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Abstract

Ti-MWW zeolite is a promising catalyst for partial oxidation reactions. In the present work, a Ti-
MWW sample with high TiO; loading was synthesized. It was revealed that the Ti insertion in the
purely siliceous MWW framework mainly occurs during the post treatment washing with HNO3,
when the double structure directing agent synthetic method is used. By exploiting carbon monoxide,
acetonitrile, pyridine and ammonia as probe molecules in infrared spectroscopy and diffuse
reflectance ultraviolet spectroscopy, the acidic behavior of the Ti sites and the interaction of the Ti
sites with hydrogen peroxide (H.0;) were revealed. The Ti Lewis acid sites showed stronger acidity
than the one observed in Titanium Silicalite-1 (TS-1), with MFI framework. This is coherent with
previously reported results, suggesting that a significative fraction of the Ti sites in Ti-MWW are
TiOH(SiO)s instead of Ti(OSi)s4. The Ti-peroxo and -hydroperoxo complexes formed upon H,0; were
shown to be more labile than in TS-1 and they were shown to be completely reversible upon

calcination.

Introduction

Titanium (Ti) doped zeolites are used as shape selective catalysts for partial oxidation reactions (e.g.
epoxidations’™® or hydroxylations’ %), using hydrogen peroxide (H.0;) as oxidizing agent.''! A small
percentage (2-3%) of silicon (Si) atoms are isomorphously substituted by Ti in the zeolite structure, in absence
of other heteroatoms. The isomorphous substitution of Ti provides uncoordinated sites that adsorb H,0, and
form Ti-hydroperoxo (Ti-OOH) or -peroxo (Ti-O0~) complexes.'? The transfer of an active oxygen (O) to the

organic substrate, with production of a water (H,0) molecule, ends the catalytic cycle.

The most renowned Ti-zeolite is the Titanium Silicalite-1 (TS-1)*2 with a MFI framework, discovered in 1983
and still the best known and most studied system. From the TS-1 discovery many efforts were made to

enhance the performances of Ti-zeolites in the same target reaction. These include refining the properties of
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the catalyst 1*?’or acting on the reaction conditions.”?3° Among the former, modifications of the synthetic

11,31~

procedures to improve the amount and speciation of Ti, 38 diffusion boosting with additional porosity

15-19 and changes of the crystalline zeolitic framework 420222739 gre the most important. In this work,

levels
the attention was focused on Ti-zeolites with MWW framework (Ti-MWW) which have recently been showing
very promising catalytic outcomes, tested in many partial oxidation reactions.>®?”* MWW is a layered

4142 and hosts two independent pore systems. 10 Member-Ring (MR) sinusoidal channels

framework type
(diameter of 5.2 A) run intralayer and a system of internal super-cages with dimension of 7.1 A x 18.2 A is
located in the interlayer space, connected to the outside via 10 MR apertures. The super-cages are cut at the
crystal external surface and form hemi-cages, that catalytically behave as 12 MR channels (7.1 A diameter).
The 12 MR hemi-cages impose the same shape selectivity of a 12 MR channel without the need of diffusing
reagents and products in real channels and hence hindering the deactivation by coke formation.*43-% Ti-
MWW was first synthesized in 2001, in co-presence of boron (B) and Ti.** Subsequently, a deboronation
procedure and a direct synthesis of Ti-MWW in absence of B were developed,?”*® to obtain materials without
additional catalytic sites, except for Ti. The Ti insertion in the MWW framework is reported to occur in the
vacant sites formed during the deboronation by acid washing of the Ti-B-MWW? and an acid treatment is
also necessary after the direct synthesis of Ti-MWW, to remove the extra-framework anatase. ¥ Here, a deep

study of the effect of the acid treatment on the directly synthesized Ti-MWW is reported and the role of the

acid treatment in the formation of Ti active sites is unveiled.

The increasing attention for this catalytic system imposes to reach a clear understanding of the Ti-MWW
active sites, as has already been done for a long time with the well-known TS-1 case. Indeed, during the years
an in-depth knowledge of the active sites and species in TS-1 has been achieved. For TS-1, the Ti insertion can
occur in substitutional “perfect” tetrahedral sites, in octahedral coordination as bulk anatase or in the so-
called “amorphous” Ti species (i.e. intermediate conditions between the previously described, e.g. hexa-
coordinated, in a distorted octahedral geometry, maybe in the presence of alkali metal cations) depending on
the synthetic procedure and Ti loading.*****%” The Ti sites in TS-1 showed preferential location in specific
crystallographic sites, and both the speciation and location were extensively studied by spectroscopy,3*47->3
diffraction®°¢ and computational methods.*”*%>3579 The knowledge gained by studying TS-1 is very useful
for understanding which active site must be pushed in synthetic studies and to design catalysts with different
levels of porosity.3! However, when the crystalline framework is modified, the Ti microenvironment and,
consequently, the behavior of the Ti-OOH and Ti-OO™~ active species can be different, as in the case of Ti-
MWW. The vibrational fingerprint that testifies the presence of “perfect” Ti sites Ti(OSi), in Ti-zeolites (the
band at 960 cm™ in the TS-1 vibrational spectrum), > in Ti-MWW is composed of two bands peaked at 960
and 930 cm™.7* This suggests the presence of different Ti microenvironments and computational studies?”-®°
confirm this hypothesis. The computational studies revealed the co-presence of Ti(OSi)s and TiOH(OSi);

species in comparable abundance in Ti-MWW and that TiOH(OSi); locates selectively at the T1
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crystallographic site. A commonly accepted view regarding the comparison among the catalytic activity of the

