
Ž .Journal of Molecular Catalysis A: Chemical 162 2000 199–207
www.elsevier.comrlocatermolcata

Redox and catalytic chemistry of Ti in titanosilicate molecular
sieves: an EPR investigation
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Abstract

An EPR study of Ti3q in titanosilicate molecular sieves, TS-1, TiMCM-41, ETS-10 and ETS-4 is reported. Ti4q is
reduced to Ti3q by dry hydrogen above 673 K. Ti ions in TS-1 and TiMCM-41 are located in tetragonally elongated T andd

those of ETS-10 and ETS-4 in a tetragonally compressed O geometric positions. Reduction at 873 K revealed the presenceh

of two non-equivalent Ti3q sites in TS-1 and TiMCM-41. Ti4q ions in a tetrahedral geometry are more difficult to reduce
than in an octahedral symmetry. The effects of cation exchange and Pt impregnation, on the geometry and reducibility of
titanium in ETS-10, are also examined. Interaction of a tetrahedrally coordinated Ti3q with O or H O results in a2 2 2

Ž . 3qdiamagnetic titanium IV hydroperoxo species. Under the same conditions, an octahedrally coordinated Ti forms a
Ž .paramagnetic titanium IV superoxo species. The higher catalytic activity of TS-1 and TiMCM-41 in selective oxidation

reactions is probably a consequence of the formation of the hydroperoxy species on their surface during the catalytic
Ž .reaction. The presence of Pt in the vicinity of Ti enables the use of H and O instead of H O to generate the active2 2 2 2

hydroperoxy site. The absence of formation of titanium hydroperoxy species in ETS-4 and ETS-10 is the cause of their
inactivity in selective oxidation reactions. q 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Isomorphous substitution of Ti4q in place of Si4q

in silicalite structures results in a new class of
molecular sieves known as titanosilicates. These ma-
terials have been studied extensively because of their
remarkable catalytic activity in selective oxidation of
organic compounds with hydrogen peroxide, under

w xmild conditions 1,2 . X-ray diffraction, EXAFS and
XANES studies have revealed that titanium can be
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incorporated in the framework structure of TS-1 to a
limit of 2.3 Ti atoms per unit cell, without any TiO2

w xphase 3,4 . In the case of ETS-10 and ETS-4, the
w xSirTi ratio is about 5 5 . Titanium adopts a variety

of coordination geometries, e.g., tetrahedral or penta-
coordination in TS-1, TS-2, Ti-beta and TiMCM-41
w x w x3,4 and octahedral in ETS-10 and ETS-4 5,6 . Due

4q ˚Ž .to the differences in the ionic radii of Ti 0.68 A
4q ˚Ž .and Si 0.41 A , the isomorphous substitution of

Ti4q in place of Si4q invariably distorts the geome-
try around Ti4q from an ideal T . XANES studies ond

w xTS-1 by Lopez et al. 3 , and on ETS-10 by Sankar
w xet al. 6 have confirmed such a distorted geometry

for titanium.
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Characterization of titanium in titanosilicates by
Ž .electron paramagnetic resonance EPR spectroscopy

is limited as the most common oxidation state of Ti
Ž 4q. 3qTi , is EPR silent. However, an EPR active Ti

1 Ž .with a 3d electronic configuration Ss1 2 can be
generated by thermo-evacuation, reduction with

w xH rCO or by irradiation with g-rUV-rays 7 . The2

EPR spectrum of a Ti3q ion is highly sensitive to the
molecular symmetry and coordination environment.

Ž .Thus, EPR spectroscopy can be used i to distin-
guish titanium in different coordination geometries

Ž .and ii to differentiate a substitutional location from
an extraframework location. Recently, Kevan et al.
w x 3q8–11 reported the EPR of Ti generated by g-ray

Žirradiation and CO treatment in silicalites TS-1 and
.TiMCM-41 and aluminophosphate molecular sieves

Ž .TAPO-5, TAPO-11, TAPO-31 and TAPO-36 . Here,
we report a comparative EPR study on the coordina-

Ž .tion geometry, reducibility in H and reactivity of2

titanium in silicalite structures TS-1, TiMCM-41,
ETS-10 and ETS-4. The study reveals that reduction
of Ti4q to Ti3q is more difficult in a tetrahedral

Ž .geometry TS-1, TiMCM-41 than in an octahedral
Ž .geometry ETS-10 and -4 . The influence of cation

exchange and Pt impregnation on the reducibility of
Ti in ETS-10 is also examined. The correlation
between the redox and reported catalytic character-
istics of Ti in titanosilicate molecular sieves is dis-
cussed.

