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ABSTRACT: Transition-metal hydrides (TMHs) find numerous applications across fields, from catalysis to H, storage. Yet,
determining the structure of TMHs can remain a challenge, as hydrogen is difficult to detect by X-ray based or classical spectroscopic
techniques. Considering that deuterium isotope (D) is a quadrupolar nucleus (/ = 1) and that a quadrupolar coupling constant (Cq)
depends on the distance between D and its bonding partner E (dep), we evaluate this trend across molecularly-defined transition-
metal deuterides (TMDs) through a systematic investigation across TM block elements using both computations and experiments.
We show that the M-D bond distance (dwp) in [A] correlates with the Cq values in [kHz] as dwp = 7.83(Cq + 28.7)"3 - independently
from the nature of the TM - with an accuracy > 0.04-0.08 A. Based on experimental C, values measured by 2H solid-state NMR, this
simple correlation is then used to obtain the M-D bond distances in two silica-supported TMDs (M = Zr and Ir), notable
heterogeneous catalysts, representing early and late TMDs, where evaluating M-D bond distances by other means is very
challenging. Considering the ease of measurement, this method is readily applicable to a large range of diamagnetic terminal M—
Ds, from molecular to surface sites, making ?H NMR a method of choice to measure TMDs bond distances.

Transition-metal hydrides (TMHs)® are used in numerous . )
applications, from stoichiometric reagents to reduce functional @) Transition metal hydrides (TMHs)

groups in organic synthesis (e.g. carbonyl or carboxyl groups) to Molecular Supported

key reaction intermediates in catalytic reactions such as

hydrogenation and de-hydrogenation, to name but a few.*° They o~ O
are also involved in the functionalization of C-H bonds and are Lo \’ H Q"f' O
known to promote alkane hydrogenolysis and metathesis,  _peocionintemediates e -~ §:?I|;\PR2
reactions that have recently found applications in polyolefin ~ -co.conversen O/Zr\o *+CHq Rf/b
upcycling (Fig. 1a)."2* TMHs are also key intermediates in CO, oo "o df : g}f oS
conversion technologies and central to H,/energy storage and 19 ? - ?J 1\ fq \?
sensing technologies.?526 Despite the broad interest and years of Sio, S0,
research on TMHs, their characterization remains challenging (Fig.  b) M-H bond distance La.
1b). .For |nstance,.|m.°rared (IR) spectroscopy can, in principle, Previous work L,M-D
provide structural insights on the nature of M-H bonds,?” but IR Neutron difraction techniques Co
bands are often weak due to their low dipole moment and/or OFT

appear in regions overlapping with other functional groups or This work

supporting material features.*#!' Regarding X-ray based -2 C, in maleculesand materials .

techniques, they are usually not suitable to locate proton atoms of *H [ppm]
M-H species, therefore deuterium labelling is needed to
determine M-D distances in molecules through single crystal
neutron diffraction. However, this technique relies on the
existence of long-range structural order making them not suitable
for all materials. Inelastic neutron scattering (INS) techniques
overcome this limitation, but are often challenging due to the need for large amounts of sample and the access to spallation
source.?®33 |n addition, while *H NMR spectroscopy is a powerful tool to identify MHs due to their observation in a particularly large
chemical shift window (> 40 ppm), their NMR chemical shift (6is0) can be difficult to rationalize because it is dominated by the ‘spin-
orbit heavy-atom effect on the light-atom’ (SO-HALA effect).3* Furthermore, while Jyu/Juo *H NMR measurements of metal
polyhydrides have been applied to understand the bonding order with H atoms, differentiating between H, and metal-hydride

