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ABSTRACT: Extra-framework TiO; in titanosilicate oxidation catalysts has generally been linked with
low selectivity and great emphasis has been put on developing synthetic protocols that yield anatase-free
materials. Here, using 7O solid-state NMR spectroscopy, we investigate the formation and stability of
p2-peroxo groups on both titanosilicates containing or not containing extra-framework TiO; as well as
TiO2 polymorphs. By comparison with TiO2 nanoparticle references, H>O; activation (e.g. peroxo
formation) and decomposition is proposed to be related to the presence of rutile-like extra-framework
TiOs. In fact, po-peroxo species can form and remain stable on anatase, whereas they decompose quickly
on rutile. According to DFT calculations, the high stability of p-peroxo surface species on anatase is due
to the specific arrangement of pw-oxo groups on the (101) surface that allows for stabilization of key-
intermediates through H-bonding. Notably, the p2-peroxo species formed on titanosilicates and anatase
display distinct 70O NMR spectroscopic signatures, that relates directly to the Ti coordination

environments, and can thus be distinguished.
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INTRODUCTION

Titanosilicates are a class of heterogenous catalysts where highly dispersed Ti(IV) sites are embedded in
a crystalline SiO, matrix.! They have attracted great interest in both industry and academia due to their
ability to catalyze a number of selective oxidation reactions with H>O, leaving only water as the
byproduct.? For example, Ti-zeotypes catalyze the epoxidation of propylene, the ammoximation of
cyclohexanone and methylethylketone and the hydroxylation of phenol.*® Since the discovery of TS-1
ca. 40 years ago,’ researchers sought to improve catalyst performance through synthesis of Ti zeotypes
with novel framework architecture yielding larger pore sizes (MWW, BETA, MOR, ...)? or through post-
synthetic modification introducing meso-porosity (hierarchical zeotypes).*!° On a molecular level, a great
challenge has been to relate the presence of specific sites to catalytic performances. Over the years, besides

the classical framework-incorporated tetrahedral Ti,'!

a multitude of sites have been proposed to be
beneficial or detrimental, including extra-framework TiO2, penta- and octahedral defects as well as
partially hydrolyzed sites.!>"!*> Non-isolated sites have mostly been linked with limited selectivity as well
as H>O, decomposition. As H>O; is a rather expensive primary oxidant,'® limiting its non-productive
decomposition has been a focus of research, by, for instance developing synthetic protocols to avoid the
formation of so-called extra-framework TiO».!7"!° Although widely accepted,”?°2? recent studies have
challenged the generality of this assumption showing that anatase extra-framework TiOz can also be
beneficial 2%

In addition, our group has recently shown that pr-peroxo groups are formed on paired Ti sites upon
contact with H»O,, based on their 7O solid-state NMR (ssNMR) signatures and comparison with
molecular analogues.? Their formation and stability were proposed to be related to catalytic
performances. DFT calculations suggest that these peroxo sites correspond to off-cycle reaction
intermediates, but that upon activation with a second H2O2 molecule highly reactive hydroperoxo species
are generated due to H-bonding with the zeolitic framework.?”-?® At present, little is known regarding the
possible formation and stability of the corresponding peroxo species on extra-framework TiO», even if
peroxotitanium complexes?® have been invoked as precursors in both anatase and rutile formation.**3! We
thus decided to investigate the formation and the stability of p2-peroxo groups on TiO2 polymorph
themselves and a family of titanosilicates with different content of extra-framework TiO: using 'O
ssNMR spectroscopy as a methodology to identify peroxo species.?’ Firstly, we establish that the stability
of w-peroxos does in fact correlate with hydrogen peroxide activation among titanosilicates. Next, we
show that stable p2-peroxo groups can also form on anatase, while they are unstable on rutile leading to

fast H2O2 decomposition. DFT calculations indicate that the origin of this reactivity difference lies in the

specific surface structure of anatase (vs. rutile) and that the possible diagonal arrangement of p-oxo

