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ABSTRACT: Since its emergence over 50 years ago, the structure of surface sites in Ziegler-Natta catalysts, which are responsible
for a major fraction of the world’s supply of polyethylene (PE) and polypropylene (PP), has remained elusive. This is in part due to
the complexity of the systems that involve multiple synthetic steps and components, namely the MgCl, support, a transition-metal
chloride, and several organic modifiers, known as donors, that are used prior and in some instances during the activation step with
alkyl aluminum. Due to the favorable NMR properties of V and its use in Ziegler-Natta catalysts, we utilize 'V solid-state NMR
spectroscopy to investigate the structure of VOCI; on MgCly(thf);s. The resulting catalyst shows similar ethylene polymerization
activity as its Ti analogues. Using carefully benchmarked DFT calculations, the experimental >’V NMR signature was analyzed to
elucidate the structure of the surface sites. Using this approach, we demonstrate that the >'V NMR signature contains information
about the coordination environment, i.e. the type of ancillary, ligands and the morphology of the MgCl, support. Analysis of the
NMR signatures shows that the adsorption of VOCI; on MgCl,(thf), s generates a well-defined hexacoordinated V-oxo species
containing one alkoxy and four chloride ligands, whose local geometry results from the interaction with an amorphous MgCl, surface.
This study illustrates how NMR spectroscopy, which is highly sensitive to the local environment of the investigated nuclei, here V,

enables us to identify the exact coordination sphere and to address the effect of support morphology on surface site structures.

INTRODUCTION

Heterogeneous Ziegler-Natta catalysts (ZNC) are textbook
industrial catalysts that have changed polyolefin synthesis and
enabled to obtain of a broad range of polymer properties upon
small changes of the catalyst composition. They have nowadays
reached multi-million ton-a-year processes' for the production
of ranges of polyethylene and polypropylene. The development
of ZNCs has been empirically driven since their emergence in
the 1960s, with the use of various organic additives at the
different stages of the synthesis of the catalysts (e.g. internal or
external donors, e.g. THF, ethanol, esters, ethers...) and
alternative metals (V ,2 Fe,>* Cr,? Zr,> ...). A key component,
that is found in all industrial ZNCs, is “activated” MgCl,, a
support that proves crucial for polymerization performances
and the final polymer properties. Multiple parameters greatly
influence the activity of such multicomponent catalysts and the
final property of the polymer, hence the popularity of these
catalysts in industry.®® After years of research, focusing mostly
on Ti-based ZNCs, the role of the MgCl, support and various
additives on the structure of the active sites remains mostly
unclear. The lack of sensitive and accessible characterization
methods has slowed down the elucidation of these pre-catalysts,
preventing detailed and meaningful structure-activity
relationships in ZNCs to be established.’ In fact, the very nature
of the interactions between the metal sites and MgCl, remains
unknown.

The preparation of ZNCs typically involves three key steps: 1)
the activation of MgCl, either chemically (e.g. by addition of

THF, ethanol, or other internal donors) or physically (e.g. ball-
milling), ii) the dispersion of the transition-metal halide (e.g.
TiCly) on the activated MgCl, support yielding a pre-catalyst,
and finally, iii) the activation of the pre-catalysts with alkyl Al
compounds, like AlEt;;® this last step can be carried out with or
without additional additives. Titanium is the most abundantly
used transition metal element for ZNC, which contrasts the
wider variety of transition metals used for the corresponding
homogeneous polymerization catalysts.!® The corresponding
V-based ZNCs have also been developed and are used in the
polymerization of ethylene and propylene as well as in the
copolymerization of ethylene with larger terminal olefins such
as 1-hexene.''"?

