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Abstract

Heterogeneous catalysis for olefin polymerization is one of the most relevant industrial processes in
terms of worldwide diffusion, material volume, and economic turnover. At the base of this process,
two main families of multicomponent catalysts, the Ziegler-Natta and the Phillips ones, which have
been developed independently since the 1950s and nowadays serve different sectors of the market.
This review aims at unifying the picture of these catalysts, pointing out the often-neglected
relevance of the ligands around the active sites, including not only the additives explicitly included
in the general composition, but also some compounds that are generated in situ during the
catalytic process by side reactions, and even the support material itself. All these components have
a direct influence on the properties of the catalytic sites and, in turn, on the overall activity and on
the properties of the produced polymers. A multi-technique spectroscopic investigation has the
potential to shed light on the fleeting, but decisive interactions among all the components and
their effect on the catalytic active sites, contributing to create a proper three-dimensional (nano-
sized) environment and acting in a concerted way during the olefin polymerization. A few
spectroscopic results obtained in our lab are reported, in order to show in parallel how the same
principles of coordination chemistry can be effectively applied to both Ziegler-Natta and Phillips

catalysts.

1. Homogeneous and heterogeneous catalysts for olefin polymerization: a unifying picture

The chemical process of olefin polymerization is a very dynamic field, continuously expanding
since the almost simultaneous discovery of Ziegler-Natta and Phillips catalysts in the 1950s, with
further pulses at almost regular intervals of about twenty years because of the successive
discoveries of the homogeneous metallocene and post-metallocene catalysts [1-6]. Nowadays, the
worldwide polyolefins market hovers around 300 billion dollars per year, with the perspective to
increase by a further 50% over the next 5 years [7]. At a difference to other sectors of industrial
catalysis dominated by a single catalyst with unrivaled performances in terms of activity and/or
selectivity, in olefin polymerization catalysis homogeneous and heterogeneous catalysts are co-
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present on the scene and satisfy different needs of the market, so that they can be considered as
complementary to each other rather than competing [2]. Starting from the same simple
monomers (ethylene, propylene and a-olefins) and typically exploiting the same Cossee-Arlman
1,2-insertion mechanism [8], each catalyst produces its own characteristic polymer differing in
terms of molecular weight (Mw), molecular weight distribution (MWD), comonomer incorporation
and distribution, branching degree and length of the branches, stereoselectivity, regioselectivity
and block-structure [6, 9]. In turn, the polymer architecture at a molecular scale influences the
macroscopic properties of the whole material, such as the mechanical, rheological and thermal

behavior [10].

a) b)
R R
) \MGB/ \ v
v —M)__
, / \
L L

Figure 1. Schematic representation of the key-elements in homogeneous (part a) and heterogeneous (part b) catalysts
for olefin polymerization. M® or M = transition metal (the active site); R = alkyl chain (usually a methyl group in
homogeneous catalysis); dashed square = coordination vacancy; L = strongly bonded ligand; L’ = additional ligand in

non-covalent interaction with the M® or M site (usually MAO® in homogeneous catalysis).

For homogeneous olefin polymerization catalysis, it is widely accepted that such a versatility is
mainly due to the combination of a few key-elements, which are schematically represented in
Figure 1a: 1) a metal cation (M®), typically Ti, Zr or Hf for metallocene catalysts and late transition
metals (as Ni or Pd) for post-metallocene catalysts; 2) a strongly coordinated (covalently bonded)
ligand (L), which provides the appropriate steric and electronic environment around the central
metal; 3) a coordination vacancy, necessary for the coordination of olefin; 4) a methyl or alkyl
group (R), generated after activation by an alkyl-aluminum compound (usually methyl alumoxane,
MAOQO), which acts as initiator of the polymerization by migrating onto the coordinated olefin; 5) a
more or less complex anion (L’) in non-covalent interaction with the metal cation (usually the

MAOE® originated from the reaction of MAO with the organometallic pre-catalyst).



It is well documented that small variations in the structure, geometry and flexibility of the
strongly coordinated ligand L could lead to important changes on the active site functionality, on
the catalytic performances and on the selectivity [11]. Depending on the type of the ligand,
homogeneous catalysts may be conveniently tailored so as to produce polymer chains having a
specific length distribution, ranging from a few monomer units to thousands. A paradigmatic
example is that of homogeneous nickel catalysts (Figure 2a), where different families can give
almost exclusively ethylene oligomers (e.g. Keim’s Ni chelate ylides [12, 13]) or tailored polyolefins
(e.g. Brookhart’s Ni a-diimines [14] and Grubbs’ Ni-iminophenolates [15-17]). For example, the
Brookhart’s Ni a-diimine catalysts can produce tailored polyethylene using ethylene as the only
feedstock, through a characteristic chain-walking process [14, 18-20]. Different ligand backbone
structures and/or changes in the N-aryl substituents provide various coordination environments
and have an influence on the electronic and steric properties of the Ni center. In this way it is
possible to tune the chain-walking behavior and control the polyethylene microstructure.

Similarly, single-site metallocene—based catalysts containing a chiral ligand set that induces a
“chiral pocket” around the active site, can be tuned to produce selectively isotactic, syndiotactic,
hemiisotactic or stereoblock polypropylenes. When the stereochemical regulation of the olefin
polymerization process depends on the catalyst, it is referred to as “enantiomorphic site
controlled” [21, 22]. In the majority of cases, enantiomorphic site control can be predicted by the
symmetry of the metal center (Ewen’s symmetry rules) [23, 24]. For example, zirconocene
catalysts with C; symmetry should produce a hemi—isotactic PP (complex A in Figure 2b), while
complexes with a Cs symmetry should produce perfectly syndiotactic PP (complex B in Figure 2b).
Nevertheless, Figure 2b shows that the symmetry of the complex is only a part of the puzzle [25-
28]. For example, both complexes A and C belong to the C1 symmetric family of metallocenes, but
they produce polymers with different microstructure depending on the steric hindrance of the
substituent on the 3—position of the cyclopentadienyl moiety: while complex A produces hemi-
isotactic PP as expected, complex C produces isotactic PP. The same delicacy in balancing the
steric control can be found for the Cs symmetric family of zirconocenes. For example, complex D
possesses all the symmetry and structural requirements of a syndio-specific catalyst, but produces
a totally atactic PP because of dynamic interchanges in the ligand conformation, which disrupt the
balance of steric forces and stereorigidity.