https://doi.org/10.26434/chemrxiv-2023-wsj63 ORCID: https://orcid.org/0000-0002-0125-6396 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2023-wsj63
https://orcid.org/0000-0002-0125-6396
https://creativecommons.org/licenses/by-nc-nd/4.0/

groups on the anatase (101) surface is a key structural feature that enables the stabilization of these peroxo

intermediates through H-bonding.
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Figure 1: Overview over developed methodology. 1) O NMR WURST QCPMG of a TS-1 contacted with Hz'O,

and reconstructed echo-spectrum. 2) Site deconvoluted spectra with up to three species present: H,O; (green), p.-
peroxo (blue) and Si-O-Si (purple). Sum of fit shown in red. 3) Relative amount of each species obtained via ratio
of integrated signals.

RESULTS
We first decided to establish a quantification protocol to assess the formation and stability of p>-peroxos

on titanosilicates and TiO2. Upon contact with an aqueous solution of H2’O2 (ca. 1 M, H20 unlabeled,
details see ESI Ch. S1.1) up to three species can be detected in 7O ssNMR spectroscopy: unreacted H20z,
the po-peroxo and labeled oxygen incorporated in siloxane bridges, Si-O-Si 3% resulting from the
reaction of the framework with labeled H>O formed upon decomposition of H>O> (see Fig. 1). Note that
all spectra were recorded at 100 K to avoid decomposition, increase sensitivity and freeze out dynamics
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during the recording of NMR spectra. As 'O is a quadrupolar nuclei, each signal is defined by 8
parameters (relating to the chemical shift tensor (3iso, Q2, k), the electric field gradient tensor (Cq, n) and
the associated Euler angles (a., B, v)), which have to be fitted individually to avoid overfitting (for the
obtained parameters of H202 and H2O on SiO; see ESI Ch. S3.1 and Tab. S1). If the contact time after
impregnation of H,'’O on SiO: is sufficiently prolonged (> 2 days), the same Si-O-Si O NMR signal
appears that is visible directly after decomposition of the po-peroxo groups (see ESI Fig. S13), indicating
that H.O> can enter into the pores substantially faster than H>O at ambient conditions. For TS-1, if
impregnated with H,1’O, we observe a small signal at 360 ppm in addition, which is attributed to oxygen
incorporated adjacent to the Ti (Si-O-Ti).34

The NMR parameters (3iso, €2, K, Co, 1, @, B, v) associated with each individual signal (see ESI Tab.
S1) are next used in a three-step quantification protocol. First, following acquisition, the echo spectrum
is reconstructed from the measured WURST QCPMG spectrum (used to improve sensitivity)® in order
to obtain a continuous lineshape. Next, the lineshape is fitted using the dmfit software package, by only
allowing the respective intensities of H202, p.-peroxo and Si-O-Si signals to vary (the parameters
obtained from the individual signals are used for all titanosilicates studied herein to increase the overall
robustness of the approach).®® Finally, the relative concentrations of the three species were obtained
through integration (see Fig. 1).

