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Active Sites in Cr(III)-Based Ethylene Polymerization Catalysts from
Machine-Learning-Supported XAS and EPR Spectroscopy™**

Anton Ashuiev®, Anna Giorgia Nobile®, David Trummer, Daniel Klose, Sergey Guda,
Olga V. Safonova, Christophe Copéret,* Alexander Guda,* and Gunnar Jeschke*

Abstract: The ethylene polymerization Phillips catalyst
has been employed for decades and is central to the
polymer industry. While Cr(III) alkyl species are
proposed to be the propagating sites, there is so far no
direct experimental evidence for such proposal. In this
work, by coupling Surface organometallic chemistry,
EPR spectroscopy, and machine learning-supported
XAS studies, we have studied the electronic structure of
well-defined silica-supported Cr(III) alkyls and identi-
fied the presence of several surface species in high and
low-spin states, associated with different coordination
environments. Notably, low-spin Cr(III) sites are shown
to participate in ethylene polymerization, indicating that
similar Cr(IIT) alkyl species could be involved in the
related Phillips catalyst. )

Introduction

Polyethylene (PE) is still one of the most important products
of the chemical industry with a broad range of applications
that have changed our modern life. While nearly 50 % of the
global polyethylene production is based on Ti-based hetero-
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geneous Ziegler-Natta catalysts,!"! another 40 % is produced
by the Cr-based Phillips catalysts.”! This industrial system
was developed in the 1950s by Phillips Petroleum and is
prepared by dispersing Cr precursors on silica (SiO,),
followed by calcination in a flow of dry air or oxygen at
elevated temperatures.”® This treatment yields isolated
Cr(VI) sites that are then reduced upon contact with
ethylene during an induction period.”! A vast range of
spectroscopic studies of the Phillips catalytic system were
performed, often complemented by computational
methods.”! Based on Raman,”! UV/Vis,F! EPR ! and X-ray
absorption spectroscopy (XAS)" techniques, a vast range of
surface and active sites structures with different coordina-
tion environments and oxidation states (II-IV) have been
proposed (see Figure 1, top). This debate highlights the
challenge in characterizing this industrial system due to the
high heterogeneity and low number of active sites. Recent
studies on the Phillips system and related surface-supported
Cr silicates, prepared by Surface organometallic chemistry
(SOMC), have supported Cr(IIl) as the active sites.?
Noteworthily, the Union Carbide catalyst, an alternative Cr-
based ethylene polymerization system, has also been shown
to involve Cr(ITT) hydride and alkyl species as active sites."”
Therefore, Cr(IIT) alkyl species are reasonable candidates
for the active sites of the Phillips catalyst. While the
formation of Cr(III) species upon contact with ethylene has
been clearly evidenced on the Phillips catalyst with continu-
ous-wave (CW) EPR spectroscopy,® only a fraction of these

Phillips catalyst:
Proposed Surface and Active Sites:
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Figure 1. Top: Proposed surface and active Cr species in the industrial
Phillips catalyst after reduction. Bottom: Well-defined bis alkyl Cr(l11)
ethylene polymerization sites, studied in the course of the present
work.
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sites typically participates in ethylene polymerization.*®! In
fact, recent XAS studies of the Phillips system, combined
with advanced machine learning (ML) approaches,” suggest
that Cr(IIT) and Cr(VI) sites in different coordination
environments are the major surface components after
contact with C,H,. While highly coordinated Cr(I1I) silicates
are the major fraction (ca. 80 %) of the Cr species, they are
most likely not involved in ethylene polymerization. At the
same time, low-coordinated Cr(III) alkyl species likely
represent only a limited fraction that lies beyond the XAS
detection limit and overlap with the spectral signatures of
Cr(II) sites.! The large number of different surface sites
whose spectroscopic features are overlapping, as well as the
low amount of active species, are therefore the main
obstacles preventing the direct observation of the active
sites.

