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Chapter 1

The Phillips catalyst and its modifications.

“l wanna say just one word to you, just one word [...] PLASTICS. [...] There’s a great
future in plastics...think about it”, this particular advice disoriented a young
graduated Dustin Hoffman in the movie “The Graduate” (1967). | decided to report
this sentence to testify the impact that these materials had on common life since

their discovery, just sixty years ago. Actually, our century can be considered as the
Century of plastics; their discovery, made only after the Second World War,
started from polystyrene, passed through polyvinylchloride and arrived finally to
the polyethylene and polypropylene [1, 2]. Among all, polyolefins are the most
worthwhile and produced polymers and their demand is in continue growth as
clearly shown in Figure 1. 1 [2-4], that reports the incessant increase of the
production of polyolefins (and in particular of polyethylene) with respect to other

polymers year after year.
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Figure 1. 1 Trend of the production of the most diffuse polymers in the last decades [4].
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1.1 Introduction

1.1.1 Properties of polyethylene

The reason of the success of polyethylene (PE) lies in the peculiar properties of this

polymer. “The principal value of polyethylene lies in its desirable balance of

physical properties in the solid state and its chemical inertness” [1]. The wide use
of polyethylene is related to economic and environmental reasons (low cost, broad
availability of the monomers, non-toxicity, easy to recycle), as well as to its
excellent physical and chemical properties, i.e. the resistance to chemical agents,

(as water, acids and bases, alcohols and saline solutions - it is only corroded by

oxidizing acids, such as nitric or sulfuric), the abrasion resistance, the high impact

strength, and the wide temperature range of use from -40 to +80 °C [1, 5].

Although it is the polymer with the simplest composition (-CH2-),, hundreds of

specialized PE exist, differing to each other’s for the amount and the length of

branching, for the density, and for the molecular weight (MW) distribution.

Commonly PEs are divided in three categories, as illustrated in Figure 1. 2:

1) HDPE (high-density polyethylene), characterized by long chains with a very
small amount of short ramifications. This feature gives higher density, higher
crystallization grade and higher melting point compared to the other types of
polyethylene.

2) LLDPE (linear low-density polyethylene), characterized by chains with a huge
amount of short branches, hence the density of this polymer is lower than
HDPE.

3) LDPE (low-density polyethylene), characterized by short and long chains
connected to each others, forming a branched structure; this polymer has the
lowest density and melting point.

HDPE LLDPE LDPE

0 ( y A=

Figure 1. 2 The three types of commercial polyethylenes.

These three categories of PE are also produced in different ways: LDPE is
obtained through radical processes at high temperature (above 300 °C) and at high
pressure (in the 500-3000 atm range), while HDPE and LLDPE are obtained using
heterogeneous or homogeneous catalysts at low temperature (below 150 °C) and
pressure (below 50 atm) [5].



1.2 A brief historical excursus of the polymerization catalysts
The polyethylene industry has undergone a rapid development, starting to
produce tons of materials, since the discovery of the proper catalysts in the 1950s.
Such heterogeneous catalysts were discovered almost simultaneously in two
different locations, and, as it often happens, their discovery was accidental.
Chronologically:

1) Paul Hogan and Robert Banks discovered the first catalytic system in 1951.
Since they were working in the Phillips research laboratories in Oklahoma, that
catalyst went down in the history with the name of Phillips catalyst. It is
composed by grafted chromium centers on an amorphous support, commonly
silica [6-8].

2) Afew years later, in 1953 in Germany Karl Ziegler accidentally discovered a new
catalyst for olefin polymerization, consisted of titanium chloride activated by
aluminum alkyls; the same catalyst was used the following year by Giulio Natta
in Italy to produce the different stereoisomers of polypropylene. Therefore,
that catalyst is commonly known as Ziegler-Natta catalyst, although technically
the latter name is used only for the polymerization of the propylene, while for
the production of the polyethylene it should be named just Ziegler catalyst.

3) Afterwards, the story of olefin polymerization catalysts has to wait up 1977 for
the discovery of a homogeneous catalyst able to polymerize ethylene. In that
year, Walter Kaminsky discovered the single-site metallocene catalysts,
activated by methylaluminoxane (MAOQ) [1, 5].



Estimated volume:

10,000 tpa

Figure 1. 3 Global market of polyolefins in 2015 as a function of the adopted catalysts. Cr stands for
the Phillips catalyst, Z and Z/N for the Ziegler-Natta catalysts applied respectively to ethylene and
propylene polymerization, m for the homogeneous molecular catalysts [2].

Figure 1. 3 displays the volume of the polyolefins produced in the World by
each class of catalysts. On one side, the predominance of the heterogeneous
catalysts is due to their cheapness and easy handling, together with the capability
to control the shape of the particles of the produced polymer as a replication of
the catalyst particles [5]. On the other side, the homogeneous catalysis finds
application especially for the production of particularly tailored polymers, thanks
to the incredibly high levels reached in the design of the catalysts, which competes
even with some natural enzymes [9]. Interestingly, in order to promote their
industrial use, they have been gradually undergoing a heterogenization process,
allowing the exploitation of the widespread industrial technology for supported
catalysts [10-13]. The three classes of catalysts satisfy different needs of the
market, and hence they should be considered complementary, rather than
competitors.

1.3 A short description of the Phillips catalyst

The Phillips catalyst is a heterogeneous catalyst consisting of a porous support,

traditionally amorphous silica, on which chromium ions are grafted. Despite being

industrially employed and studied from a scientific point of view since its

discovery, it is yet a controversial system. Nowadays, there are still some open

questions about the structure of the active site and the exact
4



initiation/polymerization mechanism. Unlike Ziegler-Natta catalysts, on the Phillips
catalyst the polymerization proceeds without any activators. The precursor of the
active site contains neither an alkyl ligand nor a hydride ligand in its coordination
sphere: ethylene itself is able to create an alkyl-type active species [14].

One of the main problems in the characterization of the actives sites is the
high dilution of the catalytic centres on the support. In this respect, McDaniel said:
“One of the historical difficulties of investigating it has been the large number of
available chromium valence states, and the low number of active sites, which are
only a small minority of the total chromium population in these catalysts. These
limitations have sometimes rendered spectroscopic techniques, however
sophisticated, inadequate, and some spectra were even misleading” [5].

The Phillips catalyst is traditionally prepared by impregnation of the silica
support with a chromium compound. Chromic anhydride (CrOs) is often used for
its solubility in water, leading to the formation of the chromic acid H,CrO4 [5, 14].
The anchoring process occurs through the surface OH groups, weakly acidic, which
react with chromic acid to form grafted chromates (monochromates, dichromates
or polychromates). In this esterification reaction, OH groups are consumed and
new bonds are formed between the chromium species and the support through
oxygen linkages [14-17].
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Figure 1. 4 Anchoring reaction of chromates on hydroxylated silica to form monochromate and
dichromate species [5].

The molecular structure of the anchored Cr(VI) was object of discussion in
the past, and several molecular structures (mono-, di- or polychromates) were
proposed. The presence of these different species can be controlled through the
hydroxyl concentration on silica surface during the anchoring process; as a matter
of fact, monochromates react with two vicinal hydroxyls per chromium, while
dichromate involve more distant hydroxyls (displacing only one per chromium), as
illustrated in Figure 1. 4. After the impregnation, a calcination process fixes the
chromium species on silica.



One component activation
of Cr/silica (5% Cr)
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Figure 1. 5 The progression from orange to green indicates the saturation of the support by Cr(VI)
and the subsequent decomposition to Cr(lll). The amount of Cr(lll) increases with increasing
activation temperature: when the temperature reaches 900 °C, almost 80% of the chromium is
trivalent [5].

At low chromium loading the majority of the Cr(VI) sites are
monochromates with a dioxochromate structure, although the relative importance
of dichromates and polychromates increases at high chromium loadings and
activation temperature [14, 16, 18, 19]. The thermal stability of the grafted
hexavalent chromium is also influenced by the presence of gas stream of oxygen
and of water, which can hydrolyse the Si-O-Cr bonds. Indeed, there is a dynamic
equilibrium during calcination in which the chromium shuttles from attached
Cr(Vl) to unattached Cr(lll) and O,. The segregation of trivalent a-chromia
increases with increasing the chromium loading. Actually, at the lowest chromium
loading, all the chromium remains hexavalent, even at a temperature as high as
900 °C [20-23]. Upon increasing the chromium loading, the silica surface is
gradually saturated, with the concurrent formation of trivalent a-chromia. This
phenomenon is easily recognizable by looking to the colour of the catalyst: the
catalyst is orange when chromium is stabilized as Cr(VI), while it turns to green
when segregation of Cr(lIl) occurs (Figure 1. 5).

Cr(Vl) is not the active site, as the early workers quickly recognized.
Ethylene itself reduces the Cr(VI) sites to a lower valence oxidation state during
the induction time. In this step, the coordination sphere of the chromium sites
expands, because most of the lower-valent chromium sites can accept or even
prefer octahedral coordination. As a result, in the absence of basic ligands,
vacancies are created and those are the sites on which polymerization can occur.
The identity of this unknown lower-valent chromium species has been a matter of
controversy in the literature for more than 50 years [5, 24-27]. All the possible
chromium valent states have been proposed as the active ones, either alone or in
combination. Oscillation between two valence states, such as Cr(ll) and Cr(IV), has
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been proposed [5], and it is also conceivable that more than one oxidation state
might simultaneously be active. Adding a certain degree of confusion, the term
“active valence” has been used by some authors to refer to the site during
polymerization, whereas others have applied the same term to the precursor
state that immediately precedes the beginning of ethylene polymerization.

1.4 Modification of the Phillips catalyst

More so than other catalysts, the Phillips catalyst is extremely sensitive to minor
changes, not only in the silica preparation or in the calcination treatment, but also
to the introduction of external agents used for changing the productivity of this
system. The active sites no doubt respond to the local electronic environment and
spatial surroundings. Thus, small changes in the Cr environment can have major
consequences for the polymerization activity and the properties of the resultant
polymer. It is not a surprise, then, that the catalyst is highly sensitive to changes in
the composition. Therefore, replacing the air-activated Cr/silica with another
support or with other activation procedures can have profound consequences for
the polymer. Many catalyst modifications have been developed to produce
different polymer grades for the dozens of various commercial applications [28].

1.4.1 Modifications on the support

The most used support material is silica, which can show up in several structures
(with different mechanical and morphological properties), depending on the
assembly of the rigid tetrahedron SiO4 building blocks, thanks to the mobility of
the Si-O-Si angle. However, also other oxides have been used to specifically modify
the properties of the Phillips catalyst. Depending on the choice of support,
chromium catalysts can produce a huge variety of compounds, from liquid
oligomers and low-MW waxes to the bullet-stopping ultrahigh-MW grades
(UHMW PE).

1.4.1.1 The Cr/silica-titania case.

After silica, the most commonly used commercial support is silica—titania.
Although titania alone is poorly effective as a support for the Phillips catalysts,
when a few percent of titania is added to Cr/silica it serves as a strong promoter
for the supported chromium, increasing its activity and lowering the polymer MW
(which is usually considered as a desirable outcome) [24, 29-37]. It is known that
the addition of titania to silica enhances the Brgnsted acidity of the surface [5],
making the Cr species bound to these acidic sites more electron deficient and



hence more reactive with olefins [36, 37]. Curiously, Cr/titania produces extremely
high MW polymer, whereas when incorporated into Cr/silica catalysts, titania
contributes to the lower fraction of the MW distribution. This may indicate that
the Si-Ti combination is the key of such activity. That is, the capability of titania to
influence polymerization may derive from an ability of Ti(IlV) to assume a
tetrahedral coordination and fit in with the silica lattice, increasing the acidity of
Brgnsted sites where Cr(VI) is grafted [38].

The presence of titania in small amounts on Cr/silica catalysts has a strong
promotional effect on chromium, for both the activity and the termination rate
[39-45]. Many experiments suggest that this promotional effect is due to the
formation of Cr sites closely associated with Ti, perhaps through Ti-O-Cr linkages,
depending on subtle variations in the catalyst preparation. At present, titania
seems to be fairly unique. Indeed, even if many other oxide additives are also
known to enhance the acidity (zirconia, for example), they do not produce the
same dramatic result on Phillips catalysis [46-48]. This is probably because the
Cr(VI) is not as thermally stable when attached to these supports and it migrates
back to the silica as the activation temperature is raised.

