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X-ray absorption at the Ti K edge (both XANES and EXAFS) of a very pure Ti-silicalite
containing a small fraction of Ti(IV) substituting Si(IV), has been performed in order to study
the effect of the presence or absence of ligands such as H,O and NH3 on the Ti(IV) coordina-
tion sphere. In particular, the effect of an outgassing treatment at 400 K and of the interaction
with N'Hj; has been studied and described in detail. It has been found that the Ti(IV) is fourfold
coordinated in the samples outgassed at 400 K and expands its coordination sphere number
under the action of adsorbates.
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1. Introduction

Ti-silicalite, a zeolite of the pentasil family containing a small percentage of Ti
substituting Si (1-2% in atoms), has shown in recent years to be an efficient and
selective catalyst for oxidation reactions in solution with H,O, [1-3].

The location and the structure of Ti(IV) has been investigated by means of sev-
eral physical methods like XRD, UV-Vis, EPR, IR and Raman spectroscopies in
order to establish the geometry and the coordination state of framework Ti(IV)
and to identify extraframework Ti(IV) [4-6]. The debate is still open on the first
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point. In fact, even if all these mentioned techniques point towards tetracoordi-
nated Ti substituting Si in the lattice, the state of aggregation of [TiO]4 units is still
debated [7,8] together with the distortion from the tetrahedral geometry.

The most important spectroscopic features associated with framework Ti(IV)
in vacuum conditions can be summarized as follows [6]:

(i) IR band at 960 cm™! (absent in pure and perfect silicalite): interpreted either
as a mode with prevailing Si-O stretching character involving [SiO,4] units per-
turbed by an adjacent Ti(IV) or as a stretching mode of framework Ti containing
units such as [TiO4] or [O;TiOH] (or to a mixture of the two models); the recent
assignment of Camblor et al. [9] and of Andrzej et al. [10] in terms of stretching
modes of Si—O~ groups is essentially along this line. This problem has been more
recently reviewed and discussed in ref. [11], where an assignment of the finger print
band in terms of stretching modes of [SiO4] groups perturbed by the presence of
Ti(IV) (with little admixture of [TiO4] and [O3; TiOH] vibrations) is preferred.

(i) Raman bands at 960 cm™! (strong) and at 1127 cm™! (weak) (not present in
pure and perfect silicalite): assigned to two Raman active modes of perturbed
[Si04] units, or to two vibrations involving [TiO4] or [O3 TiOH] units embedded in
the lattice (or to a mixture of the two models). The assignment is reported in detail
inref. [11].

(iii) Bands at 48000 cm~!: assigned to ligand to metal charge transfer (LMCT)
transitions in [TiO4] and [O; TiOH] tetracoordinated structures.

The interaction with adsorbates like H,O, NH3, H,0, etc. selectively perturbs
the IR manifestation of framework Ti(IV) (peak at 960 cm~1) [4]. As the interaction
with adsorbed molecules leaves all the other IR bands associated with the frame-
work modes (1300-750 cm™! interval) unchanged, this confirms that this peak is
associated with Ti(IV) centres and that the adsorption occurs prevalently on
them.

The interaction with the same adsorbates causes a similar effect on the Raman
absorptions at 960 and 1127 cm™1[11].

The optical manifestations in the UV-Vis range (50000-40000 cm™! 6-5 eV)
are perturbed by interaction with adsorbates like H,O, NHj3, H,O, etc. with
appearance of new bands associated with novel ligand to metal charge transfer
transitions from H,O, NH3; and OOH ligands to Ti(IV) [12,13]. Unlike the IR and
Raman experiments, these new bands show that a direct interaction of the incom-
ing ligands with the Ti(IV) centres is occurring and hence prove that the coordina-
tion number of Ti(IV) increases upon interaction with adsorbates.