This problem can be tackled by preparing and further
characterizing related model systems that would result in
isolated well-defined silica-supported Cr species while being
also active in ethylene polymerization. Similarities with the
Phillips catalyst in the produced PE properties, such as
molecular weight (M,) and dispersity (M,/M,), typically
suggest analogies regarding the nature of active sites."”
Using these criteria, Monoi et al. prepared the closest system
to the Phillips catalysts by contacting the molecular Cr(III)
alkyl complex Cr[CH(SiMe;),]; with pre-calcined silica.l'!
This material shows high activity for ethylene polymer-
ization without an induction period and does not require
cocatalysts, thus suggesting the surface species generated
upon grafting are related to the active sites. In addition, this
catalyst produces PE with M,, and M, /M, values close to
those obtained from the industrial Phillips catalyst. The
temperature dependence of those parameters also appeared
akin for both systems,"! further highlighting their similarity.
Yet, the detailed structure and the oxidation state of Cr
surface sites in Cr[CH(SiMe;),];@SiO, remain to be ascer-
tained. Recent spectroscopic studies, including CW EPR,
have led to postulate the presence of several types of high-
spin Cr(III) sites as well as Cr(V) species.

Here, aiming at understanding the nature of surface sites
in silica-supported Cr[CH(SiMe;),];, we have used partially
dehydroxylated silica, thermally treated at 700 °C under high
vacuum (SiO,_y), which contains mostly isolated OH
groups and thus yields well-defined mono-grafted surface
species, hence simplifying its characterization.”! Using a
recently developed supervised ML analysis of XAS data,”
we investigate the oxidation state and local environment of
possible surface sites and further refine their structure with
the help of EPR spectroscopy. In particular, we show that
the major surface species correspond to mono-grafted bis-
alkyl Cr(IIT) complexes, (=SiO)—Cr[CH((SiMe;),)],, which
are present in both high-spin (HS) and low-spin (LS) states.
The presence of two different spin states is attributed to the
additional interactions of Cr(III) centers with adjacent
siloxane bridges, which can lead to higher symmetries,
thereby favoring the LS state. With the help of isotope
labeling studies, we show that the observed LS Cr(III)
species participate in ethylene polymerization.
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Results and Discussion

The silica-supported Cr(III) alkyl material 1-SiO,, Cr[CH-
(SiMe;),];@Si0,_y, was prepared by contacting a bright
green benzene solution of Cr[CH(SiMe;),]; (1) with silica,
partially dehydroxylated at 700°C (SiO,_; ca. 0.8 OH
groups/nm?®). This step, followed by washing and drying,
yields a bright green solid 1-Si0,. The IR spectrum of 1-
Si0, shows a decrease in the intensity of the band associated
with surface OH groups and the concomitant appearance of
the characteristic IR bands of alkyl ligands at ca. 3000 cm ™
(Figure S1), consistent with grafting via protonolysis of the
alkyl ligand. Notably, only a fraction of complex 1, initially
added in a 0.95:1 molar ratio with respect to the surface OH
groups (0.26 mmol OH/g SiO, ), reacts as evidenced by
the presence of residual silanols in the IR spectrum. This
partial grafting is likely due to the relatively large size of the
molecular complex 1. The elemental analysis shows a Cr
loading of 0.29 wt. % and 0.99 wt. % of C, corresponding to
0.21 Cr/surface OH group and is consistent with the
formation of mono-grafted (=SiO)—Cr[CH(SiMe;),], sur-
face sites, with an average of two alkyl ligands per grafted
Cr center.

We then performed XAS in order to evaluate the
oxidation state and local environment of the Cr surface sites
in 1-Si0,. The experimental XAS spectra on the Cr K-edge
for the studied samples 1 and 1-SiO, are shown in Figure 2a
(see also Figure S2 for the details on data processing). The
overall shapes of the normalized XAS spectra of the
molecular and grafted compound are similar, thus indicating
a related structure between the resulting surface species and
compound 1. The slightly higher edge energy of 1-SiO, is
consistent with the replacement of [CH(SiMe;),] by surface
siloxy ligands.")