2. Experimental

2.1. Sample preparation

Titanosilicates TS-1, ETS-4 and ETS-10 were
prepared and characterized as per the reported proce-

w x Ž .dures 12–14 . Fumed silica 99%, Sigma , tetram-
Žethylammonium silicate TMA silicate; 10 wt.% sil-

.ica solution, TMArSiO s0.5; SACHEM, USA ,2

cetyltrimethylammonium chloriderhydroxide
Ž .CTMAClrOH; 17.9 wt.% Cl and 6.7 wt.% OH
prepared in the laboratory by partial exchange of

Ž .CTMACl 25 wt.% aqueous solution, Aldrich over
an ion exchange resin, tetramethylammonium hy-

Ž .droxide TMAOH; 99%, Aldrich and Ti butoxide
Ž .Aldrich were used in the preparation.

In the synthesis of TiMCM-41, the molar compo-
sition of the synthesis gel in terms of oxides was as
follows:

SiO :0–0.08TiO :0.089 CTMA OŽ . 22 2

:0.155 TMA O:18H O.Ž . 2 2

In a typical synthesis, 24.6% solution of
Ž .CTMAClrOH 16.7 g was taken in a polypropylene

beaker and 2.08 g TMAOH dissolved 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.

Ž .Fumed silica 3.1 g was then added slowly in about
10 min to the above mixture under stirring. The
stirring was continued for 1 h after complete addi-

Ž . Žtion. To this thick slurry, 1.04 g of Ti OC H for4 9 4
.SirTis25 in 5–6 g of isopropanol was added.

Stirring was continued for 1 h. The pH of the final
slurry was maintained at 11.5. The mixture was then
transferred to a stainless steel autoclave and heated

Ž .at 383 K for 5 days. The solid material TiMCM-41
was filtered, washed with deionized water and dried
at 373 K in air. The product was then calcined at 823

Ž .K, first, in flowing nitrogen for 3 h and then, in
Ž .flowing air for 6 h to remove the organic material.

Ž Ž ..Cesium-exchanged ETS-10 samples ETS-10 Cs
were prepared by reacting ETS-10 with 1 M CsCl

Ž .solution 20 ml per g of sample at 353 K for 2 h
with constant stirring. This procedure was repeated
five times. The solid material was then washed with
deionized water till the filtrate was chloride-free. The
sample was then calcined at 673 K for 8 h in air.

Platinum-impregnated titanosilicates were pre-
pared by reacting calcined TS-1, TiMCM-41, ETS-
Ž .10 Cs and ETS-4 samples with an aqueous solution

of tetraamine platinum nitrate at 353 K. The solution
was evaporated to dryness. The resultant solid sam-
ple was calcined at 673 K for 8 h in air. The amount
of platinum impregnated was 0.05 wt.%.

2.2. Characterization

The crystalline phase identification and purity of
the calcined titanosilicalite samples were checked by

Ž .XRD Rigaku Miniflex using a nickel-filtered CuKa

˚Ž .radiation ls1.5406 A, 30 kV, 15 mA over 2us
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5–508 and scan speeds48rmin for TS-1, ETS-10
and ETS-4 and over 2us1.5–108 and scan speeds
18rmin for Ti-MCM-41. The chemical composition,
physical parameters like surface area and pore diam-

w xeter were determined as described earlier 12–14 .
Ž .The diffuse reflectance UV–Visible DRUV–Vis

spectra were measured using a Shimadzu UV-2101
PC spectrophotometer. Fourier transform infrared
Ž . Ž y1 .FTIR spectra 400–4000 cm of the samples as
Nujol mulls were recorded on a Pye Unicam SP-300
spectrophotometer. EPR spectra of the reduced sam-
ples were measured using a Bruker EMX spectrome-
ter operating at X-band frequency and 100 kHz field
modulation. The samples were taken in sealed

Ž .Suprasil quartz tubes 4.5 mm o.d. for measure-
ments at 77 and 298 K. The spectral simulations
were done by using a Simfonia software package.