While the active species only form upon reaction with AlEts,
the initial state of the supported metal species (pre-catalyst) is
extremely important in determining the activity and selectivity
of these catalysts. Yet, even at this stage of the catalyst
preparation, the nature of the surface species remains unknown.
Therefore, understanding the surface adsorption sites of the
support, namely the coordination environment of the transition
metal (geometry, type of ligand, adsorption sites) is crucial.
Towards this goal, a wide range of spectroscopic and
computational methods have been employed, with studies
focusing mostly on Ti-based systems.” '3"1° Most of them point
to the interaction of Ti with undercoordinated Mg surface
species. The Ti-sites are typically described as adopting a near
octahedral geometry and containing mostly Cl ligands. One of
the key challenges in assessing these structures is the diffraction
amorphous structure of the activated MgCl, support itself.2%-2!
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The chemical activation and dispersion of the metal complex
(e.g. TiCly) on MgCl, leads to a loss of the long-range order of
the support, making characterization methods such as powder
X-ray diffraction challenging.'”* Detailed investigations of
pre-catalysts by *C NMR spectroscopy have shown that upon
adsorption some of the Cl ligands bound to Ti can be partially
substituted by alkoxides coming from the internal donor,
illustrating that the support is not innocent.'* Recent studies
have shown that a pre-treatment with BCl; can remove these
alkoxide ligands and increase the catalysts activity after
activation with AlEt; due to an increased number of active
sites.'® Detailed study of this system using a combination of
EPR and DFT calculations has demonstrated that the active
species correspond to bi-metallic Ti-Al alkyl species,'* ¢
confirming earlier mechanistic proposals (Rodriguez—Van
Looy mechanism).?* Despite these advances, the role of the
support and the nature of the Ti-species in the pre-catalyst
remains unknown and is particularly challenging for
spectroscopic methods such as X-Ray absorption or Ti-NMR
spectroscopies. 718 2

Given the related reactivity of V-based ZNC and the highly
favorable NMR properties of 'V (> 99% natural abundance and
high gyromagnetic ratio resulting in a receptivity compared to
13C of > 10°), we hypothesized that understanding the nature of
the V sites by 'V NMR could be an ideal method to probe the
structure of the metal sites on MgCl,.?® Indeed, the transition-
metal chloride precursors, TiCly and VOCI;, are formally
isoelectronic and can in principle adsorb on similar sites, hence
information about the metal-support interaction obtained with
V can be useful for Ti-based catalysts. Moreover, °'V benefits
from being a quadrupolar nucleus (I = 7/2) with a relatively
small quadrupole moment compared to Ti *!V = -0.043 b vs.
“Ti = 0.30 b and *Ti = 0.24 b)?’ and having a large chemical
shift range (~2000 ppm), thus ennobling excellent sensitivity
towards small changes in the environment of the nucleus
without the need for complex excitation schemes. Such an
approach is currently very challenging for *°Ti 2%, especially
at low metal content.”>! In this work, we decided to focus on
VOCl;@MgCly(thf); s because of the large set of experimental
data for the corresponding Ti systems, TiCLi(@MgCly(thf); 5.% 1
32 By confronting experimental 'V NMR spectra with
calculated NMR data obtained from computational models, we
elucidate the coordination environment, local geometry and the
interacting surface sites of MgCl,.

RESULTS

The V-based Ziegler-Natta catalyst (V-ZNC) is prepared via
interaction of VOCIl; with MgCl,(thf), s support in toluene at
elevated temperatures (90 °C), similarly to the corresponding
Ti-systems,'* yielding a catalyst VOCL@MgCly(thf), s which
contains both unreacted and ring opened THF (For preparation
detail, see ESI). The V-loading is between 2.96 and 4.64 %,
which is similar to the corresponding Ti-ZNC prepared via the
same approach.'® The composition of the catalyst is determined
by elemental analysis of Mg, Cl and C, as
(VOCls)0.14MgCl,(thf)o 71, showing that a significant amount of
THF has been displaced. X-ray powder diffraction analysis
exhibited a significant broadening of the features upon
treatment of MgCl,(thf); s with VOCls, which is consistent with
the observed increase of the surface area from 5.2 m%g to 50
m?/g, both indicating a loss of long range order (> 2 nm)
compared to its pristine state, also paralleling what is observed
for the corresponding Ti-based systems (ESI).>* The solid
displays a catalytic activity of 4.7 kgpr'gv!*h™! in ethylene