The largest differences between the spectra of 1 and 1-
Si0, are observed in the two peaks in pre-edge and rising
edge regions (see inset in Figure 2a), typical of Cr(III)
species.” The features A and B, which can be attributed to
the Cr d- and p, states respectively (see Figure S3), decrease
in intensity and shift towards higher energies upon grafting.
The broad pre-edge feature in 1-Si0, centered at 5990 eV
and consisting of two peaks is characteristic of Cr'™ ions with
siloxide ligands.["” The small intensity of features A and B
suggests a change of geometry and possibly indicates addi-
tional coordination of adjacent siloxane bridges (=
Si—O-Si=) to Cr (see Figurel, bottom), as frequently
observed for other silica-supported metal sites.'”! To address
this complexity, we took advantage of the previously
reported library of molecular Cr compounds to quantita-
tively evaluate the oxidation state and the number of alkyl
bonds in the studied sample (see Supporting Information
Section 2.2 for the details).”! The library contains 23
experimental spectra of bulk and molecular references
augmented with 39 theoretical spectra of surface-supported
sites (see Figure S4). The references cover Cr(II-VI) charge
states with different ligand types. The results obtained using
a classical linear combination fit analysis can be found in the
Supporting Information (Figure S5 and Table S2), while
further discussion in the main text is based on a supervised

© 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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a) ) Cl ' ! ' ' Table 1: Prediction of the Cr oxidation state and number of alkyl bonds
in 1-SiO, using exclusively the pre-edge spectrum and the near-edge
x 1.01 region of the spectrum but excluding pre-edge features.
2 pre-edge near-edge
% 0.8+ forasgoo 5985-5997eV 5985-6100 eV
§ 06- ' Average Cr oxidation state 3.2+03 3.24+0.2
@ Number of alkyl bonds 1.7 1.4
2%
g 0.2 of the library used in reference” while 1-Si0, was
: pre-edge previously unseen by the algorithm. Table 1 shows the
E 5985 5990 5995 6000 prediction of the Cr oxidation state and the number of alkyl
0-2980 6000 6020 6040 6060 6080 6100 6 1_ 20 bopds according to the. ML algorithm trained on the spectral
points. These results indicate that the surface species are
S Cr oxidation state  mainly Cr(III) sites with ca. 1.4-1.7 alkyl ligands, in agree-
b) ment with the elemental analysis data (C/Cr ratio of 14-15).
6.0 They are also in agreement with the linear combination
% <0 5.6  analysis predicting alkylated Cr(IIl) species to be the major
5 5.1 component with admixture of surface species with siloxide
E15 4.7  bonds (Table S2). Finally, to further validate the hypothesis
e ‘ 4.2 of additional interaction of Cr center to the silica surface, we
g 1.0 3.8 compare the experimental spectrum of 1-SiQ, with theoret-
© 3.3 Iical calculations of DFT-optimized models of grafted species
é"’o . 2.9 (Figure S3). The observed reduced intensity of shoulder B is
3 ] 2.4 consistent with a change of geometry to non-planar (quasi-
a | 5o tetrahedral) caused by additional interaction to siloxane
0.0

5989 5990 5991 5992 5993
Pre-edge centroid energy, eV

Figure 2. a) Experimental Cr K-edge XANES spectra for complex 1
before and after grafting on SiO,_s4. The inset shows the pre-edge
energy region of the spectra. b) Classification of the Cr oxidation state
for studied complexes based on the pre-edge centroid energy and area.
The colored scatter plot refers to the pre-edge descriptors for the 10
000 linear combinations of spectra from the reference library.”! The
background color is the result of the oxidation state classification by
the Extra Trees ML algorithm trained on the points from the scatter
plots.

ML approach that utilized reference spectra as a training
set. To address the heterogeneity of surface sites, we
extended the library of spectra of pure species with their
linear combinations and generated 10 000 mixtures. Several
independent Extra Trees!' models were trained on this
extended library. The input features for each algorithm were
either pre-edge descriptors (pre-edge area and centroid
energy) or experimental data points on a uniform energy
grid in the pre-edge region (5985-5997 eV) or near-edge
region (5985-6100 eV). The regression task was solved for
the output features “number of alkyl bonds” and “metal
oxidation state”; these results are shown in Figure 2b and
Table 1. Figure 2b combines a scatterplot for the pre-edge
descriptors from the library of mixtures (colored points) and
the results of the prediction of the ML algorithm trained on
these descriptors (background color). The spectra of 1 and
1-Si0, were projected on this map and overlap with the
region of the Cr oxidation state 2.4-3.3. Note that 1 was part

Angew. Chem. Int. Ed. 2024, 63, €202313348 (3 of 7)

bridges. The presence of a small fraction of bis-grafted sites,
namely (=SiO),—Cr[CH(SiMe;),], cannot be excluded. Such
species have already been proposed upon grafting 1 on
silica, albeit partially dehydroxylated at a lower
temperature.!'”