2.3. Sample treatments

The calcined samples were initially evacuated
Ž y3 .10 Torr and dehydrated by gradually raising the
temperature from 298 K to a set value in about 4–5
h and then kept at that temperature for a further
period of 6 h. The samples, thus activated, were

Ž .treated with a flow of dry hydrogen 20 mlrmin at
Ž523, 673 and 873 K except for ETS-4 which was

.reduced only at 523 and 673 K for 6 h. Then the
sample was cooled to 298 K and transferred into
EPR tubes. Necessary care was taken to prevent
contact with atmospheric oxygen. The integrity of all
the structures after reduction with dry hydrogen was
confirmed by XRD. The UV–Vis diffuse reflectance
spectra of the samples after reduction and subsequent
exposure to air was similar to that of the fresh
samples confirming the location of Ti in framework
positions during the reduction–oxidation processes.

3. Results and discussion

The XRD patterns of the calcined TS-1, TiMCM-
41, ETS-4 and ETS-10 samples confirmed their phase
purity. No EPR spectrum was observed for all the
calcined samples at both 298 and 77 K, suggesting
that all titanium ions are present in the q4 oxidation
state. Only ETS-4, ETS-10 and, to some extent, TS-1

could be reduced by hydrogen at 673 K. However,
all the samples, including Ti-MCM-41, could be

Ž 3q.reduced to Ti at 873 K. The XRD patterns of the
reduced samples showed no major changes in their
structural integrity after reacting with hydrogen.

Fig. 1 shows the EPR spectra of the reduced
Žsamples at 77 K. The signals near 3500 G below

. 3qgs2 are typical of isolated Ti ions. The posi-
tions of the Ti3q signals are sensitive to the silicalite

Ž .structure Fig. 1 . The spectra for TiMCM-41 and
ETS-10 show additional signals at gs2.021, 2.008

Ž ) .and 2.002 indicated by an asterisk A B attributable
to surface-bound superoxide radical anions, of the

IVŽ y. w xtype Ti O 15 . The spectra obtained after nor-2
Ž .malization with respect to the Ti atoms in TS-1

indicate that the overall signal intensity of Ti3q ions
decreases in the order ETS-10)ETS-4)TS-1 at
673 K and ETS-4)ETS-10)TiMCM-41)TS-1 at

Ž . 3qFig. 1. X-band EPR spectra at 77 K of Ti in titanosilicate
molecular sieves after reduction with dry hydrogen at 873 K for
TS-1, TiMCM-41 and ETS-10 and at 673 K for ETS-4 samples.
Signals denoted by an asterisk correspond to superoxo radical
species.
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873 K. Apparently, it is more difficult to reduce Ti
Žin a tetrahedral coordination geometry as in

.TiMCM-41 and TS-1 than that in an octahedral
Ž .geometry ETS-10 and ETS-4 . The spin Hamilto-

nian parameters of Ti3q ions in the present samples
are listed in Table 1. The intensity of the Ti3q

signals increased when the reduction was carried out
at 873 instead of 673 K. This increase in the signal
intensity was 1.9 times for TS-1 and 2.4 times for
ETS-10. In the case of ETS-10, g )g while inI H

Ž .the case of ETS-4, g )g Table 1 . For bothH I
TS-1 and TiMCM-41, g )g . The spectra of theH I
TS-1 and TiMCM-41 reduced at 873 K indicated the

3q Žpresence of two non-equivalent Ti species I and
.II . Both the species have an axial g symmetry in

ŽTS-1 g s1.930, g s1.956 for species I andI H
.g s1.916, g s1.956 for species II while inI H

TiMCM-41, species I is characterized by rhombic g
Ž .values g s1.894, g s1.938, g s1.974 andz x y

