the free-spin g-value are due to metal su-
peroxide radical species, M(O��

2 ) [30,32]. The in-
tensities of Ti(III) signals as in the case of Zr(III)
[30] were higher in samples reduced at 873 K.
Typical ESR spectra of hydrogen-reduced Ti-
MCM-41 with varying Si/Ti ratio are shown in
Fig. 3. Related spectra for Zr-MCM-41 samples
were reported earlier [30]. The overall spectral in-

tensity is higher for Ti-MCM-41 than for Zr-
MCM-41 and suggests that Ti(IV) ions are easier
to reduce than Zr(IV) ions. This is in agreement
with the difference in the charge transfer band
positions of the Ti-MCM-41 and Zr-MCM-41
samples in the DRUV–Vis spectra (the former
showed the charge transfer band at a lower energy
than the latter). The stability of Ti(III) ions was
examined by exposing the samples to aerial oxy-
gen. As shown in Fig. 4, the dominant signal of the
air-exposed samples was due to metal superoxide
species. In other words Ti(III) is highly reactive
towards aerial oxygen to form metal superoxide
radicals. Weak Ti(III) signals present even after 16
h of air exposure indicate that a small fraction of
the Ti ions are located deep inside the pore walls
not accessible for re-oxidation with aerial oxygen,
while the majority of the Ti ions are near the pore
surface.

Fig. 3. ESR spectra (at 77 K) of Ti-MCM-41 reduced at 873 K:

(a) sample C, (b) sample B and (c) sample A. Signals due to

Ti(III) ions (species I0 and I00) and Ti(O��
2 ) radicals (species II)

are indicated.

Fig. 4. ESR spectra (at 77 K) of dry hydrogen-reduced Ti-

MCM-41(C): (a) before exposing to air and (b) after exposing

to air.
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Reactions with LiAlH4 at 298 K also yielded
the Ti(III) species (Fig. 5). The corresponding
spectra for Zr-MCM-41 were reported earlier [30].
The ESR signal intensity reveals that the extent of
reduction is higher with LiAlH4 than with dry
hydrogen.

Reactions with aqueous H2O2 and TBHP yiel-
ded the metal superoxide species. The spectra of
Ti-MCM-41 and Zr-MCM-41 reacted with H2O2

are shown in Fig. 6. Metal superoxide species have
been proposed as intermediates in catalytic oxi-
dation reactions by titanosilicates [1,2,33,34]. It is
interesting to note from the ESR studies (Fig. 4)
that this intermediate metal superoxide species can
also be generated by reduction with dry hydrogen/
LiAlH4 followed by re-oxidation with aerial oxy-
gen.

Spectral simulations reveal the presence of two
types of metal ion species (I0 and I00). A generalized

diagram showing the locations of different species
is shown in Scheme 1. Species I0 is characterized by
a rhombic g tensor and corresponds to the ions

Fig. 5. ESR spectra (at 77 K) of Ti-MCM-41 after reduction

with LiAlH4: (a) sample C and (b) sample B. Signals due to

Ti(III) ions (species I0 and I00) and Ti(O��
2 ) radicals (species II)

are marked.

Fig. 6. ESR spectra at 77 K of the metal superoxide radicals

generated by reacting (a) Ti-MCM-41(C) and (b) Zr-MCM-

41(D) with aqueous H2O2.

Scheme 1. Locations of Ti and Zr ions in (M)-MCM-41.
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located inside the pore walls. Species I00, on the
contrary is characterized by an axial g tensor and
corresponds to the ions located at the surface of
the pores. The spin Hamiltonian parameters of
species I0 and I00 along with those of Ti(IV)-
superoxide radicals (TiO��

2 ) (species II; not shown
in Scheme 1) are listed in Table 2. The data for Zr
species [30] are included for the sake of com-
pleteness. Although both Ti(III) and Zr(III) have a
single unpaired electron (S ¼ 1=2) in the d-orbi-
tals, the g-values of these are markedly different,
especially in the gz parameter. A difference in the gz
parameter of the superoxide species is also noticed.
This difference is related to the crystal field split-
ting and the covalency of metal–oxygen bond. The
g values of M(III) ions, with gz < gx=gy < 2:0023,
correspond to a distorted tetrahedral geometry,
with a dx2�y2 ground state. The expressions for the
g-values in the case of an axial symmetry are as
follows:

g? ¼ 2:0023� ð8c?k=DÞ

gk ¼ 2:0023� ð2ckk=DÞ

where k is the spin–orbit coupling constant. Its
value for Ti(III) is 155 cm�1 and for Zr(III) is 500
cm�1; D is crystal field splitting; gk corresponds to
gz and g? is approximated to ðgx þ gyÞ=2. The co-
efficients c? and ck are related to metal–oxygen
covalency parameters. The parameters c?=D and

ck=D for species I0 and I00 of Ti-MCM-41 and Zr-
MCM-41 were estimated (Table 2) by substituting
the experimental g values in the above expressions.
These values are smaller for Zr-MCM-41 than for
Ti-MCM-41. However, one expects smaller values
for Ti-MCM-41 than for Zr-MCM-41, as the
covalency of Ti–O is more than Zr–O bond. The
reverse trend for c?=D and ck=D is therefore due to
a difference in the crystal field parameter (D) for
Ti-MCM-41 and Zr-MCM-41 samples. The D
value for Zr-MCM-41 is larger than that for Ti-
MCM-41. This is perhaps due to a higher distor-
tion in the case of the zirconium samples due to a
larger difference in the covalent radii of Zr(IV) and
Si(IV) than of Ti(IV) and Si(IV).