Besides, also the nature of the anion in non-bonded interaction with the active site has

important consequences on the catalyst performances, affecting in particular the coordination
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ability of the monomer. Indeed, the initiation of the polymerization process requires the
displacement of the anion, so that the olefin can be coordinated. Strongly coordinating anions
compete with olefin to occupy the coordination vacancy in cis position with respect to the alkyl
group (either the initial methyl group or, then, the growing polymeric chain) and consequently the
activity of the catalyst is reduced. The mobility of the anion is therefore an important factor and

has become the focus of a number of detailed investigations [29-37].
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Figure 2. Part a) Representative examples of homogeneous Ni pre-catalysts and of the types of products they produce
starting from ethylene as the only feedstock. Part b) Examples of how small changes in the L substituents in

zirconocene pre-catalysts drastically affect the type of produced polypropylene.

Much less explored (if not often neglected) is the role of the ligands in heterogeneous
catalysis. From a general point of view the structure of heterogeneous catalysts for olefin
polymerization can be described in very similar terms as for homogeneous catalysts. Even though
the definition of the active sites at a molecular level is still matter of debate in most of the cases,
there is a general consensus on that the active phase is constituted by isolated transition metal
species, strongly bonded to a support material (which can be considered as a macro-ligand L), with
an alkyl chain and a coordination vacancy nearby (as generically depicted in Figure 1b). For Ziegler-
Natta (ZN) catalysts, the active metal species (M) is a reduced and alkylated Ti site, which is
bonded to a highly disordered 0-MgCl, support (the macro-ligand, L). The alkyl chain derives from
reaction of the TiCls precursor with an Al-alkyl activator, usually triethyl-aluminum (TEAI). In
addition to these components, modern ZN catalysts also contain electron-donor ligands (L), which

are in non-bonded (or weakly-bonded) interaction with the Ti sites, but play a dominant role in
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affecting the stereo-selectivity in propene polymerization. For the Phillips catalyst the active site
(M) originates from the in situ reduction and alkylation by the ethylene monomer itself of a mono-
chromate ion covalently bonded to amorphous silica (L), during the induction time that precedes
the onset of ethylene polymerization. The by-products of the reaction have been recently
demonstrated to remain in close interaction with the active Cr sites, and hence they can be
classified as L’ ligand in our simplified scheme.

Despite the high heterogeneity of the sites in both ZN and Phillips catalysts (it is worth
noticing that only a fraction of the metal sites are actually active in the catalysis, most of them are
just inactive (dormant, deactivated or spectator) species [38]), in this contribution we will show
that also for solid olefin polymerization catalysts the ligands L and L’ take an important part in the
definition of the properties of the active sites, contributing to create a proper three-dimensional
(nano-sized) environment and acting in a concerted way during the olefin polymerization. To this
purpose, we have selected a few examples belonging to both the categories of heterogeneous
catalysts for olefin polymerization cited above. We will demonstrate that spectroscopic methods
have the potential to unravel the coordination chemistry involving the active sites and to decipher
the mutual interactions between all the components [38-43]. In particular, we will focus the
attention on the ligands L and L’, demonstrating that in many cases they display a flexible and
dynamic behavior very much similar to that found in homogeneous catalysts. Most of the
examples are taken from our own research, although with constant reference to the most
significant findings from other research groups. In this, we do not want to overshadow the results
by others, but we prefer to rigorously compare results obtained on different catalysts analyzed in
the same experimental conditions, which is a condition difficult to fulfill when comparing results
obtained in different laboratories. The review does not want to cover the topic in an exhaustive
way, but aims at providing some snapshots as food for thoughts, to demonstrate that the borders
between homogeneous and heterogeneous catalysis are not so sharp as one can imagine at a first

sight.

2.1. Ligands in non-bonding (or weakly-bonding) interaction

2.1.1. The electron donors in Ziegler-Natta catalysts

Modern heterogeneous MgCl,-supported ZN catalysts are highly sophisticated, hierarchical, nano-
materials with a complex chemical composition, which is the result of several successive

breakthroughs. One of the fundamental steps in ZN catalysts development, which dates back to

5



the 1960s, was the discovery that the addition to the catalyst composition of some electron-rich
organic compounds (also called electron donors) greatly improves the stereospecificity in propene
polymerization [9, 44-47]. Since then, most of the industrial research in this field was devoted to
the screening of new electron donors and the optimization of their composition [48]. At present, a
series of experimental evidences have been accumulated on the fact that the electron donors,
added either during the synthesis of the pre-catalyst (internal donors) or together with the Al-alkyl
activator (external donors), exert multiple functions, among which: i) control of the morphology of
the catalyst particles [49, 50]; ii) regulation of the distribution of the active sites [51-53]; iii)
enhancement of the regioselectivity [54-56]; iv) improvement of the comonomer incorporation
[57]; v) control of the molecular weight through the hydrogen response [56, 58, 59].

The extraordinary effects of the electron donors on the catalysts’ performances explain
why a lot of efforts have been devoted to understand their working mechanism at a molecular
level. The first model was proposed by Corradini in the late 1970s [60, 61] on the basis of elegant
crystallographic considerations, and was broadly accepted for a long time, triggering decades of
flawed mechanistic speculation [62]. According to this model, the electron donors interact only
with the MgCl, support and thus contribute to the catalyst stereoselectivity in an indirect way,
controlling the distribution of the surface sites suitable for TiCls grafting and preventing the
formation of aspecific Ti species [61, 63, 64]. This fostered the classification of the MgCl, surfaces
as “good” or “bad”, depending on whether they can host the chiral Ti sites or not, and the idea
that the electron donors compete with TiCls for selective chemisorption on the MgCl, support. The
model started to be questioned when it became impossible to ignore the unambiguous
experimental evidences that electron donor molecules have a direct and specific impact on
polymer microstructure [51]. Therefore, if not in close interaction with the active sites, the
electron donors must be at least in their close proximity, in non-bonded contact with them. The
failure of the Corradini model was definitely sanctioned with the advent of modern advanced
computational methods, which incontrovertibly demonstrated that the possible TiClx species
formed on MgCl; are quite limited and mostly determined by the different strength of interaction
between Ti and the exposed surfaces [65-70].

An alternative and drastically opposite model to explain the role of electron donors in ZN
catalysis proposes a direct coordination of the electron donors to the Ti chloride species through a
coordination vacancy, with the creation of a new active (and stereo-specific) center [45, 71-75].