different Ti sites is not achieved yet,"%4 but some studies®5

report that TiOH(OSi); are more active than
Ti(OSi)4 sites in epoxidation reactions. The reason of the possible higher activity of TiOH(SiO)s sites was
ascribed to their stronger Lewis acidity compared to the one of Ti(OSi)s sites, but the experimental work
published in this field ® does not directly compare the two zeolitic frameworks for providing a complete
description of the different activity of the sites generated in the two different frameworks. On the other side,
the in-depth spectroscopical analysis of the Ti sites and of the formation of the Ti-OOH and Ti-OO~ complexes
upon interaction with H,0; is lacking. In this work, we present a combined synthetic and spectroscopical study
of the acidic properties of the Ti-MWW catalyst and of its interaction with H,0,. The effect of the post-
treatment washing with nitric acid (HNOs) on the process of Ti insertion in the MWW framework was studied
by comparing a washed and not washed Ti-MWW samples. A combination of vibrational (infrared, IR) and
electronic (ultraviolet-visible, UV-Vis) spectroscopies, in presence of probe molecules, when necessary, was

adopted to shed light on the reason of the catalytic behavior of Ti-MWW and to provide a direct means of

comparison with TS-1.

Experimental Section

Chemicals

Aerosil® 200 (from Evonik Industries) and tetrabutylorthotitanate (TBOT, reagent grade 97% from Sigma
Aldrich), were used as Si and Ti source. N,N,N-trimethyl-adamantil-ammonium hydroxide (TMAdaOH, 25 wt%
in water, from TCl), hexamethylenimine (HMI, 99% from Sigma Aldrich) were used as Organic Structure
Directing Agent (OSDA); potassium carbonate (K2,COs, anhydrous, ACS reagent, from Sigma Aldrich) was used
as additive for the synthesis; Milli-Q water (18.2 MQ cm) was used as solvent and nitric acid (HNOs, 65% for
analysis-ISO, from Carlo Erba Reagents) was used for the washings of Ti-MWW samples. Hydrogen peroxide

(H,0,) aqueous solution (= 30 %, for trace analysis, from Sigma Aldrich) was used as oxidizing agent.
Synthesis of the Ti-MWW sample

The preparation of the Ti-MWW sample was reproduced from Xu et al.?’ In a typical synthesis, 8.45 g of
TMAdaOH solution, 1.49 g of HMI and 0.2416 g of K,CO5; were added to 20.68 g of Milli-Q water in this order.
After the complete dissolution of K,COs, 0.34 g of TBOT were added dropwise under vigorous stirring. The
solution was stirred at room temperature for 30 min to allow complete hydrolysis of the Ti precursor and then
3.004 g of Aerosil® 200 were gradually added and the gel was stirred until it was fully homogeneous. The final
composition of the synthesis gel was: 1 SiO; : 0.02 TiO; : 0.2 TMAdaOH : 0.3 HMI : 0.035 K,COs : 30 H,0. The
gel (approximately 30 ml) was then transferred to a 45 ml Teflon lined stainless steel digestor and it was

crystallized by autogenous pressure at 150 °C, in tumbling conditions at 60 rpm. The gel was filtered, washed
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with abundant water and dried at 65 °C overnight (to obtain Ti-MWW-as, “as” meaning “as-synthesized”). A
portion of Ti-MWW-as was washed with a 2 M HNOs solution for 20 h at 100 °C, under reflux conditions, using
a solid to liquid ratio of 1 g : 50 ml, to obtain Ti-MWW-HNQOs-as. Ti-MWW-as and Ti-MWW-HNOs-as were
calcined at 550 °C under O; flow, using a heating ramp of 1 °C/min followed by 7 h of isotherm, to obtain Ti-

MWW-calc and Ti-MWW-HNO3-calc.

The reference ITQ-1 material was synthesized as described elsewhere,® using the following composition of
the synthesis gel: 1 SiO; : 0.25 TMAdaOH : 0.31 HMI : 44 H,0 and calcined at 550 °C under air flow, using a
heating ramp of 1 °C/min followed by 7 h of isotherm. ITQ-1-as and ITQ-1-calc are the references before and

after the calcination, respectively.
Characterization techniques

Powder X-Rays Diffraction (PXRD) patterns were obtained using Cu K, radiation, on a PANanalytical X'Pert
diffractometer (Bragg-Brentano geometry), equipped with a X'celerator strip detector, in the range 5° <26 <

45°, with a step of 0.02° and 50 s/° of integration. Cu Kg was suppressed with a Ni filter.

N, physisorption isotherms were recorded on a Micromeritics 3Flex instrument at -196 °C. The powders were
treated before the measurement, by outgassing overnight at 120 °C and then 7 h at 400 °C. The Specific
Surface Areas (SSAs) were determined by the Brunauer-Emmett-Teller (BET) and Langmuir models, applied in
pressure ranges suitable for obtaining a monolayer capacity included in the selected p/p° (for the BET) or p
(for the Langmuir) linearization range.®” The cumulative pore volume and the pore size distribution were
obtained by applying the Non-Local Density Functional Theory (NL-DFT); the pores were modelled as slit
pores, using the “N,@ 77-Carbon, original DFT” available in the Microactive software.®® The model was

applied in the whole range of p/p° with a regularization of 102

The TiO, wt% was determined by an Energy Dispersive X-Rays (EDX) spectroscopy detector (Oxford — Detector,
equipped with an AZTEC software) coupled with a Field Emission (FE) Scanning Electron Microscope (SEM)
Tescan S9000G. Areas that contain exclusively zeolitic particles were carefully selected. Elemental maps were

acquired in the same condition. Four areas were analysed for each sample.

The TiO, wt% was also determined by an Optical Emission Spectroscopy (OES) detector equipped with an
Inductively Coupled Plasma (ICP) source from Perkin ElImer (7000 DV), cross-flow nebulizer, Scott nebulization
chamber and an Echelle monochromator. The dissolution was performed three times for each sample on 30
mg aliquots, in a microwave oven (1200 MEGA from Milestone), using 5 ml of aqua regia and 2 ml of HF. A
second dissolution was performed adding 0.7 g of H3BOs, in a final volume of 25 ml. Three replicas were

performed for each sample.



