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The location and chemical environment of titanium in MFI-type zeolites synthesized in OH- or in F-
media was determined by XANES, EXAFS, IR, and 74Ti and 70O MAS-NMR spectroscopy. Water
adsorption and its influence on the coordination of Ti was studied in the calcined zeolites. Titanium is
incorporated into the framework by substitution for silicon, but a significant amount of Ti can also be
present in the form of extracrystalline or intracrystalline inclusions of TiO, depending on the F/Ti ratio
in the synthesis mixture. In the absence of water, Ti in the framework is essentiatty tetrahedrally

coordipated; in the presence of water its coordination becomes octahedral.

Introduction

MFIl-type zeolites with titanium find ap-
plication as catalysts in oxidation reactions
using hydrogen peroxide (/). Such mate-
rials can be synthesized by hydrothermal
crystallization of gels in alkaline (2) or neu-
tral medium (3). In the last case, FF~ antons
play the rolc of mincralizer in place of OH~
(4). But until now the location and chemical
environment (nature of the ligands, coordi-
nation) of titanium has not been clearly
proved and completcly described (/, 5-7).

X-ray absorption spectroscopy (XAS),
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joined to other techniques such as solid-
state NMR and optical and 1.R. spectros-
copy, was able to demonstrate the reality of
the incorporation of gallium (8), germanium
(9, {0, and iron (//} in the framework of
MFI-type zeolites and to obtain accuratc
information on the local environments of
these elements. The problem of titanium in
such structures has recently been studied in
XAS experiments (9, 12).

The aim of this paper is to extend the
preceding results by the study of zeolites
obtained by the two different synthesis
methods and to confirm them by using, be-
side XAS experiments, other characteriza-
tion methods such as IR and solid-state
NMR.
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TITANIUM IN MFI-TYPE ZEOLITES: CHARACTERIZATION

In the past years the Ti K edge X-ray
absorption spectroscopy (XANES, EX-
AFS) of Ti has been extensively studied in
order to improve our knowledge of glassy
({3-18) and c¢rystalline (/9) titanium oxides.
The changes in the positions and intensities
of XANES features have been related to
the variation in the geometry of the Ti coor-
dination polyhedra for several natural crys-
talline oxides (26, 21). In addition, theoreti-
cal and experimental works on rutile and
anatase (22) and on TiCl, (23) lead to a bet-
ter understanding of the effect of four- or
six-fold coordination on Ti K XANES
spectrum.

Characterization results of Ti in solid ox-
ides by MAS NMR are rather scarce (24).
One of the aims of this study was to explore
the possibilities of this method applied to
zeolites containing titanium.

Results of X AS obtained on hydrated and
dehydrated samples show that the coordi-
nation of Ti depends on the presence or ab-
sence of water. This study was completed
by a kinetic evaluation of the adsorption of
water and the characterization of adsorbed
water by IR spectroscopy and O MAS
NMR,
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Experimental

Synthesis

The samples were obtained by hydrother-
mal crystallization from a gel containing a
source of Si0, and TiO., the organic tem-
plate (CiH7),N* (TPA*), and either F~ or
OH- ions (3, 25). Reaction mixture compo-
sitions, heating conditions, and characteris-
tics of the crystals obtained are reported in
Table L. The Silica source was either Aero-
sil 130 from Degussa (F-0, F-2, F-3, F4,
OH-0) or tetraorthosilicate from FLUKA
(F-1, OH-1}. Titanwum could be added in
different forms: hydrated TiO; freshly
precipitated from an alcoholic solution of
tetrabutylorthotitanate (ALDRICH) (F-0,
F-2), tetraethylorthotitanate (FLUKA) to
be mixed with tetraethylorthosilicate (F-1,
OH-1), H,TiFs,xH,0 obtained by dissolv-
ing TiO, (ALDRICH) in 40% HF (PRO-
LABO) (F-3, F-4.) The templating agent
TPA* was introduced as TPABr (F sam-
ples) or 20% TPAOH (OH samples), both
from FLUKA.