The model was corroborated by a few IR spectroscopic evidences pointing out the presence of
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TiCla-donor complexes in the liquid reaction mixture during the synthesis of ZN catalysts [76, 77].
The thermodynamics for the complexation of TiCls with many organic molecules typically used as
electron donors was quantitatively evaluated through calorimetric experiments [78]. In all cases,
octahedral Ti complexes with two coordinated oxygen atoms were formed, whereby the two
oxygen atoms may come from two separate ligands per metal site for monodentate molecules, or
from a single chelating ligand for the bidentate ones. The enthalpy of complex formation
correlates with the catalytic efficiency in propylene polymerization in the liquid phase, once that
the complex is activated by Al-alkyl. This leads to the conclusion that an optimal electron donor
should display a strong affinity for TiCls [78]. However, the hypothesis of a direct interaction
between the Ti sites and the electron donor molecules is weakened by the finding that the
electron donors react with the aluminum alkyls, and they can also be extracted from the catalyst
in different amounts [62].

Between the two above mentioned hypotheses a third one, indicated as three-site or co-
adsorption model, implies that the electron donor molecules are adsorbed on MgCl; surface in the
near proximity of the Ti sites, but with a non-bonding interaction [53, 62, 68, 79-83]: the different
possible configurations of the electron donor molecules at the MgCl; surface and their flexibility
determine a large variety of different stereoselective Ti sites. In this way, the stereospecificity of
supported Ti species is described irrespective of their location (on “good” or “bad” MgCl, surfaces)
and nuclearity (mononuclear or dinuclear), but according to the absence or presence of bulky
ligands (Cl or donor) at the neighboring undercoordinated metal sites (Mg, Ti, or Al). For instance,
cluster DFT calculations firstly proved that the co-adsorption of two succinate molecules can
convert the aspecific Ti mononuclear species on the MgCl, (110) surface into isospecific one [80].

IR spectroscopy has been by far one of the most used experimental technique to
investigate the coordination mode of the electron donors in ZN catalysts. Indeed, most of these
molecules are characterized by functional groups which display intense absorption bands in the IR
spectrum, whose frequency position is highly sensitive to the adsorption mode. For example,
benzoates and phthalates, which are two among the most employed internal donors, contain
carbonyl groups, which are responsible of an intense band at about 1700 cm™ or below. ZN pre-
catalysts synthetized following different protocols have been systematically investigated by IR
spectroscopy [84-90]: the v(C=0) absorption band in the IR spectra is generally broad and can be
deconvoluted using multiple components. As a rule of thumb, lower is the energy (i.e., larger is the

shift with respect to the pure molecule), stronger is the interaction with the adsorption site (i.e.,
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more acidic is the site). Hence, v(C=0) components at progressively decreasing energy are
assigned to the electron donor adsorbed on weak, medium and strong acid sites, respectively.
Generally speaking, on MgCl, surfaces the acid strength of the Mg?* cations increases with
lowering their coordination, i.e. Mgsc?* < Mgac?* < Mgsc®* (the latter corresponding to defect sites).

Moreover, a Ti** site is more acidic than any Mg?* cation.
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Figure 3. Part a) IR spectra in the 1800-1500 cm™ range of MgCl,/EB and MgCl,/EB/TiCla model systems [90], and of
two EB containing industrial ZN catalysts, where MgCl: is obtained directly in the presence of TiCls, by either direct
precipitation from alcohol solution (ZN cat 1) [91] or by conversion of a Mg(OEt)2 precursor (ZN cat 2) [92]. Part b)
Results of the curve fitting of the four IR spectra shown in part a, considering the contribution of EB adsorbed on
weak, medium and strong acid Mg?* sites (w-Mg?*, m-Mg?* and s-Mg?*, respectively), and on Ti* sites, as determined
in ref. [90]. The histograms reports the integrated areas of the four v(C=0) contributions. Parts c-f) The same spectra
as in part a together with the fitted bands corresponding to the four main contributions (with the same color code as

in part b).

As an example of the potential of IR spectroscopy, Figure 3a shows the IR spectra of two
models and two industrial ZN pre-catalysts containing ethylbenzoate (EB) as internal donor. The

spectra are shown in the 1770-1510 cm™ region, where v(C=0) vibrational modes contribute to
8



the spectrum, together with two vibrational modes of the phenyl ring (weak but sharp bands at
1604 and 1585 cm™) [93]. The four spectra are clearly different, suggesting that the coordination
mode of EB depends on the synthesis protocol. The spectrum of MgCl,/EB (Figure 3c), a binary
system obtained by adsorbing EB on a 6-MgCl, [90], is characterized by a broad and intense
absorption band centered at 1690 cm™, which can be adequately fitted with three bands at 1700,
1675 and 1650 cm™, indicative for EB coordinated to weak, medium and strong acid Mg?* cations,
respectively [85, 90]. The integrated areas of those three bands can be used to estimate the
relative abundance of the corresponding surface sites, as reported in Figure 3b. After addition of
TiCls from the vapor phase (MgCl./EB/TiCls, Figure 3d), the relative contribution of these three
bands drastically changes. Especially the component at 1700 cm™ is completely eroded, and a new
broad absorption band appears in the 1590-1550 cm™ range. The latter band is attributed to
v(C=0) of EB in interaction with Ti** [94], and is indicative of the formation of TiCls-EB complexes.
The dip at 1580 cm™ is originated by a Fermi resonance effect between the phenyl vibrational
mode and the v(C=0) falling at the same frequency [95, 96]. Therefore, the comparison of the
spectra of MgCl,/EB and MgCl,/EB/TiCls reveals that EB has a dynamic behavior in the presence of
TiCla, as predicted by DFT calculations [97, 98]. In particular, half of the total EB migrates from the
MgCl, surface to chemisorbed TiClx species (Figure 3b). This phenomenon was further proved by IR
spectroscopy of CO adsorbed at 100 K (-175 °C), which revealed an increase in the number of
accessible Mg?* sites upon addition of TiCls on the MgCl,/EB binary sample [90]. Such a result was
rather counterintuitive, considering that TiCls itself is known to occupy MgCl, surface [67], and it
was explained by invoking the release of some Mg?* sites previously occupied by EB molecules.

Very recently Liang et al. observed an analogous dynamic behavior also for tetrahydrofuran
THF, on a MgCl,/THF-based ZN catalyst for ethylene polymerization [99]. IR spectroscopy of CO
adsorbed at -150 °C revealed an increase in the fraction of accessible Mg?* sites at the MgCl,
surface after TiCls addition, which was ascribed to the partial desorption of THF from the MgCl,
surface. However, quantitative analysis pointed out that only a minor fraction of THF is actually
washed away during the catalyst synthesis (from 50 to 40 wt%). At the same time, the migration of
THF through the surface to form TiCls-THF complexes was assessed by IR spectroscopy and by O 1s
XPS analysis [100].