X-ray absorption spectroscopy is a powerful tool to investigate local atomic
coordination in solids, liquids and molecules. A notable advantage of this techni-
que is its chemical sensitivity, as it is possible to “tune in” to the absorption edge of
the atom desired and thus to obtain chemical selective information. The develop-
ment of synchrotron radiation sources has considerably improved this technique.
The information which can be obtained from the interpretation of X-ray absorp-
tion spectra includes local atomic bonding parameters (bond lengths, coordination
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numbers and disorder factors) [14-16] and the local geometry around the absorb-
ing atoms including bond angles [17]. For these reasons the coordination state of Ti
has been often investigated by means of X-ray absorption spectroscopy at the
Ti K edge and several studies have been published in recent years [7,8,18-28]. In
the present paper we present an analysis of the pre edge and near edge region
(XANES) around the Ti K edge and also an EXAFS determination at the local
bonding parameters. We refer to the quoted papers [21-23] for a detailed descrip-
tion of the origins of the near edge spectral features. For the purpose of this paper it
is sufficient to know the following concepts.

Ti(IV) is in a d° configuration corresponding to an A, or A; state in, respec-
tively, octahedral or tetrahedral symmetry. The first feature in the absorption spec-
trum (the pre edge) corresponds to excitation of the 1s electron into empty bound
states, derived from Tiand O d and p states[22].

In octahedral symmetry the final states (empty d orbitals) are Ty, and E,, hence
the transitions are:

which are Laporte forbidden. Consequently the pre edge absorption of Ti(oct) is
expected to be rather weak.

In tetrahedral symmetry (where no inversion symmetry is present) the final
states are T, and E and the expected transitions are:

A-T,

A;-E.

As in the T, states considerable mixing of the 3d and 4p orbitals occurs, the
A;-T, transition becomes allowed and is therefore particularly strong. This is the
reason why tetrahedral Ti(IV) is characterized by a strong peak (A;-T,) over-
whelming the weaker A;—E transition. In a distorted octahedral symmetry and in
other symmetries where a progressive relaxation of inversion symmetry occurs, the
pre edge region is characterized by the predominance of the central peak with
respect to the other two (indeed, in many cases only the central peak is observable)
[18,19,21,22].

From all these considerations it is evident that analysis of the intensity, width
and position of the pre edge features, can be helpful in distinguishing different coor-
dinative situations, and their modifications under the effect of adsorbates. It is
also evident that, like UV-Vis spectroscopy, XANES spectroscopy can give a direct
information of the first coordination sphere of Ti(IV). Together with a detailed
analysis of the pre edge region, we present the quantitative determination of the
local bonding parameters from the EXAFS part of the spectrum. In order to do this
we employ the single scattering formula [15,16], which is exact for the first shell con-
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tribution. In this work we have studied a very pure and well characterised Ti-silica-
lite sample. The effects of the adsorption and desorption of adsorbates (H,O and
NHj;) are also reported and discussed.

2. Experimental

2.1. MATERIAL AND METHODS

The synthesis procedure of Ti-silicalite is described elsewhere [29]. In Ti-silica-
lite sample (Ti = 1.47 wt%) Ti(IV) was nearly completely in the framework (as
determined by means of several characterization methods [4,6]), only a 0.05% frac-
tion being in extraframework position.

X-ray absorption measurements were performed at the PULS X-ray beamline
of Frascati National Laboratories in Frascati, Italy. The storage ring was operated
at 1.5 GeV (yielding a critical energy of 1.5 keV) and typical beam current was
40 mA. The X-ray source was monochromatized using a Si(111) channel cut mono-
chromator. At the Ti edge the harmonics content is negligible due to the low criti-
cal energy and to the absence of the » = 2 reflection for Si(111). Measurements
were performed in the transmission mode and the incident and transmitted flux
were measured using nitrogen and argon filled ionisation chambers. For near edge
spectra the estimated energy resolution was 0.6 eV and the step size was 0.2 eV
for the extended spectra (EXAFS) 2 eV steps were used, with an estimated resolu-
tionof2 eV.

The zeolite sample, obtained as thin self supporting pellet, was placed inside a
pyrex cell equipped with two mylar windows. This cell was used for both thermal
treatment and gas dosages (pyrex compartment), and during X-ray measurements
(between the two mylar windows). During the measurements the atmosphere sur-
rounding the pellet was constant and carefully controlled. The cell atmosphere was
varied in a fully controlled way by connecting the cell to a vacuum manifold allow-
ing gas dosage and outgassing procedure under vacuum (102 Pa).