Post-synthesis Tre1tments of the Samples

After the synthesis, the solid phase was
recovered by filtration, washed with hot

TABLE I
S¥NTHESIS DATA aND CHARACTERISTICS OF THE SAMPLES

Reaction mixture composi-

tion molar ratios Symmetry”

pH« T ? Size of —_—
Sample . Si Ti TPA* F- H,0 i-f (K)  (days) crystals pm Ti*fu.c. H.O/uc. AS CH
F-0 1 0 0.25 0.5 40 7-7 448 7 130 % 30 % 3¢ [ 59 O M
F-1 1 62 025 05 40 7-9 473 7 90 x 35 x 15 1.9 nd 0O M
F-2 [N 025 0.5 40 7-71.5 473 7 70 x 23 x 20 1.0 nd 0O M
F-3 1 01 0.5 1.5 60 7-7 443 7 Bhx 20 % 15 0.8 7.7 o M
F-4 1 05 05 2 60 7-7 448 7 XI5 %12 1.6 4.5 0O M
OH-0 1 0 0.25 0 25 13.5-13 428 0.6 1-5 ] 14.4 0 M
OH-1 I 63 05 o 25 14-14 448 10 1-5 1.4 13.5 [

2 [—f: initial—final.

¢ Atoms of titanium per unit cell (Sig., Ti,Q,e;) measured by colorimetry (Ti-H.0» complex) on sonicated

samples.

¢ Symmetry of as-synthesized (AS) and calcined and hydrated (CH) samples: O = orthorhombic, M = mono-

clinic.
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water, and dried. A fraction of each solid
thus obtained, called the as-synthesized
sample (AS), was heated in air at 823 K for
5 Hr to remove the occluded organic mole-
cules and vield the calcined sample. This
calcined sample could be left in the sur-
rounding atmosphere to be hydrated (CH)
or heated in dry air at 573 K for 4 hr to
obtain the dehydrated form (CD).

Residual K7 ions, present in TPAOH and
therefore in OH samples, wee eliminated
by an acid treatment of the calcined sam-
ples (H;PQ,, 0.1 N, 333 K, 4 h). The ion-
exchanged samples thus obtained were re-
calcined.

Characterization

X-ray absorption spectroscopy. The X-
ray absorption experiments were per-
formed at the LURE-DCI synchrotron radi-
ation source (Orsay, France). The data
were collected at room temperature, in
transmission mode. Finely powdered sam-
ples with a particle size calibrated to less
than 20 um, using a mesh, were put be-
tween two kapton windows. In order to
study the effect of dehydration, the
calcined and dehydrated OH-1(CD) sample
was placed in the beam within a tight dry
N,-filled box. Due to the low concentration
of titanium in the samples (about 1.5% by
weight) and the strong absorption of silicon
at the Ti K edge, thickness was carefully
optimized. The best value of the edge step
A (px) was found to be .2-0.3. The X-ray
beam supplied at the EXAFS 2 station was
monochromatized by a Si (311) two-crystal
spectrometer. The beamline was equipped
with a harmonic rejection device made of
two parallel mirrors at 4 mrd.

The data were analyzed using the com-
puter software described in Ref. (26). In
XANES and EXAFS spectra, the preedge
absorption, which presents a very strong
slope, was fitted by a Victoreen function.
The threshold energy Ey has been taken at
the inflection point of the Ti K edge (F, =
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4979.5 eV} (27). The XANES spectra were
normalized to the background absorption
above the Ti K edge (edge height). The en-
ergy values of the preedge features given in
Tables II and III are taken from the first
inflexion point of Ti metal K absorption.