polymerization reaction under standard conditions (20 bar of
ethylene, 30 °C, n-heptane as solvent) upon activation with
AlEt,paralleling the reactivity of the Ti-based systems.
Coming back to characterization, the solid-state '*C NMR
spectrum is dominated by two features at 70 and 28 ppm
corresponding to residual THF coordinated to the surface of
MgCl,, while the IR spectrum shows the emergence of peak at
ca. 750 cm™ reminiscent of a C-Cl bond resulting from the ring
opening of THF (ESI).
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Figure 1. Static 'V NMR spectrum of VOCL@MgCla(thf)1s
acquired at 103 K at 14.1 T using WURST-QCPMG pulse
sequence with the corresponding simulated line shape depicted red.
Fitting of the single NMR line yielded 611 = -268, 622 = -319, and
833 = -598 ppm, while the Cq (5-10 MHz) and n (~0.5) could only
be estimated.

We next analyzed this pre-catalyst using static °'V solid-state NMR
(ssNMR) spectroscopy. Using the WURST-QCPMG pulse
sequence,**3¢ we obtained a high-quality spectrum with a good
signal-to-noise ratio of 150 within 12 hours at 103 K (reasonable
S/N ratios can be obtained within minutes). The 'V ssNMR of the
pre-catalyst shows a well-defined NMR line shape with an
isotropic chemical shift (8iso = (311 + 322 + 833)/3) of -395 ppm
(Figure 1). Variation of the magic angle spinning rates was used to
identify spinning sidebands and determine the isotropic chemical
shift and reveals that the spectrum is consistent with a single
spectral signature. The quadrupolar nature of 3'V can be observed
as evidenced by minor second-order broadening and a satellite
transition at 600 ppm. This distortion is sufficient to evaluate the
parameters associated with the electric field gradient, namely the
quadrupolar coupling constant Cq (Cq= eQVz/h) of ~8 MHz, and
asymmetry parameter 1 (N = (Vxx-Vyy)/Vz, [Vzz| 2 [Vxx| > [Vyy|) of
~0.5.

Notably, the overall linewidth is dominated by the span of the
chemical shift tensor (Q = 81, — 833 = 330 ppm), thus allowing
us to only consider chemical shift anisotropy to further analyze
the spectrum. Fitting of NMR spectra obtained at various
conditions (ESI) grants access to the complete chemical shift
tensor and its components (611 = —268, 8,2 =-319, and 833 = —
598 ppm). The similarity between §;; and 8,, indicates a near-
axial symmetry of the surface site(s) as revealed by the skew k
(k= 3(822-0i50)/Q2) of 0.7.

To allow for a more detailed interpretation of the experimental
NMR data, we investigated a series of DFT models of potential
surface sites of VOCl3@MgCl(thf); sto confront experimental
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Figure 2. Calculated 8iso of a series of imido and oxo vanadium complexes compared to the experimentally determined 'V chemical shift
collected in C¢De shown in red and from solid-state NMR shown in grey. The experimental and calculated data show a linear correlation.
The respective linear fit to the solution NMR data is shown in red, with the 95% confidence and 95% prediction intervals shown in light and
dark grey respectively. The solid-state NMR data shows a systematic offset to the solution NMR data accounted to the concentration

dependence of the reference.

with calculated NMR spectra. To benchmark our NMR
calculations, we used a library of molecular compounds.