2.2. DATA ANALYSIS

All the XANES spectra we show were background subtracted with a linear func-
tion in the energy range 4900-4960 eV; subsequently the spectra were normalized
to unity in the continuum at 5100 eV, in order to make a meaningful comparison of
the intensity of the pre edge features.

The main characteristics of the pre edge absorptions (peak positions, full width
half maximum (FWHM) and intensity) were obtained using the band fitting pro-
gram ASYMGRAD [30]. The fitting was carried out assuming for the experimen-
tal peaks a Lorentzian shape, see eq. (7) inref. [30].

The EXAFS spectra were analyzed according to standard procedures [16]. The
pre edge region was subtracted with a polynomial function, then the EXAFS spec-
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trum was extracted by fitting the absorption coefficient with a cubic spline curve,
finally the EXAFS was normalized by J[1 — 8 (E — E;)/E], where J is the jump
height. A preliminary analysis of spectra was performed by inspection of the Four-
ier transform, which yields an intuitive picture of local bonding around the excited
atom. To perform the Fourier transform the EXAFS was multiplied by &3 in the
range k = 2 to k = 12 A and a Hanning window was used. Quantitative analysis
was performed by fitting the Fourier filtered signal of the first shell with a theoreti-
cal signal, using a non-linear least squares routine [31] (MINUIT subroutine of
the CERN library) and minimization of a x? type function.

The single-electron single scattering EXAFS theory [16] was applied by using
the following equation:

K(k)] = 3 e i)l & 2R infokR + (k). (1)

In our calculation the variable i runs only over the first shell neighbour atoms. N;
is the number of atoms in the ith scattering shell at a distance R; from the absorbing
atom. o; is a coefficient related to thermal and static disorder. );(k) is the electron
mean free path. The value of \;(k) was found by fitting the spectrum of anatase (our
reference compound of known structure: six nearest oxygen neighbours at
1.95 A) and then was kept fixed in the subsequent fits. f;(k) and ¢;(k) are the ampli-
tude and the phase shift functions respectively. In our simulations the theoretical
curves obtained from McKale et al. [32] were used. These parameters when checked
on TiO; (our model compound) gave the following results: N = 6; R = 1.95;
o? = 0.0084; so they have been considered adequate for Ti-silicalite.

Errors on the local bonding parameters were found by varying each parameter
(N, R, ¢%) until the fitting function increased by v/2 while varying the other para-
meters. This method takes account of the correlation between parameters, which is
especially severe for N and o2 with weak backscatterers, such as O (as our case).

3.Results and discussion

3.1. XANES

3.1.1. Effect of the surrounding atmosphere on the XANES spectraof Ti(IV)

Spectrum 1 in fig. 1 corresponds to the Ti-silicalite sample outgassed at 300 K
for afew seconds (in this condition the water molecules coordinated to the titanium
are not completely removed); spectrum 2 corresponds to the sample outgassed at
400 K for 30 min. Both the pre edge spectra are characterised by one, well defined
and intense peak. From the comparison of the two spectra, the following conclu-
sions can be drawn:

(i) Upon the outgassing treatment the peak position shifts from 3.2 to 2.9 eV
(the zero of the energy scale was taken at 4964.2 ¢V, which corresponds to the max-
imum of the first peak of a titanium foil K edge).
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Fig. 1. XANES spectra of [TS]: effect of outgassing in vacuo and of NH; adsorption followed by

desorption. (1) [TS] outgassed at 300 K; (2) outgassed at 400 K: (3) after dosage of NH; (equilibrium

pressure of 10* Pa); (4) effect of pumping at room temperature for 10 min. (The zero of the energy

scale was taken at 4964.2 eV which corresponds to the maximum of the first peak of a titanium foil K
edge.)

(ii) The intensity of the peak increases from 56 to 75%.

(iii) The full width at half maximum (FWHM) decreases from 1.7to 1.4 eV.