The results discussed so far for model systems are valid also for industrial catalysts. Figure
3e and Figure 3f show the IR spectra of two ZN pre-catalysts synthetized by reacting TiCls at 100 °C

either with a solution of MgCl; dissolved in alcohol (ZN cat 1) or with Mg(OEt), (ZN cat 2), in both
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cases in the presence of EB in the reaction mixture. The two spectra have been deconvolved in the
same way as MgCl,/EB and MgCl,/EB/TiCls model systems, resulting into four main contributions.
In the range between 1630 and 1720 cm, three main contributions correspond to EB coordinated
to Mg?* sites with different acid strength, as already described for the model samples, but in
different proportion. As summarized in Figure 3b, in industrial ZN pre-catalysts EB probes many
more defects at MgCl, surface. Moreover, a non-negligible amount of TiCls-EB complexes (about 7
and 5 % of the total, respectively) is also visible in both cases (band at about 1560 cm?), despite
the repeated washing steps during the synthesis.

Figure 4 shows the IR spectrum of a ZN pre-catalyst synthetized with the same protocol as
ZN cat 2(EB) but using dibutylphthalate (DBP) as internal donor, which is still one of the most
commonly used in industrial practice [47, 101]. The introduction of DBP marked the beginning of
the fourth generation of ZN catalysts in early 80’s [3, 102], although in the last years REACH
restrictions have been fostering the development of new phthalates-free ZN catalysts [47]. Also in
this case the v(C=0) band can be deconvolved with three main components at 1657, 1680 and
1707 cm?, whose assighment however is more complicate than for EB, because of the many
possible configurations of DBP at each adsorption site (monodentate, chelate or bridged) [85, 87,
89, 103]. The fit is completed by two additional bands at 1758 and 1634 cm™, respectively. The
former is assigned to v(C=0) of phthaloyl chloride (POC) [84], which originates from a side reaction
of some DBP molecules with TiCl4 [104], and accounts for about 12 % of the total (Figure 4b). The
formation of POC in certain experimental conditions was reported previously, and is generally
correlated to worst catalytic performances [105]. The band at 1634 cm™, instead, is due to DBP in
bonding interaction with Ti** [106], and provides evidence on that a few DBP molecules are
directly coordinated to the Ti sites. The DBP in complexes with TiClx species accounts for about 6 %
of the total (Figure 4b). Such analysis is in fine agreement with the *H and '3C NMR spectroscopic

characterization performed by Gupta and coworkers on analogous catalysts [105].
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Figure 4. Part a) IR spectrum of a DBP containing industrial-like ZN catalyst, obtained by direct reaction of TiCls with
Mg(OEt)2 precursor in the presence of DBP [92, 107, 108]. The five main v(C=0) contributions necessary to reproduce
the experimental spectrum are also reported (in grey those corresponding to DBP in interaction with Mg?*, in red that
with Ti**, and in light blue that corresponding to POC). The same analysis has been lately applied to investigate the
evolution of the components upon the synthesis of an analogous ZN catalyst [109]. Part b) Result of the curve fitting,
in terms of integrated areas of the v(C=0) bands. Note that in this case it is not possible to discriminate between DBP

adsorbed on Mg?* sites with different acidity, due to the multiple configurations possible for DBP.

The IR spectroscopic data summarized in this section clearly demonstrate three main facts.
1) The internal donors play a fundamental role as capping agents for disordered &-MgCly
nanoparticles [50, 110, 111], stabilizing under-coordinated (and strongly acidic) Mg?* sites by
chemisorption [112] and thus lowering the surface energy of otherwise not favored surfaces and
defects [69, 113]. This is in agreement with other reports in the literature. 2) The internal electron
donors have a certain dynamic behavior and can move at the catalyst surface depending on the
experimental conditions, thus indicating that they are not so tightly bonded at the adsorption
sites. 3) Last, but not least, Ti**-donor complexes have been observed not only on the two model
systems, but also on the industrial pre-catalysts in ZN pre-catalysts, even after several washing
steps. Nevertheless, the effective participation of internal donors in the catalytic sites after
reaction with the Al-alkyl activator is still a controversial point, since a certain clean-up is known to
take place, as demonstrated for the first time with GC-MS analysis in 1982 [114]. According to
recent quantitative investigation by Busico and coworkers, the molar percentage of Ti and of the
donor molecules after the activation are comparable when the reaction is carried out at 40 °C, but
at higher temperatures the donor amount drops down, while the amount of Ti remains almost
constant up to 100 °C [115, 116]. Therefore, the persistence of the donors in the Ti coordination

sphere under working conditions appears to be temperature-dependent.
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Finally, it is worth remembering that electron donors may not be the only externals
additives around the Ti centers: the by-products of ZN pre-catalyst activation by Al-alkyl molecules
likely stay adsorbed on the catalyst surface in close proximity of the metal sites, thus behaving as
additional ligands themselves. However, that occurrence is hardly detectable by IR spectroscopy
because the fingerprints of those by-products are intrinsically weakly intense and scarcely
sensitive to interactions with the surroundings. Other characterization techniques may hence

come in handy, as the magnetic spectroscopies briefly outlined in Section 3.

2.1.2. The products of chromates reduction in industrial Phillips catalyst: unexpected weakly
coordinated ligands
The Phillips catalyst is apparently much simpler in composition than ZN catalysts, so that it has
been often regarded as an example of single-site catalyst. In its basic formulation, the pre-catalyst
can be described in terms of highly diluted mono-chromates covalently grafted at the surface of
an amorphous silica, without any additional component acting as weakly coordinated ligand. In
industrial practice the pre-catalyst is activated by the ethylene monomer itself at 80-110 °C during
a certain induction time, necessary for reducing and alkylating the Cr species [117]. In this process,
two formaldehyde molecules are produced per Cr site as by-products from oxidation of ethylene,
as detected in a few cases by mass spectrometry (MS) analysis [117-119]. For long time
formaldehyde was thought to be easily removed from the catalyst at the polymerization
temperature, either as such or as a CO2/H,0 mixture after a theoretically affordable second
reaction with another chromate [120]. However, recent temperature-programmed desorption
(TPD) experiments carried out on ethylene-activated Phillips catalysts revealed that some
oxygenated compounds remain adsorbed at the catalyst surface [121, 122]. In particular, during
the TPD run, CO; (m/z = 44) evolution was observed above 200 °C, together with a signal at a m/z
of 15 (i.e., a methyl group), suggesting the presence on the catalyst of two-carbons species easily
decomposing into CH4 and CO,, e.g. acetate or methylformate compounds, or two separate one-
carbon ligands on the same Cr site [122]. It has been hypothesized that such species derive from a
rearrangement of the two formaldehyde molecules produced at the same Cr site. The sole analysis
of the TPD outputs cannot discriminate among these possible species neither assess whether they
are adsorbed at the Cr sites (hence acting as weakly bonded ligands) or simply at the silica surface.
IR spectroscopy has the potential to answer to these questions, since the vibrational modes

of the possible oxygenates deriving from oxidation of ethylene are strongly IR active and sensitive