1.4.1.2 The Cr/Al,0s case.

In principle, many metal oxides can be used as carriers for Cr species through the
reaction with the surface hydroxyl groups, but, unlike silica, most of these
materials do not provide adequate porosity for polymerization. An exception is
alumina. The surface properties of all kinds of alumina are mostly influenced by
the Lewis acid character of the exposed Al(lll) sites, which depends on many
factors (bulk structure, sample morphology, cations and cation vacancies
distribution). This very high Lewis acidity of Al(lll) cations is the fundamental
reason for high hydroxylation of the surface with desorption of water only at high
temperature. The presence of a larger amount of OH groups at the surface of
alumina allows more possibilities for reaction with CrOs;, with respect to what
observed for silica.

Concerning the properties of the grafted oxidized chromium sites, several
studies explained that Cr(VI) on alumina exists primarily (or even exclusively) as
monochromate species, with a few (or none) dichromate species detected [5, 15-
17, 19, 49]. In fact, Cr/aluminas appear yellow after activation, even at high
temperature, whereas Cr/silica usually exhibits a dark orange color, especially
upon increasing the activation temperatures.



Interestingly, Cr/alumina exhibits a “fast” kinetics profile, quite different
from that of Cr/silica [5]. The polymerization rate rises quickly when ethylene is
added, but later it tends to decay quite soon. The rapid initial rise indicates that
reduction of Cr(VI) and/or its alkylation may be more simple on alumina than on
silica. The reasons for this “fast” kinetics profile was recently attributed to both
the higher ionicity of the Cr-O-Al bond with respect to the Cr-O-Si one and the
presence of different ligands around the Crsites (i.e., beside the strained Al-O-Al
bridges, carbonates are found in the CO-reduced Cr/Al,03 ) [50].

An interesting aspect of this catalyst is that the polymer produced by
Cr/alumina, at 90-100 °C in the absence of H,, has an extremely high molecular
weight, reaching the ultra-high molecular weight polyethylene (UHMWPE) [5,
51]. This property was attributed to the fact that B-hydride elimination occurs on
Cr/Al,03 more reluctantly that on Cr/SiO,. Indeed, an increase in the electron
density on the chromium sites is expected to diminish the tendency to agostic B-
hydride coordination, which is needed for chain termination. Furthermore,
Cr/alumina produces an extremely broad molecular weight distribution, which
allows the molten polymer to flow at high rates when under pressure, in spite of
the high molecular weight. It can be thought that the shortest chains act as
“lubricating” for the flow of the longest chains. A typical molecular weight
distribution of the polymer produced by Cr/alumina is shown in Figure 1. 6.
Polymers made under the same conditions by Cr/silica and Cr/AIPO,4 (0.9 P/Al) are
also shown for comparison. The MW distribution of polymer from Cr/alumina
extends over the entire molecular weight range, with a strong preference for the
high-MW side (about one third of the polymer had MW > 1 million g/mol) [5, 51].

08 | | | | |
A Cr/Silica A ‘C.
B CrAIPO,
0.6 C Cr/Alumina =
=3 B o
o \
2 04+ " 3
3 X \
= /
0.2 - \ -
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Log molecular weight

Figure 1. 6 Molecular weight distribution of polyethylene produced by Cr/silica, Cr/AIPO; and
Cr/alumina catalysts, all of them activated at 700 °C [51].
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1.4.2 The use of co-catalysts

Since its discovery in 1951, the Cr/SiO, Phillips catalyst has been tailored and
upgraded mainly following trial-and error approaches or serendipitous discoveries.
An explicative example is the epiphany that pushed the research in investigating
the use of co-catalysts on the Phillips catalyst (including this PhD project), which
originated from a fortuitous event. Indeed, the idea of modifying the Phillips
catalyst with aluminium alkyls emerged in an industrial plant because of an
accidental contamination coming from a polymerization line close by, that was
running a Ziegler-Natta (ZN) catalyst [52, 53], where metal alkyls are necessary for
developing the reactivity towards olefins conversion. That “mistake” in the
Cr/SiO, line resulted in a catalyst displaying lower induction time, higher
sensitivity to H, and producing a more branched polyethylene (without adding
any a-olefin co-monomers to the system). Since then, Al-alkyls are used in the
industrial practice to influence the activity of the Phillips catalyst, to modify the
active sites distribution, to promote in situ branching, and to enhance the
sensitivity to H, for molecular-weight regulation [5]. This latter aspect is one of the
most interesting because the un-modified Phillips catalyst is not sensitive to the
presence of hydrogen during the polymerization process.

The drastic decrease of the induction time is due to the fact that Al-alkyls
are reducing agents, so that Cr sites after reacting with them have already a lower
oxidation state and some coordinative unsaturations (as discussed above, these
are the necessary conditions for ethylene polymerization on Phillips catalysts).
Most of the authors attribute the polymerisation-active sites to Cr(ll) species [54-
57] although other species of higher valences, i.e. Cr(lll), Cr(IV) and Cr(V), should
still be taken into consideration [15, 58-61], especially in view of the recent work
of the group of Copéret [62-64].

Metal alkyl co-catalysts can improve the polymerisation rate also by
alkylating the Cr sites, thus promoting a chain initiation similar to Ziegler—Natta
catalysis. Moreover, as highly reactive compounds, metal alkyls can degrade the
adventitious poisons present in the reactor, such as moistures or the by-products
formed during the initiation stages of the reaction. Finally, it is possible that some
new sites active in ethylene polymerization are formed only in the presence of
the co-catalysts and not during the “classical” process (i.e., upon reaction of
ethylene on Cr(VI)/SiO; at 100 °C).

Different Al-alkyls behave in different ways. Many metal alkyls can
function as cocatalysts, provided that they contain at least one M—R bond. Among
the compounds most commonly used in commercial practice there are AlEts, BEts,

10



ZnEt;, Al(i-Bu)s, Et,AIOEt, MgBuOct, Al(i-Bu);H, and LiBu. Mixtures of these
compounds have also been used and claimed to have advantages (e.g., ZnEt; with
BEts, or AlEts with BEts).

The exact effect, at a molecular level, of Al-alkyls on the Cr sites is still
unknown. The scientific literature in this field is very poor, with just a few articles
and a few research groups working on these systems [58, 65-71]. Figure 1. 7
resumes the possible effects of metal alkyls on the Phillips catalysts:

1) Reduction: they can reduce Cr(VI) to the lower-valent active species, thus
accelerating the development of polymerization.

2) Alkylation: in some cases, they can alkylate the chromium to initiate the first
chain, and this action is similar to the role of the cocatalyst in Ziegler catalysis.

3) Scavenger: they can react with and remove any poisons present at trace levels
in the feed streams, particularly oxygen, water, and redox by-products.

4) Modification: metal alkyls can react with the chromium site itself, or with
neighbouring OH or oxide groups, to modify or become part of the
environment of the site, thus influencing its behaviour.

5) Attack: depending on the type of cocatalyst, there is an optimal amount
expressed as the metal-to-Cr ratio, which gives the highest catalytic activity. A
further increase of the cocatalyst amount can deteriorate the polymerisation
rate or even destroy the catalyst due to the attack on the Cr—support bonds,
thus initially converting di-attached chromium species into mono-attached
ones, and eventually completely detaching the sites from the surface and
causing a loss of activity.

6) Exchange: there is evidence that some metal alkyls can exchange alkyl groups
with the active site, thus providing a different mechanism of chain transfer.

11
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Figure 1. 7 Six ways in which the cocatalyst might influence the Cr active-site behaviour. For each
effect a plausible illustration is offered, although the details of such reactions are not necessarily
known [5].

The various metal alkyls probably act in each of these ways to different
extents, thus resulting in the many subtle distinctions among the modified
catalysts. There is also some evidences that different Cr sites on the catalyst can
respond to the cocatalyst in widely divergent ways.

Cocatalysts influence also the polymer properties [72-85]. This influence
can be explained primarily by the change in the active site distribution. Some sites
become active more rapidly in the presence, rather than in the absence, of
cocatalyst, thus increasing their contribution to the final MW distribution of the
polymer. Still other sites can be activated only in the presence of a cocatalyst, and
McDaniel claims that these particular sites produce higher-MW polymer [5, 27,
86]. Therefore, the addition of cocatalyst often tends to introduce a high-MW tail
in the MW distribution. Consequently, cocatalysts can provide convenient ways of
tailoring the polymer characteristics, and numerous variations are possible.
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Mc Daniel reports [5, 86] an explicative example: a Cr/silica-titania catalyst
was tested for ethylene polymerization activity, first alone and then with AlEt; or
BEt; cocatalyst added to the reactor. The MW distributions of the resultant
polymers are shown in the Figure 1. 8. Both cocatalysts added a high-MW tail to
the MW distribution, because of the creation of new sites. However, BEts also
broadened the MW distribution on the low-MW side. Some of this contribution
may have resulted from alkyl exchange, as described above. The lower part of
Figure 1. 8 shows the difference curves, i.e. the MW distribution with the
cocatalysts after subtracting the MW distribution without them. Hence, this datum
shows how cocatalysts contribute to the MW distribution of the produced
polymers. While triethylboron spreads the low-MW portion probably because of
the alkyl exchange reaction, triethylaluminum contributes mostly to the high-MW
polymer, which suggests the awakening of sites that would not otherwise have
been active (without undergoing the alkyl exchange reaction).

1-0{ Crisiica-stania, 600°C _---. No cocatalyst

Sppm AlEL,

o
)

0.6

0.4

d(WVdLog(MW)

0.2

d(WtYdLog(MW)

Log My,
Figure 1. 8 Influence of AlEt; and BEt3 cocatalysts on the MW distribution of PE made with Cr/silica—
titania catalyst activated at 600°C [5].

It is not clear why but when contacted with some cocatalysts, especially aluminium
alkyls, the catalysts then become highly sensitive to H,. The data reported in the
MW curves in Figure 1. 9 show clearly the effect of the H, on both the bare and
the modified catalysts. There is a huge shift in low region of MW distribution,
when a reduced Cr/Silica catalyst is contacted with TEA and H,.

The reasons behind all the cocatalysts effects at a molecular level are still
unknown, although an hypothesis proposed by McDaniel is linked to the presence
of the so-called “mono-attached organochromium species”[5]. However it is
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unequivocal that the addition of cocatalyst can be a valuable commercial tool for

controlling the properties of the produced polymers.

1.0
600 °C and 800 °C Crisilica + fluoride, 800 °C Crisilica

0.8 - CO 340°C, 5ppm A Elv:_ +H,
— .‘.\-
= 800°C Cr/sliica CO 340°C,
=2 064 / 5ppm AIEl; + H;
D
o
. |
ke
= 0.4
s
o

0.2 4

0 T
2 7 8

Log My

Figure 1. 9 MW distributions of polymers made with reduced Cr/silica catalysts that were treated to
produce extreme sensitivity to H,[5].

1.4.3 Organochromium catalysts
In some specific applications of PEs it is desirable to have a certain amount of short
chain branches to ease the processability of the polymer. With this aim, several
Phillips-like catalysts were synthetized for highly selective ethylene conversion,
constituted by silica-supported chromium complexed. Nowadays, the so-called
organochromium compounds are intensively used to form highly active
polymerization catalysts. These systems are usually dispersed onto an already
calcined oxide carrier, which plays an essential role, because without it such
compounds rarely exhibit any activity. Examples of organochromium compounds
which form active catalysts include all the possible formal chromium valences from
Cr(0) to Cr(lV), but the oxidation state does not seem to make a major difference
in the catalytic performances.

An early example of organochromium compound came from workers at
Union Carbide [84, 87-93], who developed chromocene on silica as a commercial
catalyst, which became a well-studied example of an active divalent compound.
The so-called "open ring” chromocene, bis(2,4-dimethylpentadiene)chromium(ll),
is another example [94-96]. Other examples include Cr(allyl); and Cr(allyl)s [89, 97-
102], and the B-stabilized alkyls of Cr(Il) and Cr(IV), such as the trimethylsilylmethyl
derivative [39, 40, 95, 98-100, 103-111]. Still others organochromium catalysts
were obtained by reacting Cr(lll)(acetylacetonate); with Al-alkyl reducing agents
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[112]. Most of these organochromium compounds have minimal or no activity for
ethylene polymerization until they are grafted onto a calcined oxide support. A
possible reason for their inactivity in the absence of a support can be the fact that
some of them exist in solution as dimers or even tetramers [39, 40, 95]. Anchoring
these compounds onto a support may immobilize the chromium as stable
monomers, thus preventing their decomposition. Another possible reason for the
necessity of a support is the electron-withdrawing character of the support itself,
which induces a stronger positive charge on the chromium.

