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ABSTRACT: Treatment of Ziegler-Natta (ZN) catalysts with BCl; improves their activity by increasing the number of active sites.
Here we show how 4"49Ti solid-state nuclear magnetic resonance (NMR) spectroscopy enables to understand the electronic structure
of the Ti surface sites present in such ZN pre-catalysts, prior to activation with alkyl aluminium. High-field (21.1 T) and low temper-
ature (~100 K) NMR augmented by DFT modelling on the pre-catalyst and corresponding molecular analogues enables the detection
of “7*5Ti NMR signatures and a molecular level understanding of the electronic structure of Ti surface sites. The associate Ti surface
sites exhibit *°Ti NMR signatures (Siso, exp = —170 ppm / Cg, exp = 9.3 MHz / x = 0.05) corresponding to well-defined fully chlorinated
hexacoordinated Ti sites adsorbed on a distorted surface of the MgCl, support, formed upon post-treatment with BCl;and removal of
the alkoxo ligands, paralleling with the increased polymerization activity.
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Heterogeneous Ziegler-Natta (ZN) catalysts® are central for
the industrial production of polyethylene (PE grades such as
HDPE & LLDPE) and polypropylene (PP such as isoPP).*
These catalysts are multicomponent hybrid materials that in-
clude organic (ether, alcohol and esters, referred to as internal
donors) and inorganic components (TiCl./MgCly),® which trig-
ger polymerization upon activation with alkyl aluminum, e.g.
triethylaluminum (TEA, Al(CzHs)s). The presence of additional
organic promoters (external donors) can help to provide poly-
mers with specific properties resulting from the molar masses,
the dispersity and the stereoselectivity when applicable
(isoPP).® Despite intensive studies over the past decades,”6 es-
tablishing structure—activity relationships in ZN catalysts has
remained challenging. The situation is particularly challenging
because of the low Ti weight loading (2-4 wt. %), and the mul-
tistep catalyst preparation, where the state of Ti sites and the

structure of the MgCl, support undergoes changes at every
stage. This process ultimately results in a small fraction of cat-
alytically active Ti sites upon activation with alkyl aluminum
reagents.*’

Electron paramagnetic resonance (EPR) spectroscopy com-
bined with DFT modeling has recently enabled identification of
the spectroscopic signature of active Ti sites in activated ZN PE
catalysts and their attribution to a specific structural motif,
namely a bimetallic Ti(l11)/Al alkyl species.'” Despite these ad-
vances, establishing a link between the Ti site structures before
and after activation remains an important question in order to
establish the role of MgCl, on the structure of the surface sites
and detailed structure-activity relationships. The preparation
protocol of MgCl, is known to be critical to generate highly ac-
tive catalysts,'® and understanding the interaction of Ti with the
support surface is further complicated by the loss of crystallinity
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of MgCl; upon interaction with TiCl,.X® Thus, structural inves-
tigations based on XRD or other techniques that rely on long-
range order, are limited. While optical spectroscopy (IR, UV-
Vis, Raman)*, XAS techniques?®® and various multinuclear
NMR (*H, 3C, Mg, and *Cl)*-% methods have been used to
address the structure of Ti sites on MgCl,, the results have been
difficult to interpret and lead to rather poor molecular-level un-
derstanding. Furthermore, previous studies have also shown
that the internal donors such as THF or ethanol, that are known
to help activating MgCl,, are non-innocent and react with TiCly,
thus forming surface Ti alkoxo species,? 2’ that can explain the
broad range of reactivity of surface sites. In fact, the addition of
BCl; (and other MClIy additives) has been proposed to remove
surface alkoxo species via transmetallation by forming B-
alkoxo species. Notably this treatment also results in a signifi-
cant removal of Ti sites (see Table S2 for elemental analysis)
and increases the number of active sites upon activation with
TEA.17' 26-28