12



to the adsorption site. Therefore, the fate of formaldehyde was studied by IR spectroscopy,
monitoring in situ the evolution of the spectra during the reaction of ethylene with the Phillips
catalyst in mild conditions (Pc2na = 100 mbar, T = 150 °C). A few relevant spectra are shown in
Figure 5a). The spectrum of the starting Cr(VI)/SiO2 pre-catalyst (spectrum 1) recopies that of a
highly dehydroxylated silica, with a sharp band at 3750 cm™ ascribed to v(OH) of isolated surface
silanols, and off-scale signals below 1300 cm™ due to the vibrational modes of silica bulk, whose
overtones give well defined bands at 1640, 1865 and 1970 cm™. The spectrum collected after a
few minutes of reaction with ethylene (spectrum 2) displays, beside the fingerprints of gaseous
ethylene (well-distinguishable roto-vibrational profile above 3000 cm?), an intense band at 1570
cm™* with a broad tail at about 1617 cm™ (magnified in the inset). These two bands further grow in
intensity after 30 minutes of reaction (spectrum 3), simultaneously to the appearance of the
v(CH;) bands characteristic of polyethylene at 2980 and 2820 cm™ [123, 124], which demonstrate
the occurrence of ethylene polymerization. The two bands around 1600 cm™ have been
straightforwardly assigned to vibrations involving oxygenated species, and in particular to the
v(C=0) mode of methylformate adsorbed on reduced Cr sites, whose formation is fostered by the

Cr sites themselves, acting as Lewis acids [125, 126].
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Figure 5. Part a) IR spectrum of Cr(VI)/SiO2 Phillips catalyst (spectrum 1) and its evolution in time in the presence of
ethylene at 150 °C (spectrum 2 after 30 min, spectrum 3 after 60 min) [125]. Part b) IR spectrum of CO-reduced

Cr(11)/SiOz Phillips catalyst (spectrum 4) and its evolution in time in the presence of formaldehyde (from spectrum 5 to
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6); the same experiment is reported as supporting material in ref. [125]. Insets on the right side show a magnification

of the 1800-1500 cm range, together with the sketch of the species mainly contributing in that range.

As a proof of concept, Figure 5b shows the FT-IR spectra of a CO-reduced Phillips catalyst,
Cr(I1)/SiO; (spectrum 1), in interaction with formaldehyde in the vapor phase. The spectra are
shown as a function of the contact time for about 20 minutes [125]. Reduction in CO at 350 °C is
known to stoichiometrically reduce the mono-chromates into “naked” Cr(ll) species, i.e. highly
uncoordinated Cr(ll) sites covalently bonded to silica through two O atoms [127-131]. As soon as
formaldehyde is adsorbed on Cr(ll)/SiO; (spectrum 2), three intense absorption bands are
observed in the v(C=0) stretching region (1800 — 1550 cm™), which evolve differently with time
and correspond to formaldehyde adsorbed on different sites. The band at 1728 cm™ (i.e., slightly
red-shifted with respect to pure formaldehyde) is attributed to formaldehyde in interaction with
the silanol groups at silica surface and does not evolve with time. In contrast, the band at 1656 cm"
!, ascribed to formaldehyde adsorbed on strongly acidic Cr(ll) sites, rapidly decreases in intensity
in favor of a new one at 1580 cm™ (as magnified in the inset). The isosbestic point at 1642 cm™
provides compelling evidence that the new species is formed at the expenses of the former one.
This sequence of spectra has been explained as the disproportionation of two formaldehyde
molecules into a single methylformate molecule through a Cr(ll)-promoted Tishchenko reaction
[132-135]. The similarity of spectra 3 in Figure 5a and Figure 5b is particular striking and allows to
conclude that the oxygenated by-products formed upon reduction of Cr(V1)/SiO; by ethylene are
coordinated to the reduced Cr species.

It is worth noticing that methylformate on the Phillips catalyst is produced also when
Cr(V1)/SiO3 is photo-reduced by ethylene under UV-Vis irradiation at room temperature [136]. In
that case, however, ethylene oxide is detected as well, likely as a consequence of a specific
photoactivation mechanism involving the reaction of one single oxygen atom at a time for each
mono-chromate species [137-140].

The IR data discussed above provide unequivocal evidence on the nature of the oxygenated
by-products formed when Cr(VI1)/SiO, is reduced in ethylene, which were only indirectly
hypothesized on the basis of the species detected in the reactor by MS analysis at the end of the
industrial polymerization process [121, 122], but never directly observed. Even more important, IR
spectroscopy proves that these by-products remain in the coordination sphere of the reduced Cr
species, and hence must be considered as ligands (L) taking part to the definition of the active

sites. In this respect it is worth remarking that, even though the CO-reduced Cr(11)/SiO; catalyst has
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been considered for long time as representative for the industrial (ethylene-reduced) Phillips
catalyst at the end of the induction time [6, 127, 129] and thus used to investigate the initiation
mechanism in ethylene polymerization and the structure of the propagating Cr species [141-144],
nevertheless the reduced Cr(ll) sites obtained upon reduction of mono-chromates in CO are
missing the oxygenated by-product nearby. Indeed, pre-reduction in CO produces CO; as a by-
product, which is easily desorbed from the catalyst surface.

The presence or absence of the oxygenated by-products in the Cr coordination sphere has
important consequences on their electronic properties, as revealed by UV-Vis spectroscopy [125].
Figure 6 compares the DR UV-Vis spectrum of the CO-reduced Cr(l1)/SiO; catalyst (spectrum 1)
with those of Cr(VI)/SiO2 reduced in ethylene, either thermally (spectrum 2) or under UV
irradiation (spectrum 3), before the onset of the polymerization reaction. The spectrum of
Cr(11)/SiO2 displays three characteristic bands centered at 30000, 12000 and 7000 cm™*: the former
is ascribed to an O(2p)—Cr(3d) charge-transfer transition, while the latter two are assigned to d-d
transitions. The whole spectrum is regarded as the fingerprint of highly uncoordinated Cr(ll) sites
[145, 146]. It has been widely demonstrated that all the three bands are very sensitive to a change
in the coordination of the Cr(ll) sites: adsorption of molecules generally causes an upward shift of
both the d-d bands and a decrease in intensity of the CT band, as theoretically predicted by the
ligand-field theory [147]. The spectra of the two ethylene-reduced Cr/SiO, samples are pretty
similar to each other: the CT and d-d bands are upward shifted with respect to the CO-reduced
Cr(l1)/SiO2 sample, providing a compelling evidence that the majority of Cr(VI) sites have been
reduced by ethylene to Cr(ll) and that the oxygenated by-products remain in the Cr(ll)
coordination sphere.