Diffuse Reflectance (DR) Ultraviolet-visible (UV-Vis) spectra were collected on a Varian Cary5000
spectrophotometer, using Spectralon® as 100% Reflectance reference. The samples were measured both as
such and after a pretreatment for removing water and possible organic pollutants on Ti coordination (the
procedure is referred as “activation” in the following). = 50 mg of sample were inserted in a quartz tube
suitable for high temperature in vacuo treatments and the same portion of sample was analyzed by UV-Vis
and by Attenuated Total Reflectance (ATR) Infrared (IR) (described later) spectroscopies. The procedure
involves outgassing the sample at room temperature (RT) until reaching the residual pressure of < 103 mbar;
then the samples were heated up to 500 °C with a 5 °C/min ramp. After 30 min of outgassing at 500 °C, 100
mbar of pure O, were dosed on the sample and left in contact for at least 30 min. O, was finally outgassed
and the temperature was kept at 500 °C till a residual pressure < 5x10* mbar (= 1 h). After cooling to RT, the
qguartz tube was transferred in a N, glove-box for filling the sample holder for UV-Vis spectroscopy under

controlled atmosphere.

The Attenuated Total Reflectance (ATR)-IR spectra were collected on a Bruker Alpha Il spectrophotometer
located directly inside the N, glove-box on the same fraction of sample activated for the UV-Vis
measurements. The spectrophotometer is equipped with a Deuterated TriGlycine Sulfate (DTGS) detector and
an ATR Platinum accessory (internal reflection element made of diamond). 64 scans were mediated (128 for

the background) and a resolution of 2 cm™ was used.

The transmission IR spectra were collected with a Bruker Vertex 70 spectrophotometer, equipped with a
Mercury Cadmium Telluride (MCT) cryo-detector on a self-supporting pellet of the pure sample, placed inside
a home-made quartz cell with KBr windows, designed for thermal outgassing prior to the measurement. The
pellet was mechanically protected by a gold envelope and activated as previously described. The spectra were

acquired under vacuum accumulating 32 scans (64 for the background) at 2 cm™ of resolution.

The acidic properties of Ti-MWW-HNOs-calc and the reference ITQ-1-calc were studied by dosing gaseous
basic probe molecules on the sample under acquisition, by connecting the home-made cell (equipped with
KBr or CaF, windows depending on the probe) to a vacuum glass-line. The spectral changes were detected
during the adsorption/desorption of carbon monoxide (CO), ®7° deuterated acetonitrile (CDsCN),”* pyridine
(Py)’* and ammonia (NHs)®. The specific experimental settings for each molecule are reported

elsewhere 6371

The interaction of H,0, with the Ti sites in Ti-MWW-HNOs-calc was studied in situ by UV-Vis and IR
spectroscopies. The powder was put in contact with H,0, aqueous solution, rapidly dried (= 20 min in air at
RT) and milled to obtain a pale orange powder. The orange powder was left aging consecutively for 24 and 96
h and then was again put in contact with H,O,. After further 24 h aging the powder was regenerated by

calcination in a tubular oven, with a heating ramp of 1 °C/min, at 550 °C for 4 h, under dry air flow. UV-Vis



spectra were recorded after each step. Parallelly, the degradation of the complexes for short-elapse times (2,

3 and 4 h) was followed and finally the effect of contact with H,O was observed.

The interaction with H,0, was studied by IR spectroscopy in transmission mode (same parameters and
equipment described before) by wetting a pellet with a drop of H,0,, drying it rapidly in air at RT (till the
residues of solution were not visible on the surface by naked eye) and then placing it in an IR cell with KBr
windows. The pellet was quickly outgassed, to remove the air and the excess of water. Then, 40 mbar of pure
propylene were dosed on the sample to observe the formation of propylene oxide. The spectra of propylene
and propylene oxide dosed on the sample without H,0,, were recorded as reference. CDsCN was also dosed
on the H,0, soaked and rapidly outgassed sample to verify that CD3sCN could not interact with Ti sites when

they are already interacting with H,0..

Results and Discussion

Crystalline structure and defects analysis

The PXRD diffractograms of the as-synthesized ITQ-1-as, Ti-MWW-as and Ti-MWW-HNOs-as and calcined ITQ-
1-calc, Ti-MWW-calc and Ti-MWW-HNOs-calc samples are shown in Figure 1. The position and bandwidth of
the reflections is coherent with what reported in literature?’#%6%72 gand the presence of different zeolitic
phases or of bulk anatase (in Ti containing samples) in detectable amounts is excluded. The calcined samples
show shifted (among others, 002, 101 and 102) and fixed (e.g. the 100) reflections, compared with the as-
synthesized samples. The shifted reflections have a component along the c direction and their shift is due to
the contraction of the ¢ axis of the unit cell that occurs upon calcination.?”#%%¢72 E g_the 002 reflection shifts
from 6.5° in Ti-MWW-as to 7.26° in Ti-MWW-calc and Ti-MWW-HNOs-calc, overlapped to the nearby 100
reflection. The diffractogram of Ti-MWW-HNOs-as reveals an intermediate state, since the 002 reflection is
shifted and overlapped to 100, being the peak broad and asymmetrical. This suggests that the partial
elimination of the OSDA starts already during the HNOs washing, as observed before” and testified also by
the IR spectra reported in Figure S1.7® The slight peak broadening, observed upon the acid treatment suggests
a possible etching of the crystals or the reduction of the crystallite size. The SSA and micropore volume of Ti-
MWW-calc are lower compared to ITQ-1-calc and Ti-MWW-HNOs-calc (Table 1), as also visible at a first glance
from the comparison of the N, isotherms (Figure S2, S3), suggesting a possible partial occlusion of the Ti-

MWW-calc microchannels.
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Figure 1. PXRD diffractograms in the 5° to 45° 26 range. (a) As-synthesized samples: ITQ-1-as (black), Ti-
MWW-as (red) and Ti-MWW-HNOs-as (olive). (b) Calcined samples: ITQ-1-calc (black), Ti-MWW-calc (red) and
Ti-MWW-HNOs-calc (olive). The vertical light gray lines refer to the position of the 002, 100, 101 and 102
reflections of samples ITQ-1-as and Ti-MWW-as both in a and b directions. The diffractograms are vertically

shifted for sake of clarity.