With this protocol in hands, we looked at four titanosilicates: TS-1 A having no extra-framework TiO;
(see ESI for characterization details), and TS-1 B, TIMWW A & B all having extra-framework TiO: as
evidenced from Ti-O-Ti scattering pathways in the Ti K edge XANES white-line region (see ESI Fig. S5
& S6). To evaluate the selectivity of the four titanosilicates we performed a standardized test to assess the
rate of decomposition of H2O, (pseudo-first order, performed at 80°C, see ESI Ch. S2.3 for details).
Analyzing the pseudo-1st-order H.O2 decomposition rates at 80°C obtained with TS-1 A (k = 0.43 hl)
and TS-1 B (k= 0.16 h'!), we notice that TS-1 B displays a low rate, despite having extra-framework TiO
present. For TIMWW A (k = 0.01 h') and TIMWW B (k = 0.14 h't), we observe a difference of an order
of magnitude, with TIMWW A showing a similar (low) rate compared to the blank experiment with no
catalyst. In comparison, when contacted with 1 equiv. of H2O2 per Ti, TS-1 A shows fast formation and
high stability of the p»-peroxo and TS-1 B shows slow formation and high stability of the p»-peroxo.
TiIMWW A shows slow formation of the u>-peroxo and overall the slowest consumption of H20- even
after 2 h of contact time. TIMWW B shows slow formation and low stability of the p>-peroxo (see Fig.
2). The lower fraction of p-peroxo initially formed by TS-1 B and both TIMWW can be explained with
the presence of extra-framework TiO2 as some of the Ti is inaccessible. This effect is largest for TIMWW
A, in line with the most dominant white-line features in Ti K edge XANES (see ESI Fig. S6).
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Figure 1: Bar plot comparison of relative amount of H20., p2-peroxo and Si-O-Si/HO formed for TS-1 A/B and
TiIMWW A/B after initial exposure to aqueous solution of H,’O, and after 2h of contact, respectively and for
anatase and rutile nanoparticles after initial exposure to aqueous solution of H,*’O, and prolonged contact times
(12h and 24h for anatase, 6h and 12h for rutile nanoparticles).
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Interestingly, the stability of the p-peroxo correlates with selectivity of the catalyst: high peroxo stability
correlates with low HoO> decomposition rates (TS-1 A & TS-1 B) and vice versa (TIMWW A vs. TIMWW
B). TS-1 B, TIMWW A & B having all extra-framework TiO> show very different p-peroxo stability and
H>0> decomposition rates. One possible explanation for such behavior could be that the extra-framework
TiO> of the respective catalysts differ in their nature. Indeed, closer inspection of the Ti K edge XANES
white-line region and comparison with anatase and rutile nanoparticles references indicates that the extra-
framework TiO» present in TS-1 B and TIMWW A is anatase-like (peak at 4987 eV, see ESI Fig. S5 &
S6) and rutile-like in the TIMWW B (peak at 4992 eV).

So far, the p2-peroxo has only been invoked on framework or framework associated sites,?”® but could
in principle also form on the surface of (extra-framework) TiO,. We thus investigated the formation and
stability of pr-peroxos on anatase and rutile nanoparticle references (for details see ESI S1.4).
Impregnation was adjusted to reach a maximum surface coverage of ca. 4 peroxo/nm?. Surprisingly, the
H2-peroxo groups not only form very quickly on anatase, but also display very high stability (see Fig. 2).
Even after 24 h of impregnation, only 15% have decomposed into H>O. Notably, the p2-peroxo signal
displays a slightly smaller Cq on TiO2 than on TS-1, vide infra), indicating that they have different
environment. In sharp contrast, the pr-peroxos form significantly more slowly on rutile and fully
decompose within 12 h. These findings parallel the decomposition rate of H>O> on titanosilicates with
anatase- and rutile-like extra-framework TiO2: while the measured rate for anatase is comparable with
titanosilicates free of extra-framework TiO: (k = 0.38 h!, see ESI Ch. 2.3), rutile displays a significantly

faster decomposition, which is one order of magnitude higher (k = 3.21 h™).

Discussion

In order to understand the difference in decomposition rates of adsorbed H2O: on rutile and anatase, we
performed periodic DFT calculations. We selected the (101) and the (110) surfaces for anatase and rutile,
respectively, because they are the most abundant surface for each polymorph.?” Both facets expose p2-O
and p3-O, as well as penta- and hexa-coordinated Ti (see Fig. 3a & b).*®* While H>O, adsorption is
favorable on the rutile (110) surface (-85 kJ/mol) and subsequent formation of a p2-peroxo is possible (-
7 kJ/mol, -9 kJ/mol for the trans-peroxo), further cleavage or decomposition of the adsorbed H»>O> is
highly exothermic (-111 kJ/mol, see Fig. 3c), consistent with the possible formation and low stability of
the peroxo species as observed experimentally by 'O NMR. Adsorption of H>O, on the anatase (101)
surface is also favored (-56 kJ/mol), but contrary to (110) rutile surface, cleavage of the O-O bond is not
energetically favorable (see Fig. 3d). A key difference between these two surfaces across these polymorph