The subtle difference among samples reduced in CO or in ethylene has an effect on the
catalytic performances. Indeed, it has been reported that the CO-reduced Phillips catalyst
produces a polyethylene with a lower density, due to a higher in situ branching and a favored
chain termination [6, 148]. Interestingly, the adsorption of acetic acid prior to ethylene dosage
onto a Phillips catalyst pre-reduced in CO leads to the production of a polyethylene much more
similar to the one produced in the industrial process by the ethylene-activated catalyst [126].

The combination of the spectroscopic observations with the catalytic data reiterates once
again that, irrespective to the common Cr oxidation state, the presence of weakly coordinated
ligands do make the difference in ethylene polymerization catalysis and thus must be carefully

taken into account [125, 126].
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Figure 6. DR UV-Vis spectra of three Cr(l1)/SiO2 catalysts obtained from Cr(VI)/SiO2 by different reduction treatments:
in CO at 350 °C (spectrum 1), in ethylene at 150 °C (spectrum 2) or in ethylene at room temperature under UV
irradiation (spectrum 3). In the latter two cases, the spectra are collected when the majority of Cr(VI) sites have been
reduced but before the onset of the ethylene polymerization reaction. The differences with respect to spectrum 1 are
due to the presence of the by-products of ethylene oxidation in the Cr(ll) coordination sphere, as schematically

depicted in the sketches.

2.2. The support material as a macro-ligand

2.2.1. The influence of the MgCl; support on the properties of the Ti sites in Ziegler-Natta
catalysts

In the field of ZN catalysis, it has been widely demonstrated that the method of preparation of
activated MgCl, affects the overall catalytic activity [149]. This in turn suggests that MgCl, itself
affects the distribution of the Ti sites, before any other influence exerted by the electron donors.
Nevertheless, while the role of electron donors has been the object of many investigations, the
effect of the MgCl, support has been rarely discussed. In part, this is due to the fact that the
majority of industrial ZN pre-catalysts are obtained through a one-pot synthetic strategy, whereby
the Mg precursor, TiCls and the donor are added simultaneously or consecutively in the same
reaction pot. Hence, it becomes difficult to analyze separately the effect of the internal donors and
that of the MgCl, support on the properties of the TiClx species. This is possible, however, on

model ZN pre-catalysts synthetized in the absence of any internal donors. In this section we will
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demonstrate that DR UV-Vis spectroscopy is able to detect subtle differences in the electronic
properties of the Ti sites depending on the type of MgCl, support.

Figure 7 displays the diffuse reflectance (DR) UV-Vis spectra of two model ZN pre-catalysts
obtained by reacting TiCls vapors at 90 °C with two different MgCl, supports, namely a dry ball-
milled MgCl, (MgClx(1), with a specific surface area SSA of 73 m?/g) [111] and a MgCl, obtained
through a controlled dealcoholation of a MgCl,-6CH30H adduct in N3 flux at 250 °C (MgClx(2), with
a SSA of 100 m?/g) [150]. The amount of Ti in both cases is about 1 wt%, respectively. In both
spectra, all the absorption bands are exclusively due to the grafted TiCly species, with no
interactions other than with the MgCl, support.

Generally speaking, the observed bands are all due to Cl(2p)—Ti(3d) ligand-to-metal charge
transfer (CT) transitions; the analysis of these bands has been thoroughly discussed in our last
work, providing the interpretation key for all the UV-Vis spectra of analogous MgCl,-supported ZN
pre-catalysts [151]. More in details, the spectrum of MgCl,(1)/TiCls shows two well-defined bands
at 33600 and 40000 cm™ (the former with a shoulder at 29950 cm™), which are ascribed to
Cl(2p)—>Ti(3dtze) and Cl(2p)—Ti(3deg) transitions, respectively, in the approximation of pseudo-
octahedral coordination. Cl(2p)—>Ti(3dtyg) transition is split in two components due to the non-
equivalence of the chlorine anions. The energy separation between the two bands allows to
estimate the crystal field splitting of the Ti 3d orbitals (Acr), which is a direct indication of the
effective charge on the Ti sites. The spectrum of MgCl,(2)/TiCls shows broader bands, shifted at
lower energy and with a larger Acr value. This suggests a greater heterogeneity of the grafted Ti
sites in MgCl,(2)/TiCls, which are, in average, more positive than in MgClx(1)/TiCls. Indeed, a lower
electron density at the Ti** sites facilitates the electron transfer from the Cl ligands, explaining

both the shift of the bands at lower energy and the larger Acr value.
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Figure 7. DR UV-Vis spectra of two different MgClz/TiClsa samples, obtained by reaction of TiCls vapors at 90 °C with
either dry ball-milled MgCl2 (1) [111], or with the MgCl. formed upon dealcoholation at 250 °C of a MgCl2-6CHsOH
adduct (2) [150]. The two sketches represent the active sites in the two samples, characterized by the same local

structure but different positive charge on the Tiion.

These data demonstrate the potential of UV-Vis spectroscopy in highlighting the effect of
the MgCl, support on the electronic properties of the Ti*" sites in ZN pre-catalysts. According to
recent theoretical calculations, the effective charge on the Ti sites in the pre-catalysts correlates
with the activation energy for olefin insertion in the Ti-alkyl bond of the corresponding activated
catalysts [152, 153], and hence with the overall activity of the catalytic process. Hence, controlling
the surface properties of MgCl; support and its interaction with the grafted Ti species is of

paramount importance.

2.2.2. The flexibility of Cr sites at the surface of amorphous silica support in the Phillips catalyst

Despite the apparent rigidity of metal oxides frameworks, amorphous silica is a quite flexible
material, whose interaction with the supported metal sites strongly depends on the working
parameters, such as the activation/reaction temperature and the chemical atmosphere. This
phenomenon has been deeply studied for the Phillips catalyst, especially in its CO-reduced form. It
has been already discussed in the previous section that reduction of the Cr(VI1)/SiO; catalyst in CO
at 350 °C leads to the stoichiometric conversion of all the mono-chromates into highly
uncoordinated (“naked”) Cr(ll) sites. These Cr(ll) species have a strong tendency to increase their

coordination sphere through adsorption of small molecules. What has been not discussed yet is
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that the adsorption of external ligands leads to a rearrangement of the Cr(ll) sites at the silica
surface, comprising the elongation of the Cr-O covalent bonds as well as the displacement of
siloxane bridges weakly bonded nearby. That is to say that the Cr(ll) sites are not rigidly fixed at
the SiO; surface, but display a certain flexibility in response to external stimuli. Hence, the whole
silica support behaves as the strongly coordinated ligands (L) in homogenous catalysis.

