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A new zeotype titanium silicate oxidation catalyst with the 5 

STT topology has been synthesized from direct synthesis. Ti-

STT has a microporous structure with small pore openings, 

allowing shape selective oxidation catalysis. The isomorphous 

substitution of Si by Ti in the framework has been confirmed 

by Raman, FT-IR, UV-VIS and XANES spectroscopies.  10 

Titanium silicalite-1 (TS-1), with the MFI topology, was the first 

titanium silicate with a zeolite topology to be reported.1 TS-1 

shows excellent properties as a shape selective oxidation catalyst 

with high activity at mild conditions, and is now of great 

industrial importance.2 The relevance of this catalyst on the 15 

industrial ground makes the research on the catalyst improvement 

still active nowadays, i.e. almost thirty years after its first patent. 

Improvements reflect: (i) the growth of TS-1 crystals with 

controllable b-oriented length (sheet-like morphology, or chain-

like morphology);3,4 (ii) the synthesis of hierarchical mesoporous 20 

TS-1;5-7 (iii) synthesis of Au/TS-1 catalysts for in situ production 

of hydrogen peroxide;8 (iv) co-insertion of other heteroatom in 

the MFI framework;9 (v) synthesis of amorphous10 or crystalline 

porous titanosilicates with different topologies, such as TS-2,11 

Ti- ,12 Ti-UTD-1,13 Ti-ZSM-4814 Ti-MOR,15 Ti-FER,16 Ti-ITQ-25 

6,17 delaminated Ti-ITQ-2,18 Ti-MCM-22,19 Ti-MCM-56,19 Ti-

MWW,20 Ti-JLU- 20,21 Ti-MCM-6822 and more recently Ti-

CHA;23 

 STT is a zeolite topology with a 2-dimensional pore system 

composed of a 7- and 9-ring channel system.24,25 While the 30 

previous titanium silicates have 10-ring pores or larger, this 

material has smaller pores, opening new possibilities in shape 

selective catalysis. SSZ-23 was the first STT material to be 

synthesized by Zones et al. using N,N,N-trimethyl-

adamantammonium hydroxide (TMAdaOH) as structure directing 35 

agent.26 

 To produce the Ti-STT with Si/Ti = 106, the following 

procedure was employed: 4 g Ethanol, 6.5 g tetraethyl 

orthosilicate, 0.15 g titanium (IV) ethoxide and 0.15 g H2O2 (30 

wt%) were mixed and added dropwise to 15 g 1M TMAdaOH. 40 

The mixture was hydrolyzed over night and heated to evaporate 

ethanol and H2O. Then 0,7 g HF (40%) was added, giving a final 

H2O/SiO2 ratio of 10, and the resulting dry gel was transferred to 

a 15 mL teflon lined stainless steel autoclave and heated for 10 

days in a tumbling oven at 35 rpm at 155 oC. A yield of 70% was 45 

obtained. 

 Powder XRD of the materials in Fig. 1 is characteristic of the 

STT topology with high crystallinity and without TiO2-anatase, 

TiO2-rutile or other impurities. SEM (Fig S1) shows platelets 

with size of 20 x 15 x 1 µm, while elemental analysis in Table 1 50 

shows that 47 % of the Ti in the synthesis gel was finally 

incorporated into the material. 

 The isomorphous substitution of Si by Ti in the STT 

framework has been confirmed by Raman-, FTIR, DRUV-VIS- 

and XANES spectroscopies. It is known that Ti substitution in 55 

TS-1 perturbs the stretching modes of adjacent [SiO4] units 

resulting in two components at 960 cm-1 and 1125 cm-1, the latter 

visible by Raman only.12,27-32 In hydrated Ti-STT the asymmetric 

modes occurs at 967 and 970 cm-1 in the FTIR and Raman (Figs 

S3 and 2a) spectra, respectively (once dehydrated the band red-60 

shifts at 953 cm-1, red curve in the inset of Fig. 2a). The totally 

symmetric stretching of the [TiO4] units is observed at 1118 cm-1 

(Fig 2b). These modes are absent in the case of the pure SiO2-

STT material (black curves in Fig 2a). Raman spectroscopy also 

shows no traces of TiO2-anatase as there is no peak at 637 cm-1. 65 

As seen from Fig 2b, the 1118 cm-1 peak is enhanced in intensity 

with respect to the 960 cm-1 peak as the wavelength approaches 

the charge-transfer (CT) transition (325 nm pre-resonance and 

244 nm resonance conditions), similar to what has been observed 

for TS-1.28-30 70 

 

Table 1 Reaction conditions: Batch reactor. Solvent methanol = 13 g. Catalyst = 0.2 g, H2O2 = 2.67 g (30 wt %). T = 333K. Time = 6 h.  

Material Si/Ti % Ti 

incorporated 

Ethane oxide selectivity (%) H2O2 conversion (%) 

In gel In material 

Ti-STT 50 106 47 49 48 

TS-1 50 56 89 62 93 

 

 DRS UV-VIS spectroscopy of the calcined sample activated in 

vacuum at 500 oC (red curve in Fig 3a) shows a band at 48000 75 

cm-1 which can be assigned to a ligand to metal charge transfer 

(LMCT) for isolated Ti-tetrahedra.28-31 No tail, due to extra 

framework TiO2-anatase, can be observed. The interaction with 

H2O causes a red shift of the edge in the DRUV-VIS spectrum. 