All these experimental features (especially the intensity and the width) clearly
indicate a significant modification of the Ti coordination sphere as a consequence
of the sample treatment (H,O removal).

Comparison of our data with those reported in literature relative to Ba, TiO4
(considered as the model compound for Ti(IV) in tetrahedral coordination) and
other compounds [20,22] where Ti(IV) is certainly in tetrahedral coordination
(Ti[N(CHj3),], and Ti(AOm)y) is very informative. All such data are summarized in
table 1 together with results concerning three Ti-silicalite samples previously
described in the literature [7,8,25,26] and with Ti(IV) compounds where Ti(IV) isin
fivefold coordination (Ti(OEt)4 and Ti(OBu)s).

From table 1 it is evident that the similarity of the data of [TS] (sample out-
gassed at 400 K) with those of tetrahedral compounds, indicates that we are deal-
ing with a structure where Ti(IV) is tetracoordinated and in a coordination
symmetry close to the tetrahedral. This result confirms the mentioned hypothesis
that Ti(IV) substitutes Si(IV) in the pentasilic structure. As already hypothesized
[6,12,13] the Ti-O-Si bridges can be partially hydrolyzed without destroying the
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Table 1

XANES of Ti(IV) in various coordination states

Sample Peak position * (eV) FWHM A (eV) Intensity (%) Ref.

TS outg. at 300K 3.2+02 1.7 56 this work
TSoutg. at 400K 29102 14 75 this work
Ba, TiO4 35402 1.5 82 [24]
Ti[N(CHj3),], 34402 2.8 83 [24]
Ti(OAm)4 28402 1.6 74 [22]
Ti(OPr)4 3.0+£02 14 50 [22]
Ti(OEt)4 34402 1.5 32 [22]
Ti(OBu)4 31402 2.8 30 [22]
1.6-TS-2 29402 2.0 49 [7,8]
1.9-TS-1 35402 2.3 27 [25,26]
1.9-TS-1 outg. 28402 1.5 50 [25,26]

# The zero of the energy scale was taken at 4964.2 eV, which corresponds to the maximum of the first
peak of a titanium foil K edge.

fourfold coordination and XANES spectra are also consistent with the parent
structure [OHTiO;], which can be obtained from the previous [TiO4] by the hydro-
lysis of one Ti-O-Si bridge. Another important observation is that the spectrum
is influenced by the state of hydration: in fact the presence of H,O (as in the sample
outgassed only at 300 K) induces an intensity decrease of the pre edge absorption
and a broadening of the peak. On the basis of the data reported in table 1, these
effects are indicative of direct insertion of H,O ligands into the Ti(IV) coordination
sphere. In fact the intensity of the XANES peak decreases with broadening becom-
ing very similar to that observed for pentacoordinated Ti(IV) in Ti(OEt)4. More
detailed discussion on the expansion of the coordination sphere will be given for the
adsorption of NHj3 (vide infra). This indicates that XANES measurements should
be preferably made under controlled atmosphere.

The exceedingly low intensity values of the pre edge peak observed in refs.
[7,8,25,26] can be only partially accounted for by the presence of adsorbed water:
the abundant presence of extraframework Ti(IV) must be invoked.

3.1.2. The interactionof [ TS] with NH3

The effect of NH; adsorption (equilibrium pressure 10* Pa) and desorption on
the spectra of the [TS] outgassed at 400 K are reported in spectrum 3 and 4 respec-
tively. The relevant data are reported in table 2.