The structural information of EXAFS is
contained in the oscillatory modulation of
the absorption coefficient above the K
edge, x(k). k is the electron wave vector
defined as

k=1@mh=}E — Ep)]',

where E is the photon energy, £, the
threshold energy, and m the mass of the
electron, respectively. The complete analy-
sis of (&) yiclds the interatomic distances
between the absorber and its near neigh-
bors, R, the number of these neighbors, N,
and the Debye—Waller factor, o2, which
arises from both structural disorder and
thermal motion in a given shell (27).

The continous absorption above the Ti K
edge was fitted to a polynomial or a spline
function. After conversion to k space, the
normalized x(k) data were multiplied by £
and Fourier transformed between 3 and 9 or
11 A-!. The first neighbor’s peak in Fourier
transforms (FT) was filtered in R space.
The structural parameters R, N, and o?
were extracted by least-squares refine-
ments. The results given in Table 1V were
obtained using the experimental phase
shifts extracted from the analysis of the
model compound Ti0, rutile. Ba,TiOy,
where titanium is in fourfold coordination,
should be a suitable model compound. Un-
fortunately the Ba L, absorption occurs
about 200 eV above the Ti K edge and
makes it unusable. The calcuiations were
checked by using Teo (27} and McKale
et al. (28) theoretical phase shifts. The lat-
ter takes into account the curve of the elec-
tron waves. The fits of Table IV were ob-
tained by minimizing the function
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TABLE II
Ti K PREEDGE PARAMETERS AND SITE SYMMETRY IN SOME TITANIUM REFERENCE COMPOUNDS

Compound Ti-coordination  Positton {(eV)?  Intensity? FWHM (eV)” Symmetry of the site
Benitoite 2.6 0.03 Slightly
120, 21] 6 5.1 0,03 - distorted octahedron
Ti0; anatase 2.6 0.07 distorted
(this work) 6 5.4 0.14 - octahedron
g.2 0.13
TiO, rutile 29 0.03 distorted
(this work) 6 5.6 0.16 - octahedron
8.9 0.14
Biotite very
[20, 21 6 4.6 0.27 2.5 distorted octahedron
Kaersutite very
{20, 21] 6 4.5 (.30 2.5 distorted octahedron
Titanyl phtalocyanine 5 4.5 0.79 1.9 square pyramid
[15]
TiCl, regular
[14, 22] 4 3.5 0.57 2.2 tetrahedron
Ba,Ti0, 4 3.5 0.85 1.5 distorted
tetrahedron

“ Taken from the first intflexion point of Ti metal K absorption spectrum (£0.2 eV),
b Related to the edge height (see experimental section).

¢ Fulk width at half maximum.

Lk exp(k) — kx cal(k)P
F= Wik
2 W) > Wik exp(k)F

with W(k) = &*.

MAS-NMR spectroscopy. Solid state
NMR measurements were carried out on a
Bruker MSL 300 multinuclear spectrom-
eter.

81 and "0 MAS NMR specira were re-
corded at 59.6 and 40.7 MHz, respectively.
The chemical shifts were given in ppm with
respect to the external standards: tetra-
methylsilane (TMS) for #Si NMR and H-0
for O NMR.

Ti and “Ti broadband spectra were ob-
tained at 16.9 MHz using a quadrupolar
muitiecho pulse sequence (29).

Water adsorption. Adsorption of water
was followed by thermogravimetric analy-
sis on a Setaram TGA92 instrument. Before
adsorption, samples were degassed at 573
K under a vacuum of 1 mbar for 1 hr. After

cooling to 298 K, the relative pressure of
water over samples was adjusted to P/P, =
0.9.

IR spectra. IR spectra were recorded on
a Bruker IFS 66 spectrometer using the
KBr pellet technique. These pellets were
prepared with 0.25% of well crushed zeolite
powder and then exposed to the surround-
ing atmosphere (hydrated samples) or dried
at 373 K for 1 hr (dehydrated samples).