Figure 1. a) Representative reactivities of TMHs and supported
TMHs studied in this work; b) Spectroscopic tools for the M-H(D)
bond distance determination.
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complexes, they do not provide direct insights into the M—H bonding situation.?1935-37 |n that respect, 2H solid-state (ss) NMR can
be particularly powerful to characterize the corresponding metal deuterides (MD) as found in molecular, surface or bulk species.?#-
40 Indeed, 2H ss-NMR provides access to the same 6is, as *H, and is characterized by two additional parameters characteristic of the
local environment due to its integer nuclear spin (/ = 1): the quadrupolar coupling constant (Cq) and the asymmetry parameter (n).
For instance, n is directly related to the binding mode of D to metal sites: while terminal MDs display a characteristic n = 0, bridging
MDs have n > 0.1.383° Furthermore, the magnitude of Cq has been shown to qualitatively relate to the bond distance between D
and the atom directly bound to it, in both organic and inorganic molecular systems and bulk materials, with shorter bond lengths
leading to higher Cqvalues.*®*3 Both observations can be traced back to simple electrostatic interactions of the quadrupole moment
of D with its electric field gradient (EFG) tensor.3® The relation between Cy and element-deuterium distance (E-D)in a molecule can
be derived from the equation of the EFG along its principal component (g, eq.1-2), alighed to the E-D bond, to which Cqis
proportional (eq.1). Namely, assigning the deuteron to the origin of molecular coordinates, g, can be obtained as a sum over the
nuclear (n) and electron (i) contributions, having r, and r; distances from D. In the case of linear MDs, the nuclear term can be
approximated so that it only accounts for the M atom directly bound to D (eq.3; details in ESI).*+0
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Empirical correlations between Cq and bond distances in organic species has confirmed the scaling factor of digp3, and experimental
observation on metal deuterides in Zintl phases and in bulk materials show a similar trend.*%4%4° Considering the importance of
TMDs in catalysis, we evaluate here the correlation between the Coand M-D bond distance in a series of molecularly-defined TMDs,
using a combined experimental and computational approach. This study shows that such correlation is independent from the nature
of the transition metal, TM. A systematic study of the calculated 2H NMR fingerprints of TMD across the periodic table using DFT
computations benchmarked by experimental 2H NMR data allowed us to derive an empirical correlation between the M-D bond
length (dwo/A) and Cq (kHz) values. Notably, Cq is independent of the nature of M, making this correlation general across terminal
TMDs. This study provides a robust methodology to evaluate the M-H(D) distance from simple 2H NMR methods. The large chemical
space explored provides expected ranges of Cq and M-D distances across the TM block series and can be used to estimate bond
distances in molecular species for which single crystal to neutron diffraction techniques cannot be applied. The generality of this
approach also enables to deduct bond distances in supported MDs, here exemplified with prototypical early and late TM systems
prepared via Surface Organometallic Chemistry (SOMC) techniques, namely the silica-supported Zr-(H/D),/SiO, used for plastics and
hydrocarbon conversion, and a supported Ir-(H/D) pincer complex, (PCP)Ir-(H/D)/SiO, [PCP = 2,6-C¢H3(CH,P'Bu,),], active toward
(de)hydrogenation of liquid and gaseous hydrocarbons.>%>2 Because of the scarcity of experimental Cq values and available INS data
on molecularly-defined TMDs, we first carried out DFT calculations across a series of known diamagnetic molecular terminal TMDs
to evaluate their 2H NMR parameters (adf2022, ZORA, hybrid PBEQ/TZ2P).3° We included complexes from group 4 to 10 and from
the 3™ to 5% row, with both neutral and charged compounds and a range of ligands (computational details, the list of species and
the computed and experimental parameters are reported in the SlI). Note that, at this level of theory, the computed *H chemical
shift values (6is0) of these metal hydrides agree well with literature values (Fig. S14, R?=0.98), indicating that the electronic structures
are well-described. Similarly, the calculated Cq values and M-D distances compare well with experimental data from Cqdetermined
with either T; relaxation measurement or ?H solid-state NMR at low temperature® (Fig. S15a, R?=0.93) and M-D distances from
single-crystal INS (Fig. S15b, R?=0.81)].
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Figure 2. Computed Cq values (kHz) of a series of TMDs vs. a) their computed dy3,. b) Comparison between the dwp values (estimated from
Cq) and the computed values. c) Error of the estimated dyp as function of Cq. The linear fittings (blue trend lines) and the corresponding
R?2 value are reported. The blue shaded area represents 95% confidence interval.
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Figure 3. 2H ss-NMR, numerical fittings and DFT models of a-b) ZrD,/SiO; (14.1 T, 111 K, MAS: 5 kHz); reproduced from our previous
work;3? and c-d) (PCP)IrD/SiO; (14.1 T, 111 K, MAS: 6 kHz). Fitting deconvolution at the central sideband and at the sideband with
highest intensity for the MD species are shown (inset, details in ESI). Visualization of EFG tensors for the DFT F-terminated SiO; cluster
models; the orientation of Vz; represented by blue axis, Vyy by red, and Vxx by green.