From the XANES spectra we can see that the adsorption of NH; (spectrum 3)
induces a deep modification of all parts of the spectrum. In particular: the sharp
peak at 2.9 ¢V is nearly destroyed and replaced by a new, weaker and broader
absorption characterised by a very large FWHM (2.5 eV) and centred at 3.4 eV. It
is most noticeable that, after NHj interaction, the intensity has decreased by a fac-

tor of 3 which is fully consistent with an increase of the average coordination num-
ber (from 4to 5-6).
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Table2

Ammonia adsorption and desorption on Ti(IV)

Sample Peak position® (eV) FWHM A (eV) Intensity (%)
TS outg. at 400K 294+0.2 1.4 75

TS + NH; 34402 2.5 24

TS -+ NHj; + out. 3.1+02 1.6 64

# Energy values have been calculated asin table 1.

In the near edge region we also observe the formation of a peak at 13.6 eV which
is very similar to those reported for compounds containing Ti(IV) pentacoordi-
nated [22]; a clear peak in the same position is also observed in anatase sample
(where Ti(IV) is in octahedral coordination). Although it is universally accepted
that this region cannot be used for quantitative consideration on the coordination
number, the previous observation is in qualitative agreement with our model. On
the basis of the whole set of previous considerations, these spectroscopic features
can be interpreted in terms of the coordination reactions shown below:

0;—Ti—OH ™% 0,—Ti—OH(NH;) % 0;—Ti—~OH(NHj),
fourfold fivefold sixfold
and/or
Ti—04 % 0,—Ti—(NH3) % 04— Ti—(NH), .
fourfold fivefold sixfold

Similar reaction schemes have been already hypothesized on the basis of inde-
pendent UV-Vis [4,12,13], IR [4] and Raman [11] investigations.

It is most noticeable that volumetric determination of the amount of adsorbed
NH; at room temperature and under similar pressure conditions indicates that the
number of NHj ligands per Ti(IV) centre is intermediate between 1 and 2 (which
means that the coordination state of Ti(IV) is intermediate between 5 and 6). This
means that in the XANES experiments not all the Ti(IV) centres reach the maxi-
mum sixfold coordination in perfect agreement with the observed decrement of the
intensity.

On this basis the presence of a weak residual peak (spectrum 3 in fig. 1) can be
interpreted by considering the incomplete NHj reaction with Ti(I'V) species.

3.2. EXAFS

Fig. 2a shows the EXAFS spectra of [TS] sample outgassed at 300 and 400 K,
after contact with NH3 and after successive outgassing for 10 min at room tem-
perature respectively. The main feature clearly emerging from all spectra, even if at
high k value the noise is quite strong, is represented by the damped nature of the
apparently single oscillation. As the oxygen species have this behaviour, the
observed EXAFS spectra before interaction with adsorbates can basically be inter-
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Fig. 2. (a) EXAFS of [TS] in presence and in absence of extra ligand. (1) Sample outgassed at 300 K;

(2) in vacuo after a treatment at 400 K; (3) after dosage of NH; (equilibrium pressure of 10 Pa); (4)

effect of pumping at room temperature for 10 min. (b) Modulus of the Fourier transform of the &3
weighted EXAFS oscillations illustrated in (a).

preted on the basis of a coordination sphere of Ti(IV) formed only by oxygen cen-
tres. It is a matter of fact that the spectra obtained in presence of ligands (curves 1, 3
and 4) seem to be more complex than those obtained in absence ([TS] outgassed at
400 K), thus suggesting a more disordered situation (vide infra).

The Fourier transforms of the spectra 14 are illustrated in fig. 2b. The main
characteristic clearly showing up, is undoubtedly represented by the presence of a
maximum centred in the 1.2-1.4 A interval.

Concerning the main peak the following can be commented:

[TS] outgassed at 300 K (curve I). Although it is very broad and asymmetric
atlow R value, nevertheless it shows a clear maximum at 1.4 A which, by consider-
ing the phase shift contribution due to the oxygens, indicates a surrounding first
neighbour distance of about 1.8 A. This distance is in good agreement with the
known values for Ti~O bond in compounds where Ti(IV) is in fourfold coordina-
tion[18,22].

[TS] outgassed at 400 K (curve 2). No change is observed concerning the main
peak position. The higher intensity and symmetry together with the narrower line-
shape, indicate some substantial structural modification has been induced by the
outgassing procedure. As the pre edge part of the spectrum is simultaneously show-
ing an increase of the intensity and a narrowing of the XANES peak, we infer that
H,O0 ligands are desorbed upon outgassing at 400 K and that only the sample treat-
ed at 400 K can be used to evaluate the coordination state of Ti(IV) in absence of
adsorbates.