Organochromium compounds are thought to bind to the support by
reaction with one (usually) or more surface hydroxyl groups, often losing by
hydrolysis one or more organic ligands in the process, as shown in Figure 1. 10.
Despite many molecular differences between chromium oxide catalysts and the
organochromium catalysts, they usually display a similar activity, although the
latter have a much higher response to the treatment conditions than the former,
with macroscopic consequences on the properties of the produced polymer. For
example, the MW of the polymer produced with organochromium catalysts
usually decreased as the support calcination temperature was raised [5, 24, 27,
86].

Structurally, the main differences in the organochromium catalysts are the
presence of the remaining organic ligands (not consumed upon grafting on the
support surface) and the possibility to be stabilized in several possible geometries.
The catalytic yield is very similar between chromium oxide and organochromium
catalysts, despite displaying different kinetics profiles: on the oxide catalyst the
polymerization rate usually increases along with the whole reaction time, whereas
the organochromium catalysts become active very rapidly, if not
instantaneously, upon exposure to ethylene. They tend to make polymer having
very broad MW distributions, often broader than those of the corresponding
polymers made with chromium oxide catalysts. These organochromium catalysts
produce polymer in which a significant portion of the MW distribution is often
low-MW  oligomers, including 1-butene, 1-hexene and 1-octene.
Copolymerization of a-olefin is easily accomplished, and these in situ produced a-
olefins also become incorporated into the polymer, resulting in branched
polyethylene even when ethylene is the only olefin in the feedstock.

It is significant that so many diverse organochromium compounds should
behave so much alike. Possible reasons for the similarity can be the fact that in all
these organochromium catalysts prevails either the nature of the Cr-alkyl bond
(trimethylsilylmethyl, neopentyl, benzyl, etc.), or the capability of assuming a
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mono-hapto form (allyl or 2,4-dimethylpentadienyl), or of becoming hydrides
(arene Cr(0) compounds). More generally speaking, the structures of these
complexes appear to be quite similar to each other when grafted on a support and
in the presence of ethylene. In many (or perhaps all) of these cases, the chromium
may be considered as already alkylated, and therefore the ligand may become
the end-group of the first polymer chain produced. In most cases, there is no
induction time, because the chromium is already reduced and alkylated before
the contact with ethylene. Polymerization usually starts immediately on contact
with ethylene, and the rate either remains constant or slowly declines in the first
hour of polymerization.

\ ‘r" 7 4
\, / \ /
B K-
Cr(neopentyl)
Cr.
OH OH g 0
St S

Si Si

Figure 1. 10 An example the anchoring process of an organochromium compound [5, 86].
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1.5 Goal and structure of the thesis

1.5.1 Goal
As reported above, the modification of the existing, highly efficient Phillips
catalysts for ethylene polymerization is a common practice in industry and it is
object of intense industrial researches, because it may lead to new varieties of
polyethylene. However, a clear picture of the changes occurring at a molecular
level around the active metal sites upon modification is still missing and it is the
object of an intense debate, picking up disparate contributions, from the direct
investigation of the catalysts to the theoretical simulations. Answering this
guestion can disclose the way for a real rational design of the Phillips catalysts,
improving the reaction yield and selectively changing the properties of the
products.

The ambitious goal of this thesis was to investigate the Cr active sites in
the Cr/SiO; Phillips catalyst in three different conditions.
1) During the reaction with ethylene;
2) After the modification with different co-catalysts. Two alkylating agents were
introduced after the “classical” procedure of synthesis and activation of the
Phillips catalyst [14]. In particular, we used AlEts, triethylaluminum (TEA) and
Et,AlOEt diethylaluminoethoxide (DEALE) (Figure 1. 11). The two compounds are
very similar to each other (the only difference is formally an oxygen atom) and
have several similar functions as reducing agents, alkylating agents, scavengers
and modifying agents, but they present a remarkable difference in promoting the
H, sensitivity of the catalyst (just a little effect for TEA, while DEALE has a very
pronounced influence). The investigation of the effect of these two Al-alkyls was a
very challenging task, because the modifications induced a further increase of the
complexity of the catalyst, not only changing the oxidation state of the chromium
sites, but also modifying its structures and adding other ligands and by-products
on the surface.

TEA DEALE
* Reducing agents
rCHS « Alkylating agents (I)/\C H3
+ Scavengers
HSC\/ Al\/CHQ, . Co-catalysts H3C\/ AI \/C H3
X . * Modifying agents | i 3
Triethylaluminium Diethylaluminum ethoxide

Figure 1. 11 Structure and properties of TEA (in blue) and DEALE (in red).
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3) In an organo-chromium catalyst. In particular, we investigated the structure of
the chromium sites in silica-supported Cr[CH(SiMes),]s catalysts as a function of
the chromium loading, with the final goal to correlate the catalyst’s structure
with the catalytic performances. In fact, according to the industrial reports, by
keeping constant the silica activation temperature an increase in the Cr loading
causes a decrease of the polymer density.

The final aim was to find a correlation between the structure of the
active sites and the properties of the produced polymers. Both points 2) and 3)
have been prompted by a stimulating collaboration with Dr. Takashi Monoi
(JPE/IPC). In all the three cases, the combination of several, highly sensitive,
spectroscopic techniques was a mandatory condition in order to get information
about the coordination and oxidation state of the Cr centres, the functional groups
at the surface of the catalysts, and the mutual interactions among all the
components [113].

1.5.2 The use of the spectroscopic techniques for the characterization of
Phillips catalyst.

The above-described goal of the thesis can be achieved only through the direct
experimental observation of the working centres, as well as reaction
intermediates. The need for suitable characterization techniques directly follows.
Among all the techniques, vibrational, electronic and paramagnetic spectroscopies
are well-known powerful techniques to provide information at the molecular level,
also for highly diluted surface species.

In particular, the vibrational spectra are sensitive to the molecular
properties of the investigated samples, such as type of atoms, chemical bonding,
geometry, and intra/intermolecular interactions, discriminating between different
species that may simultaneously be present in the investigated systems.
Moreover, the vibrational spectroscopy of adsorbed probe molecules was largely
employed in the past to get indirect information about the surface properties of
the catalytic materials.

On the other hand, the electronic properties of the metal centers in
heterogeneous catalysts, such as the oxidation state and the coordination
geometry, were directly explored by UV-Vis (in diffuse reflectance mode, DR) and
XANES spectroscopy, together with a few remarkable examples of XPS analysis.
Finally, EPR spectroscopy was successfully applied to detect and characterize Cr
species with specific oxidation states. As a matter of fact, EPR is a really sensible
technique and provides an incontrovertible proof for the presence of such species.
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It clearly appears how the best approach to face the analysis of intrinsically
complex multicomponent catalysts (as the Phillips one) is to carefully combine the
data obtained with different spectroscopic methods, in order to have a complete
picture of the topic.

1.5.3 Structure of the Thesis

This PhD thesis is constructed into seven chapters.

Chapter 2 is devoted to the description of the experimental details. The first part
of the chapter provides the list of the investigated catalysts and of the activation
procedures. Secondly, all the modification agents employed in the work are listed,
describing in details the optimized conditions to successfully modify the catalysts.
Finally, a brief description of the adopted experimental set-ups is provided for
each characterization technique.

Chapter 3 contains all the recent experimental results obtained by investigating
the classical Cr/SiO; Phillips catalysts during ethylene polymerization, both for the
CO-reduced Cr(l1)/SiO, and the oxidized Cr(V1)/SiO, forms.

Chapters 4 and 5 contain the most relevant results obtained on both the
Cr(11)/SiO; and Cr(VI)/SiO; catalysts modified with TEA and DEALE. More in details,
Chapter 4 discusses the modification of the Cr(l1)/SiO; catalyst, whereas Chapter 5
the modification of the oxidized Cr(VI)/SiO, one. This section includes the
experiments performed during a visiting period at the group of Magnetic
resonance and X-ray methods of Rostock University, under the supervision of
Professor Angelika Briickner.

Chapter 6 shows the most interesting results obtained for the silica-supported
Cr[CH(SiMes),]s organochromium catalysts, which were the main object of the
collaboration with Dr. Takashi Monoi from the Japan Polychem Corporation (JPC).
Chapter 7 is dedicated to conclusions and perspectives.
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Chapter 2

Experimental methods.

In this Chapter we provide the details of all the catalysts investigated in this thesis,
their synthesis procedure and the characterization techniques. Because of the high
air-sensitivity of all the Cr catalysts, as well as of the Al-Alkyls, a dedicated glove-
box and specifically dedicated vacuum lines (Figure 2. 1) were extensively used for
both the storage and the handling of the samples.

TS a

‘ &

3 — £

Figure 2. 1 Left): The glove-box and the vacuum line used for storing and manipulating the samples
under nitrogen atmosphere or under vacuum.
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2.1 Samples preparation

2.1.1 Synthesis and activation of Cr/SiO;

The Phillips catalysts were prepared through a wet-impregnation of the silica
support with an aqueous solution of Cr(VI). The silica used as a support is a silica-
aerosil (surface area 380 m?/g). As a precursor of chromium, chromic anhydride
was used. Two different batches of samples were prepared, characterized by a
chromium loading of 0.5 wt% and 1.0 wt%, respectively: the former was used for
the DR-UV-Vis-NIR measurements and the latter for FT-IR and kinetics
experiments. The choice was done to optimize the spectral quality. Cross-checking
experiments demonstrated that the spectroscopic properties are the same
irrespective of the Cr loading, as already demonstrated in the past [1].

The activation procedure, optimized along more than 15 years of research
in the Torino’s group, involves the following steps: i) evacuation at 973 K followed
by calcination in O, at the same temperature for 1 hour; ii) reduction in CO at 623
K for 1 hour followed by evacuation at the same temperature; and iii) cooling
down to room temperature in dynamic vacuum. It was previously demonstrated
(by coupling DR UV-Vis with Raman measurements) that step i provides Cr sites in
a hexavalent state having a mono-chromate structure, which are stoichiometrically
and cleanly reduced to Cr(ll) by CO [1]. In the following we will call the two form of
the catalyst Cr(VI)/SiO, and Cr(l1)/SiO,, respectively.

2.1.2 Modification of Cr/SiO2 by AlIR3

Both Cr(VI1)/SiO;, and Cr(l1)/SiO;, have been subjected to modification by AlEt; (TEA)
or Al(OEt)Et, (DEALE). The modification was achieved following two methods.
Method A: vapor deposition. A small balloon containing the alkylating agent was
filled in the glovebox, and successively connected to a vacuum line. The vapors of
TEA (or DEALE) were sent directly on the activated catalyst. This method has the
advantage to allow the investigation of the activation process in real time by
means of spectroscopic methods. However, it is susceptible of contamination by
moisture, enhanced by the low vapor tension of TEA and DEALE, which take time
to reach the sample. Moreover, the main disadvantage of that method is that it is
not possible to quantify the amount of dosed Al-Alkyls, that means the Al/Cr
stoichiometry.
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Method B: impregnation. The activated samples were impregnated directly in the
glovebox with a stoichiometric amount of Al-alkyl, corresponding to Al:Cr = 2:1 or
4:1, as reported in the literature [2-6]. Figure 2. 2 shows a detail of the
impregnation procedure. Briefly, the sample is weighted, the molar content of Cr
determined, and the exact amount of Al-alkyl necessary to reach the desired Al:Cr
concentration is diluted in hexane. Due to the small amount of liquid, the
impregnation is performed by using a micropipette. Hexane rapidly evaporates
during the successive degassing step.

Figure 2. 2 Impregnation procedure made in glove box.