Table 1. SSAs calculated with the BET and Langmuir models and micropore (Vmicro) Volume computed using

the NL-DFT method.

sample BET SSA! Langmuir SSA? Vimicro®
(m*/g) (m*/g) (cm*/g STP)

ITQ-1-calc 465+ 2 525+1 0.15

Ti-MWW-calc 350+2 384+1 0.10

Ti-MWW-HNOs-calc 498 +1 581+2 0.15

! Calculated in the 0.008 — 0.08 p/p° range.
2 Calculated in the 15 — 200 mbar pressure range.
3 Calculated from the cumulative pore volume plot for pores size < 20 A.

The effect of the HNO3; washing on the calcination is also visible in the hydroxyls stretching (v(OH)) range of
silanols (Si-OH) and/or titanols (Ti-OH) (see IR spectra of Figure 2 between 3800-3000 cm?). %7477 The sharp



absorption at 3747 cm™ is due to external isolated -OH groups. At lower wavenumber, the absorption of -OH
groups is affected by a progressively more complex net of H-bonds. Among others, the Si-OH chain terminal
at 3733 cm™ and the Si-OH nests, generated by one or more Si missing atoms (broad absorption around 3500
cm?) are evident. It is worth noting that, in Ti-MWW-calc, isolated Si(Ti)-OHs are the only species absorbing
in this region, due to defect healing phenomenon occurring upon direct calcination. A new band at 3688 cm"
Lappears in Ti-MWW-HNOs-calc spectrum. This signal was rarely observed before in a study regarding the Ti-
MCM-41,7® and was tentatively assigned to Ti-OH groups. We will see below that the assignment of this
component is a difficult task, due to the small difference between the v(OH) stretching frequency of Si(Ti)-OH
species. Moreover, Ti-MWW-HNOs-calc exhibits a comparable amount of defective species (silanol nest) to

the reference ITQ-1-calc sample.
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Figure 2. Transmission IR spectra of ITQ-1-calc (black), Ti-MWW-calc (red) and Ti-MWW-HNOs-calc (olive) in
the 4000-2500 cm™ spectral range. The spectra are recorded after activation, internally normalized at the Si-

O-Si stretching overtone absorptions, and vertically shifted for the sake of comparison.

Ti active site characterization

The limited amount of metal that can be inserted in Ti-zeolites is one of the main issues in the preparation
and use of these catalysts. The TiO, content was determined by ICP-OES and SEM-EDX microanalysis (Table
2). The quantification in Ti-MWW-calc by ICP-OES shows that a loss of Ti species occurs during the
hydrothermal crystallization: the Ti/Si molar ratio diminishes from 0.02 (nominal, used in the synthesis gel)
to 0.012, probably due to the incomplete hydrolysis of the Ti source in the crystallization conditions.?!
Moreover, the acid washing does not affect the amount of Si and Ti containing species in the sample. SEM-
EDX is very useful for the internal comparison among the samples as it allows the microanalysis. In fact, the
maps of the elemental distribution (Figures S4-S5) show the uniformity of the Ti incorporation and no
differences between the acid washed and the directly calcined sample. The limit value for the framework

tetrahedral Ti loading in TS-1 is around 2.5 wt% of Ti0,.*#%#° and it was rarely obtained without the co-



presence of extra-framework species.3*#178¢ The obtained TiO; loading for Ti-MWW-HNOs-calc is an intriguing
result, because it opens up the possibility of even higher loadings, considering that the higher limit for the
MWW framework was not determined yet.

When SEM-EDX microanalysis is used, the TiO; content of Ti-MWW-HNOs-calc (2.4 wt%) appears significantly
higher than the one of Ti-MWW-calc (1.0 wt%). The Ti enrichment observed by microanalysis on the zeolitic
lamellar sample could be due to the solubilization-recrystallization of not zeolitic, Ti-rich aggregates possibly
present and not detected in the not washed sample. This is likely to happen because a loss of silicate species
(that could have affected the Ti/Si ratio) is not detected by ICP-SEM. Hence, we do believe that Ti-rich
aggregates formed in the hydrothermally synthesized sample, may be dissolved during the HNO3; washing,
providing available Ti species. The nature of such aggregates is unknown, but they could be related to the
presence of potassium since it is present in Ti-MWW-calc and drastically reduced in Ti-MWW-HNOs-calc

(Table 2). The elemental maps support this last assumption (Figures S4-S5).

Table 2. Elemental analysis of Ti-MWW-calc and Ti-MWW-HNOs-calc samples. The data are expressed as

average * standard deviation.

. TiO, - TiO; K
* k%
Sample Ti/Si (Wid%)* Ti/Si (Wis%)** (a/kg)*
Ti-MWW-calc 0.012+0.03 1.5+£0.3 0.008 +0.001 1.0+£0.2 7+%2

Ti-MWW-HNOs-calc | 0.0128 + 0.0002 1.67 £0.03 0.019 £ 0.001 24+0.1 0.29+0.01

* Determined by ICP-OES.
** Determined by SEM-EDX.

