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XANES and EXAFS investigations of titanium silicalite-I, a microporous material with the structural features of 
zeolite ZSM-5, show that a large part of the titanium is coordinated octahedrally and probably occupies framework 
positions, a local environment that provides an explanation for the extraordinary catalytic properties of this material. 

Titanium silicalite-1 (TS-l), first prepared by Taramasso 
et al. ,1 is a material with the structural features of the medium 
pore zeolite ZSM-5 (MFI structure type) and the formula Ti,- 
Sil - .02 where x is restricted to a narrow range of 0 < x 5 
0.025. TS-1 is an efficient catalyst for the oxidation of organic 
compounds with hydrogen peroxide and is already being 
employed in an industrial process.24 Although TS-1 has been 
characterized extensively with respect to structure and cata- 
lytic activity,l?335-7 the coordination of the Ti atoms in this 
material is still debated. Several measurements indicate a 
framework incorporation of Ti and thus are interpreted in 
terms of isomorphous substitution of Si by tetrahedral Ti. 
Powder X-ray diffraction135 (XRD) shows a Vegard-law type 

dependence of the lattice parameters on Ti content and 
orthorhombic symmetry for TS-1 instead of monoclinic 
symmetry as observed in template-free silicalite-1 and ZSM-5 
samples; the catalytic properties6 of TS-1 are different from 
those of physical mixtures of silicalite-1 and Ti02. However, 
IR and UV-VIS spectroscopic data have been interpreted by 
the presence of octahedrally coordinated Ti in framework 
positions? To learn more about the coordination of Ti in TS-1, 
we have performed an X-ray absorption spectroscopic study at 
the Ti K-edge. 

TS-1 was prepared following the procedure described in the 
patent of Taramasso et al. 1 from a gel containing tetraethyl 
silicate, tetraethyl titanate, water and tetrapropylarnmonium 
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Fig 1 Ti K-edge XANES spectra of the as-synthesized sample A and of 
calcined TS-1 ( B )  together with those of reference compounds. The 
edge jump has been normalized to unity. The zero-point of the energy 
( E )  scale was fixed at the first inflection of the K-edge of metallic Ti. 

hydroxide as a template by hydrothermal crystallisation at 
about 448 K under autogeneous pressure (sample A ) .  Tem- 
plate-free TS-1 was obtained by calcination at 683 K in air 
(sample B ) .  Powder XRD proved the samples to be pure 
phases. Lattice parameters for orthorhombic TS-1 are: a0 

20.089(12), bo 19.864(9) and co 13.341(8) A. Both samples 
were stored at ambient conditions, i.e. were in a hydrated 
state. Thermogravimetric analysis of sample B shows that it 
loses 2.5% of water in two steps. Under the conditions of the 
spectroscopic measurements (vacuum of about 10-2 Pa in 
order to reduce absorption of the X-rays in air) the first 
dehydration step occurs at room temperature. 

The X-ray absorption near edge structures (XANES) of 
samples A and B are presented in Fig. 1 together with those of 
some model compounds. The thorough discussion of XANES 
spectra of titanium-bearing oxidic materials given by Way- 
chunas* can be applied here, too. The most informative 
features of the spectra are the pre-edge peaks between -10 
and 0 eV (the zero point of the energy scale has been fixed at 
the K-edge of metallic Ti), which are shown on an enlarged 
scale on the left side of Fig. 1. They are ascribed to Is .--) 3d 
transitions of the excited electron and contain information 
about the coordination environment of the absorbing Ti atom. 
Compounds with tetrahedrally coordinated Ti (Ba2Ti04, 
CsA1Ti04) show a strong absorption at -4.5 eV, those with 
square-pyramidal surrounding (fresnoite) at about -4 eV. 
Octahedral coordination gives less pronounced pre-edge 
features. If the coordination octahedron is regular, up to three 
peaks may be observed (anatase, rutile, SrTi03, benitoite), 
the central one at an energy of about -3  eV. With increasing 
distortion this central peak gains intensity (FeTi03, MgTi03). 
The titano-silicate minerals aenigmatite, astrophyllite and 
ramsayite contain distorted octahedral Ti. In accordance with 

Fig. 2 Linear combination fit (-) of the pre-peak region of calcined 
TS-1 (---) using as reference spectra those of ramsayite for 
octahedral coordination (a ) ,  fresnoite for square-pyramidal coordina- 
tion (b )  and Ba2Ti04 for tetrahedral coordination (c). A fit of similar 
quality and with similar poportions of the three components is 
obtained for the as-synthesized sample. 

the higher intensity and the position of its pre-edge peak, 
lamprophyllite contains both octahedral and square-pyr- 
amidal Ti. 