[TS] after NH; contact (curve 3). NH3 dosage affects so deeply the main peak
that a second peak at 0.9 A is observed close to the main maximum now centred at

1.5A.

[TS] after NH;3 contact and successive outgassing at room temperature
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(curve 4). The outgassing treatment at room temperature leads to a radial distribu-
tion function similar to thatillustrated in curve 1.

All these observations (together with those obtained from XANES spectra) indi-
cate that only for [TS] outgassed at 400 K, the Ti(IV) is in a well defined coordina-
tion situation. In the remaining cases, the presence of extra ligands (H,O and
NH3), causes a broadening of the features which are reflected in the Fourier trans-
form curves.

The inverse Fourier transform of the radial distribution function (typical range
interval 0.7 <R < 1.8 A) gives the EXAFS spectrum due to the first coordination
sphere of Ti(IV). For the reasons discussed before more extended intervals ranging
from 0.6 to 1.8 A (curve 3) and 0.35 to 1.8 A (curve 4) were used for the samples
treated with NH;.

Before going into detail of the EXAFS results, it is worth to recall that in Ti-sili-
calite containing 1-2% of Ti(IV), the intensity of the signal is intrinsically low and
the experimental noise is consequently high: this suggests that signal elaboration
involving more than one neighbour species (and hence more than four fitting
parameters) must be made with caution. As a matter of fact the K-space available
and the R-space window adopted in the inverse Fourier transform do not allow
more than one shell fit (four fitting parameters) [33]. For this reason we decided to
concentrate primarily our efforts on the elaboration of EXAFS signals of Ti-silica-
lite samples treated in vacuo at 400 K (because they are the only ones where the
first coordination sphere can be reasonably considered as formed by oxygen atoms
only).

The Fourier filtered signal of the first shell, can be simulated on the basis of a
coordination sphere constituted by oxygen atoms disposed around the Ti(IV) cen-
tre. Fitting parameters N (number of oxygen atoms), R (nearest neighbour posi-
tion in A), and o? (disorder factor in A?) are summarised in table 3 together with
the estimated errors.

It is most noticeable that the structural data obtained for Ti-silicalites treated
in vacuo at 400 K (4.4 oxygens at 1.81 A distance and a o2 value of 4 x 10~3 A2
(which indicates a high ordered structure)) are in good agreement with those sug-
gested by IR, UV-Vis, Raman and XANES spectroscopies. These figures are per-
fectly consistent with a model where Ti(IV) is randomly substituting Si in the
zeolite structure, so assuming a tetrahedral oxygen coordination sphere. Although
a N = 4.4 value seems to be too high for tetrahedral Ti(IV) species, we underline

Table 3

Fitting results for the EXAFS spectra of Ti-silicalite

Sample N+06 R£0.01(A) a?£2(10732) Fit (1072)
TS outg. at 300 K 5.3 1.81 9 3.2

TS outg. at400K 44 1.81 4 24

TS + NH3 5.5 1.84 10 5.5

TS + NH3; + out. 5.7 1.79 11 2.3
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that - 0.4 is within the evaluated error for this variable (0.6). The presence of extra
oxygens close to Ti(IV) centres derived from the Ti-O-Si bridge hydrolysis could
eventually be invoked to justify a small increase of the N value.

We underline that the estimated error associated with the R variable is only
0.01 A: this indicates that the Ti-O distance obtained from this experiment is a
meaningful structural information for Ti-silicalite in absence of adsorbates. It is
worth mentioning that some recent theoretical calculations by Jentys and Catlow
confirm this data [34].

Extension of the same procedure to the other samples (known to contain extra
ligands in the coordination sphere of Ti(IV)) still gives reasonably good fits with
the exception of [TSa] in presence of NHj3 (table 3).