Results
XANES

The main structural information inferred
from Ti K XANES spectra comes from the
shape of the preedge features close to the
rising edge, which corresponds to dipole-
allowed ls—4p transitions. The preedge
structure is attributed to 15-3d transitions,
which are dipole-forbidden in free atoms
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TABLE I1I

CHARACTERISTICS OF THE K PREEDGE IN TITANIUM
MFI TYPE ZEOLITES

Position# FWHM-
Sample (eV) Intensity® {eV)
F-1{AS) 3.0 0.08
5.3 0.13 -
8.5 0.12
F-2{AS) 2.8 sh 0.10
4.6 0.19 -
5.9 sh 0.13
8.6 0.11
F-3(AS) 4.3 0.26 1.9
F-4(AS) 4.4 0.28 1.9
F-2(CH) 2.8 sh 0.09
4.6 0.20 -
5.9 sh 0.12
8.6 0.11
F-4(CH) 4.1 0.40 1.7
OH-1(CH) 4.5 0.27 2.3
OH-K(CD) 3.8 0.50 1.5
OH-1(CH2) 4.5 0.27 2.3

“ Taken from the first inflexion point of the Tt metal
K absorption spectrum (£0.2 eV); sh means shoulder.

¢ Related to the edge height (see experimental sec-
tion).

¢ Full width at half maximum,

and in environments with inversion cen-
ters. Without inversion symmetry, as for
example in tetrahedral coordination (7},
3d4p mixing causes dipole-allowed transi-
tion to at least one of the ligand-ficld-split
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finai states (Is to 1, in Ty) (22). Moreover,
due to the 4° configuration of Ti** there is
no d-d multiplet structure.

Several compounds supplied references
for the interpretation of the Ti K XANES in
the studied zeolites. Their preedge posi-
tions and intensities and the nature of their
coordination polyhedron are listed in Table
II. For regular octahedral coordination, as
for example in benitoite, the preedge inten-
sity is very low. In kaersutite, Ti*" cations
fill several distorted sites and single rather
high preedge peak is observed. Indeed,
bond angle deviations from 90° in octahedra
should increase 3d4p mixing into the final
state of the preedge transition, increasing
the absorption probability (20, 21). In rutile
and anatase, the preedge is split into sev-
eral components with lower intensities,

The absence of the inversion centre in
penta- and tetracoordinated titanium com-
pounds yields single preedge peaks. The
higher preedge intensity in Ba,Ti0, as com-
pared to TiCly should be related to the
shorter bond length between titanium and
oxygen, which increases the orbital over-
lap, and/or to the increase of 3d4p mixing in
distorted coordination polyhedra (see be-
low).

The Ti K XANES spectra of as-synthe-
sized zeolite samples are presented in Fig.
1. The positions and intensities of the pre-

TABLE 1V

STRUCTURAL PARAMETERS OF THE FIRST COORDINATION SHELL OF TITANIUM FROM EXAFS ANALYSIS IN
CALCINED aND HYDRATED OH-1{CH) AND CALCINED aAND DEHYDRATED OH-1(CD) SAMPLES

R| @2
(A) Ag? (A) Aot F
Sample N, +0.02 A X 10%A2) Ny +0.05 A X 10%AY) 1P
OH-1(CH) 59 1.50 7.4 - - - 0.7
OH-1{CD) 3.5 1.84 1.6 . - - 9
3.4 1.83 1.6 0.8 1.97 6.4 8

¢ Number of oxygen neighbors in a given shell or subshell around titanium.
¢ Debye—Waller parameter in a given shell or subshell: Ao} = [a} — oX. Rutile-type TiO, was used as

reference compound.
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{a)
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FiG. 1. Ti K XANES spectra of as-synthesized zeo-
lites: (a) F-1{AS), (b) F-2(AS). {c) F-3(AS), (d) F-
4(AS).

edge features are reported in Table I11. The
preedge of the as-synthesized F-1(AS) is
similar to that of anatase.