We next perform CW EPR spectroscopic studies of 1
and 1-Si0, (Figure 3) in order to evaluate the electronic
structure of the obtained Cr(III) species, associated with
specific symmetry and spin states. The molecular complex 1
appeared to be in a pure high-spin (HS, $=3/2) state at 5 K,
as evidenced by its CW EPR spectrum (Figure 3, black):
where a single S=3/2 Cr(IIl) species with a purely axial
symmetric zero-field splitting (ZFS) tensor (E/D=0) is
observed, consistent with previously reported data for
Cr(IIT) HS complexes.'">'*1" These results are in agreement
with its ca. C;, symmetry, strongly favoring the HS (S=3/2)
state. In contrast, 1-SiQ, contains both HS (100-250 mT)
and low-spin (LS, S=1/2; 300-400 mT) species, as evidenced
by the two signals in the CW EPR spectrum (Figure 3, blue).

Simulation of the CW EPR spectrum of 1-SiO, (Figure 3,
red) reveals the presence of three sites: two S=3/2 HS and
one S=1/2 LS species. The HS sites show ZFS tensor
rhombicity parameters E/D (1)=0.0858 and E/D (2)=
0.0082 (see Figure S8 for the individual simulations of each
species) which suggests a similar geometry with 1, with
relative weighting factors 73.8 % and 21.9 %, respectively.
The minor LS species (4.3 %) probably differ in the local
environment. Based on the combination of elemental
analysis data and ML-assisted XAS, we suggest that the
major HS fraction presents two alkyl ligands and therefore
assign this species to a mono-grafted (=SiO)-Cr[CH-
(SiMe;),],. We reason that the deviation from the purely

© 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 3. 9.5 GHz CW EPR spectra of 1 (black) and 1-SiO, (blue),
measured at 5 K, and simulation (red) of the two HS (weighting factors
73.8% and 21.9%) and LS (weighting factor 4.3 %) Cr(lIl) species. The
field position for the pulse EPR measurements (see below) is marked
with a black arrow.

axial symmetry might be caused by additional interactions of
the Cr center with the surface siloxane bridges (=Si—O-Si=
, see Scheme 1), while the interaction with OH groups is less
likely due to their low surface density (ca. 0.8 OH groups/
nm?), especially after grafting.">® This is also consistent
with the changes in the pre-edge region observed in the
XAS spectra (see Figure 2a). This assignment is in agree-
ment with the S=3/2 Cr(III) surface sites with only slightly
larger rhombicity parameter (E/D=1/9), previously ob-
served as a major fraction (73.8%) within the material
obtained upon the contact of 1 with a less dehydroxylated
SiO, and assigned to mono-grafted sites."? The minor
fraction of the HS Cr(IIl) species with E/D=0.0082
(weighting factor 21.9 %) has a lower ZFS tensor rhombic-
ity, which suggests that its symmetry is closer to the axial
compared to the major fraction. We therefore proposed that
these species correspond to the mono-grafted sites showing
a weaker interaction with the surrounding surface (see

MesSi Me;Si ?\Mea
€351, i Me;Si
% SiMe: St SiMe
Me;Si S 3 MesSin. SiMey
SIO,. s Seim ' esSi SM
CrICH(SMeg)gls — % o \CE/— iMe; Cr—wSiMes \C[ _SiMe,
-CHySiMegy o7 %, o Vome; o
‘ /7‘7777‘(7'67}77) x22
HSCr(ll), 738%  HS Cr(lll), 219 % LS Cr(ll), 43 %

E/D =0.0858 E/D =0.0082

Scheme 1. Tentative assignment of Cr surface sites after grafting of 1
on SiO,_s resulting in the presence of two mono-grafted HS and one
LS site. While the major fraction of HS sites present one coordination
to surface siloxane bridges, the LS sites present even additional
coordination (x>2) to the surface, breaking the symmetry of the quasi-
tetrahedral HS site and allowing the stabilization of a LS Cr(lll) site.
The relative ratios are estimated by the simulation of the CW EPR
spectra of 1-SiO,.
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Scheme 1). Alternatively, it could correspond to a small
fraction of bis-grafted species (=SiO),—Cr[CH(SiMes;),],
even if typically not expected upon grafting on SiO,_y.