Thus, resolving the structure of Ti surface sites formed upon
adsorption of TiCl, on activated MgCls, is still of prime interest
and calls for the development of characterization techniques
that can probe the local environment and electronic structure of
the Ti sites. Considering that these sites are Ti(IVV) and diamag-
netic, “/*°Ti NMR appears to be a suitable candidate. However,
479Ti NMR spectroscopy suffers from a number of critical lim-
itations, namely i) the low gyromagnetic ratio of both “°Ti and
4TTi nuclei, ii) the low natural abundance of these nuclei (5.41
and 7.44 %), iii) the quadrupolar nature of the nuclei (I = 7/2
and 5/2), iv) the rather large quadrupole moment of both nuclei
(24.7 and 30.2 fm?),% and v) the close proximity of the isotropic
chemical shifts (8is,) of these isotopes in the NMR spectra
(within 267 ppm), often yielding overlapping broad lines.*® All
these factors contribute to the difficulty in obtaining high qual-
ity 4”*°Ti NMR spectra, usually associated with a poor signal-
to-noise ratio and complex line shapes. The situation is further
worsened for ZN pre-catalysts due to the low amount of Ti (of-
ten 2-4 wt. %), the expected heterogeneity of surface sites
formed upon the adsorption of TiCl, on specific sites of MgCl,
(e.g. the presence of Ti with both Cl and OR ligands).?® 2" Pio-
neering work on *"°Ti NMR of ZN pre-catalysts led to obser-
vation of a very broad low-intense signal, which is difficult to
interpret.3:-*® However, recent hardware developments (higher
fields, low temperature) augmented with computational ap-
proaches have shown that it is possible to detect the NMR sig-
nature of Ti sites in Ti silicalite (TS-1), another industrially rel-
evant materials containing only 1-2 wt% Ti.%

A specific challenge associated with the characterization of the
ZN catalyst is MgCl, itself. Its disordered character (upon ad-
sorption of TiCls)*® makes the development of meaningful DFT
models particularly challenging, due to the lack of the corre-
sponding crystal structure. Consequently, previously Ti surface
models used for DFT computations were based on TiCl, ad-
sorbed on various facets of crystalline MgCl..* However, re-
cent findings related to the characterization of the correspond-
ing V-based ZN pre-catalysts (prepared by adsorption of VOCl;
on similar MgCl,) have shed light on how the morphology of
MgCl, can affect the structure and signature of the V sites,
thanks to the high sensitivity of vV NMR combined with com-
putations.® Namely, adsorption of VOCI; on MgCl,-(THF)15
generates a well-defined V-alkoxo surface species, with a dis-
torted local geometry due to loss of crystallinity of MgCl,.%

Encouraged by the advances in solid-state NMR and computa-
tional modeling, along with our improved understanding of
MgCl, and its impact on the local geometry of surface sites, we
investigate here the corresponding Ti-based ZN PE pre-cata-
lysts by combining high magnetic field (21.1 T), magic angle
spinning (MAS), low temperature (~100 K), higher filling fac-
tor (3.2 mm thin-wall rotor, ~40 pL sample volume), and probe
optimized for low-gamma nuclei, with DFT computations
benchmarked on molecular compounds. This multipronged ap-
proach unveils the structure of Ti sites in ZN PE catalysts, pre-
pared from the adsorption of TiCl, on MgCl, followed by a BCl3
treatment.?

We first conducted *”4°Ti NMR measurements on two molecu-
lar complexes to assess the effect on NMR signatures of specific
Ti local environments, representative of possible surface sites,
namely [HaNMe2]o[TiCls]*® and [H.NMe,]o[TiCls(O'Pr)]. For
the NMR measurements, the Quadrupolar Carr-Parcell-
Meiboom-Gill MAS (QCPMG-MAS) methodology was se-
lected to enhance the signal by echo train acquisition and de-
creasing the NMR line width.3" 3 While [H,NMe],[TiClg]
shows two relatively narrow lines (<1 kHz) corresponding to
the *°Ti and #'Ti isotopomers (Fig. 1a), the Ti complex having
one alkoxo ligand does not show any NMR signal under similar
conditions, likely due to a too large quadrupolar coupling con-
stant (Cq) associated with a more asymmetric environment
(vide infra). Fitting the spectrum for [HoNMe;]2[TiClg] yields a
quadrupolar coupling Co(**Ti) of 3.0 MHz, 8is,(*°Ti) = —250
ppm.