3.2. Catalytic activity studies

3.2.1. Hydroxylation of 1-naphthol
Both Ti-MCM-41 and Zr-MCM-41 were active

in the hydroxylation of 1-naphthol with aqueous
H2O2 as oxidant. The results of the hydroxylation
reactions are presented in Table 3. For comparison
the reactions were also carried out over the im-
pregnated and all-silica MCM-41 samples. The
impregnated samples showed very low activity (�1
mol% conversion) while Si-MCM-41 exhibited no
activity. Also, no activity was observed in the ab-
sence of the Ti- or Zr-MCM-41 catalysts. These
results indicate that Ti and Zr ions are responsible

Table 2

ESR spin Hamiltonian parameters of Ti-MCM-41 and Zr-MCM-41

Sample Treatment gx gy gz ck=D � 10�5 c?=D � 10�5 Assignment

Ti-MCM-41 Reaction with dry H2 at

873 K

1.938 1.974 1.894 8.734 14.940 Ti(III); species I0

1.958 1.958 1.906 7.766 14.290 Ti(III); species I00

Reaction with dry H2 at

873 K and reoxidation

with air

2.002 2.008 2.021 – – Ti(O��
2 ); species II

Reaction with H2O2 2.003 2.009 2.024 – – Ti(O��
2 ); species II

Zr-MCM-41 Reaction with dry H2 at

873 K

1.943 1.970 1.876 3.158 4.630 Zr(III); species I0

1.961 1.961 1.899 2.583 4.130 Zr(III); species I00

Reaction with dry H2 at

873 K and reoxidation

with air

2.001 2.008 2.031 – – Zr(O��
2 ); species II

Reaction with H2O2 2.002 2.009 2.032 – – Zr(O��
2 ); species II

K. Chaudhari et al. / Microporous and Mesoporous Materials 50 (2001) 209–218 215



for the catalytic activity. The reaction was highly
selective for 1,4-naphthaquinone (100 mol% se-
lectivity with Ti-MCM-41 and 90.5–95.4 mol%
with Zr-MCM-41); 1,4-dihydroxynaphthalene and
1,2-dihydroxynaphthalene were minor products
of the hydroxylation reaction (Scheme 2). Dis-
tinct variations in the conversion and turnover
frequency (TOF) with varying metal contents were
observed. With increasing metal content the con-
version of 1-naphthol increased, while the TOF
decreased. The selectivity for 1,4-naphthaquinone
also decreased with increasing metal content.

3.2.2. Epoxidation of norbornylene
Both Ti-MCM-41 and Zr-MCM-41 were active

in the epoxidation of norbornylene with TBHP

(Table 4). As in the case of hydroxylation re-
actions, impregnated samples showed very low
conversions (1 mol%) in the epoxidation reaction.
Si-MCM-41 was not active. The reaction did not
proceed in the absence of the Ti- or Zr-MCM-41
catalysts. Oxidation of norbornylene over Ti-
MCM-41 and Zr-MCM-41 yielded exo- and endo-
epoxides which opened up further during the
reaction to give the corresponding diols. The var-
ious products of the epoxidation reaction are
shown in Scheme 2. Zr-MCM-41 samples showed
conversions in the range of 31.8–46.5 mol% while
the conversion on Ti-MCM-41 samples was in the
range 38.4–54.1 mol% (Table 4). The reaction
was more selective for the exo- than for the endo-
epoxide. The conversion, in general, increased with

Table 3

Catalytic activities of Ti-MCM-41 and Zr-MCM-41 in the hydroxylation of 1-naphthol with H2O2
a

Sample Convesion

(mol%)

TOF (h�1) Product distribution (mol%) H2O2 selectivity

(mol%)b

1,4-naphtho-

quinone

1,4-dihydroxy-

naphthalene

1,2-dihydroxy-

naphthalene

Ti-MCM-41(A) 14.1 0.8 100 – – 42.3

Ti-MCM-41(B) 21.5 0.7 100 – – 64.5

Ti-MCM-41(C) 29.7 0.5 97 0.3 2.7 87.8

Zr-MCM-41(A) 10.2 0.9 95.4 1.9 2.7 29.9

Zr-MCM-41(B) 14.2 0.7 94.3 2.6 3.1 41.4

Zr-MCM-41(D) 17.8 0.4 92.6 3.7 3.7 51.4

aReaction conditions: catalyst ¼ 0:1 g, 1-naphthol ¼ 0:5 g, 1-naphthol/H2O2 ¼ 1:5 (mol), solvent ¼ CH3CN (10 g); temperature ¼
353 K, duration ¼ 24 h. TOF ¼ number of moles of 1-naphthol converted per mole of Ti or Zr per hour.

bH2O2 selectivity (mol%)¼number of moles of H2O2 utilized in product formation/number of moles of H2O2 fed)�100; all H2O2

fed was consumed at 24 h.

