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ABSTRACT: Although titanosilicalite-1 (TS-1) is among the most successful oxidation catalysts used in
industry, its active site structure is still debated. Recent efforts have mostly focused on understanding the
role of defect sites and extra-framework Ti. Insights into the positions and distributions of framework
tetrahedral Ti sites remain scarce, in part due to the lack of direct characterization techniques with
sufficient sensitivity. Here, we report the *”*°Ti solid-state NMR characterization of TS-1 and its
molecular models, [Ti(OTBOS)4] and [Ti(OTBOS)3(O'Pr)]. Analysis of their spectroscopic signatures,
augmented by computational studies, shows pronounced differences that originate from specific
arrangements of the second coordination sphere of Ti atoms, yielding information on titanium siting in
TS-1.

Titanosilicates are important class of heterogenous catalysts where Ti is typically incorporated into the
crystalline lattice of a zeolite-type framework.! The discovery of titanosilicalite-1 (TS-1) ca. 40 years ago
has enabled the development of sustainable processes based on H20:2 as a primary oxidant, leaving H20
as the sole byproduct.? Notable industrial examples are the hydroxylation of phenol,® the epoxidation of
propylene* and the ammoximation of ketones.5® TS-1 has been proposed to contain isolated framework
tetrahedral Ti sites, generated by substitution of a small fraction of Si atoms in the zeolite structure.” Note
that the coordination environment of Ti can be dramatically influenced by the preparation method and the
state of the catalysts; such sites include partially hydrolyzed octahedral sites,® penta-coordinated sites,®
tetrahedral titanols'®, and octahedral defect sites.™ Recently, paired Ti sites have been observed upon
activation with H202.1

The coordination environment in titanosilicates has been addressed by direct and indirect
characterization methods. The latter relies on using probe molecules such as phosphines 2 or pyridine!*
as well as reactants, e.g. H202'? in combination with IR and/or solid-state nuclear magnetic resonance
(ssSNMR) spectroscopies. Direct approaches have focused on UV/Vis, Raman and X-Ray Absorption

Spectroscopy (K and L2z edge XANES).**° Even though these techniques can provide information on



the extent of Ti incorporation into the framework or the ratio between tetrahedral to octahedral Ti sites,
they are limited to averaged local structural information and rely mostly on empirical interpretation. In
addition, information on preferential Ti siting at different tetrahedral (T) positions can be obtained from
neutron powder diffraction (NPD) analysis but the interpretation is often complicated by the difficulty to
distinguish between Ti-sites and silicon vacancies.'®-°

47149Tj ssNMR spectroscopy could be an alternative direct characterization method to access non-
averaged information on the local coordination geometry of Ti.2%-22 Titanium possesses two NMR-active
nuclei, 4'Ti (1 =5/2) and “°Ti (I =7/2), which are both commonly termed as ‘unreceptive’ due to their low
natural abundances (7.44% for 4'Ti and 5.41% for *°Ti), moderate quadrupole moments (Q(*'Ti) = 29.0
fm? and Q(*°Ti) = 24.0 fm?) and low gyromagnetic ratios (y(*'Ti) = —1.5105-10" rad s T, y(**Ti) = —
1.51095-107 rad st T1).% Due to close gyromagnetic ratios, NMR signals from *'Ti and “°Ti usually
overlap, which further complicates analysis.?* To this date, 4”/*°Ti sSNMR spectroscopy has been mostly
limited to the investigation of bulk materials such as titanium oxides and carbides.?®>?’ One notable
exception is the characterization of titanocene chlorides, demonstrating the sensitivity of 474°Ti ssNMR
parameters to local structure.?#? The scope of *"9Ti ssNMR has since been expanded through the
development of novel pulse sequences and/or the use of dynamic nuclear polarization surface-enhanced
NMR spectroscopy (DNS-SENS),?° which has enabled the detection of Ti surface signals in hydrated
TiO2-supported MoOs, albeit necessitating a very high concentration of polarizing agent. So far, sSSNMR
spectroscopy of low-y quadrupolar nuclei such as *"#°Ti is remains challenging for samples with low Ti
loadings (few wt%) or containing Ti with large Cq (e.g. > 15 MHz).

Here, we report the *”#°Ti ssNMR signatures of a typical titanosilicate-1 catalyst (1.5 wt% Ti) and their
relation to the electronic structure of Ti sites obtained from analysis of related solid-state Ti-oxides anatase
and rutile, and molecular compounds — [Ti(OTBOS)4] (OTBOS = tris(tert-butoxy)siloxy) and
[Ti(OTBOS)3(0O'Pr)]. The measurements were enabled by the recent development of a low-y solid-state
NMR probe with cryogenic cooling of electronic components (CryoProbe™ with thermally decoupled
sample temperature) for a Bo field of 18.8 T, which significantly boosts NMR signal sensitivity under both
static and magic angle spinning (MAS) conditions.*® In particular, the use of MAS enables resolution of
#Ti and “°Ti NMR signals. Comparison of the NMR signatures of Ti in TS-1 and in its molecular
homologues, augmented with computational studies, shows pronounced differences that originate from
the specific arrangement of the second coordination sphere of Ti, characteristic of specific T-site positions
of the MFI framework.