The pre-edge peaks of sample A (TS-1 as synthesized) and 
sample B (calcined TS-1) are very similar, indicating that the 
calcination procedure has no significant influence on the 
coordination of the Ti atoms. Their height and position 
correspond to strongly distorted octahedral Ti. However, 
their width is larger than those of compounds with a uniform 
coordination. It may therefore be presumed that different 
environments of the Ti atoms coexist in TS-1 materials, with 
octahedral Ti dominating. This is indeed shown by a linear 
combination of the spectra of Ba2Ti04, fresnoite and ramsay- 
ite as references for Ti in tetrahedral, square-pyramidal and 
octahedral environment, respectively. Excellent fits of the 
pre-edge peaks of samples A and B are obtained (Fig. 2). The 
proportions of the different coordination geometries are: 10% 
tetrahedral, 15% square-pyramidal and 75% octahedral (with 
estimated errors of about 5 % )  for both samples. The fit 
procedure fails if a non-silicate compound is used for the 
dominating octahedral component. This indicates that Ti is in 
a silicate environment in TS-1. 

The rise of the edge and its crest in the energy region 
between 0 and 10 eV are very similar for sample A and B and 
the titanium-silicate minerals with distorted octahedral 
(astrophyllite, ramsayite) or mixed octahedral-square-pyram- 
idal (lamprophyllite) coordination. The spectra do not show 
any prominent shoulders or peaks like those of non-silicate 
compounds. This is another indication that Ti is in a silicate 
environment in samples A and B. The high energy parts (10 to 
50 eV) of the XANES spectra, which reflect multiple 
scattering the excited electron experiences from neighbouring 
atoms, are strongly smeared out in the case of samples A and 
B .  This corresponds to the mixed environment which is 
indicated by the broad pre-peak. 

Samples A and B exhibit similar EXAFS oscillations (not 
shown here), supporting again the conclusion that the 
environment of the Ti atoms is the same in the as-synthesized 
and in the calcined sample. These oscillations are weak (in 
agreement with a mixed and/or distorted coordination by 
oxygen atoms) and their analysis is troublesome, i.e. the fitting 
procedure usually applied to obtain structural information 
from EXAFS data does not lead to reliable results here. Good 
agreement with these data is obtained by a simulation using 
phase-shift and backscattering amplitude functions deter- 
mined on anatase, Ti-0 distances as commonly observed in 
titanium compounds with tetrahedral, square-pyramidal and 
octahedral Ti coordination and the proportion of the three 
coordination types as obtained from our XANES analysis. 
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The second coordination shell around Ti is made up by a 
scatterer with low atomic number 2 (Si). 

Our results show that a large part? of Ti in TS-1 is 
coordinated octahedrally and is in a silicate environment. The 
titanium cannot be present in the form of small Ti02 clusters. 
The fact that upon dehydration the amount of octahedral Ti 
decreases, while that of four- and five-fold Ti increases,g 
agrees favourably with framework incorporated Ti, the 
additional (i. e. non-framework) oxygen ligands probably 
stemming from H20 ,  OH- and silanol groups.7 Although 
coordination numbers higher than four seem to be in conflict 
with the incorporation of Ti into a tetrahedral network 
structure, the flexibility of the MFI framework as it is 
expressed, e.g. by the reversible orthorhombic-monoclinic 
transitionlo of H-ZSM-5 or the fact that it tolerates trigonal 
coordinated boron atoms11 in boron-substituted ZSM-5 , may 
allow for such a substitution. Considering the strong dislike of 
Ti*V for tetrahedral coordination by oxygen, the incorporation 
of five- or six-fold Ti into the MFI structure may be regarded 
as a compromise. The distortion of the structure induced by 
non-tetrahedral framework atoms is a straightforward expla- 
nation for the low maximum Ti content of TS-1. On the other 
hand, the strain imposed on five- or six-fold Ti atoms by the 
demand of the framework for four bonds with tetrahedral 
orientation may account for the extraordinary catalytic 
properties of this material. 
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t It cannot be excluded that a partial dehydration and reduction in 
coordination number takes place during evacuation; in TS-1 stored at 
ambient conditions all the Ti might be in an octahedral environment. 
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