The resulting catalysts are labelled throughout the text with a
nomenclature that contains, in the order: the form of the starting catalyst
(oxidized or reduced), the name of the Al-alkyl used for the modification (TEA or
DEALE) and its concentration expressed as Al:Cr ratio (as done conventionally in
the literature). For example, the nomenclature Cr(ll)/SiO>+TEA(2:1) indicates a
Cr(I1)/SiO, catalyst modified by TEA at a concentration of Al:Cr =2:1. The whole list
of samples investigated during this thesis work is reported in Table 1.
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Table 1 List of the Cr[CH(SiMe3),]3/SiO> catalysts received by JPE.

Modification
Label Oxidation Reduction

Al-Alkyl  Al:Cr
02,650°C -
02, 650°C - TEA 2:1
02,650°C - TEA 4:1
02, 650°C - DEALE 2:1
02,650°C - DEALE 4:1
0., 650°C CO, 350 °C
02,650°C CO,350°C TEA 2:1
02,650°C CO,350°C TEA 4:1

02,650°C CO,350°C DEALE 2:1
02,650°C CO,350°C DEALE 4:1

2.1.3 Silica-supported Cr[CH(SiMe3).]s catalysts

The nCr[CH(SiMes)2]3/SiO2.600 catalysts were provided by Dr. Takashi Monoi
(JPE/IPC) in the frame of a Confidentiality Agreement. The synthesis procedure
was as follows. The Cr[CH(SiMes),]s complex, shown in Figure 2. 3, was synthesized
from (MesSi),CHCI and CrCl; as dark green crystals. A 0.2M stock solution of
Cr[CH(SiMes),]3 in hexane was prepared.

Figure 2. 3 Molecular structure of Cr[CH(SiMes),]s with hydrogen atoms omitted for clarity [7].

Two different batches of silica Sylpol952 (Grace, surface area = 300 m?/g,
pore volume = 1.6 cm3/g) were calcined in quartz tubes by fluidization with a
stream of dry nitrogen at 600 °C (hereafter SiO.¢00) for 24 h, respectively. The silica
was placed in a 100-mL round-bottom flask, and 40 mL of dry hexane were added.
After stirring and warming to 40 °C, the hexane solution of Cr[CH(SiMes),]s was
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added and stirred at 40 °C. Different chromium loadings were employed. Hereafter
we will indicate the Cr loading before the name of the sample. For example,
0.5Cr[CH(SiMe3),]3/SiO2-600 indicates a Cr content of 0.5 wt% on a SiO.¢00. After 1 h
of stirring, the hexane was removed in vacuum at 40 °C until no volatiles appeared.

Table 2 List of the Cr[CH(SiMe3),]3/SiO, catalysts received by JPE. The 0.1Cr[CH(SiMe3)>]3/SiO2-600
revealed to be too much sensitive to moisture, and was not investigated in details.

Sio Cr loadin >

Act.zT (0 (W) € Ppicture
Si0,.600 600 - — —
0.1Cr[CH(SiMes),]s/Si05400 600 0.1 i
0.2Cr[CH(SiMes),]s/Si05400 600 0.2 | —
0.3Cr[CH(SiMes),]s/Si0, 400 600 0.3 e RS
0.4Cr[CH(SiMe;),]s/Si0, 550 600 0.4 L
0.5Cr[CH(SiMes),]s/Si0c00 600 05 i R —

A picture of the Cr[CH(SiMes),]3/SiO, samples, of the starting silica powders and a
complete list of the investigated samples is reported in Table 2.

2.2 Ethylene polymerization tests

All the Cr catalysts were tested in gaseous ethylene polymerization in mild
conditions (room temperature, ca. 100-200 mbar). In all the cases the reaction was
performed directly into the activation/measurement cell. Information on the
polymerization reaction were obtained following two different approaches:

A. Spectroscopic approach. C;H, (ca. 100 mbar) was dosed in the reaction cell and
the spectroscopic manifestations of the growing polymer, as well as of the active
catalyst, were recorded at different time resolution depending on the technique.
FT-IR spectra during ethylene polymerization were recorded every 30 seconds,
while DR UV-Vis spectra during ethylene polymerization were collected every 2
minutes. For EPR, ethylene was sent on the catalyst and the polymerization was
quenched by liquid nitrogen after a few minutes, followed by the collection of the
EPR spectrum.

B. Kinetic approach. In most of the cases, the ethylene polymerization rate was
evaluated by monitoring the decrease in ethylene pressure as a function of time,
by means of a capacitive pressure gauge. In a standard experiment, a starting
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pressure of ca. 200 mbar was adopted and the ethylene pressure was recorded
every 5 seconds within the first minute of reaction, every 10 seconds until two
minutes and every 30 seconds until reaching the tenth minute. This approach
offers the possibility to evaluate the constants of ethylene polymerization kinetics,
and to compare quantitatively the performances of different catalysts.

2.3 Characterization techniques

2.3.1. FT-IR spectroscopy
FT-IR spectra in transmission mode were collected by using a Bruker Vertex70
instrument equipped with a MCT detector, at a resolution of 2 cm™. Each sample
was prepared in the form of a thin pellet (surface density ca. 30 mg cm) and put
into a gold envelope within a quartz cell equipped with two KBr windows, as
shown in Figure 2. 4 (part a), which allows performing the activation procedure
through the use of thermal treatment vacuum line (part b of Figure 2. 4) and
measurements in presence of gases. In order to monitor in situ the evolution of
the spectra in the presence of molecular probes and/or during the reactions, the
quartz cell containing the sample was connected to a devoted vacuum line and
interfaced with the spectrophotometer (part b of Figure 2. 1).
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Figure 2. 4 Part a) Room temperature IR cell allowing transmission measurements. Part b) thermal
treatment vacuum line.

ATR-IR spectra of liquid and powder samples were collected with a Bruker
Alpha instrument with a diamond crystal placed inside the glove box.
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2.3.2 DR UV-Vis-NIR spectroscopy

The UV-Vis-NIR spectra were collected in diffuse reflectance mode (DR), using a
Varian Cary5000 spectrophotometer, equipped with a reflectance sphere. The
samples were placed inside a quartz cell with an optical quartz window
(“Suprasil”). Two different geometries for the optical window were available, as a
compromise between the spectroscopic response and the adjustment to the
sample form: a bulb-shaped window for powder samples and a flat window for
samples prepared as thick pellets (surface density ca. 300 mg cm?) as shown
respectively in Figure 2. 5. The spectra were collected in reflectance and
successively converted into Kubelka-Munk.

Figure 2. 5 Cells in optical quartz used for diffuse reflectance, part a) in the bulb-shaped window, part
b) in the flat window.

2.3.3 EPR spectroscopy

The EPR experiments were conducted in two different laboratories. Those
reported in Chapter 3 and Chapter 6 were performed at the Department of
Chemistry at UniTO (under the supervision of Prof. Mario Chiesa). X-band
(microwave frequency 9.76 GHz) and Q-band (microwave frequency 33.7 GHz) CW-
EPR experiments were carried out on a Bruker ELEXYS 580 EPR spectrometer,
equipped with a SHQ cavity (X-band) and a flexline dielectric ring Q-band EPR and
ENDOR resonator (Bruker EN 5107D2). X-band measurements at 77 K were
performed using a finger dewar, filled with liquid nitrogen. The magnetic field was
measured with a Bruker ER035 M NMR gaussmeter. All simulations of the EPR
spectra were done using Easyspin.
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The EPR experiments reported in Chapter 5 were performed at the Leibniz-
Institut fiir Katalyse e.V. an der Universitdat Rostock (LIKAT), in the frame of the
three months internship | spent there. EPR spectra were recorded on an ELEXSYS
500-10/12 X band cw-spectrometer (Bruker) with a microwave power of 6.3 mW, a
modulation frequency of 100 kHz an modulation amplitude of 5 G. The spectra
were collected at 100 K.

2.3.4 XPS measurements

During my internship at the Leibniz-Institut fir Katalyse e.V. an der Universitat
Rostock (LIKAT), | also attempted to perform some X-ray Photoelectron
Spectroscopy (XPS) experiments. The XPS measurements were performed with a
VG ESCALAB220iXL instrument, using a monochromatic Al K, radiation (E = 1486.6
eV). In order to preserve the samples from the air and the moisture, a glove bag
filled with nitrogen was set around the entrance chamber of the instrument as
shown in Figure 2. 6.

Figure 2. 6 The glove-bag set around the entrance chamber of the XPS instrument at LIKAT.

Unfortunately, despite the numerous attempts, no reliable results were obtained
by XPS, for two main reasons.
1) Despite the precautions used to insert the samples in the pre-measurement
chamber, they appear all contaminated by moisture. This is not strange, since
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it is known that Cr/SiO, catalysts are extremely sensitive. If additional trials
have to be made in the future, some efforts are necessary to equip the
instrument with the possibility to introduce air-sensitive samples without
exposure to moisture.

2) Only a very weak and broad signal in the Cr 2p region was detected, due to
the low Cr loading. The consequent signal to noise ratio was very poor, and
did not allow to perform a reliable deconvolution of the peaks, which is
mandatory for the interpretation of the spectra.

2.3.4 Differential scanning calorimetry (DSC)

DSC measurements on the obtained polymers were performed with a TA Q200
instrument at a heating rate of 2°C/min, with two consecutive heating and cooling
temperature ramps in the 50-150°C range. The values for polymer melting
temperature (Tm) and crystallization temperature (T.) were taken from the second
heating ramp, so that the measures were not affected by the thermal history of
the polymer.
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Chapter 3

The unmodified Phillips catalyst.

The Phillips catalyst employed nowadays in the industrial process is essentially the
same as the one discovered in 1951, and this is due to its rather simple synthesis
procedure: the impregnation of a chromium precursor (typically CrOs) on a high
surface area material (traditionally an amorphous silica). The catalyst is first
activated in an oxidative atmosphere at a temperature higher than 600 °C. This
procedure leads to the dihydroxylation of the support and to the grafting of Cr in
the form of chromates species. Ethylene is then put in contact directly with the
activated pre-catalyst at temperatures from 80 to 120°C. At this point, after an
induction time that can vary from minutes to hours, ethylene slowly reduces the
Cr(VI) sites initially present in the pre-catalyst to low valent chromium sites, with
the concomitant formation of oxygenated by-products. The study of the real
actives sites is very challenging to perform in this situation, considering that once
the reduced Cr sites are formed, they immediately react with ethylene. For this
reason, in last seventy years, the investigation of Cr reduced sites was performed
on model catalysts obtained by several alternatives that have been used to
produce supported chromium already in a reduced state. One of the most
successful method was the thermal reduction of the catalyst at 350°C by means of
CO. The pre-reduced catalyst is able to polymerize ethylene already at room
temperature without induction periods, and it turned out to be a more facilitated
system to be studied from a spectroscopic point of view.
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3.1 The Phillips catalyst in its oxidized form: Cr(VI)/SiO>

About the oxidation state of the chromium species formed during the induction
time, there is a general consensus on that Cr(ll) sites are mainly formed during this
step[1-7]. Concerning the oxygenated by-products, formaldehyde has been long
claimed as the most probable one[8-13], but recent experiments performed in
operando conditions pointed out that more complex species (such as ketones,
carboxylic acids, or esters) are actually formed and, more important, retained on
the chromium sites (and likely also at the silica surface), at least during the
initiation of the ethylene polymerization reaction [14, 15].

One of the most debated question concerns the mechanism through which
ethylene at first reduces the Cr sites and then initiates the polymerization. Several
proposals in literature have been formulated, most of them involving reduced Cr
sites (either Cr(ll) sites or Cr(lll) sites [1, 6, 16]), but nowadays there are no
unequivocal experimental proofs to support a thesis or the others. From a
practical point of view, the most difficult step to overcome is distinguishing
between the chromates reduction and the starting of the polymerization. For this
reason, the easiest way explored by researchers in the past was to separate the
formation of the active sites from the ethylene polymerization, either by pre-
activating the chromate precursor with an external reducing agent before the
ethylene injection[1-5], or by starting from ad-hoc synthesized organometallic
systems in a well-defined reduced oxidation state[1, 16, 17].The approaches made
separating the two steps of the formation of the actives sites and the sites
involved in the ethylene polymerization, although useful for a fundamental
understanding, lead to the production of different polyethylene grades with
respect to the traditional Phillips catalyst, suggesting that the structure of the Cr
sites is not the same in all the cases and strongly depends on the preparation
process. The only way to have a complete vision of the active sites in the ethylene-
reduced Cr/SiO, catalyst is to observe it under the real reaction conditions,
exploiting the by now mature technology of advanced operando spectroscopies [1,
5, 18-20].