Scheme 2. Oxidation of 1-naphthol and norbornylene.
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increasing metal content, while the variation of
TOF showed a reverse trend. The selectivity for
the epoxide also decreased (from 87% to 60% with
TiMCM-41 and 84% to 65% with ZrMCM-41)
with increasing metal content, while the total al-
cohol content increased.

3.3. Redox behavior and catalytic activity correla-
tions

The position of the charge transfer band in the
DRUV–Vis spectra at 220 nm for Ti-MCM-41 and
208 nm for Zr-MCM-41, the increase in the pore
diameter and pore volume with increasing metal
content, the characteristic Si–O–(M) band in the
FT-IR spectra and ESR spectral features together
reveal that Ti and Zr ions are substituted in place
of Si in the MCM-41 structure. Both the Ti and Zr
ions can be reduced from the þ4 to the þ3 oxi-
dation state. The normalized ESR intensity of the
reduced species, obtained by double integration of
the signals, is higher for Ti-MCM-41 by an order
of magnitude than that for Zr-MCM-41 and in-
dicates that Ti is easier to reduce than Zr. ESR
spectra of the reduced samples reveal two types of
metal ions, viz., species I0 and I00 corresponding to
the ions located inside the pore walls and to those
at the pore surface, respectively. Species I00 are
more abundant than species I0 in samples with
high Zr loading. However, in Ti-MCM-41, incor-
poration of Ti into the pore walls (species I0) is
particularly high. Because of the overlap of sig-
nals, quantification of different species using ESR

spectroscopy was not possible. Although the
charge transfer band in the DRUV–Vis spectra
reveals a dispersion of metal ions, a small amount
of metal oxide patches or nanoparticles cannot be
excluded in samples with higher metal contents.
The Ti-MCM-41 and Zr-MCM-41 samples show
similar catalytic oxidation activity (conversion and
TOF) as revealed from Tables 3 and 4. The low
activity of the impregnated samples indicates that
monoatomic dispersion and substitution of metal
ions in the silicate framework are the causes for the
activity. From the redox behavior and the nature
of M–O bonding one would expect a higher ac-
tivity for the Ti than for the Zr-silicates. However,
the Ti and Zr samples exhibit similar activities. It
is interesting to note that Gontier and Tuel [35]
have also made a similar observation for titanium-
and zirconium-containing mesoporous silicas (Ti-
MS and Zr-MS) in oxidation reactions. Ti is
located mostly in the pore walls leaving a small
number of accessible sites at the pore surface for
reactions with large substrates. The similarities in
activity (TOF; Tables 3 and 4) of the Ti and Zr
catalysts, inspite of the lower availability of the Ti
sites for the reactions, suggests an intrinsically
larger activity of the Ti ions (compared to Zr) as a
result, perhaps, of its easier redox transformation.

4. Conclusions

ESR studies on reduced samples of Ti- and Zr-
MCM-41 reveal the presence of metal ions located

Table 4

Catalytic activities of Ti-MCM-41 and Zr-MCM-41 in the epoxidation of norbornylene with TBHPa

Sample Conversion (mol%) TOF (h�1) Product distribution (mol%)

Endo-2, 3-epoxy-

norbornane

Exo-2, 3-epoxy-

norbornane

Diolb Others

Ti-MCM-41(A) 38.4 3.3 3.5 87.5 7.5 1.4

Ti-MCM-41(B) 42.2 2.0 2.9 84.1 9.6 3.4

Ti-MCM-41(C) 54.1 1.4 2.4 60.6 34.1 2.9

Zr-MCM-41(A) 31.8 4.2 3.2 78.9 12.6 5.3

Zr-MCM-41(B) 37.9 2.9 3.9 80.4 13.2 2.5

Zr-MCM-41(C) 46.5 2.5 4.2 84.7 9.8 1.3

Zr-MCM-41(D) 41.7 1.4 9.6 64.8 19.8 5.8

aReaction conditions: catalyst ¼ 0:1 g, norbornene ¼ 0:5 g, norbornene/H2O2 ¼ 1:5 (mol), solvent ¼ CH3CN (10 g); temperature ¼
343 K, duration ¼ 24 h. TOF ¼ number of moles of norbornylene converted per mole of Ti or Zr per hour.

bDiol ¼ endo-2; 3-norbornanediolþ exo-2; 3-norbornanediol.
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inside the pore walls (species I0) and at the surface
of the pores (species I00). The reduced ions, espe-
cially species I00 are highly reactive towards aerial
oxygen and form M(O��

2 ) species, an active inter-
mediate invoked in the oxidation reactions in-
volving metallosilicates. The Ti samples are easier
to reduce than the Zr samples. Both Ti- and Zr-
MCM-41 are catalytically active in hydroxylation/
oxidation reactions in the presence of H2O2/
TBHP.
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