The F-3(AS) and F-4(AS) give broad pre-
edge peaks which suggest octahedral envi-
ronments like those in kaersutite (Tables I
and I11). Nevertheless a fivefold coordina-
tion must also be considered. The shape of
the F-3(AS) and F-4(AS) spectra probably
results from several distorted environ-
ments. F-2{AS) presents intermediate be-
havior which suggests that a part of the tita-
nivm is in TiQ; form and another part is as
in F-3{AS) and F-4(AS).

The effect of the calcination and rehydra-
tion on F-2(AS) and F-4(AS) was studied
(Fig. 2 and Table III). In the calcined and
rehydrated F-4(CH), the preedge peak be-
comes sharper and narrower and it is
shghtly shifted toward the lower energies,
This behavior suggests that at least some Ti
sites evolve toward tetrahedral coordina-
tion and rules out a strong contribution of
TiO; as in F-1{AS). In contrast, the calcina-
tion has no effect on F-2(AS) (Fig. 2 and
Table 111} and the major part of titanium is
probably under the TiO, form.

Titanium keeps its octahedral symmetry
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(a)

Kz

D)

[{]

¢ i £ ;] AE (aV)

Fic. 2. Ti K XANES of calcined and hydrated zeo-
lites. {a) F-2(CH), (b} F-4(CH}, {c) OH-L(CH).

in calcined and tehydrated sample OH-
I(CH) (Fig. 2). However, in calcined and
dehydrated sample OH-1(CD), the preedge
peak changes strongly and becomes closer
to that observed in fourfold coordination
(Ba;Ti0,) (Fig. 3 and Tables II and 11I}. Af-
ter rehydration of OH-1{CD), the spectrum
of OH-1(CH2) recovers the same aspect as
in OH-1{CH), which shows the reversibility
of the hydration—dehydration effect.

(a)

(b)

0 [l ] AE{(eV)

FiG. 3. Ti K XANES of (a) rehydrated sample OH-
I{CH) and (b) dehydrated sample OH-1(CD).
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EXAFS @
The OH-1 sample is well suited to evi- g
dence the incorporation of titanium in the -
zeolite framework. From XANES, the tita-
nium environment is revealed to be clearly (a}
octahedral in the calcined and hydrated 0
sample OH-1(CH), whereas in the calcined
and hydrated samples F-3(CH) and F- (b}
4(CH), titanium probably occupies various 200
sites. Furthermore, titanium evolves re-
versibly toward fourfold coordination after ‘@
dehydration in sample OH-1(CH). Raat : n N 8 R ©

The kx(k) data of OH-1{CH) and OH-
1{CD} samples and rutile-type TiO; are pre-
sented in Fig. 4. In the Fourier transforms
of k? x(k) data (Fig. 5), significant differ-
ences are observed between the two zeolite
samples. The peak below 1 A is due to the
residual noise arising from the strong ab-
sorption of silicon and oxygen contained in
the zeolite network and has no physical
meaning. The peak around 1.5-2 A, which
corresponds to the first oxygen neighbors
around titanium, appears at a shorter dis-
tance in the dehydrated OH-1(CD) sample
than in the hydrated OH-1(CH) one.

The results of the refinements (Table 1V)
and Fig. 6 confirm the XANES observa-
tions and the evolution in the FT. In the

g s (a)
-, - .
y :_p o "“(*_-. s ‘a.\ , u-z\':'-‘("\,-
™ ; PN -~ p ol A
v
=~ (b)
-, ) N
\ E \w"’e.-'#/-’ " - Sy o
v 7
\\‘/
A
SN . ()
. v [
. AP N N
Vi W
ks
2 4 [} [ v ktihp

Fi1G. 4. EXAFS data of (a) rehydrated sample OH-
I(CH), (b} dehydrated sample OH-1(CD), and (c)
rutile-type TiO,.