On the basis of the narrow lines, this sample was used for the
calibration of NMR measurement parameters, which was of
highest importance for the spectra of ZN pre-catalysts. We next
focused on ZN catalysts — TiCl.a@MgCly(THF). s — treated with
BCls in order to remove possible alkoxo ligands and increase
our chances to obtain an NMR spectrum with narrower lines
(vide infra) (see ESI Fig. S2). The "*Ti QCPMG NMR spec-
trum of the BCls-treated sample shows only a broad feature cen-
tred at ca. -280 ppm with a number of spinning sidebands (Fig.
1b), whose peak positions and widths are consistent with a sur-
face Ti site in a similar Ti coordination environment as
[H2NMe;]2[TiCls]. The signal can be modeled by a single Ti site
with a chemical shift anisotropy (CSA) tensor defined by
Siso(*°Ti) =—170 ppm, skew (k) = 0.05, and span (©) = 332 ppm,
and electric field gradient (EFG) tensor described by a Co(*°Ti)
of 9.3 MHz and an asymmetry parameter (ng) of 0.65 using both
49Ti and “Ti isotopes for the simulation. Note that the larger
nuclear quadrupolar moment of the “’Ti isotope leads to a very
broad line hardly distinguishable from the background. Overall,
such NMR signature is consistent with a Ti coordinated solely
to Cl ligands in a distorted octahedral environment (vide infra).
Notably, no “**Ti NMR signal could be obtained on the pristine
sample (without prior treatment with BCls) consistent with what
we observe for the molecular compound and the expected very
large Cq for a site containing both Cl and OR ligands as re-
vealed by 3C MAS NMR (see ESI Fig. S5 for details).
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FIGURE 1. 49Ti QCPMG MAS NMR spectra (10 kHz MAS,
21.1T, 100 K) of (a) [H2NMe2]2[TiCle] (512 scans) and (b) ZN pre-
catalyst treated with BCls (370496 scans) as well as the respective
modeled line shape (solid red line) for 8iso =-170 ppm and Cqo = 9.3
MHz. Magnitude correction was used for the representation.

TABLE 1. Calculated °Ti NMR spectroscopic signatures (8iso / ppm, Cq / MHz) of model Ti surface species in ZN pre-catalysts

Adsorbate Model
TiClex(OR),? [TiClex(OR)x]* TiClsx(OR)x @MgCl>-110 TiClsx(OR)x @MgCl2-NR
Jiso Cq Jiso Co Jiso Co
TiCls -203 21 -64 15.3 -122 11.7
TiCIsOR -573 37.9 -489 27.5 -511 33.8
TiCl2(OR):2 - - -763 30.4 -760 33.7
&% =0,1o0r2

In this study, we investigated the contributions that affect the
NMR signatures — namely the chemical shift anisotropy and Cq
— of molecular model systems as well as model surface species.
For this purpose, we conducted DFT calculations of the NMR
parameters® — using B3LYP,*% 4t QZ4P,* and the all electron
scalar relativistic zeroth-order regular approximation (ZORA)*
—to explore these contributions. For the purpose of benchmark-
ing the computational protocol, we used a library of molecular
compounds with previously reported solution 4"#°Ti NMR iso-
topic chemical shifts and observed a good agreement between
computation and experiment (referenced against benchmark
correlation, see ESI for details).*“¢ Building on this DFT pro-
tocol, the NMR calculations based on the crystal structures of
the  molecular  compounds  [H:NMe,][TiCls] and
[H2NMe,]o[TiCls(O'Pr)], confirm a very high sensitivity of the
chemical shift and Cq towards substitution between chlorido
and alkoxo ligands. Addition of a single alkoxo ligand is enough
to decrease the chemical shift from -203 ppm to -573 ppm, but
also to induce a significant increase in the Cq from 2.1 MHz to
37.9 MHz when compared to the hexachlorido compound,
[HoNMe;]o[TiClg]. Consequently, the lineshape of the Ti-
alkoxo species is expected to be significantly broadened com-
pared to the highly symmetric [H.NMe,]-[TiClg] species, thus
explaining the absence of *™Ti NMR signal for
[H2NMe,],[TiCls(OPr)] and the related supported untreated ZN
pre-catalysts under our measurement conditions.? 27

Next, the “°Ti NMR signatures of model ZN surface sites were
investigated (see Table 1), inspecting the effect of directly
bound ligands (CI vs. OR) as well as the MgCl, morphology.
Namely, the difference between the representative crystalline
(110)-facet?? 22 4751 (TiClyx(OR)x@MgCl-110) vs. an disor-
dered environment around Ti/Mg modeled by a nanoribbon
structure (TiClsx(OR)x @MgCl,-NR), was analyzed.®