Žspecies II by axial g values g s1.902, g sI H
. Ž .1.958 . Reduction at lower temperatures 673 K

resulted in species I only.
ETS-10 samples were exchanged with Csq ions

to examine the interaction of extra-framework ions
Ž Ž ..with titanium. The exchanged samples ETS-10 Cs

were then subjected to reduction with hydrogen at
673 K. The spectrum of ETS-10 containing NaqrKq

Ž .ions Fig. 2 is characterized by axial g values, with
g )g . On exchanging with Csq, the spectrumI H
corresponded to a rhombic g tensor with g -g ,z x

Ž . q 3qg Fig. 2 . On Cs exchange, the intensity of Tiy

signals decreased by about three times. Platinum
Ž . Ž .0.05 wt.% -impregnated ETS-10 Cs samples

Ž .showed spectra similar to that of ETS-10 Cs except
that the intensity of the Ti3q signals increased by

Ž .about 2.4 times compared to the ETS-10 Cs sample
Ž . 3qFig. 2 . While the reduction in Ti intensity by Cs
is attributed to greater stabilization of Ti4q by the
more basic and larger Cs atoms, the increase in
intensity by Pt is due to better activation of the

Ž .reductant molecules H . In other words, both Cs2

and Pt influence the geometry of the titanium site.
Platinum impregnation in TS-1, TiMCM-41 and

ŽETS-4 also affected their EPR spectra Fig. 3 and
. 3qTable 1 . The intensity of Ti signals was enhanced

Ž .in the case of both TS-1-Pt three times and
Ž .TiMCM-41-Pt 1.35 times . Thus, as already noted

in the case of ETS-10, Pt causes enhanced reduction
of Ti4q in TS-1 and TiMCM-41.

The spin Hamiltonian parameters of Ti3q are
sensitive to the coordination geometry and the elec-

w x Ž .tronic ground state 16 . In a perfect tetrahedral Td
Ž .or octahedral O coordination, the spin–lattice re-h
Ž . 1laxation time T of a 3d ion is short and the1e

spectra are observable only at very low temperatures
Ž . Žliquid He . However, in the titanosilicalites espe-

. 3qcially ETS-4 and ETS-10 , Ti signals could be
observed even at 298 K, suggesting a long spin–
lattice relaxation as a consequence of a distorted
coordination geometry.

Table 1
EPR spin Hamiltonian parameters of Ti3q in titanosilicate molecular sieves at 77 K

Ž .Sample Reduction temperature K Species g g g g gI H z x y

ETS-10 873 1.969 1.942
673 1.966 1.941

Ž .ETS-10 Cs 673 1.869 1.944 1.959
Ž .ETS-10 Cs -Pt 673 1.870 1.943 1.959

ETS-4 673 1.863 1.930
ETS-4-Pt 673 I 1.870 1.920

II 1.863 1.930
TS-1 873 I 1.930 1.956

II 1.916 1.956
673 I 1.930 1.956

TS-1-Pt 673 I 1.931 1.955
TiMCM-41 873 I 1.902 1.958

II 1.894 1.938 1.974
TiMCM-41-Pt 873 I 1.906 1.958

II 1.894 1.938 1.974
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Ž .Fig. 2. EPR spectra at 77 K showing the influence of Cs
exchange and Pt impregnation on the intensity of Ti3q signals in
ETS-10 samples reduced in dry hydrogen at 673 K. Signals
denoted by an asterisk correspond to superoxo radical species.

Ti3q, with one unpaired electron, has a 2 D ground
state. When the ion is subjected to a perfect cubic
crystalline field from a tetrahedral or an octahedral
coordination, its five-fold orbital degeneracy is lifted

Ž2 . Ž2 .into an orbital doublet E and a triplet T states.
In a tetrahedral coordination, the doublet lies lower
in energy, while in an octahedral coordination, the
triplet has lower energy. An additional trigonal or
tetragonal distortion further lifts the degeneracy of
the doublet and triplet levels and results in anisotropic
g values. Fig. 4 depicts the d-orbital splitting under
the influence of low-symmetry crystal field environ-
ments.