FiG. 5. Fourier transforms of &* y(k} data of {a)
rehydrated sample OH-1{CH), (b) dehydrated sample
OH-1(CD), and {c) rutile-type TiO,. (F(R) in arbitrary
units,)

hydrated OH-1(CH) sample, the number of
neighbors is close to 6 and the Ti-O dis-
tance is 1.90 A, which is an acceptable
value for sixfold coordination (Fig. 6a). Af-
ter dehydration of OH-1(CD), the Ti~O dis-
tance drops to 1.83 A and the number of
neighbors decreases, whereas the lower
value of ¢ indicates an increase of the lo-
cal order around titanium. Nevertheless,
the quality of the refinement is slightly im-
proved by introducing into the calculation a
second oxygen subshell at a higher distance
(1.97 A). The results of the two-shell fit
(Fig. 6b) agree with a mixing of 85% of tet-
rahedral sites and 15% of octahedral sites.

¥8i and “Ti MAS NMR

PSi MAS NMR spectra of as-synthesized
samples and calcined samples prepared in
fluorine media show a loss of resolution in
comparison with the titanium-free samples
(Fig. 7). That expresses an increase in the
number of different environments for every
initial Si site which can be explained by the
substitution of Ti and Si in the framework
and/or the creation of defaults (unoccupied
sites, nonbridging). The shoulder between
—114 and —177 ppm reported by Perego
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F1G. 6. Oxygen contributions to the EXAFS signal:
experimental data (dots) and calculated curves with
the parameters of Table [V (solid lines) for (a) hy-
drated sample OH-1{CH) and (b) dehydrated sample
OH-{CD) {model with two subshells of oxygen neigh-
bor).

et al. (30) and present on the spectrum of
our OH-1(CH) sample can be related to the
orthorhombic symmetry of such samples
{37} and is not closely connected to the in-
corporation of Ti in the tetrahedral sites of
the framework. The absence of this shoul-
der on the spectra of sample F-3 is due to
the symmetry of these samples which re-
mains monoclinic even when a large
amount of titanium is incorporated.
Because of the technical difficulties asso-
ciated with the analysis of the ¥"°Ti nuclei
in the solid state (low frequency, ringing
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effect, strong quadrupolar interaction), no
study was published until then. Only Ba-
TiO; gives a sharp signal owing to the per-
fect octahedral environment of Ti {cubic
symmetry at 393 K) (24). Thanks to the use
of an antiringing pulse sequence, (29}, some
Y-9Tj signals were obtained with our tita-
nium MFI-type zeolite samples. Figure 8
shows the “"*Ti spectra of OH-1(CH) and
OH-1{(CD) samples in comparison with
TiO; rutile and Ba,TiO, references spectra.
The slight distortion of the octahedron in
TiO; rutile induces a strong broadening of
the signal (100,000 Hz compared to
~2000 Hz in BaTiO.). For Ba;TiQ,, be-
cause of the drastic fall in symmetry (lack
of inversion center and distortion of the Ti
site), the signal overlies the entire spectral
width.

The disappearance of the signal after de-
hydration of the OH-1(CH) sample can be

" understood by analogy with the spectra of

the Ba,TiO, reference compound. So the

-114

1 1 1 1

-100 -110 -120 =130  ppm

F1G. 7. 81 MAS NMR spectra of calcined and hy-
drated samples: {a) F-0(CH), (b} F-2(CH), and (¢) F-
4(CH). (NS = number of scans.)
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{a)

M Ay

(c)

(d)

g bt Ay o

100000 0 ~100000 Harlx

Fia. B. ¥°Ti MAS NMR of (a) Ti0, rutile (coordi-
nation of Ti: 6). (b) Ba,TiQ; (coordination of Ti: 4),
(c) sample OH-1(CH), and (d) sample OH-1(CD).

environment of Ti seems to be close to oc-
tahedral coordination in the OH-1(CH)
sample and to tetrahedral coordination in
the OH-1(CD) sample,

As X-ray absorption and NMR spectra
show pronounced differences between hy-
drated and dehydrated samples, it was of
interest to study the adsorption of the
water.