We then focused on the elucidation of the nature of the
minor fraction of the observed Cr sites, namely the LS Cr
species with g tensor principal values g=[2.0172+0.004;
2.0161+0.002; 2.0004+0.001] (weighting factor 4.3 %;
marked with a black arrow in Figure 3), a species that was
not observed in the previous work.'” The g tensor parame-
ters indicate nearly axial symmetry. Such LS Cr surface sites
could in principle be ascribed to either LS Cr(III) or Cr(V)
sites.” Yet, these values are atypical for S=1/2 Cr(V)
species, where silica-supported Cr sites usually show a well-
known value of g=1.974.") The presence of Cr(V) species
in 1-Si0, is also unlikely based on the XAS data. The
measured g tensor parameters are in fact consistent with the
typical range of silica-supported LS Cr(III) species.’*! At
the same time, the question arises whether this minor
fraction of Cr species is a mono-grafted or a bis-grafted
Cr(IIT) site, similar to the previously observed (=SiO),—Cr-
[CH(SiMe;),].'" In order to answer this question, we further
characterized the local environment of this Cr(III) species
with pulse EPR spectroscopy, namely 9.5 GHz HYSCORE,
where the coupling between paramagnetic centers and close-
by magnetic nuclei, such as 'H of the [CH(SiMes,),] ligands,
can be observed.”!! We note that due to the extremely fast
transverse relaxation rates of Cr(III) species,”'*? we have
been able to perform hyperfine spectroscopy only for the LS
species (Figure 3, marked with an arrow). For this species,
we observed two distinct 'H hyperfine couplings, together
with a “matrix” Si peak from the bulk SiO, (Figure 4a).

Assuming axially symmetric hyperfine coupling tensors
(see Supporting Information Part1 for details), the simu-
lation of the experimental HYSCORE spectrum reveals two
'H hyperfine couplings of a;, (1)=4.5+0.5 MHz, ag, (1)=
[-3.5 =3.57.0] MHz, and a;,, (2)=-39.0+£0.5 MHz, ay, (2)=
[-3.75 —3.75 7.5] MHz (Figure 4b). Using the point-dipole
approximation,” the Cr—H distance for the first '"H was
estimated from ag, to be roy (1)=2.81+0.15 A. While
being slightly larger than the typically observed values for
the corresponding molecular compounds, this distance is
consistent with the reported metal —a-H distances in grafted
complexes featuring [CH(SiMe;),] ligands.”**! For instance,
the Cr—H distance for the related (=SiO)—CrCp[CH-
(SiMe;),] site was estimated to be ca. 2.55 A.”) At the same
time, the observed 'H isotropic hyperfine couplings a;,, are
in line with the values previously observed for the
corresponding Cr(IIT1),”! as well as for Ti(IIT) alkyl
complexes.*®" The presence of two distinct hyperfine
couplings indicates that there are two H atoms in close
proximity to the Cr(III) center, consistent with two o-H
atoms of the [CH(SiMe;),] ligands. Therefore, this minor LS
Cr(IIT) species most likely presents two [CH(SiMe;),]
ligands, similar to the HS (=SiO)—Cr[CH(SiMe;),], sites.
The change in spin state however suggests a relevant change
in its coordination environment and geometry. Taking this
into account, we hypothesize that such change could arise
from additional donor-acceptor interaction of Cr(III) center
with oxygen surface atoms. Such interactions could again

© 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 4. a) 9.5 GHz experimental HYSCORE spectrum of (blue to
yellow) of 1-SiO, measured at 3.8 K. 'H and »Si nuclear frequencies are
marked with the corresponding antidiagonal lines. b) Simulation (red)
of 'H hyperfine couplings observed in the experimental HYSCORE
spectrum (blue to yellow).

arise with more nearby oxygen atoms in the surface siloxane
bridges (=Si—O-Si=, see Scheme 1). Note that the change
of Cr(III) alkyl [CpCr(CH(SiMe;),),] spin state from HS to
LS was previously associated with additional coordination of
Cr(TIT) center to the nearby siloxane bridges."”