is the arrangement of the 1-O atoms: whereas they are linearly arranged on the (110) rutile surface, they
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are arranged in a diagonal fashion on the (101) anatase surface.’’° Proton transfer from the adsorbed
H>0O: to one adjacent L-O leads to the formation of a surface hydroxyl moiety and a p,-OOH, where the
hydroperoxo is stabilized through H-bonding with the OH moiety (-50 kJ/mol), which possibly helps
avoiding decomposition. Furthermore, this arrangement allows for a second proton transfer, yielding a
trans-Ti-peroxo and adsorbed water (-94 kJ/mol). The latter can then rearrange to a stable p,-peroxo (-

106 kJ/mol).
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Figure 3: Computational analysis of peroxo formation on anatase and rutile surface. Wulff construction of anatase
(a) and rutile (b) nanoparticles and their most exposed surfaces, respectively (adapted from ref *°). ¢) Decomposition
of H>O; on rutile (110) surface. d) Pathway towards stable p,-peroxo on anatase (101) surface. ) Extracted peroxo
surface model and calculated 7O NMR spectroscopic signature.

We subsequently extracted a cluster model of the po-peroxo (Tiis-cluster, see Fig. 3e) to compute the 7O
NMR spectroscopic signature for comparison with the measured spectrum. The calculated lineshape
matches almost perfectly with the experimental NMR signatures on anatase. The observed and calculated
Cq (~15 MHz) is significantly smaller than the observed one on TS-1 (~17 MHz). We thus decided to
investigate the effect of the coordination number on Ti (number of oxygen atoms coordinating to Ti) on
Cq and computed three different molecular systems based on [Ti20(0O2)(acac)2x(OiPr)22-x)], with x=0,1,2,
as a model system for a neutral Ti sites in various coordination environments. The calculated DFT values
show a Cq of 16.7 MHz for x=0 (parent Ti system 4 coordinated), that decreases to 16.3 MHz for x=1
(parent Ti system 5 coordinated) and 15.3 MHz for x=2 (parent Ti system 6 coordinated). These results
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indicate that bridging p2-peroxos can have significantly different spectroscopic signatures depending on
Ti coordination, e.g. the higher the coordination the lower the Cq and vice versa. These findings parallel
what is observed experimentally: the larger Cq of the pz-peroxo found in TS-1 & TIMWW compared to
anatase is consistent with a bridging peroxo species on Ti sites with lower coordination than the six-fold

coordination found in anatase as expected for framework Ti.

Conclusion

We have developed a robust method to quantify the ease of formation and relative stability of po-peroxo
groups on titanosilicates such as industrially relevant catalysts TS-1 and TIMWW, as well as TiO2 based
on solid-state 1’0 NMR spectroscopy. Application of this method on a titanosilicate library highlights
significant differences in both the formation rate and the stability, that we could link not only with
presence of extra-framework TiO», but with its specific structure. Notably, rutile-like TiO; leads to
unstable p2-peroxo groups that translates into fast HoO» decomposition under catalytic conditions. In
contrast, anatase-like TiO: yields very stable p2-peroxo groups owing to diagonally arranged p2-Os that
stabilize key intermediates through H-bonding. These findings show that the presence of TiO2 does not
have to be detrimental to selectivity as previously often assumed, but that it depends on the type of TiO»,
rutile being particular efficient to decompose H>O>. Many studies have centered around synthesizing
extra-framework TiO»-free titanosilicates,'’"'” however, especially for hierarchical zeolites this can often
not be avoided.®!° Our findings suggest that in such cases more focus should lie on the modification of
the TiO,, that could lead to its “passivation”. Overall, we show that solid-state 'O NMR spectroscopy
augmented by computational studies is a powerful approach to explain performance of heterogenous

catalysts on the molecular level, ultimately yielding new ideas for further catalyst design.
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