Water: Adsorption properties, 70 MAS
NMR, and infrared spectroscopy

Figure 9illustrates the adsorption and de-
sorption of H,O for the F-0(C) and F-1(C)
samples (OH samples present the same be-
havior). The difference between the two
shapes, i.e., F-1 shows a more rapid ad-
sorption and a lower desorption rate, indi-
cates a stronger interaction with H;O for
the sample containing titanium. We note
that there is no correlation between the to-
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Ternperature"C) TG{*)
30, r-y o

) Time(s)

) L L L

20000 30000 40000 50000

FiG. 9. Hydration and dehydration evolution of sam-
ples (a) F-0(C) and (b) F-4(C) as a function of the tem-
perature and time ( P/P, of water vapor ~0,85).

tal quantity of adsorbed H,0O and the
amount of titanium incorporated (see Table
I). That can be explained by the very small
quantities of H,O involved which are prob-
ably affected by variations in the number of
silanol groups (hydrophilic sites).

The study of hydrated samples by 70
MAS NMR confirmed the presence of a
specific interaction between Ti sites and
H>O molecules. Indeed Fig. 10 shows an
intense and sharps '70 signal for the sample
containing titamum, OH-1{CH), and a
broad signal characteristic of nonspecific
interactions of H,'’O with the framework in
the sample not containing titanium, OH-
O(CH).

(@ NS =101000

{b) NS = 85000

1860 100 800 & B0 -1000 1500 ppm

FiG. 10. "O MAS NMR spectra of samples (a) OH-
O(CH} and (b) OH-1{CH), (NS = number of scans.}
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1000 a0

Transmittance

] W

F1G. 11. Influence of the hydration on the position of
the infrared absorption peak corresponding to the vi-
bration of the $iQ, tetrahedra linked to Ti: (a) - -~ F-
4(CH), (b)—F-4(CD).

The effect of the adsorption of H;O in
titanium MFI-type zeolites can also be ob-
served by infrared spectroscopy. Figure 11
compares the shape and the position of the
band near 970 c¢m before and after hydrata-
tion of the F-4(C) sample. The observed
modifications were reported by Boccuti et
al. (32},

Discussion and Conclusion

The similarity between the XANES spec-
tra of F-1(AS) and anatase or rutile clearly
confirms the presence of condensed tita-
nium oxides in that sample. They form
nanosized inclusions in the MFI-type crys-
tals as previously shown by scanning elec-
tron microscopy, X-ray emission mapping,
and electron nanoprobe analysis (25). The
percentage of Ti in the form of such inclu-
sions, estimated from the XANES spectra
by comparison with spectra of samples con-
taining known amounts of TiO,, decreases
from 90% to (00% (F-1{AS}) to 30%~40%
(F-2(AS)) and 0%-10% (F-3(AS) and F-
4(AS8)). In the case of large amounts of in-
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tra- or extracrystalline Ti0,, the presence
of eventual framework titanium can only be
evidence by infrared spectroscopy (sece be-
low). The examination of the XANES spcc-
tra of the calcined samples leads to the
same conclusion about condensed TiQ-.

The nature of Ti, other than in TiO,, was
essentially studied in the two samples F-4
and OH-1 which do not contain such ox-
ides. The intensity and position of the pre-
edge peak on the XANES spectra of the
calcined and hydrated samples are in agree-
ment with “‘diluted’’ Ti atoms in an oxide
structure with octahedral coordination, as
in such reference samples as biotite or kaer-
sutite. The weak shift and the higher inten-
sity observed in the spectrum of F-4(CH)
can be explained by the presence of some
titanium with tetrahedral coordination (esti-
mated to be about 30%-40% of the total Ti).
But it can be noted that the corresponding
as-synthesized sample probably contains
only Ti with octahedral coordination.