3.1.1 The reaction of Cr(VI)/SiO> with ethylene: the question of the Cr
oxidation state addressed by DR UV-Vis and EPR spectroscopies.

DR UV-Vis and EPR spectroscopies are probably two of the most powerful
techniques to determine the oxidation state of the chromium sites and their
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coordination geometry. However, both techniques present some “risks”. As far as
DR UV-Vis spectroscopy is concerned, the following two arguments are often
criticized: i) the electronic transitions give rise to broad and overlapping bands, ii)
whose positions depend on both the oxidation state and the coordination
geometry of the chromium sites, which are difficult to disentangle[21]. On the
other hand, the EPR spectroscopy of Cr/SiO, Phillips catalysts is particularly
delicate because of the possible co-presence of several Cr oxidation and spin
states, not always detectable at conventional frequencies and temperatures. Cr(lll)
(d3, S=3/2) and Cr(V) (d* §=1/2) species are the typical EPR active species
observed[22, 23].

Figure 3. 1 shows the pictures of the Cr(VI)/SiO, catalyst prepared in form
of thick pellet before the ethylene dosage (part a), after the induction time (part b)
and after ethylene polymerization (part c). Clearly, some color changes are
observable, even visually. In fact, at each step, the catalyst is characterized by a
specific color, which is linked to the different oxidation states of the Cr sites and
can be investigated more in details by DR UV-Vis spectroscopy.

crY'/sio, Cr/Sio, red Cr/Sio, + PE

Figure 3. 1 Pictures of the CrV'/SiO; catalyst a) before the ethylene dosage, b) after the reduction by
ethylene and c) after the complete ethylene polymerization.

The spectrum of the oxidized Cr"'/SiO, catalyst (spectrum 1 in Figure 3. 1a)
displays three intense bands at about 21500, 29000 and 39500 cm™, which are
assigned to the charge-transfer transitions of grafted mono-chromate species,
while no absorptions are observed in the region of the d-d transitions, because
Cr(V1) is a d° transition metal[23-25]. In particular, the absorption band at 21500
cm™® which gives the distinctive orange color (Figure 3. 1a), was attributed to the O
> CrV' charge-transfer transition of the Cr'(=0), moiety and was assumed as the
fingerprint of highly diluted mono-chromate species.

Figure 3. 2a shows the evolution of the DR UV-Vis-NIR spectra during the
reduction of Cr''/SiO, in presence of ethylene at about 150 °C, and before the
onset of ethylene polymerization. The reaction temperature is slightly higher with
respect to that employed in industrial conditions, and was chosen to compensate
the low ethylene pressure. During the reaction all the absorption bands ascribed
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to chromates gradually decrease in intensity (especially the one at 21500 cm™), in
favor of two weaker bands at lower frequencies in the d-d region (at ca. 9500 and
16700 cm™, with a shoulder at 15000 cm™), attributable to reduced chromium
species[6, 26]. At the end of this step, the color of the sample is bluish (Figure 3.
1b).
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Figure 3. 2 Evolution of the DR UV-Vis-NIR spectra upon ethylene reaction at 150 °C (gas flow of 20
mL/min) on the CrV!/SiO, catalyst, both during the induction period (from spectrum 1 to spectrum 2
in part a) and during ethylene polymerization (from spectrum 2 to spectrum 3 in part b). The part a’)
and b’) show a magnification of the d-d region, and the parts a”’) and b”’) a magnification of the NIR
region.

The assignment of the bands in spectrum 2 is not straightforward, because
they are the result of several contributions, including some still unreduced Cr"'
species (as testified by the residues of the band at 21500 cm™). In particular, the
bands at 9500 and 16700 cm™ could be assigned both to Cr(Il) or Cr(Ill) reduced
species. As a matter of fact, low-spin Cr(ll) complexes in a perfect octahedral
environment present a single *E;—>°T, transition band in the 20000-10000 cm™
range (e.g. at 14000 cm™ for Cr?*(H,0)s). Such band is split into two components
when these complexes undergo a tetragonal distortion (from Oy to Dan symmetry),
a contribution in the visible and another one in the near-infrared region (extending
downwards up to 10000 cm™ in some cases)[21, 27, 28]. On the contrary, the salts
of trivalent chromium usually give in water light green solutions, with two intense
bands at 17000 cm™ and 24000 cm™ due to the transitions from the *A,; ground
term to the *T, terms. In particular, the band at 17000 cm™ is due to the *Ax;=> *Ty
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transition and the 24000 cm™ to the *A,; = *Ty4 transition[21]. On these basis, the
band at ca. 9500 cm™ supports the presence of Cr(ll) species, being too low in
energy to be attributed to Cr(lll) ones. This assignment is validated by the
similarity of spectrum 2 in Figure 3. 2a with the spectrum of Cr(V1)/SiO reduced by
cyclohexene, for which the presence of 6-fold Cr(ll) species in interaction with an
ester was demonstrated by independent techniques[29]. Hence, at the end of the
induction period, Cr(VI) sites are reduced mainly to Cr(ll) species in a distorted
octahedral coordination, although the co-presence of a minor fraction of Cr(lll)
species cannot be excluded.

After an induction time of about 40 minutes, the polymerization starts. The
polymer growth is outlined by the appearance of the typical absorption bands in
the NIR region (inset in Figure 3. 2b), where the overtones and combination of
stretching and bending modes of the CH, moieties belonging to the polyethylene
are visible. At the same time, the bands in the d-d region attributed to the Cr(ll)
species decrease in intensity and no new bands are observable during the
reaction. The first observation clearly indicates that the Cr(ll) species are involved
in ethylene polymerization. Concerning the reason why no new bands are
observed in the DR UV-Vis spectra, this was ascribed to the fact that, as soon as
the Cr sites begin to work, they are shielded by the growing polyethylene and
rapidly become invisible to the spectrophotometer. And this is also the reason why
at the end of the polymerization process, the whole spectrum (spectrum 3 in
Figure 3. 2b) is characterized by a general loss of intensity, because the layer of
polyethylene around the catalyst particles changes their scattering properties. This
effect is macroscopically visible, since the sample appears white after the
polymerization (Figure 3. 1c). The spectrum at the end of the ethylene
polymerization reaction still shows two very weak bands in the d-d region that can
be ascribed to reduced chromium sites not involved in the polymerization
(compatible with both Cr(ll) and Cr(lll) in 6-fold coordination), and a band linked to
unreacted chromates. Hence, ethylene polymerization takes place in presence of
some residual chromates, that could have an influence on the activity of the
catalyst, maybe enhancing the strain at the silica surface and modifying the
chemical environment around the active species (i.e., the bond Cr-O of the
chromates is shorter respect to the reduced chromium sites) [11, 30, 31].

As a complementary experiment, we performed a detailed X- band EPR
investigation, aimed at establishing the Cr oxidation and spin states before and
after reaction with ethylene. In this case the occurrence of the polymerization was
testified by the decrease in ethylene pressure and univocally proven at the end of
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the experiment by the whitish coverage around the catalyst particles and by FT-IR
spectroscopy in ATR mode (Figure 3. 3c). The EPR results are reported in Figure 3.
3. Before the introduction of ethylene, the Cr"'/SiO, is characterized by pseudo
axial resonances in the g region 1.895-1.979 (spectrum 1 in Figure 3. 3Figure 3. 1a),
which is due to residual Cr(V) species, detected in the X-band EPR spectrum of
CrY1/Si0; since the early 1990s[32-35], and usually considered as spectators.

Upon reaction with ethylene, a marked change in the EPR spectrum occurs in
both the low-field (100-225 mT, Figure 3. 3a’) and mid-field (320-370 mT, Figure 3.
3a”) spectral regions. After 10 minutes of reaction with ethylene the EPR signals
associated to Cr(V) species decrease in intensity. After 30 min of reaction a further
decrease in intensity, accompanied by a g shift and a change in the spectral profile
in the g. region, is observed, together with the appearance of a new complex
signal in the low field region (Figure 3. 3a’) at g ~ 4.3. This signal is the fingerprint
of Cr(Ill) (d®, S=3/2) species and further increases in intensity for prolonged
reaction times.
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Figure 3. 3 a) X-band CW-EPR spectra of Cr(V1)/SiO, (red trace) and upon reaction with ethylene at
150 °C for 10 min, 30 min, 1 h and 2 h (violet trace). Panels a’) and a”’) show the enlargements of the
low- and mid-field spectral regions. The spectra were recorded at T = 77 K, with microwave power of
1 mW. b) Pictures of the Cr(V1)/SiO, before and after reaction with CoHgs; ¢) ATR FT-IR spectrum of the
Cr/SiO, catalyst after ethylene polymerization.

Simulation of the spectra taken at different reaction steps (before reaction,
after 30 min, and after 2 h of reaction with ethylene) allows estimating the relative
contribution of the different species as a function of the reaction evolution (Figure
3. 4 ). The overall contribution of Cr(V) is found to decrease from 99 + 1% to 13 *

40


http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.8b07699/suppl_file/jp8b07699_si_001.pdf

2% after 30 min of reaction to 4 + 3% at the end of the reaction, while the
corresponding contribution of the overall Cr(lll) species is found to increase from 1
+ 1% up to 96 + 3% [36]. Although it is not possible to exclude that a fraction of
these Cr(lll) sites derive from the reduction of Cr(VI), the correlation with the
disappearance of the Cr(V) signal suggests that most of the detected Cr(lll) species
originate from the reduction of Cr(V).
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Figure 3. 4 Experimental (blue) and simulated (grey) X-band EPR spectra of the Cr(V1)/SiO; sample at
different stages of reaction with ethylene. a) oxidized sample before reaction; b) after reaction with
ethylene at 150 °C for 30 min, c) after reaction with ethylene for 2h. All spectra were recorded at
77K. The simulation was carried out using the same spin Hamiltonian parameters reported in Table 1
of the main text and varying the relative abundance of the different species. The % of the total Cr(lll)
and Cr(V) species at the different stages of reaction is plotted on the right hand side of the figure.

Although it is not possible to exclude that a fraction of these Cr(lll) sites
derive from the reduction of Cr(VI1), the correlation with the disappearance of the
Cr(V) signal suggests that most of the detected Cr(lll) species originate from the
reduction of Cr(V).

3.1.2 The reaction of Cr(VI)/SiO, with ethylene: detection of the oxidized
by-products by operando FT-IR spectroscopy.
In order to achieve more information about the reaction between ethylene and
Cr(V1)/SiO,, we analysed the output stream from the reactor with an online mass
spectrometer during all the reaction, aimed at detecting eventual volatile oxidized
by-products. However, only a few traces of masses diverse from ethylene were
detected, and in particular a few traces of formaldehyde. This implicates that most
of the by-products are not volatile, and retained on the catalyst surface.

For this reason, we investigated the same reaction by operando FT-IR
spectroscopy. The evolution of the FT-IR spectra of Cr(VI)/SiO; recorded in
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presence of ethylene at 150 °C is shown in Figure 3. 5a. Spectrum 1 shows the
well-known features of a dehydroxylated silica, with the characteristic band of the
free silanol at 3748 cm™ and the silica overtone in the 2100-1500 cm™ range. The
presence of the chromates at the silica surface is revealed by the very weak band
around 1980 cm™, which was attributed to the first overtone of the v(Cr=0)
vibrational mode[6, 37, 38]. In presence of ethylene at 150 °C a few IR absorption
bands gradually grow at 2892 and 2865 cm™ (typical IR region for v(CHx) modes),
along with two more intense bands at 1617 and 1573 cm™. Despite several
functional group can present a manifestation in that spectral region, the
assighment of these bands to vibrations involving oxygenated species is
straightforward due to their extremely high intensity with respect to the v(CH,)
modes. Indeed, only chemical groups with high extinction coefficients (such as
organic carbonyls, formates and others) can result in such intense
manifestations[39-42], while the v(C=C) modes, although compatible in terms of
position, would give much weaker absorption bands[43-46].

Absorbance

2500 2000 1500

Absorbance

[ 0.05 a.u.