Overall, the robustness of the calculations was verified for the following ranges: 7.6 > §iso(ppm) >-31.2, 87 > Cq (kHz) > 47 and
M-D bond lengths in the range of 1.77 > dwp(A) > 1.54. Having established a computational protocol to reliably calculate the
structure and 2H NMR fingerprints of TMDs across the periodic table, we next evaluate potential relationship between
computed Cq and dwp. The Cq values decrease as the M-D bond lengthens, as previously discussed for other elements, and in
agreement with the mathematical formulation of Cq (< dwp3, R>=0.97) (Fig. 2a, Fig. $16). The longer distances and smaller Cq
values are found for early TMDs (e. g. 1.87 A for Cp*,ZrD,), while the shortest ones and larger Cq values are observed for late
TMDs (e. g. 1.55 A for (PCP)IrD(OPh). Notably, independently of the identity of M, Cq correlates linearly with dwpo (Fig. 2a),
according to the empirical expression in eq. 4. Therefore, measuring Cq (kHz) enables to ascertain the M—D bond distances (A)
in terminal hydrides according to eq. 5 (Fig. 2b, details in ESI), with an accuracy between 0.08 and 0.04 A (Fig. 2c, details in
ESI).
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We find worth mentioning that obtaining ?H Cq from ss-NMR methods is more robust than using T; relaxation experiments in
solution, because of possible H/D-exchange reactions, that can yield misleading conclusions regarding dwvp estimation (see ESI
for discussion). Having established that the 2H Cq encodes information regarding the bond distance of molecular MDs, we next
used this approach to measure the M-D bond distances in supported TMDs, which are not readily available via (conventional)
characterisation techniques. We selected two silica-supported (early and late) TMDs, prepared via SOMC techniques, namely
i) the silica-supported zirconium hydrides, known for their catalytic properties in hydrocarbon conversion processes including
polyolefin upcycling,'®?! and ii) the silica-supported iridium hydrides, stabilized by pincer PCP phosphine ligand (PCP)Ir-(H/D),
known to catalyze hydrocarbon (de)hydrogenation reactions at low temperatures.>>>? We first measured their ?H ss-NMR
spectra and extracted the quadrupolar NMR parameters, Cqand h, for each deuterium species through deconvolution and
fitting of the NMR lineshapes (experimental and fitting details are found in ESI). For the supported Zr-system, fitting the NMR
lineshape of the 2H NMR of the deuteride prepared by H/D exchange reaction (see ESI for details) show the presence of
several deuterium species (Fig. 3a): Zr(D) species associated with 8is./Co/n values of 9.8 ppm / 42 kHz / 0.09 (Fig.3a-b, blue
line) along with Si-Dy (with 6iso/Ca/n values of 5.2 ppm / 42 kHz / 0.60 and 4.34 ppm / 58 kHz / 0.97) and C-D (1.5 ppm / 96 kHz
/ 0.99) from remaining organic moieties of the OM Zr precursor.3® Notably, the measured &;,,/Cq parameters of the silica-
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supported ZrH(D) are similar to these of Cp*,ZrD, molecular compounds (7.46 ppm/40 kHz), in agreement with their chemical
similarity. Using the developed empirical correlation (vide supra) to the experimental Cq of the supported ZrD,/SiO; (42 kHz,
Fig. 3a-b, blue line) provides an estimated dzpdistance of 1.90 + 0.08 A. This value lies in the same range of distances computed
for Cp*,ZrD, (1.87 A) and the value obtained for the DFT model, based on a F-terminated SiO; cluster (1.88 A, Fig. 3b, black
line).3°

We next measured the 2H NMR parameters of (PCP)IrD(H/D)/SiO; surface species,**>? prepared by grafting (PCP)IrD4 on
deuterated SiO, (see ESI for further details and routine characterization). The 2H ss-NMR spectrum of (PCP)IrD/SiO; (Fig. 3c,
110 K, MAS 6 kHz) reveals the presence of four different deuterium species from numerical fittings (Fig. 3b, Fig. S12). The
signal associated with &8is0/Co/n = =20 ppm / 110 kHz / 0.0 (Fig. 3c, orange line) was assigned to a linear Ir-D, as it shows
comparable NMR fingerprints to the isostructural (PCP)IrH(OPh) molecular complex (—32 ppm, 112 kHz) and a F-terminated
DFT model (-31 ppm, 119 kHz, Fig. 3d, black line, Fig. $13). The estimation of d,; for the supported (PCP)IrD/SiO, system from
the measured Cq value of 110 kHz is evaluated as 1.52 + 0.04 A, in the range of the molecular (PCP)IrD(OPh) (1.55 A) and the
DFT model (1.53 A). Additional species were found to have &is./Co/n values of 1.1 ppm / 102 kHz / 0.6 and 2.5 ppm / 179 kHz
/ 0.0, assigned to the C-D bonds of the CH, and 'Bu groups of the PCP ligand, as already found for the deuterated molecular
precursor (Fig. S8). Additionally, a deuterium species with &,,/Co/n values of 1.8 ppm / 60 kHz / 0.0, was assigned to Si-OD,
which have been previously reported to be in this range (Fig. $12).53

Overall, this work demonstrates how 2H ss-NMR parameters provide a molecular-level understanding of the structure of
supported TMH(D). Specifically, readily measurable quadrupolar coupling constant (Cq) of terminal TMDs can be used as a
spectroscopic ruler to deduct the M-D bond distance through the empirical correlation (eq. 5) with a good precision (0.04-
0.08A). This methodology is applicable to both molecular and supported systems, including materials with low M loadings,
where neutron diffraction studies suffer from their intrinsic low sensitivity. The robustness of this approach is illustrated by
its applications to a broad range of molecules and materials, establishing 2H ss-NMR as a readily available tool to measure M-
H bond distances in transition-metal hydrides via simple H/D exchange reaction and measurement of 2H NMR parameters.
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