In this case, the fit can be improved by using a two-shell model with oxygen
and nitrogen species for a total number of six. However, as too many parameters
are involved we do not believe that the structural factors deriving from those simu-
lations are totally free from artefacts. For instance comparable fit errors can be
obtained by using different number of oxygens (x) and nitrogens (y) x+y =6
located at different distances (which is disappointing). Consequently we conclude
that while our EXAFS measurements are sufficiently accurate to indicate that the
coordination number is increasing upon NHj dosages, they do not allow detailed
and safe information about the exact stoichiometry to be derived. More elaborate
analyses about this point were not attempted.

In fact we think that in our case (characterized by low Ti(IV) concentration and
strong noise) it is a better choice to use the simplest single shell modellization (and
then to compare it with the results obtained by means of different and independent
physical methods) rather than to trust the results of further manipulation (espe-
cially when mathematical procedures using many fitting parameters are necessarily
involved).

As regards the data concerning [TS] sample with H,O adsorbed into the chan-
nels ([TS] outgassed at 300 K), in presence of NH3 and after successive outgassing
atroom temperature, a comparison of N, R and o2 indicates:

N — The coordination number increases in presence of H,O and more distinctly
in presence of NHj. The high estimated error (0.6) found for this variable does not
enable further consideration. This is mostly due to the low intrinsic accuracy of
the variable N as obtained by EXAFS spectra of Ti-~O pairs (restricted R range
available). Although these results are essentially qualitative they fully confirm the
data derived from XANES, IR, UV-Vis and Raman spectroscopies.

R-The Ti-L (L = ligand) distances are constant in all the series but in [TS] sam-
ple treated with NH; where we observe an increase from 1.81 to 1.84 A. As in this
case the estimated error is very small, this change must be meaningful. The 1.84 A
figure probably is the average of the shorter Ti-O and longer Ti—-NH; distances.
This does not mean that upon NHj3 adsorption the Ti-O distance is not changing.
On the contrary, we think that upon the expansion of the coordination sphere
(caused by NHj3 adsorption), the Ti(IV) slightly move outwards from fourfold to
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fivefold and sixfold coordinative positions with subsequent increase of the Ti—O
distances. From the reasons discussed before we do not try to estimate this effect in
a quantitative way.

o2 — The presence of adsorbates (H,O and NH3) (or of a minor fraction of extra-
framework Ti(IV)) causes an increasing of the disorder factor. In fact the smallest
o? value was obtained in the case of [TS] sample outgassed at 400 K again. Theeval-
uated error for this variable is 2 x 10~ A2 which is sufficiently small to make the
differences among the tabled values significant. On this basis [TS] sample treated in
vacuo at 400 K appears to be the most ordered system (in agreement with data
obtained with IR, UV-Vis, Raman and XANES spectroscopies).

4, Conclusions

The coordinative state of Ti(IV) in Ti-silicalite, has been investigated by X-ray
absorption spectroscopy.

Pre edge peak characteristics (peak position, FWHM and intensity in XANES
spectra) of well manufactured titanium silicalite [TS] previously outgassed at
400 K confirms that this sample is a very pure material where nearly all Ti is four-
fold coordinated and in a symmetry very close to a perfect tetrahedron (no data of
comparable quality on Ti-silicalites have been published so far).

The experimental results also indicate that the coordination state of Ti(IV) in
Ti-silicalite prepared following ref. [26] and containing a small Ti(IV) percentage,
strongly depends upon the presence or absence of ligands (adsorbates). In particu-
lar, adsorption and desorption of NH3 on [TS]investigated in situ give clear indica-
tion of increase and decrease of the coordination state of Ti(IV). These data are in
qualitative agreement with previous UV-Vis, IR and Raman investigations.

The EXAFS spectra confirm that Ti(IV) in [TS] outgassed at 400 K are fourfold
coordinated and that adsorption of ligands (H,O and NHj3) leads to an increase of
the coordination sphere. These conclusions must be considered as essentially quali-
tative.

From a more quantitative point of view the safest results are: N =4.4+0.6
and R = 1.81 & 0.01 A obtained for fully dehydrated [TS].

The comparison of the XAFS and the UV-Vis, IR and Raman spectroscopic
results indicates that they can all be interpreted on the basis of the simplest model,
corresponding to Ti(IV) in the substitutional position in the pentasilic framework.
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