To evaluate the sensitivity of the CryoProbe™, ssNMR spectra of anatase TiO2 (60 wt% Ti) were
recorded under static (WURST-QCMPG)®*! and MAS (DFS-QCPMG-MAS) conditions.®?*® The



sensitivity was compared to measurements performed with a low temperature probe at 14.1 T, available
in our laboratory, where the sample rests at ca. 100 K (ESI Fig. S1). Calculated signal-to-noise ratios
indicate that the CryoProbe™ provides sensitivity enhancement factors of 1015, arising from cryogenic
cooling of the RF coil and preamplifier electronics (~4x)*, as well as a larger active sample volume (~3x)
owing to longer rotors that the Cryo-Probe™ uses. The sensitivity gain from the higher field (18.8 T) is
roughly compensated with low temperature measurements at 14.1 T (100 K). Note that the gain from
signal narrowing is sample dependent. Notably, as anatase shows a reasonably small Cq (~5 MHz), its
4'Ti and “°Ti signals can be resolved under MAS. This enables a more facile interpretation of the
spectroscopic signature than under static conditions (Figure 1). For rutile, which is associated with larger
Co, signals up to 5000 ppm wide can be recorded without the need for multiple offsets and spectrum
reconstruction (ESI Fig. S2).
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Figure 1: DFS-QCPMG-MAS (15kHz) and WURST-QCPMG spectra of anatase (top) and TS-1 (bottom) acquired
at 298 K, 18.8 T (ns = number of scans, S/N = signal-to-noise ratio).

Having obtained encouraging preliminary results, we focused on more challenging materials such as
TS-1, with low Ti wt%-loading (here, 1.5 w%). Both static and MAS spectra were recorded with good

signal-to-noise ratios in reasonable times (see Fig. 1, S/Nstatic=21, t=3 days and S/Nmas=65, t=1 day).



NMR parameters extracted from the static and MAS spectra according to the Czjzek model®® show an
isotropic chemical shift (Siso) of 940 ppm for *°Ti and a characteristic Co of 8.0 MHz, consistent with an
all oxygen tetrahedral first coordination sphere (vide infra). Notably, no signal is observed in the
corresponding hydrated TS-1 sample, likely due to the formation of highly distorted Ti sites with very
large Co values (> 25 MHz as indicated by DFT calculations, ESI Fig. S3), upon hydration (coordination
or reaction with water). This is consistent with pXRD?® and XAS data, the latter showing a sharp decrease
of the pre-edge feature specific of tetrahedral sites upon water adsorption (ESI Fig. S4).

Given the response of “"#9Ti NMR signatures to subtle changes in coordination environment,?* we next
evaluated two tetrahedral molecular complexes. As molecular models for TS-1, [Ti(OTBOS)4] and
[Ti(OTBOS)s(O'Pr)] were selected, having only oxygens in the first coordination sphere (see Sl for
synthesis and analysis).>”® According to single crystal X-Ray Diffraction (XRD) analysis, both
molecular models possess near perfect tetrahedral geometries, as illustrated by their t4’ values equal to
0.99.38° Homoleptic [Ti(OTBOS)4] features four chrystallographically identical Ti-OSi bonds (1.785
A), while in the heteroleptic [Ti(OTBOS)3(O'Pr)], the Ti-OSi bonds are slightly elongated (1.795 A) and
the Ti-O'Pr bond is slightly shortened (1.748 A). Notably, while these compounds, [Ti(OTBOS)],
[Ti(OTBOS)3(O'Pr)], show a pre-edge feature in Ti K edge XANES spectra typical for tetrahedral
complexes, with position and intensity similar to TS-1 (ESI Fig. S6), their NMR signatures are
significantly different from each other and that of TS-1.%° While the Ti sites of TS-1 appear at Siso = —940
ppm for “°Ti, it is more deshielded for [Ti(OTBOS)4] (8iso = —919 ppm) and even further deshielded for
[Ti(OTBOS)3(O'Pr)] (Siso=—895 ppm for *°Ti). This difference in Siso is also accompanied by a significant
difference in Cq values of 2.3 MHz for [Ti(OTBOS)4] and 4.0 MHz for [Ti(OTBOS)3(O'Pr)], consistent
with the asymmetry in the Ti—-O bond lengths for the heteroleptic complex. Intriguingly, although TS-1
shows a highly symmetric first coordination sphere, the observed Cq of TS-1 (8.0 MHz) is significantly
larger than for both molecular models.

To systematically study the origin of the observed changes, we computed the NMR parameters for a
series of four-coordinated [Ti(OX)4] models (X = OCHs, OSiFs and OCF3). All compounds show
tetrahedral geometry with different Ti—-O-X bond angles, with the [Ti(OSiFs)4] displaying more linear
bond angles (167°) than [Ti(OCFs)4] (158°) and [Ti(OCHs)4] (153°). Calculated chemical shifts (see ESI
for computational details) for the series are referenced with respect to [Ti(OTBOS)4] (diso = -919 ppm,
Adiso = 0 ppm) and show gradual shielding for more electron withdrawing ligands:* [Ti(OCH3)4] (ASiso =
+31 ppm), [Ti(OSiF3)s] (Adiso = -30 ppm) and [Ti(OCF3)4] (-117 ppm). The agreement between the
experimentally observed (Adiso = +24 ppm) and the calculated (Adiso = +18 ppm (calc.)) chemical shift for
[Ti(OTBOS)3(O'Pr)] in reference to [Ti(OTBOS)4] substantiates the analysis based on model systems.