Regarding the models of surface sites, we consider three main
parameters with increasing complexity: i) the adsorption of
VOCI; on various well-defined surface sites, expected from
specific facets of crystalline MgCl, (as typically investigated)
1337 ii) the introduction of alkoxide ligands bound to V as
previously discussed for the corresponding Ti-ZNC'* due to the
possible reaction of the vanadium precursor (VOCIl;) with the
adsorbed THF found in MgCly(thf);s iii) the evaluation of
distortion at the MgCl, surface sites due to amorphization.

Prior to surface-site evaluation, we first benchmark the >'V
NMR calculations by comparing experimental and calculated
NMR parameters for a series of tailored monomeric, octahedral
molecular systems, seeking an optimal NMR calculation
methodology. The library of molecular compounds include
oxo- and isoelectronic imidovanadium(V) complexes with both
Cl- and O-based anionic ligands: V(=E)Cl;.«(OEt)(bipy) (E =
O, NR, x = 0 or 1) to explore the effect of c-donation and to
cover a broad range of chemical shifts.

The 3'V solution NMR spectra reveal a dramatic change in 8is,
spanning from 330 ppm (E = NDipp) to -6 ppm (E = N¢Bu)
within the isostructural V(=NR)Cls(bipy) series, the oxo
counterpart being at -101 ppm for (E = O), clearly illustrating
the effect of stronger 6-donor ligands. Conversely, substitution
of chloride for ethoxide ligands resulted in systematic shielding
of isotropic chemical shift, yielding from -101 to -400 ppm for
VOCl;(bipy) and VOCI,(OEt)(bipy) respectively. DFT
calculations on this molecular library were next carried out
using the B3LYP*- density functional and the Def2TZVP*0-4!
basis set accounting for relativistic effects using the zeroth
order relativistic approximation (ZORA). The NMR
calculations show a satisfactory correlation between calculated
Ciso and experimental i, (Figure 2), illustrating that the
calculated electronic structures are well-reproduced (For

calculation method screening, see ESI). Note that the
experimental i, obtained by solid-state NMR are
systematically shifted to lower ppm values, this is likely due to
the concentration dependence of the reference. The calculated
chemical shielding can therefore be related to the chemical shift
through § = -2128 —c ppmand &6 = —-2091 - o ppm in
solution (C¢Dg) and solid-state, respectively (All further NMR
calculations are referenced to the solution NMR data).
Furthermore, comparing the calculated span and skew to the
experimentally determined ones extracted from the solid-state
NMR data further provides evidence for the accuracy of the
calculations. For instance, the measured and calculated span
(534 vs. 446 ppm) and skew (0.6 vs. 0.5) of VOCI,(OEt)(bipy)
are in rather good agreement considering the large chemical
shift window and the absence of intermolecular interactions in
the DFT models. This further shows that the chosen NMR
calculation methodology is appropriate and that the level of
theory provides a reasonable description of the electronic
structure of the vanadium sites.

Next, we modeled the V-surface sites in VOCl;@MgCl,(thf); s,
by adsorbing VOCI; on various undercoordinated Mg surface
sites, obtained by cleaving along crystallographic planes (110)
and (104) of crystalline MgCl,. The wunit cells were
subsequently expanded orthogonally by adding a vacuum slab
to the cleaved plane to avoid interactions between neighboring
unit cells. The models were constructed by interacting VOCl;
with the various surfaces followed by an optimization of the
geometry using periodic DFT (For computational details, see
ESI). Neutral clusters containing two to three coordination
shells were cut from the periodic models to calculate NMR
parameters using atomic orbital basis sets as for molecular
analogs, reoptimizing the first coordination shell around
vanadium using B3LYP/Def2TZVP (Figure 3a). The
investigated surfaces were chosen to contain 5- and 4-
coordinated Mg surface sites to represent different degrees of
unsaturation (Figure 3b). The resulting models showed a
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multitude of interactions between VOCI; and the (110) and
(104) planes of MgCl, depending on the starting orientation of
VOCI;, reminiscent of the reported interactions with TiCly.'> 17
37.42-44 No interaction to the (001) plane of MgCl, was observed,
which is unsurprising as the interaction is driven by
undercoordinated Mg ions that are not present on this surface.
While intrinsically incomplete as restricted to a specific
crystalline material, four representative models were selected,
two based on the (104) plane and two based on the (110) plane
(Figure 3c). Models based on the step-like defect of the (104)
facet were also considered but discarded based on their
calculated NMR signature (ESI). Among the various models,
the vanadium center interacts with the surface in the models
through either a single chlorine ligand (1), two chlorine ligands
(2), four chlorine ligands (3), or the oxo ligand (4) and
vanadium adopts various geometries: distorted octahedral
(Figure 3c 3), trigonal bipyramidal (Fig. 3c 2) and tetrahedral
(Figure 3c 1 and 4).