The calculated *°Ti NMR signatures for both groups of model
systems (crystalline vs. nanoribbon) show a similar trend in the

isotropic chemical shift upon introduction of alkoxo ligands
(decreasing 300-500 ppm per alkoxo ligand), consistent with
what was observed for the Ti molecular systems and the corre-
sponding V-based ZN pre-catalysts®® and produced differences
within the groups in terms of Cq. For TiClsx(OR)x@MgCl>-110
models, the isotropic chemical shift decreases from —64 ppm for
the fully chlorinated titanium to —489 and —763 ppm for the
mono- and bis-alkoxo systems, respectively. The introduction
of alkoxo ligands is accompanied by a drastic increase in Cq
from 15.3 MHz to 27.5 MHz for mono-alkoxo and to 30.4 MHz
— for bis-alkoxo. A similar pattern is obtained for TiCla.
«(OR)x@M(gCl,-NR models, whose calculated chemical shifts
vary from —122 ppm in the fully chlorinated titanium to —-511
and —760 ppm for the mono- and bis-alkoxo systems, respec-
tively. Simultaneously, the Cq changes from 11.7 MHz to 33.8
MHz and 33.7 MHz. For both models, the chemical shift and
Cqo values closest to experimentally observed signatures are
consistent with the fully chlorinated Ti species (Fig. 2a).

This result also indicates that it is currently only possible to ob-
serve “™Ti NMR signatures when Ti is solely decorated by ClI
ligands as in the BCls-treated ZN pre-catalyst, because of the
associated lower Cq and thereby narrower lines. On the con-
trary, the untreated ZN pre-catalysts, that has been shown to
contain Ti-alkoxo species by *C NMR, is expected to contain
Ti sites with (extremely) a large Cq leading to significant sec-
ond-order quadrupolar line broadening (Fig. 2a), which is cur-
rently impossible to observe with the state-of-the-art equipment
even at prolonged measurement times.?

Now, considering the effect of MgCl, morphologies on NMR
parameters for the fully chlorinated Ti sites, the calculated Cq
and ng values are 15.3 MHz and 0.40 vs. 11.7 MHz and 0.40
for TiCl,@MgCl,-110 and TiCl.@MgCl,-NR, respectively,
while the amorphous model is in better agreement with the ex-
perimental data (Cq, exp = 9.3 MHz/0.65) (Fig. 2b and 2d). Most
notable is the difference in the “7*Ti CSA asymmetric
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parameter k, when comparing the two models of MgCl, support,
as already found for the corresponding 5V NMR signatures in
V-based ZN pre-catalysts.> While the Ti species on crystalline
support displays an axially symmetric CSA tensor (x = 0.85)
consistent with an almost C,, symmetry, the sites on distorted
MgCI; possess a non-axially symmetric k of 0.04, very close to
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the experimental parameter and consistent with the distorted Ti
geometry (iexp = 0.05, Fig. 2c). Taken together, the NMR pa-
rameters of Ti sites observed for the ZN pre-catalyst treated
with BCl; are best described by a fully chlorinated hexacoordi-
nated and distorted Ti sites adsorbed on disordered (ca. amor-
phous) MgCl;, support, as illustrated in Fig. 2d.

¢ Skew of CSA tensor d EFG and CSA tensor orientation
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FIGURE 2. (a) Two-dimensional map of calculated *°Ti NMR signatures for the nanoribbon (green points) and (110)-facet model systems
(violet points). Experimental value of BCls-treated ZN pre-catalysts (red point). The deviations from the computed values were estimated
from the benchmark sets for the chemical shift (ca. 50 ppm) and Cq (ca. £2 MHz). (b), (c) Asymmetry and skew parameter of EFG and
CSA tensor for fully chlorinated Ti sites on crystalline and distorted MgCl2 supports compared to experimental values. (d) Orientation of

respective EFG and CSA tensors.