The good match between the [Ti(OSiFs)4] model (Adiso = —30 ppm) and the experimentally observed
chemical shift for TS-1 confirms the higher electron withdrawing character of the silicate framework
compared to the OTBOS ligand.
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Figure 2: Direct excitation spectra (blue) of [Ti(OTBOS)s(O'Pr)] (top, “’Ti not observed) and [Ti(OTBOS)4]
(middle), as well as DFS-QCPMG-MAS spectrum of TS-1 (bottom) all acquired at RT, 18.8 T and 15 kHz MAS,
with corresponding lineshape simulations (red). * denotes spinning side bands and { an artefact due to direct
excitation and signal processing.

We next traced back the origin of the chemical shift differences using Natural Chemical Shift (NCS)-
analysis that allows the determination of the relative magnetic couplings between occupied and vacant
orbitals of appropriate symmetries responsible for paramagnetic deshielding.*>*® Here, the dominant
couplings arise from the o(Ti-O) and =(Ti-O) frontier orbitals (see Fig. 3a). Higher ligand
electronegativity leads to shielding as the energy gap between the filled o(Ti-O) and the empty =" (Ti-O)
is raised (cf. [Ti(OCHB3)s] vs. [Ti(OCF3)4]). Shielding can also arise from a more linear Ti-O-X
arrangement, as the higher electron delocalization may stabilize the n(Ti—O)-bonds (cf. [Ti(OCHs)4] vs.
[Ti(OSiFs)4] & [Ti(OTBOS)3(O'Pr)] vs. [Ti(OTBOS)4]).

Apart from the isotropic chemical shift difference between TS-1 and the molecular models, the



significantly larger Cq for TS-1 (8.0 MHz) than for [Ti(OTBOS)4] (2.3 MHz) is also noteworthy.
Quadrupolar couplings are particularly sensitive to small changes in coordination environment, usually
associated with the first coordination sphere (as the pre-edge Ti K edge XANES), but can also relate to
the second coordination sphere (vide infra), hence providing information on the location of Ti in specific
T-site positions, making NMR a complementary technique to neutron diffraction studies.'®!° Hence, we
calculated the NMR parameter for all twelve T-sites in TS-1 by extracting cluster models terminated by
fluorine atoms and obtained by isomorphous substitution of Si with Ti in the respective T-Site of the MFI
structure (see ESI for details). Overall, Cq values vary between 3.6 MHz and 9.5 MHz (see Fig. 3b). The
experimental *”*°Ti NMR parameters obtained for TS-1 match best with computed parameters for T2, T6
and T7 positions, which is in partial agreement with previous neutron diffraction studies.'® These large
differences for the various T-sites must arise from the specific electronic structures and local geometries
that affects Cq. While all T-sites show near perfect tetrahedral geometry in the first coordination sphere
(t4>=0.99) consistent with Ti K edge XAS, the main variation in Cq arises from the second coordination
sphere, more specifically the average Si-Ti-Si angle as shown in Fig. 3c, with T7 having a remarkably
large Co because of the significantly larger average O-Ti-O-Si dihedral angle by comparison with other
T-sites. Notably, the chemical shift of the T-sites correlates linearly with the average Ti-O-Si angle (ESI
Fig. S9), in line with recent NMR studies.**#

In conclusion, we obtained the *”*°Ti ssNMR signatures of TS-1, despite the low Ti loading (< 2 wt%).
Comparison to molecular model complexes reveals that TS-1 shows both a more shielded chemical shift
and a larger quadrupolar coupling. The lower isotropic chemical shift indicates a higher electron-
withdrawing character of the MFI-type silicate framework than of the siloxide-ligand (OTBOS), and the
difference in quadrupolar coupling could be traced back to differences in the second coordination sphere,
namely the average Si-Ti-Si angle. As this angle is characteristic of specific T-sites, "4°Ti NMR of TS-1
provides access to the location of Ti in specific T-sites, namely T2, T6, and T7; information that can
otherwise only (partly) be obtained by NPD studies. Overall, this study highlights the advantages of direct
characterization of the metal sites without probe molecule and opens the possibility to investigate other
titanosilicates with differing framework architecture in order to evaluate the precise coordination

environment and electronic structure of the respective active sites.
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Figure 3: a) Relevant magnetic couplings that give rise to deshielding in the systems studied herein. b) Graphical
illustration of the 12 T-Sites of the MFI-framework, their calculated Cq values and linear scale representation. c)
Cq as a function of the average Si-Ti-Si angle. T-sites with a more tetrahedral 2" coordination sphere (109.5°) are
expected to have smaller Cq.
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