Furthermore, considering that previous reports had shown the
presence of alkoxide ligands coordinated to Ti upon the reaction
of MgCly(thf);s and TiCls,'* we also extended our library
substituting CI ligands by OMe, used as representative alkoxide
ligands (Figure 3c). Three different levels of alkoxylation were
considered for the surface species 3, with zero (3a), one (3b),
or two OMe (3c¢) ligands, respectively.

Finally, to extend the library of computational models towards
amorphous surfaces, models based on MgCl, nanoribbons*
were included. These models are considered amorphous based
on their lack of long-range order in more than one dimension,
the term amorphous will be used synonymously with diffraction
amorphous thereafter. These models were constructed by only
conserving the very top layer from each model and optimizing
their geometry. Models based on the (110) facet of MgCl,
naturally formed the previously observed nanoribbons
including a vanadium moiety (Figure 3 ¢, 5). The
amorphization, which can be described as a displacement of the
surrounding magnesium and chlorine ions, leads to a vanadium
site with a distorted octahedral geometry.

Next, the NMR parameters were calculated for each model of
VOCl;@MgCly(thf);s. To deconvolute the influence of the
different structural and electronic parameters, the trends within
each subset were explored separately. The chemical shifts were
referenced to the library of molecular compounds described
previously (vide supra, Figure 2).

NMR Signatures of V Sites: Effect of Adsorption Sites.

Starting from models that address VOC]l; adsorbed on different
sites (1-4), all chemical shift tensors show a common
orientation. The most deshielded principal component &; is
always oriented along V-O,y,, While 6 and 833 are oriented
orthogonal to V-O,, with their exact orientation depending on
the number of terminal ligands. This allows for a direct
investigation of the amount and bonding of terminal ligands
through &;;. The calculated chemical shift anisotropy reveals a
dependence of the chemical shift on the local geometry; this is
particularly evident for the most deshielded component of the
chemical shift tensor, 81;. For models 1, 2, and 4 which exhibit
a tetrahedral or distorted trigonal bipyramidal geometry at the
V site, a significant deshielding of the &, parameter was
observed (811 = 431-433 ppm), leading to overall very large
spans (Q = 8- 833) of around 900 ppm, which is not consistent
with the experimentally observed spectrum (330 ppm). This is

in sharp contrast to what was observed for the model displaying
an octahedral geometry at the V-site with §11=83 ppm and Q =
504 ppm, a span far closer to the experimental value (vide supra).
This set of data already indicates that the observed V-sites are
likely to have a near octahedral geometry. Moreover, the calculated
range of (*'V) isotropic chemical shifts (Figure 4a 2-4) — between
-155 to -200 ppm — are shifted downfield compared to the
experimentally observed isotropic chemical shift of -395 ppm,
clearly indicating that the vanadium oxo surface species are not
likely bound to only Cl ligands, paralleling what has been described
for Ti'* and what has been observed in the molecular library
discussed prior.
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Figure 3. a) Preparation of the hybrid models from a periodic
model without restrictions to a cluster with a reoptimized core
around the active metal site. b) Models of surface sites of pristine
MgCl, are categorized by the coordination number of the surface
magnesium atoms. ¢) Collection of resulting cluster models used in
this study. (Magnesium is shown in grey, chlorine in green,
vanadium in orange, and oxygen in red)

NMR Signatures of V Sites: Effect of Ligand Substitutions.