This is an expected consequence of the increase in coordination 80 

sphere around Ti(IV) centers.31,32 

 The XANES spectra of the Ti-STT material dehydrated at 500 
oC directly proves that Ti species exhibit a local Td symmetry, as 

testified by the intense and sharp pre edge peak due to the 1s → 

3p electronic transition (blue spectrum in Fig 3b).27,31 Ti(IV) 85 

species (3p63d0) exhibit a significant density of unoccupied 3p 

states only when a strong 3p/3d hybridization is present, i.e. in 

case of Td symmetry that exhibits no inversion center. 

Coordination of water distorts the Td symmetry towards an Oh-

like one where the 3p/3d hybridization is much less efficient and 90 

the intensity of the pre edge peak drops (red spectrum in Fig. 3b). 

 The IR, DRUV-VIS and XANES dehydration experiments 

reported in Figs S4 and 3 shows that Ti(IV) species hosted in the 

framework are able to modify their local geometry upon 

interaction with adsorbates (H2O) and are so potential catalytic 95 

centres. 
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The catalytic activity and selectivity of the material was 

tested using the epoxidation of ethene with H2O2 as a model 

reaction and compared to the performance of TS-1. As seen from 

Table 1, the conversion of H2O2 is 49 % and the selectivity 

towards ethylene oxide is 48 %. The reactant shape selective 5 

properties of the new material are proven by the epoxidation of 

hexene and the hydroxylation of phenol. While many other 

titanium zeotypes exhibit high activity,20,33 the Ti-STT is 

essentially inactive due to the smaller pore openings. The kinetic 

diameter of hex-1-ene is in principle small enough to allow the 10 

molecule to enter the 9-ring pores of STT (5,3x3,7 Å), but the 

long aliphatic tail will make diffusion extremely slow. Phenol, 

however, is excluded from the pore system due to the higher 

kinetic diameter of the molecule (4,8 Å).34 The catalytic activity 

supports the conclusion from spectroscopic studies that Ti is 15 

incorporated in the tetrahedral framework. 

On a spectroscopic ground, the reactivity of Ti-STT toward 

H2O2/H2O solution is testified by the DRS-UV-Vis, XANES and 

Raman spectra reported in Fig. 4. The formation of a side-on 

peroxo complex on Ti sites is confirmed by the three techniques. 20 

The yellow colour of the Ti-STT/H2O2/H2O system is due CT 

from the peroxo ligand to the Ti around 29000 cm-1 (Fig. 4a). The 

same CT occurs at 26000 cm-1 in the TS-1/H2O2/H2O 

system27,30,35, and at 31000 cm-1 in the Na3TiF5O2 model 

compound (vine curve in Fig. 4a). The XANES spectrum of the 25 

Ti-STT/H2O2/H2O system is characterized by the doublet at 4987 

and 4999 eV on the edge (Fig. 4b).30.36 The vibrational feature of 

the side-on Ti-peroxo complex re easily caught by Raman 

spectroscopy using a 442 nm laser because it allows resonant 

conditions with the corresponding CT.30,35 As a consequence of 30 

the resonant enhancement, the Raman spectrum of the Ti-

STT/H2O2/H2O system (Fig. 4c) is dominated by two bands at 

876 and 626 cm-1 due to the O-O stretching and to the and to the 

symmetric breathing mode of the Ti(O)2 cycle, respectively.35 

In summary we have synthesized a new microporous zeotype 35 

titanium silicate with the STT topology. This is a small pore 

zeotype titanium silicate and it shows catalytic activity in 

epoxidation of ethene. 
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Fig. 1 Powder XRD of the calcined Ti-STT (blue) and SiO2-STT (black). 

Main part: low 2  region ; inset: high 2  region.  = 1.540 Å. 
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Fig. 2 (a) Raman 

spectroscopy of Ti-STT (blue) and SiO2-STT (black)  =  442 nm. The 40 

inset reports, in the narrow IR transparent window the 950 cm-1 band of 

Ti-STT and how it red shifts upon water desorption (red): a. u. = 

absorbance units. (b) Raman spectra of Ti-STT with 244 (cyan) 325 nm 

(magenta), 442 nm (blue) and 514 nm (green) laser. In both parts the 1118 

cm-1 and 970 cm-1 peaks are marked with arrow. Raman spectre were 45 

collected on the hydrated forms. When using lasers with shorter excitation 

 (325 and 255 nm), the low-energy cut-off needed to discard the elastic 

scattering occurs at lower wavenumbers. 
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Fig. 3 DRS-UV-VIS and Ti K-edge XANES spectra of dehydrated (red) 

and hydrated (blue) Ti-STT, parts (a) and (b), respectively. In (a) also the 
spectrum of SiO2-STT has been reported (black). Arrows in (a) indicate 

the excitation energies of lasers used to collect the Raman spectra in Fig. 70 

2b.  

 

 

 

Fig. 4. DRS-UV-VIS, XANES and Raman (  = 442 nm) spectra of Ti-75 

STT contacted with H2O2/H2O solution (orange curves), parts (a), (b) and 
(c), respectively. For comparison also the spectra of hydrated Ti-STT and 

of Na3TiF5O2 model compound (see cartoon in part a) have been reported. 
The inset in part (b) reports a zoom on the pre-edge peak. 

--------------------Figure and text  for the Table of Contents -------- 80 
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A new titanosilicate molecular sieve has been syntesixed with STT 

topology. Isomorphous insertion of Ti in the framework has been 

documented by UV-Vis, IR, Raman and XANES spectroscopies. Catalitic 

activity has been documented for ethylene epoxidation. 