In a tetrahedral coordination, if the tetragonal
Ž .distortion is positive tetragonal compression , the

d 2 2 orbital lies lower in energy. If the distortion3z yr

Ž . 2 2is negative tetragonal elongation , d is thex yy

low-lying orbital. Considering the distortion axis as
the z-direction, the g values to first order for a
tetrahedral coordination are expressed as follows:

g sg and g sg y 6lrDŽ .I e H e

tetragonal compressionŽ .

g sg y 8lrD and g sg y 2lrDŽ . Ž .I e H e

tetragonal elongation .Ž .

Here g s2.0023, l is the spin–orbit coupling con-e
Ž y1 3q.stant 154 cm for Ti and D is the energy

separation between the degenerate triplet and doublet
Ž .levels in the cubic tetrahedral field Fig. 4 . Thus, for

a tetragonal compression, the g values vary in the
order g -g fg and for a tetragonal elongationH I e

g -g -g . The g values presented in Table 1I H e

suggest a tetragonally elongated tetrahedral coordina-
tion for titanium in both TS-1 and TiMCM-41.

For Ti3q in an octahedral coordination, the ground
state retains some orbital angular momentum even in
the zero-order. In this geometry, if the distortion is
tetragonal compression, the ground state is the d x y

orbital and, if the distortion is tetragonal elongation,
Žthe ground state is a degenerate d orbital Fig.x z r y z

. 3q4 . In the latter case, Ti exhibits a dynamic Jahn–
Teller effect and measurements at very low tempera-
tures are required to observe the anisotropic g val-

Ž .Fig. 3. EPR spectra at 77 K revealing the effect Pt impregnation
on the intensity of Ti3q signals in titanosilicate molecular sieves
reduced in H at 673 K. Dotted curves correspond to samples2

before Pt impregnation and continuous curves to samples after Pt
impregnation.
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Fig. 4. Splitting of the d-orbitals under the influence of low-symmetry crystal field.

ues. The g value expressions, to first order, for a
tetragonally compressed octahedral geometry are:

g sg y 8lrD and g sg y 2lrd ,Ž . Ž .I e H e

where d is the energy separation between the d x y

and d orbitals. Low-symmetry rhombic distor-x z r y z
Ž .tions D site symmetry results in three g values2h

Ž .g , g and g . The g value expressions for Dx y z 2h

site symmetry are given by:

g sg y 8lrD , g sg y 2lrd ,Ž . Ž .z e x e x

and g sg y 2lrd ,Ž .y e y

where d and d are the energy separations betweenx y

d and d and d orbitals, respectively. Althoughx y x z y z

both ETS-10 and ETS-4 possess a tetragonally com-
pressed octahedral geometry, for ETS-10, g )gI H
while for ETS-4, g )g . This difference can ariseH I
from differences in the extent of tetragonal distor-
tion: In the case of ETS-10, the values of D and d

are 37,000 and 6120 cmy1, respectively. In contrast,
ETS-4 has a lower D value of 8800 cmy1 and d

equals to 4100 cmy1. In other words, the extent of
Ž .tetragonal distortion drD is more in the case of

ETS-4 than in ETS-10 leading to a reversal of the
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relative g values. Cs exchange and Pt impregnation
also increase the tetragonal distortion. A UV–Vis
band around 700 nm for the reduced ETS-4 sample
agrees well with the D value estimated from EPR
results. In the case of ETS-10, however, the d–d
band could not be separated as they overlap with the
charge transfer band. In the case of TS-1 and
TiMCM-41 samples, the values of D fall in the
range 12,000–17,100 cmy1.