The most insightful experimental evidence of this surface flexibility comes from IR
spectroscopy of adsorbed CO. Some representative IR spectra are reported in Figure 8a. Since the
early 1960s, it was demonstrated that mono- and di-carbonyls are formed when CO is adsorbed at
room temperature on Cr(l1)/SiO2, whose IR spectrum (spectrum 2 in Figure 8a) shows a
characteristic triplet of bands at 2189, 2182 and 2176 cm™ [131, 154-159]. These v(C=0) stretching
frequencies reveal that the adsorption process is dominated by o-donation effects, which is
unlikely for homogeneous Cr complexes, and hence indicate that the silica surface provides
uncommon opportunities for stabilizing the Cr(ll) species. However, when CO is adsorbed on
Cr(l1)/SiO2 at 100 K (i.e. at high CO coverage [160], spectrum 3 in Figure 8a) the IR spectrum
drastically changes, displaying a multitude of bands below 2100 cm™?, which are indicative of the
formation of multi-carbonyls dominated by m-backdonation effects [155]. The drastic change of
type of interaction between CO and the Cr(ll) sites (from o-donation to m-backdonation)
unequivocally demonstrates that upon formation of multi-carbonyls the Cr(ll) sites loose their
tight interaction with the silica surface, behaving now very much like homogeneous Cr complexes.
This is made possible by the flexibility of the silica surface: the addition of further CO molecules in
the Cr(ll) coordination sphere occurs at the expenses of weakly coordinated, hemi-labile, siloxane
ligands. In other words, the Cr(ll) sites are able to coordinate a multitude of external ligands by
progressively displacing the hemilabile siloxane bridges belonging to the silica surface. The process
is completely reversible by going back to room temperature [158].

The phenomenon discussed above is accompanied by an important rearrangement of the
Cr(ll) local structure, and in particular by the elongation of the covalent Cr-O bonds which link the
Cr(ll) sites at the silica surface. Cr K-edge EXAFS spectroscopy gives a direct measure of the
distances of the atoms around the Cr sites. Figure 8b and Figure 8b’ show the modulus and the
imaginary part of the Fourier-Transformed k3-weighted x(k) functions for Cr(I1)/SiO2 (spectrum 1)
and for the same sample measured in the presence of CO either at room temperature (spectrum
2) or at 100 K (spectrum 3). The spectrum of Cr(Il)/SiOz is constituted by two main components

peaked at 1.35 and 2.34 A (not corrected in phase). According to the EXAFS fit, the former is due
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to the contribution of two O atoms at 1.86 A, while the latter to two Si atoms at about 2.70 A. It is
important to observe that weakly interacting siloxane bridges in the Cr(ll) surroundings almost do
not contribute to the EXAFS signal, because the large heterogeneity in distances is responsible for
very high static Debye-Waller factors and cancellation effects for the imaginary parts of the
Fourier Transformed x(k) function. Upon CO adsorption, both components increase in intensity
and shift at longer distances. The shift can be well appreciated by looking to the imaginary parts of
the x(k) function. The increase in intensity is due not only to the increase in the number of ligands,
but also to a decrease of the overall Debye-Waller factor: indeed, both the dynamic and static
components of the Debye-Waller are smaller than for Cr(l1)/SiO,2, the former because of
temperature effect, and the latter because the formation of multi-carbonyls attenuates the
heterogeneity of sites. The EXAFS fit indicates that, on average, 2.5 CO molecules are adsorbed per
Cr(ll) sites. More interestingly, the formation of multi-carbonyls makes Cr(ll) sites emerging from
the surface, with a consistent elongation of the Cr—O distance of 0.075 A, from 1.86 to 1.935 A
[161], as schematically shown in Figure 8e (left).

The elongation of the covalent Cr—O bond upon CO adsorption is reflected in the
vibrational spectrum of Cr(l1)/SiO,. Figure 8c shows the Raman spectra of Cr(l)/SiO2 before
(spectrum 1) and after CO adsorption at room temperature (spectrum 2). In order to exploit the
selective resonant intensification and to bring out the signals of Cr(ll) species from the absorptions
of silica framework, the two spectra have been respectively collected exciting the sample with a
442 nm (= 22625 cm?) blue laser when in vacuum, and with a 325 nm (= 30770 cm™) violet laser
when in the presence of CO [162]. Two Raman active vibrational modes characteristic of CO-
reduced (=Si0),Cr(ll) species are clearly observed at 1009 and 568 cm™, which shift in position
upon coordination of CO, respectively at 1048 and 542 cm™. Both bands occur in the spectral
region characteristic for the vibrations of the silica support: hence, they have been interpreted as
due to silica framework modes perturbed by the presence of the Cr(ll) cations, emerging from the
background because of the resonant intensification effect [162]. It is worth noticing that the latter
can also be due to the fundamental v(Cr—O) mode, whose position and extinction coefficient
strongly depends on the length and on the electric dipole of the bond [163]. The shift of both

bands upon CO adsorption is a direct proof of a change in the local structure of the Cr(ll) species.
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Figure 8. Part a) FT-IR spectra in the v(CO) region, of Cr(Il)/SiO2 (spectrum 1) and of the same sample measured in the
presence of CO either at room temperature (spectrum 2) or at 100 K (spectrum 3) [158]. The spectra are shown after
subtraction of that of Cr(11)/SiO.. Parts b and b’): modulus and imaginary part of the Fourier-Transformed k3-weighted
x(k) functions for Cr(l1)/SiO2 (spectrum 1) and for the same sample measured in the presence of CO either at room
temperature (spectrum 2) or at 100 K (spectrum 3) [161]. Part c) Raman spectra of Cr(I1)/SiO2 and of the same sample
measured in the presence of CO at room temperature, collected respectively with a 442 nm and a 325 nm laser
excitation to exploit the resonance effect [162]. The dotted lines are visual guides to highlight the spectral changes in
the presence of CO. Part d) FT-IR spectra of Cr(l1)/SiO2 (spectrum 1) and of the same sample measured in the presence
of CO at 100 K (spectrum 3), or after a thermal treatment at 650 °C (spectrum 4). The spectra are shown after
subtraction of that of pure silica treated at the same temperature. Part e) schematic representation of the dynamic
behavior of Cr(ll) sites at SiO2 surface either in presence of CO (left) or as a consequence of thermal treatment at high
temperature (right). In both cases, an elongation of the Cr-O covalent bonds has been detected by spectroscopy. The

bond lengths reported on the left side were determined by EXAFS.