2000

1900

3500 3000 2500 . 2000 1500
Wavenumber {cm )

Figure 3. 5 Time evolution of the spectra for the CrV'/SiO; catalyst (bold black) during reduction with
ethylene (from black to bold violet) and during ethylene polymerization at 150 °C (from violet to bold
green). Part (a): Operando FT-IR spectra. Part (b): FT-IR spectra collected in static conditions. In the
inset a magnification of the chromate region.
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A clear and complete analysis of the adsorbed species can be achieved
analysing the Mid-IR spectral region in its totality. As soon as ethylene is flowed
into the reaction cell, all the FT-IR spectra are dominated by the absorption bands
of the gaseous ethylene (Figure 3. 5a). This greatly limits the observation of the
oxidized by-products. In order to overcome this spectroscopic problem, a FT-IR
experiment in static condition was designed (150 °C, PC,H, = 100 mbar, Figure 3.
5b). This experiment allowed us observing: 1) the chromate reduction, because
the band at 1980 cm™ (inset in Figure 3. 5b) gradually decreases in intensity; 2) the
formation of the oxidized by-products, characterized by absorption bands at 2955,
2892, 2865, 2747, 1617, 1573, 1455, 1383 and 1369 cm™, before the onset of
ethylene polymerization.

Although formaldehyde has been claimed for a long time as the main by-
product of the reaction between Cr''/SiO, and ethylene, the observed bands
cannot be assigned to formaldehyde as such, but rather to some oxygenated
molecules derived from a rearrangement of formaldehyde on the Cr(ll) sites. In
particular, our most accredited species is methylformate, which is formed by
disproportionation of two formaldehyde molecules at the same Cr(ll) site, through
the so called Tischenko reaction [29, 47-52]. A complete assignment of all the
absorption bands associated to the by-products is reported in Table 1.

Table 1. Position (in wavenumbers, cm-1) and relative intensity (vs = very strong, s = strong, m =

medium, w = weak) of the IR absorption bands attributed to ethylene oxidation products in
interaction with the ethylene reduced CrV'/SiO; catalyst

Observed bands (cm™) Assignment

2955 (s) Vasymm(OCO) + &(CH)
Vasymm(CH3)

2892 (s) Vsymm(CH3)

2865 (s) v(CH)

2747 (w) Vsymm(OCO) + §(CH)

1617, 1573 (vs) Vasymm(OCO)

1455 (m) 5(CHs)

1383 (s) 6(CH)

1369 (vs) Vsymm(OCO)

A possible reaction pathway is shown in Scheme 1, wherein ethylene
reduces a chromate forming two molecules of formaldehyde (as proposed in the
literature), which immediately rearrange on the Cr(ll) sites, to give a
methylformate molecule.
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Scheme 1 Possible reaction pathway for the reaction between ethylene on the CrV/SiO; catalyst at
150 °C, during the induction period.

3.1.3 The reaction of Cr(VI1)/SiO2 with ethylene: a kinetic study.
The ethylene polymerization activity of Cr(V1)/SiOz in our experimental conditions
was determined by measuring with a capacitive pressure gauge the decrease of
ethylene pressure as a function of the time. A starting ethylene pressure of 200
mbar was dosed on the catalyst at 150 °C, and the ethylene pressure was
registered every 10 minutes during the induction time, and every 30 seconds when
the polymerization started, as reported in Figure 3. 6. During the first 40 minutes,
almost no changes are observable in the pressure value. This corresponds to the
induction time, during which the chromates are reduced by ethylene. After this
time, the ethylene pressure progressively decreases with an almost linear trend
and only at the end of the reaction a change in the slope is observed, likely
because the ethylene pressure becomes too low.

The polymerization rate was evaluated by excluding the induction time
and considering the reaction as a first order reaction, as proposed in the literature

[53-55]. The rate law for polymerization at low ethylene pressure is as follows:

dP(C,H,)
— = —kP(C;Hy)

Hence, by plotting the InP(C,H,) versus time during the first ten minutes of the
polymerization, it is possible to estimate the rate constant k as the slope of the
linear trend. A value of k = 7.7 s*molCr* was obtained.
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Figure 3. 6 Kinetics of ethylene polymerisation on CrV!/SiO, catalyst, obtained by recording ethylene
pressure as a function of time at 150 °C degrees.

3.1.4 The reaction of Cr(VI)/SiO; with ethylene: the emerging picture.
The accurate analysis of all the spectroscopic data discussed above led to the

following conclusions:

1.

During the induction time, the chromates species are reduced mainly to
Cr(ll) species in interaction with oxidized by-products (such as
methylformate), and other reduced species not clearly identifiable (either
6-fold Cr(lll) or 6-fold Cr(ll) species) that do not participate to the
polymerization reaction.

Ethylene polymerization starts and proceeds in the presence of residual,
slowly reducible, chromates.

The oxidized by-products (such as methylformate) remain in the
coordination sphere of the Cr sites also during the initial steps of ethylene
polymerization, and have to be considered as important participants in the

catalysis.

It is clear that the old vision of “naked” chromium sites is exceeded and cannot be
anymore considered as a reliable model for the industrial catalyst. Hence, in
designing new variants of the Phillips catalyst, one should always take into account
not only the oxidation state, but also the ligands sphere of the Cr sites.
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3.2 The Phillips catalyst in its reduced form: Cr(11)/SiO>

The reduced Cr'"/SiO, catalyst is obtained using as reducing agent CO at 350 °C: this
treatment converts all the Cr(VI) sites into “naked” Cr(ll), since the CO, by-product
is easily removed from the surface at 350°C[1-3, 6, 18, 56]. When ethylene is
dosed on Cr'/SiO,, the polymerization starts immediately without any induction
time. This is the reason why the CO-reduced Phillips catalyst has been widely
adopted as a model system to investigate the initiation mechanism. Nevertheless,
the polyethylene produced on the reduced catalyst is slightly different from the
one produced on the oxidized catalyst, displaying a slightly higher My and a better
co-monomer incorporation efficiency [1, 57]. These differences imply that the
precursors of the active sites are different in the two cases. In this respect, it is
useful to recall here the most important spectroscopic details on Cr(I1)/SiO..

3.2.1 Properties of Cr(ll)/SiO, as determined by multiple spectroscopic
methods

Upon reduction of Cr(VI)/SiO, in CO at 350 °C, the colour of the catalyst changes
from orange to light-blue (Figure 3. 7d). Correspondingly, the DR UV-Vis spectrum
(curve 2 in Figure 3. 7a) greatly changes. In particular: 1) a strong band appears at
30000 cm, straightforwardly assigned to an oxygen to chromium (O — Cr) charge
transfer transition; 2) the band at about 21500 cm™, previously assigned to the
charge transfer transition of grafted mono-chromate species, disappears; and 3)
two broad bands at 7500 and 12000 cm™ appear, which are assigned to d-d
transitions of 4-fold coordinated Cr?*4 species [5, 24, 25, 58-60]. Cr(ll) species are
characterized by a non-Kramer spin state (S=2), and hence are EPR silent at
conventional frequency-field conditions. This is why EPR at X-band (spectrum 2 in
Figure 3. 7b) monitors only the disappearance of the Cr(V) signal and no new
signals became visible after the reduction. It is important to notice that, when the
activation procedure is correctly performed, no Cr(lll) species are detected.
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Figure 3. 7 Part a) DR UV-Vis-NIR, Part b) X-band CW-EPR, part C) FT-IR, spectra of the oxidized
(spectrum 1) and reduced (spectrum 2) Cr/SiO; catalyst. The inset shows the enlargement of the mid-
field region. Part d) the pictures of the oxidized and reduced catalyst.

In the FT-IR spectra, the most evident change observed after CO reduction
is the disappearance of a band at about 910 cm™, in the so-called “window of
transparency of silica”. This band, observed in the spectrum of Cr(VI)/SiO,,
(spectrum 1 in Figure 3. 7c) is due to the perturbation of the SiO; vibration modes
induced by the presence of chromates. In addition, the very weak band around
1980 cm™, which was attributed to the first overtone of v(Cr=0,), after the
reduction disappears. It is interesting to observe that a very weak band at 1596
cm? is always observed in the spectrum of Cr(l1)/SiO,. This band was never
assigned in the literature, but we have evidences that it is connected with some
surface modes of Cr(l1)/SiO,. As a matter of fact, the band is sensitive to the
adsorption of molecules on the Cr(ll) sites.

The accessibility of the Cr(Il) has been traditionally scrutinized by using FT-IR
spectroscopy of adsorbed CO. Figure 3. 8 shows the evolution of the DR UV-Vis-
NIR (part a) and FT-IR (part b) spectra of Cr'/SiO, catalyst as a function of the CO
coverage at room temperature.
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Figure 3. 8 Part a) DR UV-Vis-NIR in the presence of CO (Pco = 100 mbar) at room temperature
(spectrum 2). Green spectra show the effect of gradual CO desorption at room temperature. The
inset shows a magnification of the d-d region. Part b) Evolution of the FT-IR spectra (magnification of
the v(CO) region) upon CO adsorption at room temperature as a function of Pco coverage, from Pco =
100 mbar (spectrum 2) to zero (spectrum 1).

Starting from DR UV-Vis spectroscopy, the d-d bands characteristic of the
Cr(ll) sites are perturbed by CO adsorption, as a consequence of the increased
ligand field [6, 18, 43].In particular, at low CO pressure the bands at 12000 and
7500 cm™ shift at 14000 and 8600 cm™, because of the formation of mono-
carbonyl Cr(ll) adducts. At higher CO pressure, the band at 12000 cm™ further
shifts up to 20000 cm™, due to the formation of dicarbonyl Cr(ll) species [6].
Analogously, in the CT region, the band centred at ca. 30000 cm™ decreases in
intensity, and a new intense band appears at 37000 cm?, as a consequence of the
electron donor properties of CO [6].

Figure 3. 8b shows the FT-IR spectra, in the v(CO) region, of CO adsorbed
on Cr(l1)/SiO; as a function of the CO coverage. The spectrum at the maximum CO
coverage (violet) presents a characteristic triplet of bands (at 2191, 2184 and 2178
cm?), which evolves in a doublet at low CO pressures (at 2180 and 2191 cm).
These spectra have been in terms of two families of Cr(ll) sites (Cra and Crg),
differing in the number of coordination vacancies available for CO insertion: Cra
coordinates up to two CO molecules, while Crg can coordinate only one CO
molecule at room temperature[6]. The evolution of the FT-IR spectra upon
decreasing the CO coverage was explained in terms of transformation of a
dicarbonyl species on the Cra site (bands at 2184 and 2178 cm) into a
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monocarbonyl (at 2180 cm™), whereas on the Crg site only a monocarbonyl species
can be formed even at high CO coverage (band at 2191 cm™?).

3.2.2 The reaction of Cr(11)/SiO2 with ethylene: a kinetic study.
The activity of Cr(ll)/SiO2 in ethylene polymerization in our experimental
conditions was evaluated by means of a kinetic experiment similar to that
discussed for Cr(VI)/SiO,, as reported in Figure 3. 9. The reaction starts
immediately, without any induction time, and the ethylene pressure decreases in a
perfect linear way, indicating that the reaction is of the first order, as proposed by
Ajjou et al [54]. By plotting the InP(C,H,) versus time, a rate constantk =14 s’
'molCr! was determined, which is almost the double of that observed for ethylene
polymerization on Cr(VI1)/SiO..

This difference could be due to several factors: 1) in Cr(VI)/SiO, the
polymerization starts in the presence of a fraction of still unreduced Cr(VI) species,
and 2) in Cr(VI1)/SiO; the precursors of the actives sites do have in the coordination

sphere the oxidized by-products.
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Figure 3. 9 Kinetics of ethylene polymerisation on Cr'/SiO, catalysts, obtained by recording ethylene
pressure as a function of time.