The spectroscopic characterization of the Ti sites in the two samples corroborates the hypothesis regarding
the Ti insertion in Ti-MWW-HNOs-calc. In the UV-Vis spectra (Figure 3a and Figures S6 and S7), the Ligand to
Metal Charge Transfer (LMCT) electronic transition involving Ti is present. The band edge and maximum
(visually the minimum when spectra are plotted in reflectance (%) scale) are sensitive to the environment
around Ti atoms in the sample. For comparison, it must be considered that in fully dehydrated TS-1 samples,
maxima at 210 nm and 310 nm testify the presence of “perfect” tetrahedral Ti sites and octahedrally
coordinated Ti (anatase) respectively (Figure S6a).**” The presence of additional maxima between 210 and
310 nm is due to Ti species in intermediate conditions (e.g. isolated octahedral or distorted Ti species penta-
or hexa-coordinated, see Figure S8a).*343547 |n Ti-MWW the situation is analogue. Ti-MWW-HNOs-calc shows
a single band at 205 nm, doubtless assigned to framework tetrahedral Ti species.'-?4* Ti-MWW-calc
spectrum does not present any clear maximum around 210 nm, while a broad absorption at 235 nm with a
shoulder at 280 nm is visible. This band can originate from intermediate Ti species in the framework and its
wavelength is compatible with the LMCT in TiOH(OSi)s species.®® The same signal is also slightly visible as

shoulder in Ti-MWW-HNOs-calc spectrum. However, it does not directly suggest that Ti-MWW-calc contains



more TiOH(OSi); species than in Ti-MWW-HNOs-calc, considering that, a computational study revealed that,

as an example, the Ti(OSi); and TiOH(OSi); species cannot be distinguished based on their UV-Vis spectrum.?

The framework vibration region of the ATR-IR spectra is shown in Figure 3b. Here, in the transparency window
(990-850 cm?), between the antisymmetric (v.(SiOSi)=1100 cm™) and symmetric (vs(SiOSi)=800 cm™)
stretching bands, the v,(SiOSi) vibrational mode, perturbed by the presence of Ti in the framework, is
expected (see Figure S8b).>® Ti-MWW-calc does not show bands in this region. Contrary, Ti-MWW-HNOs-calc
spectrum reveals two bands at 965 and 930 cm™ related to the presence of Ti atoms in slightly different
environments. 244 The first one is analogous, although slightly shifted to the band at 960 cm™ present in
dehydrated TS-1 and other Ti-zeolites (e.g. Ti-beta, Ti-CHA),2:363%5187 gn( it testifies the presence of Ti atoms
in tetrahedral coordination. The component at 930 cm™ is typical of Ti-MWW catalysts?”#* and of some
amorphous mesoporous silicates, as Ti-MCM-41, depending on the synthetic procedure.?%’® It was assigned
to grafted Ti species ((TIOH(OSi)s or Ti(OH)(SiO)s) in Ti-MCM-4178 and to defective TiOH(OSi)s at the T1
crystallographic site in Ti-MWW.2#4 Hence, a fraction of Ti atoms, in Ti-MWW-HNOs-calc is tetra-coordinated,

probably in a distorted tetrahedral coordination, due to the presence of the hydroxyl ligand.

The spectroscopic characterization suggests that the HNOs treatment is almost the only responsible for the
Ti insertion in the zeolite framework. This could indicate that the Ti insertion occur when the zeolitic
framework is already formed. Looking at the literature data, a reduced amount of interacting Si-OH groups
was observed in TS-1 compared to S-1, suggesting a possible healing effect of Ti sites on Si-OH nests.®® In Ti-
MWW-HNOs-calc this effect is not observed compared with ITQ-1-calc, but this could be due to an effect of
the HNO3 washing on the Si-OH population of Ti-MWW-HNOs-calc. Support to the possibility of Ti insertion
in defective position in Ti-MWW-HNOs-calc arises from the preferential location of TiOH(OSi)s reported to
occur at the T1 crystallographic site,?” coupled with the fact that the T1 is surely a Si-OH species during the

acid treatment.*? Further studies are needed to clarify this point.
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Figure 3. (a) UV-Vis spectra in DR mode of activated samples: Ti-MWW-HNOs-calc (olive) and Ti-MWW-calc
(red). (b) Vertically shifted ATR-IR spectra of activated samples; from top to bottom: Ti-MWW-HNOs-calc
(olive), Ti-MWW-calc (red) and ITQ-1-calc (black).

Study of acid sites and hydroxyls group using probe molecules

The possible acidic sites present in Ti-zeolites generally are (i) the Ti(lV) sites in tetrahedral coordination,
acting as Lewis centers and (ii) the hydroxyl groups (Si-OH and Ti-OH), acting as weak Brgnsted sites. IR
spectroscopy in presence of basic probe molecules is a powerful technique to evaluate the strength and
location of these sites, whose study is of fundamental importance for their possible effects on the catalytic
activity involving by-products formation.*® In this work, probe molecules with different protonic affinity,
namely CO (Figures $9-S10), CDsCN (Figure 4), Py (Figure S11-S12) and NHs (Figure S13) were employed to
study the Ti(IV) Lewis sites of Ti-MWW-HNOs-calc compared to those of the Ti-free reference ITQ-1-calc and
their Si(Ti)-OH population. For the sake of brevity, the detailed description of the spectral properties
connected to the adsorption of each probe molecule on the sample surface is reported in the ESI file, while
the useful information is reported here. In all the figures, the effect of the maximum coverage is reported in
bold (olive and black for Ti-MWW-HNOs-calc and ITQ-1-calc respectively), while the spectra collected after
the progressive outgassing are reported in grey.

Unfortunately, CO (Figure S9-510) is a poorly informative probe, since its low proton affinity does not allow
its interaction with the Ti(IV) Lewis sites when it is in tetrahedral coordination, and the very similar stretching
frequency of Si-OH and Ti-OH prevent the discrimination between probe molecules interacting with Ti-OH
respect to Si-OH groups.? For this reason, no significant differences are present between the spectra recorded
during the experiment of CO adsorbed on Ti-MWW-HNOs-calc and on ITQ-1-calc (Figures $9-510).