A similar information can be obtained by IR spectroscopy, even though much less evident
because it is not possible to exploit the resonance effect. Figure 8d shows the IR spectra of
Cr(I1)/SiO2 in vacuum (spectrum 1) and in the presence of CO at low temperature (spectrum 3) in

the 1700 — 1550 cm™ region, after subtraction of the spectrum of pure silica treated at the same
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temperature. A weak but sharp band is observed at 1596 cm™ in the spectrum of Cr(l1)/SiO2, which
closely resembles the band at 1048 cm™ observed in the Raman spectrum in Figure 8c. Even
though the assignment of this band is not straightforward, we tentatively ascribe it to the
combination of two silica framework modes detected by Raman, one perturbed by the presence of
the Cr(ll) sites (1048 cm™) and the other not (606 cm™, whose variation in intensity is just due to
the different laser used for the excitation). Whatever the origin of the band at 1596 cm, it is
unequivocally sensitive to CO adsorption: in spectrum 3, it decreases in intensity and shifts at
higher wavenumbers, very much like to what happens to the 1048 cm™ band in the Raman
spectra. The phenomenon is reversible upon decreasing the CO pressure.

All in all, the spectroscopic data summarized in Figure 8 unequivocally demonstrate that
the Cr(ll) sites have a flexible behavior at the silica surface, assisted by the hemilabile nature of the
weakly coordinated siloxane ligands. Adsorption of external ligands causes a rearrangement of the
Cr(ll) sites, with an average elongation of the Cr-O covalent bond and a gradual loss of the weak
interaction with the support (Figure 8e, left).

But that is not the whole story. As anticipated at the beginning of the section, Cr(ll) species
in the CO-reduced Cr(I1)/SiO2 system do not respond only to the presence of external ligands, but
they also manifest a flexible behavior when treated at high temperature [158]. A first important
proof of this phenomenon comes once again from DR UV-Vis spectroscopy. The UV-Vis spectra of
Cr(I1)/SiO; systems reduced in CO at increasing temperatures (350, 400 and 500 °C) show a
progressive abatement in intensity of the CT band at about 30000 cm™ [164], which provides a
compelling evidence that the treatment at high temperature induces the formation of Cr(ll) sites
more coordinated than those obtained at lower temperature. The same behavior has been
observed upon annealing a standard Cr(l1)/SiO; system at high temperature in vacuum: also in that
case, the UV-Vis spectra indicate an increase in the number of ligands in the Cr(ll) coordination
sphere [158]. Both experiments indicate that the Cr(ll) sites have the tendency to sink in the silica
framework upon treatment at high temperature, with the consequence that they are less available
for incoming molecules, including ethylene [158]. Indeed, annealed Cr(l1)/SiO2 adsorbs much less
CO than standard Cr(l1)/SiO2, and shows a reduced ability in ethylene polymerization [158].
Interestingly, IR spectroscopy indicates that the sinking of the Cr(ll) sites in the silica framework
upon annealing occurs through elongation of the average Cr-O bonds (as schematically suggested

in Figure 8e, right). Indeed, the IR spectrum of the annealed Cr(l1)/SiO2 system in the 1700 — 1550
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cm? region (spectrum 4 in Figure 8d) shows a drastic abatement in intensity of the band at 1596

cm?, characteristic for highly uncoordinated Cr(ll) sites.

3. CONCLUSIONS

The selection of spectroscopic results presented in this work offers a unique point of view on the
two main families of heterogeneous catalysts for olefin polymerization, demonstrating that,
despite the solid state, they are anything but rigidly fixed. In this respect, the principles of
coordination chemistry (typical for homogeneous catalysts) should be taken into account as
guidelines for the description of the catalytic active sites (while keeping in mind the limitations
arising from the heterogeneity of the sites and the coexistence of both active and inactive
species). As a matter of fact, in both ZN and Phillips catalysts the active phase is constituted by
isolated transition metal species, strongly coordinated from one side by the support material
(whose surface properties can be controlled during the synthesis or by post-synthesis treatments),
and from the other side weakly interacting with organic molecules, either externally added on
purpose during the preparation of the catalysts (as the electron donors in the case of ZN) or
spontaneously generated during the catalytic process (as the by-products of ethylene oxidation in
the case of Phillips). From both sides, those components behave as flexible and dynamic ligands
around the active sites, very much sensitive to external chemical and thermal stimuli, shortening
or elongating the bond length, assuming different dispositions and conformations, and modulating
the steric hindrance around the metal sites and its electron density.

It is important to notice that optical spectroscopies are not the only characterization
techniques able to selectively detect the fingerprints of specific interactions and quantitatively
evaluate their strength. Indeed, also magnetic spectroscopies can fulfill this demand, thanks to
their extreme sensitivity to precise isotopes and/or oxidation states and to their high tunability
through the modulation of the magnetic field and the application of specific pulse sequences. For
instance, 13C NMR spectroscopy has been extensively used to investigate the influence of electron
donors in ZN pre-catalysts [165-167], very recently enhancing the resolution on the structural
details of the surface sites by transferring the larger polarization of free radicals in the solvent to
targeted NMR active nuclei via classical cross-polarization approach (the so called dynamic nuclear
polarization surface-enhanced NMR spectroscopy, DNP-SENS) [168, 169]. Upon activation of ZN
catalysts, the reduction of the Ti centers to the paramagnetic +3 oxidation state makes NMR

measures terribly difficult, but it opens the possibility to probe the interactions of the Ti sites with
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the surroundings by use of advanced EPR spectroscopy: 2-D HYSCORE experiments have been
performed to directly measure the hyperfine interaction of Ti3* with 2’Al nuclei from the activator
[170-173]. On the other hand, in the case of Phillips catalysts the use of magnetic spectroscopies
have been so far much more limited, with a few EPR measures devoted to unravel which is the Cr
oxidation state actually involved in ethylene polymerization [144, 174], and only one remarkable
example of 2°Si NMR spectroscopy for monitoring the interaction between Cr species and SiO»
support depending on the working conditions [175]. Further technical developments are thus
needed to gain more details on the ligands around the Cr sites.

Even though the discussion contained in this review does not cover the whole complexity
of heterogeneous catalysts for olefin polymerization, we hope it will inspire the work of other
researchers in the field, fostering the awareness on the delicate equilibria governing the catalysis,

which must be taken into account in the design and optimization of the process.
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