3.2.3 The reaction of Cr(11)/SiO2 with ethylene: a spectroscopic study.

Ethylene polymerization on Cr(l1)/SiO, was monitored by means of DR UV-Vis, EPR
and FT-IR spectroscopies, as summarized in Figure 3. 10. Upon ethylene dosage,
the DR UV-Vis spectrum of Cr(l1)/SiO; (part a) immediately changes: the d-d bands
previously ascribed to Cr?*s sites are gradually eroded and shifted to 16500 and
13500 cm?, while the intense CT band shifts at 35000 cm™. These changes are very
similar to those observed in the presence of CO, and simply reveal that all the Cr(ll)
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sites got in contact with ethylene. Meanwhile, weak bands grow in the 4500-4000
cm? region, where overtones and combinations of the stretching and bending
vibrational modes of polyethylene are located (inset in Figure 3. 10a). These
results provide a strong evidence that the Cr?*,. sites are those involved in
ethylene polymerization. However, the disappearance of the spectroscopic
fingerprints of Cr?*4 is not accompanied by the appearance of any additional band
that could reveal the destiny of the active sites. Likely, the Cr active sites remain
buried into a layer of polyethylene and become rapidly invisible to DR UV-Vis-NIR.
This is macroscopically visible in the aspect of the sample that progressively
becomes white.
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Figure 3. 10 Part a) Evolution of the DR UV-Vis-NIR spectra upon ethylene reaction at room
temperature on the Cr(Il)/SiO, catalyst (from spectrum 2 to spectrum 3). The inset shows a
magnification of the NIR region. Part b) X-band CW-EPR spectra of the Cr(l1)/SiO; before (spectrum 2)
and after reaction with ethylene at room temperature (spectrum 3). The inset shows the
enlargement of the mid-field region. Part c) Time evolution of FT-IR spectra for the Cr'/SiO, catalyst
during ethylene polymerization (from spectrum 2 to spectrum 3). In the inset the pictures of the
catalyst before and after the polymerization.
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This does not mean that UV-Vis spectroscopy is not useful in the
investigation of these systems, but that the results must be interpreted with
caution and in combination with other methods. For this reason, we monitored
the same experiment by EPR spectroscopy, recording at the end of the reaction an
ATR spectrum of the sample, in order to confirm a posteriori the presence of the
polymer. Ethylene (P = 100 mbar) was admitted on the sample at room
temperature and after 10 minutes the reaction was quenched with liquid nitrogen
and an EPR spectrum was collected (spectrum 3 in Figure 3. 10b). We do not
observe any change in the EPR spectra before and after ethylene polymerization.
These results indicate that, under these experimental conditions, the active Cr
sites originated by reacting Cr(l1)/SiO, with ethylene at room temperature are not
EPR active.

Finally, Figure 3. 10 shows the time-resolved FT-IR spectra collected during
ethylene polymerization on Cr(11)/SiO, at Pcaus = 100 mbar and room temperature.
The occurrence of ethylene polymerization is indicated by the growth of the IR
absorption bands characteristic of polyethylene: two bands at 2920 and 2851 cm™?,
growing with time at nearly constant rates, which are readily assigned to the
asymmetric and symmetric stretching vibrations of CH; groups of living polymeric
chains. Other two bands are formed at 1472 and 1463 cm™. They have been
assigned to the bending modes of CH,, the former typical of crystalline PE, the
latter in common to both the crystalline and the molten phase. Their relative
intensity indicates that the produced polyethylene is highly crystalline also at short
polymerization time, as evidenced by the predominance of the band at 1472 cm?
[61]. Finally at long polymerization time, i.e. for high polyethylene content, also
the v(OH) bands are perturbed, as a consequence of the interaction of the surface
silanol groups with the polyethylene chains [8].

3.2.4 Before going on: a short summary on the properties of the
unmodified Cr''/SiO; Phillips catalyst.
Before going on with the “story” of the modified Al-alkyls systems (which have a
greater degree of complexity) a short summary on the Cr(l)/SiO; sample is
request, with a little help of some pictures.
1. The support plays an important role in determining the properties of the
chromium sites.
2. On Cr(l1)/Si0,, the Cr(ll) sites are isolated, in a divalent state and highly
uncoordinated, as shown in Scheme 2.
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Scheme 2 Schematic representation of the structure of the oxidized (a) and reduced (b) forms of
Cr/SiO, catalyst.

3. Due to the amorphous character of the support, different families of Cr(ll)
structures are present on the silica surface, which can be identified via
accurate spectroscopic methods and classified into three distinct families
(Cra, Crg, and Crc), depending on the number of coordination vacancies
available at room temperature, as shown in Scheme 3.
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Scheme 3 Schematic Picture of CO adsorption to isolated Cr, sites (a) and to Cry, sites (b).

4. The synergic use of different and complementary spectroscopic
techniques is mandatory for obtaining detailed information on the
molecular-level structure of the chromium sites.
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Chapter 4

Modification of Cr(l11)/SiO, with Al-alkyls.

This Chapter is devoted to investigate the effect, at a molecular level, of Al-Alkyls
on the Cr(l1)/SiO, catalyst. Although Al-alkyls are not necessary to develop the
activity, they can be used to enhance it: in the modified systems, the induction
time is almost eliminated and the polymerization rate rises to its maximum more
quickly [1]. However, the exact basics of the Cr sites modifications by Al-alkyls are
still unknown. The scientific literature in this field is very poor, with just a few
articles and a few research groups working on these systems [2-11]. Considering
these lacunae in the literature, we started working on the well-known Cr(11)/SiO;
catalyst, that has a lower “number of variables” that can influence the
interpretation of the data with respect to the industrial catalyst. At first, the
chromium sites are “naked” (i.e. highly uncoordinated) and well dispersed on the
silica surface without any by-products around (as already discussed in the previous
Chapters) [12]. Furthermore, the chromium oxidation state has to be considered
always the same upon the catalytic process, because an oxidation reaction is very
improbable (Al-alkyls are reducing agents), as well as an over-reduction reaction
(the presence of a Cr' was discarded) [1]. This approach allowed us to create a
reference dataset to subsequently study the modification of the more complex
Cr(VI1)/SiO; catalyst.
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4.1 The reactivity of the Cr(11)/SiO, with TEA and DEALE

4.1.1 Electronic properties of Cr(ll1)/SiO, modified by TEA and DEALE

Figure 4. 1 shows the evolution of the DR UV-Vis-NIR spectra of Cr(l1)/SiO> upon
the interaction with TEA (part a) and DEALE (part b), in the stoichiometric ratio of
Al:Cr=2:1 (spectra 2) and Al:Cr=4:1 (spectra 3). The spectrum of Cr(l1)/SiO; (spectra
1) has been already discussed in the previous Chapter (Figure 3.6). It would be
expected that an amount of TEA (and DEALE) corresponding to two/four times the
amount of Cr should be sufficient to modify all the Cr(ll) sites, as it was reported in
literature [4, 5]. In contrast, the DR UV-Vis-NIR spectra clearly indicate that the
effect of TEA on Cr(l1)/SiO, is modest (spectra 2 and 3 in Figure 4. 1a). In particular,
while the intense band at about 29000 cm™ decreases abruptly, the two bands in
the d-d region at ca. 12000 and 7000 cm™ are only slightly affected in intensity,
and a modest shift at higher wavenumbers is observed. These changes suggest
that a fraction of the Cr(ll) sites is now characterized by an increased number of
ligands (as described for Cr(ll) in interaction with probe molecules, such as CO).
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Figure 4. 1. Part a): DR UV-Vis-NIR spectra of Cr(Il)/SiO, (spectrum 1), Cr(Il) /SiO+TEA(2:1) (spectrum
2), and Cr(ll) /SiO>+TEA(4:1) (spectrum 3). The inset shows a magnification of the NIR region. Part b):
the same of part a, but with DEALE.

The fraction of Cr(ll) sites involved by reaction/interaction with TEA does
not change upon increasing the amount of TEA (compare spectrum 2 with
spectrum 3 in Figure 4. 1a). The only relevant change is detected in the NIR region
(in the inset), where a complex series of bands appear, assigned to the overtones
and the combinations of the v(CHy) and &(CH,) vibrational modes of the alkyl
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groups. The intensity of these bands is directly proportional to the amount of Al-
Alkyls used. These data clearly indicate that TEA reacts not only with the Cr(ll)
sites, but also with the silica surface.

The effect of DEALE on the DR UV-Vis-NIR spectrum of Cr(lIl)/SiO; is more
pronounced (Figure 4. 1b) than that of TEA. In Cr(ll)+DEALE(2:1), the bands
characteristic of the Cr(ll) sites decrease in intensity, while new bands appear in
the 4500 — 4000 cm™ region due to the overtones of the vibrational modes of the
alkyl species. Also in this case, however, the fraction of Cr(ll) sites involved by the
reaction/interaction with DEALE is much smaller than expected. The two bands at
12000 and 7500 cm™ characteristic of Cr(ll) sites decrease of ca. 30% in intensity.
At the same time, no specific features associable with the modified Cr sites are
observed. The absence of peculiar spectroscopic fingerprints makes it difficult to
unravel their molecular structure. Nevertheless, the observation that the modified
Cr sites are almost invisible by UV-Vis spectroscopy might suggest that they have
prevalently an octahedral coordination. Indeed, d-d transitions are formally
Laporte forbidden for transition metals in octahedral symmetry. Hence, the
corresponding bands are expected to have a very low intensity compared to those
of the unmodified Cr(ll) sites.

In the Cr(ll)+DEALE (4:1) catalyst, an additional change is observed in the
DR UV-Vis spectrum (spectrum 3 of Figure 4. 1b). The d-d bands characteristic of
Cr(ll) slightly decrease in intensity, and a new broad band is observed centred at
20000 cm™. Such a perturbation is typical, as was observed for CO adsorption on
the unmodified Cr(11)/SiO, system, of the increased ligand sphere of the metal in a
distorted octahedral geometry[12].

59



4.1.2 Reactivity of TEA and DEALE with SiO> as monitored by FT-IR
spectroscopy

Successively, we investigated the effect of TEA and DEALE on pure silica activated
at 650 °C, by means of FT-IR spectroscopy, in order to discriminate between the
effect of the Al-Alkyls on the silica surface and their effect on the chromium sites.
The results are summarized in Figure 4. 2.
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Figure 4. 2 FT-IR spectra of the silica support before (spectrum 1) and after the interaction (spectrum
2) with TEA(2:1) (part a) and DEALE(2:1) (part b). The insets in parts a and b show a magnification of
the Si-OH stretching. Parts a’ and a” report a magnification of spectrum 2 after subtraction of
spectrum 1, in the CH stretching and bending regions, compared to the spectrum of pure TEA (grey
spectrum). Parts b’ and b”” are the same for DEALE.

Spectra 1 in Figure 4. 2 are those typical of a highly dehydroxylated silica
[12, 13]. After dosing the same amount of TEA corresponding to a Al:Cr=2:1 ratio
in the experiments with Cr(11)/SiO, (spectrum 2 in Figure 4. 2a), new bands appear
in the FT-IR spectrum in the 3000-2800 cm™ and 1500-1300 cm™ regions. These
bands are attributed to the stretching and bending modes of the CHy groups, and
are very similar to those of pure TEA (grey spectrum in insets a’ and a’’) [14],
except for a slight shift in wavenumbers which is likely due to the fact that in the
liquid phase TEA is mainly present in the dimeric form. At the same time, the
absorption band at ca. 3750 cm™ due to the surface OH groups is only slightly
affected in intensity, demonstrating that TEA reacts preferentially with the
siloxane bridges at the silica surface (paths 2 and 3 in Scheme 1), more than with
the OH groups (path 1 in Scheme 1). According to the literature, reaction of Al-
alkyls with a strained siloxane group might lead to the formation of a mono
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grafted —O-AIR; species (path 2) that, upon further reaction with a vicinal siloxane
group (path 3), would lead to the formation of a bis-grafted (—0),-AIR species [15-
17].
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Scheme 1 Some of the surface structures that can be formed upon reaction of monomeric TEA with
the silica surface.

The effect of DEALE on SiO; (Spectrum 2 in Figure 4. 2b) is similar to that of
TEA. The absorption bands observed the IR spectrum are very similar, except for
the absorption band at 2980 cm™ which is peculiar of the —OR ligand [18]. In this
case, the absorption band ascribed to the free silanols is more consumed than in
the case of TEA, demonstrating that DEALE has a slightly greater preference for the
OH species than TEA.