As previously reported,!'! 1-8i0, is active in ethylene
polymerization at room temperature without any induction
period (see Figure S9). Its activity during the first minute
upon contact with C,H, (10bar) reaches ca. 1.6 kgpg
(mmolch)™ and constantly decreases, reaching ca. 50 gpp
(mmolgh) ™ after 1 h of polymerization. The produced PE is
characterized by a high molecular weight (M, =130kg
mol™') and a large dispersity value (M,/M,=24.5, see
section 2.4 and Table S3 in the Supporting Information for
more details), consistent with previous observations.'"! The
broader molecular weight distribution compared to the
original Phillips catalyst (M, /M,=14.6) was previously
explained by the interactions between the Cr species and the
various surface silanol (=Si—OH) or siloxane (=Si—O-Si=)
groups: different degrees of interaction with the surface
were observed and resulted in different active sites."! This
hypothesis is consistent with our XAS and EPR data, where
various Cr(III) species are observed.

We then investigated the activity of the HS and LS
Cr(III) sites on 1-Si0,. The CW EPR features for both HS
and LS species change upon contact with ethylene (see
Figure 5a), providing evidence that both the HS and LS
Cr(IIT) species change after exposure to C,H,. A similar
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v, [MHz]

Figure 5. a) 9.5 GHz CW EPR spectra of 1-SiO, before (blue) and after
(red) contact with C,D,. b) 34.5 GHz HYSCORE spectrum of 1-SiO,
after contact with C,D, (blue to yellow), together with the simulation
(red) of ’H hyperfine coupling (marked with red arrows). c) 9.5 GHz
HYSCORE spectrum of 1-SiO, after its contact with C,D,. Signal
intensities of the 9.5 GHz HYSCORE spectra in Figure 5c are
normalized to the signal intensities of the spectrum (Figure 4a) by the
maximal modulation depths (see Supporting Information for further
explanations).

change in the CW EPR spectra upon contact with C,H, has
also been observed for the HS Cr(III) species obtained with
less dehydroxylated silica.'”” In this case, the mono-grafted
HS (=SiO)—Cr[CH(SiMe;),], species were suggested to be
active in ethylene oligomerization, while the active sites of
ethylene polymerization were assigned to the bis-grafted (=
Si0),Cr[CH(SiMe;),] species, which we could not directly
observe. In addition, these changes could be explained by
the distortion in the coordination geometry caused by
nearby polymer chains. Due to the considerable grafting
density, the spectrum of an inactive site may be affected by
polymers growing at neighboring active sites. While we
cannot exclude that HS sites are active in ethylene polymer-
ization, the activity of LS sites can be further studied by
multifrequency pulse EPR experiments after contact with
deuterium-labeled ethylene (C,D,). Note that the g tensor
symmetry for this species has changed to orthorhombic after
the contact with C,D, (see Figure 5a, marked with arrow).
This is consistent with modifications of the coordination
environment, likely indicating a de-coordination or a weaker
interaction of the Cr(III) center of (=Si-0O-Si=),(=
SiO)—Cr[CH(SiMe;),], with surface siloxane bridges (=
Si—O-Si=) upon the interaction with ethylene.

The disappearance of both previously observed 'H
signals in the 9.5 GHz HYSCORE spectrum after polymer-
ization (see Figures4a and 5c) indicates an increased
distance between the magnetically coupled o-'H nuclei of
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the ligands and the Cr center, consistent with the direct
insertion of C,D, into the original Cr(III)-C bonds. This
hypothesis is further supported by the appearance of “H
hyperfine couplings in the 34.5 GHz HYSCORE spectrum
(Figure 5b, marked with red arrows) with a magnitude of
a,("H)=15MHz (ag,=[-0.8 —0.8 1.6] MHz) (Figure 5b,
red). Such ethylene insertion into the metal-carbon bond
and chain growth is known as the Cossee-Arlman
mechanism?! and usually results in ultra-high molecular
weight PE, consistent with the high molecular weight of
the obtained PE (M,, =130 kg mol™"). The same mechanism
was previously observed for the Cr(III) alkyl species [CpCr-
(CH(SiMes),),], also active in the production of PE with
high molecular weight.”’ This mechanism is also reminiscent
of the previously described “augmented” Cossee-Arlman
mechanism of ethylene insertion into the Ti(III)—C bond of
the active sites of the Ziegler—Natta catalysts and the well-
defined surface-supported Ti(III) alkyl species.'” This
process was reported to involve delocalization of the
unpaired electron density in the TS of ethylene insertion,
combined with an increased n-character of the metal-carbon
bonds. Indeed, an increased spin density on one of the 'H
nuclei of the [CH(SiMe;),] ligands, which reaches a
magnitude of 39.0 MHz (see Figure 4b), suggests that there
is a delocalization of unpaired electron density within the
observed LS Cr(III) alkyl species. This is consistent with an
interaction of the SOMO and one of the two degenerate n-
orbitals of the [CH(SiMe;),] fragment.