In contrast, CDsCN (Figure 4) is a stronger base than CO, allowing the detection of Ti(IV) in tetrahedral
coordination in Ti-MWW-HNOs-calc (Figure 4a, c). Upon CDsCN dosage, the Si(Ti)-OH---NCCD3 complex forms,
determining the consumption of the bands above 3600 cm™ (Figure 4a), associated to external, internal and
terminal hydroxyls groups, and the parallel formation of a broad band, in the OH stretching region, with
apparent maximum at around 3400 cm™ (Figure 4a).”® The corresponding spectra of CDsCN adsorbed on
the reference ITQ-1-calc sample exhibit the same behavior in the high frequency region (Figure 4d).

In the CN stretching spectral range (Figure 4b), the bands of physisorbed, H-bonded and interacting with Ti(IV)
CDsCN are present at 2264, 2274 and 2307 cm™ respectively. The interaction of hydroxyls groups and Ti(IV)
sites is reversible at RT, except for the band at 3688 cm™. However, it is not possible to determine if this band
could be ascribed to strong (or medium strength) Brgnsted acid sites, since the presence of the band assigned
to CN stretching of CDsCN coordinated on Brgnsted acid sites at 2284 cm™ ®° is not evident. It is worth noting
that the spectrum of the reference ITQ-1-calc reports only the components at 2264 and 2274 cm™ generated

by weakly physisorbed and interacting with OH groups CDsCN respectively (Figure 4e).
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The band at 2307 cm™?, observed in the CN stretching (v(CN)) region of Ti-MWW-HNOs-calc, is assigned to
CDsCN in interaction with Ti(IV) Lewis acid sites in tetrahedral coordination. The same band was observed in
TS-1 at 2303 cm™.”! The shift to higher frequencies (+43 cm™ compared to the v(CN) frequency of weakly
physisorbed CDs;CN) testifies the stronger acid character of the Ti(IV) Lewis acid site in Ti-MWW-HNOs-calc
compared to the same site in TS-1 (shift of +37 cm™).”28 |n comparison, the formation of Al(Ill)---NCCD3
adducts in ZSM-5 gives rise to a higher upward shift (+50 cm™), as expected for a strong Lewis site.”* It implies
that the Ti(IV) sites in Ti-MWW have a medium acid strength. The stronger acidity of Ti(IV) in Ti-MWW is
coherent with the presence of TiOH(SiO)s species, indicated as more acidic than the fully coordinated
tetrahedral sites.®*%> Moreover, this peculiarity helps explaining the interesting catalytic activity in
epoxidation reactions already reported for Ti-containing MWW zeolites.?”** Figures 4c and 4f show the
spectra of Ti-MWW-HNOs-calc and ITQ-1-calc in the framework vibrations region upon CD3;CN dosing and
outgassing. In Ti-MWW-HNOzs-calc, the band at 930 cm™ present on activated sample and typical of Ti-MWW
materials upward shifts to 944 cm™, as similarly occurred to the 960 cm™ band in a similar experiment
performed on TS-1 (shift of +10 cm™).”* The shift observed for the 944 cm™ band is totally reversible, indeed,
after CDsCN outgassing, it comes back to its original position. In contrast, upon CD3sCN dosage, the band at
965 cm?, related to the presence of Ti atoms in tetrahedral coordination, increases in intensity and broadens

without shifting.
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Figure 4. Background subtracted IR spectra of (a, b) Ti-MWW-HNOs-calc and (d, e) ITQ-1-calc after contact
with CDsCN at RT, in the (a, d) 4000-2900 cm™ and (b, e) 2350-2225 cm™ spectral regions. The spectrum of
the sample after outgassing at 500 °C was used as background. IR spectra of (c) Ti-MWW-HNOs-calc and (f)

ITQ-1-calc after contact with CDsCN in the framework vibration region (1000-600 cm™).
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Figure S11 shows the background subtracted IR spectra of adsorbed Py on Ti-MWW-HNOs-calc (a, b) and ITQ-
1-calc (¢, d) in the hydroxyl and ring deformation spectral regions (4000-2600 and 1650-1350 cm
respectively). The assignment of the signals related to Py adsorbed on Ti-MWW-HNQOs-calc are summarized
in Table S1. Concerning Ti-MWW-HNOs-calc, the OH groups are partially perturbed by the interaction with Py
(Figure S11a). This molecule, despite its wider kinetic diameter (0.57 nm) is still able to enter in the
micropores of zeolites with MWW framework, but it cannot interact with a fraction of the hydroxyl groups
present in defective sites (nests) (Figure S12). It also interacts with the family of Si(Ti)-OH absorbing at 3688
cm’, suggesting that they are not located inside the fraction of the smallest nests. The adsorption of Py on
the ITQ-1-calc sample (Figure S11c) shows an analogous behavior in the OH stretching spectral range.

The last probe used in this work is the NH; (Figure S13), the stronger base usually employed for IR studies.
This choice was done to explore the possible presence of medium strength Bronsted acid sites. Actually, the
bands at 1477 and 1483 cm?, in Ti-MWW-HNOs-calc and ITQ-1-calc respectively, can be detected after NHs
adsorption and can be tentatively assigned to NHs* bending modes (usually found in the 1500-1350 cm™
range).’*3 The signal is present independently of the Ti presence in the framework and, contrarily to the
usual signal of protonated NH4* generated by strong Brgnsted acidic sites, it completely disappears upon

outgassing at RT. The same spectral behavior was already reported for zeolites free from heteroatoms.>78

Study of the interaction with H>O

Figure 5 shows the effect of the interaction with H,0, on the optical properties of Ti-MWW-HNOs-calc. The
olive curve in both panels is the spectrum of Ti-MWW-HNOs-calc in air, without any activation. For this reason,
a fraction of H,O molecules is still present in the sample, causing the broadening of the LMCT electronic
transition involving Ti observed comparing the UV-Vis spectrum in air with the activated one (Figure S6b). The
spectrum in air of Ti-MWW-HNOs-calc exhibits a minimum at 225 nm, compared to the corresponding
minimum in the spectrum of TS-1 recorded in air, at 220 nm.*2 The higher shift could be due to an increased
distortion of the tetrahedral geometry when H,O molecules expand the coordination sphere of the Ti
sites.®9 This is coherent with the presence of TiOH(SiO); sites, whose geometry is less constrained than
Ti(OSi)4 one.