3q ŽThe stability of the Ti ion against oxidation to
4q.Ti in the various titanosilicates was studied by

following the intensity of its spectrum after exposure
Ž .to air at 298 K as a function of time. The intensities

of the Ti3q signals for ETS-10 and ETS-4 decreased
to 50% and 25% of the original value, respectively,
in 24 h. In the case of TS-1 and Ti-MCM-41, no
Ti3q ion signal could be detected on reduction in H 2

at 673 K. Interestingly, only in the case of ETS-10,
an increase in the signal intensity of the superoxide
radical anion was observed as a function of time.
The variations in signal intensities of Ti3q and su-
peroxide radical anion for ETS-10 after reduction at
673 K and subsequent exposure to air, as a function
of time, are shown in Fig. 5. These studies indicate

3q Ž .that the stability of Ti species in air in different
titanosilicates varies in the order ETS-10)ETS-4)

Ti-MCM-41)TS-1. The instability of Ti3q arises
due to its oxidation to Ti4q in the presence of
atmospheric oxygen. Depending on the type of the
silicate structure and the coordination geometry

around titanium, two types of Ti4q species are
formed. In the case of structures with titanium in an

Ž .octahedral geometry like ETS-4 and ETS-10 , one
`of the Ti O bonds is broken during the reduction

process forming a pentacoordinated Ti3q species.
Ž y.The latter on reoxidation in O forms a Ti O2 2

superoxide radical species which is paramagnetic
and shows signals at g s2.021, g s2.008 andz y

g s2.002. Fig. 5 showing a decrease in the inten-x

sity of Ti3q signals in air and a corresponding
Ž y.increase of Ti O signals as a function of time2

supports this hypothesis. In samples containing tetra-
Ž .hedral titanium TS-1, TiMCM-41 , during the re-

3q ` 4qduction process, Ti . . . .OH Si type of species
are probably formed. The latter readily interacts with

Ž .molecular oxygen and forms a diamagnetic Ti IV
Ž .hydroperoxo species Scheme 1 . These types of

titanium superoxo and hydroperoxo species have been
Žpostulated often without direct experimental evi-

.dence as intermediates in the oxidation of organic
w xsubstrates by hydrogen peroxide 1,17 . It has also

Ž .been proposed that the Ti IV hydroperoxo species is
w xmore reactive than the superoxo species 1,17 . The

present studies indicate that the stability and coordi-
nation geometry of Ti3q species are important pa-
rameters for the reactivity of titanosilicates. The
structures with tetrahedral coordination for titanium
Ž .TS-1 and TiMCM-41 form titanium hydroperoxo
species highly active in selective oxidation reactions

Žwhile those with octahedral coordination ETS-4

3q Ž . Ž - .Fig. 5. EPR signal intensity as a function of time of Ti and titanium IV superoxo species Ti O in reduced ETS-10 samples after2

exposing to air.
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Scheme 1.

.and-10 result in a less selective titanium superoxo
species.

4. Conclusions

EPR spectroscopy has been used to study the
location and local geometry around titanium ions in
titanosilicate molecular sieves. Titanium is reduced
from q4 to q3 state with dry hydrogen at tempera-
tures above 673 in titanosilicate molecular sieves,
TS-1, TiMCM-41, ETS-10, ETS-4. EPR spectra re-
veal a distorted tetrahedral geometry for titanium in
TS-1 and TiMCM-41 and a distorted octahedral ge-
ometry for ETS-4 and -10, respectively. The ex-

Ž .changeable cations in ETS-10 and -4 interact with
titanium and influence the local geometry around Ti
ions and hence, their energy levels. Platinum impreg-
nation enhances the reducibility of titanium in TS-1
and TiMCM-41. On reduction in H and subsequent2

oxidation in O of titanosilicate molecular sieves,2

two types of oxotitanium species of relevance to
their catalytic chemistry have been identified; the

Ž 4qfirst is a hydroperoxo titanium species Ti –O–O–
.H formed over TS-1 and TiMCM-41; the second is

Ž 4q y.a titanium superoxo species Ti –O formed over2

ETS-4 and ETS-10. The higher catalytic activity of
TS-1 and TiMCM-41 in selective oxidation reactions
is probably a consequence of the formation of these
hydroperoxy species on their surface during the cat-
alytic reaction. The presence of Pt in the vicinity of

Ž .Ti enables the use of H and O instead of H O2 2 2 2

to generate larger amounts of the active hydroperoxy
site. The absence of formation of titanium hydroper-
oxy species on ETS-4 and ETS-10 is the cause of
their inactivity in selective oxidation reactions.
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