Therefore, the LS Cr(Ill) (=Si—0-Si=),(=SiO)—Cr-
[CH(SiMe;),], species in 1-Si0,, are indeed active in
ethylene polymerization. A change of its symmetry from
axial to orthorhombic after contact with C,H, could be
rationalized by the de-coordination to the surface (=
Si—O-Si=) siloxane bridges upon polymerization. In this
case, the SiO,_y, surface probably acts as a hemilabile ligand
of the Cr(III) center; whose behavior is similar to the
polymerization process on MgCl,-surfaces for the Ti-based
Ziegler—Natta catalysts as previously suggested.'”! Various
degrees of interactions of the Cr center with nearby (=
Si—O-Si=) groups (and growing polymer chains) could then
explain the high polydispersity (M,/M,) values of PE
produced by 1-SiO,.

While Cr alkyl species were considered to be the active
sites of ethylene polymerization of the original Phillips
catalyst, such species have not yet been directly character-
ized. The direct observation of ethylene insertion via the
Cossee-Arlman mechanism for the silica-supported Cr(I1I)
species  (=Si—O-Si=),(=Si0)—Cr[CH(SiMe;),], indicates
that similar species could indeed be the active sites of C,H,
polymerization in the Phillips catalyst. Note that the LS
Cr(IIT) alkyls are also identified as the active sites of
ethylene polymerization for the CrCp[CH(SiMe;),]@SiO,_5,
system that was used to model the industrial Union Carbide
catalyst.”] Based on the similarity of the PE properties
produced with the Phillips catalyst and 1-SiO, systems,!'l the
active sites of the Phillips catalyst could have a similar
structure and spin state as this of the Cr(IIl) (=Si—O-Si=),-
(=SiO)—Cr[CH(SiMe;),], species. Such additional surface
interactions, whose strength could vary from site to site,
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could explain a high degree of dispersity, typical for the
Phillips catalysts.

Conclusion

We have prepared and characterized the molecularly well-
defined heterogeneous Cr(III) ethylene polymerization
catalyst Cr[CH(SiMe;),];@SiO, 4 (1-Si0,), which has been
proposed to be a model directly related to the widely used
Phillips industrial catalysts."” Based on ML-supported XAS
studies, we show that this material primarily contains Cr(III)
species, which we assigned to Cr(I1I) silica-supported alkyls.
We further show that the majority of the surface species are
bis-alkyl Cr(III) sites, (=SiO)—Cr[CH(SiMe;),], with various
degrees of interaction of the Cr(III) centers with nearby (=
Si—O-Si=) groups. We propose that these additional surface
interactions are responsible for the different observed spin
states of Cr(III) centers (high-spin vs. low-spin), as well as
for the production of polyethylene with high polydispersity.
In particular, the observed LS Cr(III) alkyls (=Si—-O-Si=),-
(=SiO)—Cr[CH(SiMe;),], are shown to be involved in
ethylene polymerization, as evidenced by hyperfine EPR
spectroscopy. The polymerization involves C,H, insertion
into the Cr(III)-C bond that likely proceeds via an
“augmented” Cossee-Arlman mechanism, as proposed for
the similar Cr-based Union Carbide system,” as well as for
well-defined Ti(IIT) alkyl catalysts!'” and heterogeneous
Ziegler—Natta catalysts.?” The similar PE produced with the
Phillips catalyst and investigated 1-SiQ, systems suggests
that the active sites of both materials present an akin
structure and spin state. These results help us bridge the gap
between the industrial and well-defined supported catalysts,
opening ways for the design of highly active materials.
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