One may note that replacing chloride for alkoxide ligands in the
series of molecular complexes, used for benchmarking, results
in a gradual up-field shift of &8, both in calculations and
experiments. In fact, a similar trend was observed for the model
surface species 3a-c, namely a decreasing V isotropic chemical
shift from —200 to —445 to —508 ppm (Figure 4b) with an
increasing number of alkoxide ligands. Furthermore, the span
first decreased from 504 ppm to 322 ppm for models 3a and 3b
before rising again to 446 ppm for model 3¢. Comparing to the
experimentally observed Sis, 0of -395 ppm and span of 330 ppm,
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the model with a single alkoxide ligand (3b) in the V-
coordination environment comes closest to the experimental
value with only a deviation of 49 ppm, 195 and 113 ppm for the
fully chlorinated and dialkoxide environment. These results
point to the presence of one alkoxide ligand in the vanadium
coordination environment. Overall, these calculations already
indicate that the vanadium surface sites contain one alkoxide
ligand and are of near octahedral geometry. Yet even though
model 3b is in a reasonable agreement with the experiment
considering the isotropic chemical shift and the span () = 811-
833), the calculated skew (k = 3(822- 6is0)/Q) of 0.44 for 3b is
significantly different from the experimentally observed value
(x = 0.69), indicating that additional local features drive the
chemical shift, in particular 6.

NMR Signatures of V Sites: Effect of Surface Amorphization

Upon coordination of VOCl3 or VOCI»(OR) species on MgCl,
nanoribbons (Figure 3¢ Sa and 5b), which can be viewed as a
amorphization of the MgCl, surface (loss of long range order
beyond 2 nm), the isotropic chemical shift and span remain
almost unchanged, while 8,; is shifted from —397 ppm to —349
ppm, leading to an increase of the skew from 0.44 in the
crystalline to 0.82 in the amorphous monoalkoxide model. Both
models (3b and 5b) deviate only slightly in terms of isotropic
chemical shift (-444 ppm and -431 ppm) from one another.
The calculated chemical shifts of both the crystalline and
amorphous models match the experimental shift of &is, = -395
ppm closely. Considering the experimentally observed 8., of —
319 ppm the amorphous model represents a significant
improvement over the crystalline model. 6; and 833 are much
more comparable between both models deviating by only 15
ppm in &8;; and 7 ppm in 833 with the nanoribbon model
matching the experimental data more closely in these
parameters as well (Figure 4c).

Overall, the observed V-NMR signatures and associated NMR
parameters (chemical shift principal components and related
anisotropy) combined with the detailed analysis based on the
computational models exploring the effect of coordination, type
of anionic ligands and adsorption sites-are consistent with the
formation of a hexacoordinated vanadium surface species,
containing one alkoxide in its ligand coordination sphere
adsorbed on a disordered (amorphous) support.

Discussion

Notably, each principal component of the chemical shift tensors
provides key information regarding the structure of the
vanadium sites — coordination numbers, types of ligands and
detailed geometry distortion — that enables to clarify the
coordination environment around the V sites.

Across the series of model systems, the calculated chemical
shift tensors are essentially oriented similarly, hence the
possible direct comparison of their principal tensor components
(Figure 4d). As discussed above, 8i; is oriented along the V-
Ooxo bond, orthogonal to the terminal anionic ligand(s). &2, is
oriented perpendicular to the V-O,x bond and along the bond
to the terminal anionic ligand, while 833 is per definition
oriented orthogonal to the other two components. From the
orientation of this tensor, one can already understand that
changing the terminal anionic ligand (chloride vs. alkoxide)
will be reflected in &;;, while changes to the V-Ou, bond
(associated with a trans effect) will affect 82, This further
supports the need for a more detailed analysis of the chemical
shift tensor components to obtain a molecular-level
understanding of the observed trends and relate local