Upon interaction with H,0,, a pale orange wet powder is obtained (orange full curves in Figure 5). The
baseline in the visible and NIR regions of the spectrum decreased in reflectance due to the presence of liquid
H,0 in the interparticle voids, that strongly modifies the scattering profile of the powder (Figure S7). The
excess of H,O can be seen from the intensity of the signals at 1900 and 1400 nm in the NIR region, assigned
to combination and overtone modes of H,0.22 Drying the powder for 24 h at RT, a significant decrease of the
adsorbed H,0 is visible. Simultaneously, the scattering baseline converged to that of the naturally hydrated

powder (comparison of ocher/yellow spectra with olive one), except for the inevitable slight difference due
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to powder positioning in the sample holder. A longer drying (96 h) does not lead to further modification in
the NIR region.

In the orange spectrum, as observed in TS-1,'2 the LMCT band involving Ti shows a broadening due to the
water excess and a shoulder around 385 nm, assigned to the LMCT of a “side-on” peroxo ligand to the Ti
center (Ti-O07), which confers to the material the typical pale orange color.?? Upon dehydration, the stable
complex, Ti-OOH forms.!? The degradation of the Ti-OOH/Ti-O0~ complexes occurs during the sample
dehydration. Indeed, 24 h of drying give rise to an increase of the reflectance at 385 nm from 17% (orange
spectrum) to 62% (yellow spectrum); an elapsed drying of 96 h (ocher spectrum) causes a further increase to
73%. Considering what reported?? for an analogous experiment performed on TS-1, the degradation of the
Ti-OOH/Ti-O0~ complex seems to occur faster in Ti-MWW than in TS-1, and consequently the complexes
appear to be more labile at RT and ambient pressure in Ti-MWW respect to what happens in TS-1. The Ti
atoms in TIOH(OSi)s species are less constrained and less bound to the framework respect to fully coordinated
Ti(OSi)4 species and consequently the formed complexes are less stable in time. The same powder, wet with
H>0, and then dried for 96 h, was put again in contact with H,O; to verify the cyclability of the Ti-OOH/Ti-O0~
complexes (dashed spectra in Figure 5b). The process turned out to be fully reversible. The dashed orange
and dashed yellow curves show that the Ti-OOH/Ti-O0O~ complexes are formed again (at a similar level of

hydration) and that their degradation occurs again in 24 h.
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Figure 5. UV-Vis-NIR spectra in DR mode, recorded in different conditions. (a) First contact of Ti-MWW-HNOs-

calc with H,0, (+H20,, full orange), dried for 24 (full yellow) and 96 (full ocher) h, respect to the reference Ti-
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MWW-HNOs-calc as-such in air (full olive). (b) The same as in panel a, compared to the second contact with

H,0, (dashed orange) and subsequent drying for 24 h (dashed yellow).

Figure S14 shows the effect of rehydration after H,O, contact and consecutive drying for 4 h (a) or 96 h (b).
Water affects the equilibrium Ti — O0OH + nH,0 2 [Ti —00] + H;0*(H,0),,_;. In TS-1 the partial
regeneration of the Ti-OO~ species occurs upon rehydration,'? without further contact with H,0,. The
regeneration of Ti-OO~ species is also observed in Ti-MWW-HNOs-calc upon contact with H,O after 4 h of
drying (Figure S14a), as highlighted by the decrease of reflectance at 385 nm. In contrast, the sample dried
for 96 h does not exhibit the same behavior (Figure S14b). Visually, upon rehydration of 4 h dried sample, the
pale orange powder comes back to bright orange, while it does not occur on the 96 h dried Ti-MWW-HNOs-
calc. Probably, at prolonged drying times, the residual amount of Ti-OOH species is too low to regenerate the
Ti-OO~ complex.

Finally, the sample contacted twice with H,O, was regenerated by calcination and the Ti speciation were
determined by UV-Vis (Figure S14c) and ATR-IR spectroscopies (Figure S14d). The formation of a shoulder at
high wavelength in the UV-Vis spectra (dashed light green curve in Figure S14c) and the decrease of the band
at 930 cm™ ascribed to in framework Ti in the ATR-IR spectra (light green spectrum in Figure S14d) suggest
that a fraction of Ti has come out of the framework, but that most of the Ti atoms are still located in
framework positions.

The H,0; interaction with Ti-MWW-HNOs-calc was further studied by in situ IR spectroscopy (Figure 6a, Figure
S$15-S17). The use of IR spectroscopy is complicated by the impossibility of dosing H,0, in vapor phase on the
pelletized sample, but it has the advantage of observing in situ the formation of the reaction products. The
experiment was conducted on a pellet soaked with an aqueous H,0; solution (30 wt%). The H,0, and H,0
excesses were rapidly outgassed and, when the H,0 bending mode at 1630 cm™ disappeared, 40 mbar of
gaseous propylene were dosed on the sample. For comparison, spectra recoded during H,O outgassing on
pure Ti-MWW-HNOs-calc are reported in Figure S15. The difficulty of this experimental procedure lies in the
need to remove the larger fraction of molecularly adsorbed H,0, to avoid overlapping of the intense H,O
signals with the bands related to propylene and propylene oxide (Figure 6b), and, at the same time without

leading to the degradation of the Ti-OOH/Ti-O0~ complexes, labile in vacuum conditions.%®
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Figure 6. IR spectra in the 2500-750 cm spectral range of (a) Ti-MWW-HNOs-calc recorded after soaking the
pellet with a H,0,/H,0 30 wt% solution (bold orange), during the outgassing of the H,0,/H,0 excess (top to
bottom, grey to orange curves). The spectra are vertically shifted for the sake of clarity. (b) IR spectrum
recorded after 5 min from the dosing of 40 mbar of propylene on the H,0O, soaked/outgassed sample (dark
orange) and on the RT outgassed sample (blue) and after dosing propylene oxide on the RT outgassed sample

(light purple); the spectra are vertically shifted for the sake of clarity.