These preliminary results are completed
by the EXAFS study on the two OH-1{CH)
and OH-1{CD} samples which shows in ad-
dition that a reversible change in the coor-
dination degree occurs during dehydration
(from ~100% octahedral to a mixture of
~15% octahedral and ~835% tetrahedral).
Thus we can assume the existence of an
equilibrium between anhydrous fourfold
coordinated titanium (1} and two sixfold co-
ordinated titanium (11 and II{):

| i —_ | OHz | ou. 1 on |
— §i—0-Ti~0-§i— —S§i—O=TiZ0—8i~_*—8" _Ti _Si—
! «— A7) p HO" | HOY
K o

Aceording to the EXAFS study results,
structure (1II) seems to be more likely in
the presence of water. Indeed, if the four
Ti—0-Si bonds were intact with a Ti-O dis-
tanece of 1.83 A, then the two oxygens of the
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water molecules in (IT) should be at a dis-
tance of more than 2.0 A from Ti in order to
yield the observed mean distance of 1.90 A.
In this case the difference between the
shortest and longest bounds would lead to a
high ¢ in the EXAFS analysis, requiring a
two shell fitting for the hydrated sample.

The structure (I1I) is also consistent with
the infrared absorption band observed near
970 cm™~!. This band was first assigned to
Ti=0 groups (/). But Boccuti er al. (32)
excluded this hypothesis on the basis of
their results on titanosilicalites which can
be explained by the presence of Si-OH
groups and Ti—O-8i bonds. It must be
borne in mind that silanol groups are al-
ways present in MFE-type crystals: even in
the absence of Ti there is a shoulder be-
tween 950 and 970 cm~'. But two facts must
be noted: in the presence of Ti there is an
increase in the intensity of the band with
the amount of Ti, and a shift occurs during
hydration toward higher wavenumber, with
broadening of the band. Thus we assume
that the absorption at 960 ¢m™' is essen-
tially due to the increased degeneracy of
the elongation vibration in the framework
SiO; tetrahedra induced by the change in
the polarity of the Ti—O bond when Si is
linked to Ti. The SiOH groups formed by
the hydrolysis of the Ti~O-Si bonds and
sharing OH with Ty (cf. Structure I11) are
then responsible for the absorption at
higher wave numbers (32) compared to the
values for normal Si—-OH groups (33).

The linewidth broadening observed on
the ¥Si MAS NMR spectra in the presence
of Ti can only be used as an indication of a
possible incorporation of Ti in the frame-
work because other factors (e.g., presence
of defects, distortion of the framework due
to species in the channels) could also, be
responsible for this observation. On the
other hand the results of the “°Ti MAS
NMR experiments constitute a better
proof. They confirm furthermore the
change of coordination during hydration.

LOPEZ ET AL.

Finally, the strong specific interaction
between water and the Ti sites, with the
formation of hydroxyl ligands, is clearly
shown by the narrow peak observed on the
70 MAS NMR spectrum obtained after ad-
sorption of 7O MAS NMR labeled water.
The high affinity of water for the Ti sites
also significantly influences its adsorption
and desorption rates.

In conclusion, a model could be pro-
posed from analysis of the XANES and
EFAFS spectra accounting for the role of
titanium {localization and chemical envi-
ronment) in hydration of MFI-type crys-
tals. In the absence of water titanium sub-
stitutes for silicon in the framework with
tetrahedral coordination. In the presence of
water two of the Ti-O-Si bridges hydro-
lyse to form octahedrally coordinated tita-
nium.

This interpretation is comforted by the
results obtained with several other tech-
niques (NMR, I[R).

The results of this study also show that,
according to the synthesis method and re-
action mixture composition, different types
of titanium may be present and the hydra-
tion of the Ti sites in the framework may be
more or less complete. All these observa-
tions are important if such solids are to be
used as oxygenation catalysts with H»0,,
which probably has the same behavior as
water.
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