coordination environment to specific NMR signatures and
electronic structure.
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Figure 4. a) Calculated spectra of surface species with tetra-, penta-
and octahedral geometry on different facets of MgClo. Only the
model with octahedral geometry (3 shown in grey) has a small
enough span to fit the experimental spectrum (Q= 330 ppm). b)
Calculated spectra of VOCl3x(OR)x adsorbed on the (110) surface
of MgClz. Only the 8iso of the monoalkoxide complex highlighted
in green fits the experimental spectrum. c¢) Calculated spectra and
models of an octahedrally coordinated monoalkoxide species
before (top) and after (bottom) amorphization. The major change
to the calculated NMR line is the deshielding of the 822 parameter
upon amorphization. d) General orientation of the 3'V chemical
shift tensor for octahedral geometries.

The chemical shift or chemical shielding is mostly affected by
changes in the paramagnetic term (Opar),* that originates from
the coupling through the angular momentum operator Zk,i of
specific frontier molecular orbitals. According to the Ramsey
equation,*’*® these MOs need to be of adequate symmetry and
close in energy (eq. 1); they can be identified via natural
chemical shift (NCS) analysis. 44
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The Origin of the Chemical Shift: The Effect of the Adsorption
Sites
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Looking first at the effect of the different adsorption sites on
crystalline facets, a significant difference in isotropic chemical
shift and span (311—033), mostly driven by changes in 8,1, was
observed in the calculated '"V-NMR signatures amongst the
various models. This difference parallels the change of the
vanadium site local geometry: hexacoordinated V sites have
significantly smaller span than the tetra- and penta-coordinated
sites.

NCS analysis of models with multiple terminal Cl ligands
shows that the main contributions to the increased deshielding
for 8, are the V-Cl o-bonds cis to the V-O,y, bond that couple
with low lying n*(V-Cl) antibonding orbitals by symmetry; the
deshielding is significantly larger for terminal than bridging CI-
ligands and thus directly relates to the number of terminal CI-
ligands of appropriate symmetry and the geometry of the V-
sites, hence the similar values of 8;, for models 1, 2 and 4. For
3 which matches the experimental spectrum best, and more
general hexacoordinated V sites, the largest contribution to &,
is associated with the coupling between the w(V-Clremina) and
the respective o*(V-Cl), leading to a significantly lower
deshielding 61, and consequently smaller span (Figure 5a).
Overall, the small span observed experimentally confirms that
the vanadium species generated upon adsorption of VOCI; onto
MgCl; has to be hexacoordinated.

The Origin of the Chemical Shift: The Effect of the
Coordination Environment

As discussed above, the substitution of anionic Cl ligands
around V by alkoxide ligands in models 3a-c has the most effect
on the isotropic chemical shift and is less specific to a specific
principal component (Figure 5b). The orientation of the
chemical shift tensor does not significantly change upon
substitution of CI ligands, and the observed changes in the
different principal components strongly depend on the position
of the substituted ligand. NCS analysis shows that the main
contributions to 85, in models 3a and 3b, are ascribed to the ©
(V-CI/OR) bond of the terminal ligand, that couples to the
symmetry appropriate virtual orbital of o-antibonding
character, resulting in a deshielding of &;;. Deshielding is
greater for models with chloride rather than methoxide ligands
because of the lower electronegativity of chloride vs. oxygen-
based ligands, hence the lower energy gap between the © and
o* orbitals and larger deshielding (Figure 5b). The observed
more shielded isotropic chemical shift thus supports the
presence of one alkoxide ligand in coordination environment of
the surface species resulting from the adsorption and reaction
of VOCl; on/with MgCly(thf); s.

The Origin of the Chemical Shift: The Effect of Surface
Amorphization.