Considering the sensitivity of the NMR parameters and associ-
ated signatures on small differences in coordination environ-
ment, induced in particular by the treatment with BCl; leading
to a substitution of OR by ClI ligands, and its impact on catalytic
performances (see ESI Fig. S2), we further examined the origin
of the difference of chemical shift. To this end, we inspected the
orientation of the chemical shielding tensor (CST) and carried
out a Natural Chemical Shielding (NCS)®%% analysis of the sur-
face Ti sites in TiClsx(OR)x@MgCl,-NR with the goal to ra-
tionalize the chemical shift trends observed upon substitution of
Cl for OR ligands (detailed analysis of TiClsx(OR)x@MgCl,-
110-facet in ESI). Notably, the CST orientation strongly de-
pends on the symmetry of these system and the number of ter-
minal CI/OR ligands. For the fully chlorinated system,
TiCl,@MgClI-NR, the most deshielded component (611/611) is
oriented perpendicular to the plane containing Ti and the two
terminal cis-Cl ligands (denoted p1-Cl), associated with short
Ti-Cl bonds (Fig. 3a), with o2, bisecting the p;-CI-Ti—p;-Cl an-
gle, and o33 being perpendicular to the other two components.
With one terminal alkoxo ligand, as in TiCl;OR@MgCI,-NR,
o1 is oriented along the Ti-OR bond, while o2, is oriented per-
pendicular to the plane containing Ti and the terminal ClI and
OR ligands. When both terminal ligands are alkoxo
(TiCly(OR).@MgCl.-NR), the CST adopts a similar orientation
as in the fully chlorinated system. Notably, the chemical shift
across the series of model systems is significantly influenced by
the CST component perpendicular to the plane containing Ti
and the two terminal p;-X (CI/OR) ligands. The subsequent
NCS analysis shows that the chemical shift is mostly driven by
the paramagnetic part of the chemical shifts and thereby the na-
ture and the relative energies of high-lying occupied and low-
lying unoccupied molecular orbitals, as evidenced by the Ram-
sey equation (Fig. 3d). The NCS analysis reveals that the chem-
ical shift originates predominantly from the coupling between
the o(Ti-p1-X) and *(Ti-pa-X) orbitals, as well as to a smaller

extent the corresponding n(Ti-p1-X) and o*(Ti-pH1-X) orbitals
(see Fig. 3b and ESI). The introduction of more electronegative
terminal alkoxo ligands results in a larger energy gap between
the coupled o and n* orbitals and consequently to a smaller
deshielding as expected from the Ramsey equation® (see Fig.
3c):

_<Wocc|zi|wvac><lpvac |zi/r3|lpocc>
AEvac—occ
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Overall, we have established a protocol to measure and calcu-
late the *°Ti NMR spectroscopic signatures for Ti surface
sites, focusing here on an industrially relevant ZN pre-catalysts
based on TiCl, adsorbed on MgCl,. We have found that the
4749Ti NMR signatures are highly sensitive to the presence of
alkoxo bound to Ti and to the local coordination environment
imposed by the morphology of MgCl. support. Notably, em-
ploying QCPMG MAS NMR at 21.1 T and 100 K, a single
4749Ti NMR signature with a chemical shift of -170 ppm, skew
of 0.05, Cq of 9.3 MHz, and asymmetry parameter 0.65 is ob-
served in the ZN pre-catalyst treated with BCls, that indicates
the presence of a well-defined species with an absence of axial
symmetry, best described as a hexacoordinated Ti species ad-
sorbed on a highly flexible ionic disordered MgCl, (modelled
here using the nanoribbon-like structure) with only chlorido lig-
ands. No NMR signal could be observed in the non-BCls-
treated pre-catalyst sample, consistent with the presence of
alkoxo ligands. The observation or non-observation of these
species parallels the increased activity observed for BCl; treated
catalysts,'” and indicates that having fully chlorinated environ-
ment facilitates the formation of the active sites. Observing the
structure of this surface species confirms the role of BCl; and
the support. Detecting the spectroscopic signature of a well-de-
fined structure is particularly noteworthy considering that ZN
catalysts are multi-site polymerization catalysts, possibly
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pointing out that the complexity of these systems originates
from the activation step with the alkyl aluminium reagent rather
than the pre-catalyst itself. We are currently exploring the mat-
ter in more details by developing methods that would enable
observing a broader range of Ti surface sites.
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FIGURE 3. (a) Coordination environment of the Ti species with
three distinct Cl ligands for TiCla@MgCl2-NR (terminal: violet, cis
to both terminal ligands: turquois, trans to one terminal ligand:
red). Chemical shielding tensor orientation in the TiCls-
x(OR)x@MgCl2-NR model systems (c11 in red, 622 in green and 633
in blue).57 58 (b) Rationalisation of the chemical shielding through
the visualisation of the corresponding o - ©* Kohn-Sham orbitals
obtained from the DFT calculations of the fully chlorinated
(TiCla@MgCl2-NR) surface model, which were selected by recon-
struction of the Natural Localized Molecular Orbitals (NLMO) that
contribute the most to the deshielding (see ESI). (c) The influence
on the MO scheme upon exchanging the terminal ligands rational-
izes the large deshielding for the fully chlorinated species com-
pared to alkoxo species.
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