The presence of liquid H,0, on the pellet is visible from the bending vibration of the -OH group of H,0, that
shifts from 1360 to 1328 cm™ and decreases in intensity upon removing the excess of H,0; and H,0.% The
stretching mode of O-O group in physisorbed H,0, is observed at 879 cm™ (Figure 6a).%® Actually, in TS-1, an
analogous signal a is found at 880 cm™.% The same spectral region should host the 0-O stretching modes of
Ti-OO™ and Ti-OOH complexes, but they can be hardly observed at RT. In TS-1, they were observed at -43 °C
respectively at 836 and 886 cm™.%¢ The complexation of Ti(IV) sites by H,0; in Ti-MWW was proved by dosing
CDsCN on the H,0, soaked and RT rapidly outgassed sample (Figure S17). The spectra from bold to thin orange
(Figure S17a) are analogous to those in Figure 6a and the spectra from bold to thin olive are due to CDsCN
interaction with the sample after saturating Ti(lV) sites with H,0, aqueous solution. Figure S17b shows the
CN stretching vibration region of bold to thin olive curves, upon progressive outgassing (analogous to Figure
4b). Here, the bands of physisorbed CDsCN (at 2264 cm™) and H-bonded CDsCN (at 2274 cm™), probably due
to the interaction of CDsCN with adsorbed H,O molecules are present. The signal at 2307 cm™ assigned to
CDsCN in interaction with the Ti(IV) Lewis sites is less intense compared to the experiment performed without
H,0, (Figure S17c). This confirms that upon interaction with H,0, aqueous solution the saturation of most of

the Ti(IV) Lewis sites occurs.

When propylene was dosed on H,0, soaked and rapidly outgassed Ti-MWW-HNOs-calc (Figure 6b and S16),
the formation of propylene oxide was almost immediate (dark orange curve in Figure 6b). The rate of the
reaction prevents the observation of any kind of intermediate species and of the propylene adsorbed over

the H,0, soaked pellet (Figure S16). The more prominent vibrational modes of propylene can be observed in
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the blue curve (Figures 6b and S16), obtained upon dosing propylene on Ti-MWW-HNOs-calc without
H,0,/H,0 contact. The bands assigned to CHz asymmetric and symmetric deformation fall at 1453 cm™ and
1375 cm? respectively °” and the band ascribed to C=C stretching mode is found at 1643 cm™. % The more
prominent bands due to the presence of propylene oxide (light purple curve in Figures 6b and S16) are instead
the bands at 1371 cm™ (CHs; symmetric deformation), 1407 cm™ (with a combined character of CH; symmetric
deformation and C-H in-plane bending),?”*® 1445 and 1456 cm™ (assigned to CH; asymmetric deformation
with different symmetries) and 1493 cm™ (assigned to CH, bending mode).®”*® The out-of-scale Si-O-Si
stretching vibration completely covers the breathing mode of the epoxide ring (in the 1290-1235 cm™
range).’”°® The orange curve shows prevalently the signals of propylene oxide, testifying that Ti-MWW-HNOs-

calc is active in the propylene epoxidation.

Conclusions

In this work, the synthesis of Ti-MWW was reproduced from the literature and high Ti loadings, were reached
(1.7 wt% of TiO;), almost entirely in tetrahedral coordination. On the synthetic side, the effect of the HNO;
post-treatment washing was investigated. The oxidant properties of HNOs helped in the OSDA removal,
starting its elimination already during the acid treatment. Moreover, the acidic conditions cause the removal
of any K residuals from the framework. This is extremely important, since the presence of alkaline metals is
detrimental to the Ti insertion in the tetrahedral positions of the framework. By analysing the ATR-IR and the
UV spectra of the washed (Ti-MWW-HNOs-calc) and not washed (Ti-MWW-calc) samples, the HNOs treatment
was demonstrated to be the only responsible for the Ti insertion in the framework.

On the spectroscopic side, the use of IR spectroscopy and targeted probe molecules allows determining that
the Lewis acid sites embodied by the uncoordinated Ti tetrahedral sites are stronger than the corresponding
ones in TS-1. This is due to the massive presence of acidic TiOH(SiO)s; sites in the Ti-MWW.

The interaction of the Ti sites of Ti-MWW with H,0, was studied by IR and UV-Vis spectroscopies. The Ti-OO~
and Ti-OOH complexes appears to be more labile than in TS-1, as their degradation at RT and under ambient
pressure seems faster than in TS-1. This study proved that after two cycles of contacts with H,O, and
consequent drying, the Ti-MWW-HNOs-calc sample was regenerated by simple calcination. The regeneration
step was accompanied by only a slight leaching of tetrahedral Ti species. However, the regeneration and
stability of the Ti species in reaction conditions, such as in methanol/H,0, solution (often used in reactions
instead of H,0 medium) deserve to be explored further.®'% Despite the differences in the stability of the
complexes and the differences in the Ti sites acidity, the Ti-MWW-HNOs-calc sample is demonstrated to be

active in the epoxidation of propylene, as the TS-1 catalyst is.
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