The subtle changes in geometry of the V sites — associated with
the structure of MgCl,, i.e. adsorption of VOCI; on the (110)
facet of crystalline MgCl, vs. MgCl, nanoribbon; the latter
describing an amorphization of the support (Figure 5c), mostly
induce changes in 8,, oriented orthogonal to V-Oqy,. 822 is more
shielded in the crystalline model and is significantly different
from &, contrasting with the amorphous model. This difference
results in a larger skew of 0.44 vs. 0.82 for the crystalline vs.
amorphous model. Noteworthily, the observed changes in 8,
are due to rather subtle changes in the first coordination sphere
around V. The bond angles deviate by less than 1° between the
models, and the V-Ligand bond lengths are almost unaffected
by the amorphization of the crystalline (V-Ooxo = 1.55 A, V-OR
= 171 A and V-Cl = 2.37, 2.40, 2.57 and 2.88 A) to the
amorphous model (V-Ouxo = 1.55 A, V-OR = 1.72 A and V-Cl

=2.37,2.40,2.55 and 2.82 A). The largest observed difference
was the increase of the bond distance between V and the Cl
trans to the V-O,y, bond, in the case of the nanoribbon support.
NCS analysis on 02 revealed the @-V-Ogxo to 6% V-Oqyo
transitions as the main driver of the observed changes in 62,
followed by 6 V-Ooxo to ©* V-Ooxo, albeit moving in the other
direction (Figure 5c). The calculated energy difference between
-V-Ooxo and 6* V-Oyy, is smaller for the amorphous than for
the crystalline model, consistent with the decreased shielding of
82. This is also reflected in the longest V-CI bond distance,
which is increased in the amorphous model, as the absence of
the underlying crystal allows increased structural flexibility
resulting in a decreased V-Cl interaction in favor of an
increased V-O interaction. The distinct differences in the
calculated NMR signature of such surface sites can only be
satisfied through an amorphization of the existing models
resulting in an updated geometrical model of metal surface sites

in ZNCs.
a)
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Figure 5. a) Molecular orbitals of surface species with one or
several terminal ligands contributing to 611 and their respective
vacant orbitals of appropriate symmetry. b) Calculated isotropic
chemical shifts of hexacoordinated surface species. With
increasing substitution of chlorine for methoxide the shift is
decreased due to the increased energy gap between the n-bonding
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and c-antibonding orbitals. ¢) Structural models of the crystalline
and amorphous monoalkoxide surface sites and their calculated
NMR parameters. Topographical representation of the molecular
orbitals determined through NCS analysis to affect &2 and
schematic representation of the differences in the energy diagram
between both models.

Conclusion

SV solid-state: NMR, when combined with computational
models, provides a powerful tool to analyze the structure of
surface sites in V-ZNC. We show that the NMR signatures of
V are very sensitive to the coordination number, the presence
of specific ligands and the local geometry imposed by the
support. We show that, upon adsorption of VOCls, the support
— MgCly(thf), 5 — is greatly modified and participates in shaping
the coordination environment around V. First, as previously
reported based on *C NMR on the corresponding Ti-systems,
THF reacts with the metal sites to generate alkoxy species
which bind to the metal center. In addition, during that step, the
structure of the support is greatly modified, moving from
crystalline to amorphous. While it was already known from X-
Ray diffraction studies, it is clearly reflected in the *'V NMR
signature, which is consistent with an amorphous adsorption
environment. Yet, one should point out that the V sites display
a quite unique NMR signature, which demonstrates the
homogeneity of surface sites consistent with the almost uniform
nature of the surface sites upon activation with AlEt;. This
information should clearly be considered when trying to
elucidate the structure of the corresponding Ti-based catalysts.
Following our recent work on Ti-NMR,?® quadrupolar NMR
seems to be privileged to enable distinguishing specific surface
sites even for the more challenging Ti-based ZNCs.>!
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