4.1.3 Reactivity of TEA and DEALE with Cr(ll)/SiO2 as monitored by FT-IR
spectroscopy

The reactivity of TEA and DEALE with Cr(ll)/SiO> was investigated by FT-IR
spectroscopy following the same procedure as for the DR UV-Vis-NIR experiment.
The results are shown in Figure 4. 3. The spectrum of Cr(l1)/SiO; (spectrum 1) is the
same as that described in Figure 3.6. Upon reaction with TEA (spectra 2 and 3,
Figure 4. 3a) new absorption bands appear in the spectrum, due to the v(CH,) and
6(CHy) vibrations, very much similar to those observed in the spectrum of SiO,
reacted with TEA. The intensity of these bands is roughly proportional to the
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amount of TEA. Also in this case, the absorption band due to the free silanols
decreases in intensity, proportionally to the amount of TEA. Similar results have
been obtained in the case of DEALE (Figure 4. 3b). Hence, we must conclude that
FT-IR spectroscopy does not allow distinguishing among the alkylated Cr sites,
the AI(OR)«R, by-products, and the AIR, grafted on silica [15].
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Figure 4. 3 Part a) FT-IR spectra of Cr(Il)/SiO; before (spectrum 1), and after modification with TEA in
a stoichiometric amount equal to Al:Cr = 2:1 (spectrum 2) and Al:Cr = 4:1 (spectrum 3). The inset in
part a shows a magnification of the Si-OH stretching region. Parts a’ and a” report a magnification of
spectra 2 and 3 after subtraction of spectrum 1, in the CH stretching and bending regions. Parts b, b’
and b”” are the same for DEALE.
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4.2 The accessibility of the Cr sites modified by TEA and DEALE.

Successively, the accessibility of the Cr sites in the modified Cr(I1)/SiO, catalyst was
investigated by means of FT-IR spectroscopy of adsorbed probe molecules. CO and
CDsCN were selected as suitable probes since they interact in a different way with
the metal sites, thus giving complementary information.

Generally speaking, interaction of CO with a metal site can be dominated
by an electrostatic, a covalent o dative, or a m back-donation contribution,
depending on the type and on the coordination of the metal site. Both the
electrostatic polarization and the o-dative contribution cause a blue shift of v(CO)
with respect to the frequency of the free gas (2143 cm™), while the n back-
donation causes a red-shift. The adsorption of CO onto the Cr(l1)/SiO, Phillips
catalyst has been used since decades [8, 19-23], and it has been demonstrated
that it is among the experimental methods most sensitive to the local geometry of
the Cr(ll) sites.

In contrast, CDsCN was never reported as a probe for Cr(ll) sites, while it
has been often used as a probe for the characterization of acid or basic sites due
to its ability to give different types of interaction: as a soft Lewis base, it can
interact through the nitrogen lone pair, whereas as a weak Brgnsted acid, it can
interact with surface basic sites of oxides [24, 25].

4.2.1 Probing the accessible Cr sites with CO

Figure 4. 4 shows the FT-IR spectra, in the v(CO) region, of CO adsorbed at room
temperature on the unmodified Cr(ll)/SiO, catalyst (Figure 4. 4a), and on the
TEA/DEALE-modified Cr(l1)/SiO, catalysts (Al:Cr=2:1, Figure 4. 4b and b’, and
Al:Cr=4:1, Figure 4. 4c and c’). The evolution of the spectra as a function of the CO
coverage is also reported. Note that all the spectra are reported after subtraction
of the spectrum prior CO dosage, and are normalized for the optical thickness of
the sample. Hence, the absolute intensities are comparable and quantitative
information can be extracted. Irrespective of the TEA concentration, the spectra
collected at the maximum CO coverage (spectra 2) on the TEA-modified Cr(11)/SiO>
catalysts (Figure 4. 4b and c) show some absorption bands in two distinct spectral
regions, one centred at about 2190 cm™ and the other one at about 1990 cm™.
Notably, when the same experiment is conducted on SiO,+TEA, no absorption
bands are observed in the whole spectral region, but only the roto-vibrational
spectrum of gaseous CO. Hence, the above mentioned absorption bands are all
due to CO interacting with the Cr sites.
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In the first region, a triplet of bands is observed at 2191, 2184 and 2178
cm, exactly the same as observed for CO adsorbed on the unmodified Cr(l1)/SiO-
(Figure 4. 4a) and described in the previous Chapter, but with a lower intensity.
This evidence unequivocally demonstrates that, even at a Al:Cr ratio equal to 4:1,
TEA does not modify all the Cr(ll) sites, but only a fraction of them.
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Figure 4. 4 Evolution of the FT-IR spectra, in the 7/(CO) region, for CO adsorbed at room temperature
from Pco = 100 mbar (spectrum 2) to zero (spectrum 1) on unmodified Cr(11)/SiO; (part a), compared
to the same sequence of spectra collected on Cr(Il)/SiO; modified with TEA/DEALE in the Al:Cr=2:1
ratio (parts b and b’) and in the Al:Cr=4:1 ratio (parts c and c’). All the spectra are reported after
subtraction of that collected before CO dosing, and normalized for the optical thickness of the pellet.

The other set of bands in the second region (around 2100-1900 cm)
indicates the formation of classical Cr carbonyls (i.e. of carbonyls where the
prevalent contribution is the Cr—>CO w back-donation) [12, 26-28]. In particular, at
the maximum CO coverage the main absorption band is centred at 1988 cm™, with
a shoulder at 2014 cm™. Upon decreasing the CO pressure, the former gradually
diminishes in intensity and the latter shifts at 2017 cm™ (green spectrum). The
intensity of these bands is roughly proportional to the amount of TEA. While
classical carbonyls are typically formed on homogeneous Cr complexes [12, 29-33],
they are much more rare for Cr species grafted on supports. One of the very few
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examples reported in the literature for classical Cr carbonyls on heterogeneous Cr-
based systems is represented by CO adsorption on the CO-reduced Cr(Il)/SiO,
catalyst modified by hydrosilanes (SiHs4 or R3SiH) [7, 8]. In that case, the modifying
agents were demonstrated to transform more than 80% of the Cr(ll) sites into
mono-grafted [=Si-O-Cr(l1)-OSiRs] sites, having a character similar to that of
homogeneous Cr complexes, and forming prevalently di-carbonyl species in the
presence of CO. The spectral behaviour observed upon decreasing the CO
coverage was explained in terms of transition from a dicarbonyl Cr species
(characterized by a wide angle between the two CO molecules [34-36]) to a mono-
carbonyl Cr species. The FT-IR spectra of CO adsorbed on Cr(Il)/SiO+TEA are very
close to those reported for CO adsorbed on Cr(l1)/SiO>+hydrosilanes. Hence, we
can conclude that the modified Cr(ll) sites are structurally similar, and can be
described as mono-grafted [=Si-O-Cr(ll)-L] sites, where L = R (in agreement with
the hypothesis reported in the literature).

The same experiment was performed for the DEALE-modified Cr(I1)/SiO,
catalyst, as reported in Figure 4. 4b’ and c’. The results are very similar, except for
the absolute intensities of the ¥(CO) bands.

The fraction of the unmodified Cr(ll) sites in each experiment was
quantified by calculating the integrated absorbance of the v(CO) “triplet” centred
at ca. 2190 cm™ (Triplet Int. Area in Table 4. 1) and comparing it to the value
obtained for CO on Cr(l1)/SiO,, which corresponds to 100% of the total Cr(ll) sites
accessible to CO. The results are reported in Table 4. 1 (first two columns) and
Figure 4. 5 (grey bars). Interestingly, by keeping constant the Al-alkyl
concentration, the fraction of unmodified Cr(ll) sites (Cr(11)*"™%) is almost the
same irrespective of the type of Al-alkyl. For Al:Cr=2:1, roughly 65% of the original
Cr(ll) sites remain not modified by both TEA and DEALE, while this fraction
decreases to ca. 22% when Al:Cr=4:1. In the other way around, about 35% of the
total Cr(ll) sites are modified by Al-alkyls at Al:Cr=2:1 concentration, and this
fraction increases to ca. 78% at Al:Cr=4:1 (Cr(l1)™°9" in Table 4. 1).

The same approach applied to the v(CO) absorption band at 1988 cm
gives an estimation of the fraction of modified Cr(ll) sites accessible by CO, which
are described as mono-grafted [=Si-O-Cr(ll)-L] sites (see above). We considered as
a reference the spectrum of CO adsorbed on Cr(l1)/SiO,+TES (TES = triethylsilane),
where the 80% of the sites were transformed into mono-grafted ones.
Hence, for each experiment we calculated the integrated absorbance of the v(CO)
band at 1988 cm™ (classic carbonyls Int. Area in Table 4. 1) and we compared the
obtained values with that obtained for CO on Cr(l1)/SiO>+TES. The results are

65



reported in Table 4. 1 (last three columns), and better visualized in Figure 4. 5
(light blue bars). From this analysis it clearly emerges that only a fraction of the

modified Cr(ll) sites are accessible to CO (Cr(ll)":?;’dif). In general, this fraction is

larger for Cr(l1)/SiO+TEA than for Cr(l1)/SiO>+DEALE, and increases at higher
Al:Cr ratio.

The difference Cr(I1)™%" — Cr(II)C?SOdif gives the fraction of Cr(ll) modified

by Al-alkyls but not visible by CO (Cr(11)™°% in Table 4. 1 and dark blue bars in

novis
Figure 4. 5). It is evident that a fraction of the modified chromium sites remains

not accessible to the CO probe, probably because shielded by sterically
encumbering ligands nearby. In this respect it is worth mentioning that most of
the Al-alkyls have the tendency to dimerize [34].

Table 4. 1 Quantification of the fraction of Cr sites (with respect to the total) visible by CO in
Cr(I1)/SiO,, Cr(11)/SiO+TEA and Cr(11)/SiO2+DEALE, as determined by analysing the FT-IR spectra of CO
adsorbed at room temperature (details in the text).
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Figure 4. 5 Quantitative determination of the fraction of Cr(ll) sites unmodified and modified by TEA
and DEALE at different Al:Cr ratios, as determined by analysing the FT-IR spectra of CO adsorbed at
room temperature on Cr(I1)/SiO+TEA and Cr(Il)/SiO+DEALE. The fraction of unmodified Cr(ll) sites
(grey bars) has been determined from the integrated intensity of the v(CO) “triplet” centred at ca.
2190 cmL. The fraction of modified Cr(ll) accessible to CO (light blue bars), which have a mono-
grafted [=Si-O-Cr(Il)-L] structure, has been estimated from the integrated intensity of the v(C=0)
band at 1988 cm™.
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4.2.2 Probing the accessible Cr sites with CD:CN

To obtain a more complete description of the modified Cr(Il)/SiO, systems, the
accessibility of the Cr sites was successively probed by the adsorption of CDsCN at
room temperature. While this molecule has been largely employed to probe both
acid and basic sites on metal oxides and zeolites [24, 25, 35-42], it was curiously
never used in the characterization of the Phillips catalyst. Since both Cr(ll) and
Al(IN1) sites are Lewis acids (i.e. prone to accept electrons), acetonitrile is expected
to interact with both of them as a soft Lewis base by sharing the nitrogen lone-
pair, according to equation (1):

CD3CN: + M(surf) — [CD3CN:---M(surf)]ads (1)

where M(surf) = Cr(ll) or Al(ll1).

Because of this interaction, the ¥(C=N) vibrational frequency is expected to
increase, proportionally to the strength of the Lewis acid-base couple. In general,
d-acetonitrile is employed to avoid the occurrence of an annoying Fermi
resonance effect [43].

At first, we decided to perform the experiment on the two systems taken
as references: 1) the Cr(Il)/SiO, catalyst, on which there is a general consensus
about the presence of bis-grafted “naked” Cr(ll) sites (whereby “naked” indicates
largely uncoordinated species); and 2) the Cr(l1)/SiO,+TES catalyst, for which we
have previously demonstrated that more than 80% of the Cr(ll) sites are
transformed into mono-grafted [=Si-O-Cr(I1)-OSiRs] sites [8]. The results are
summarized in Figure 4. 6, that shows the evolution of the background subtracted
FT-IR spectra in the 7(C=N) region for d-acetonitrile adsorbed at room
temperature on Cr(l1)/SiO,+TES(part a), and Cr(11)/SiO, (part b) ,as a function of the
CDsCN coverage. Three bands are observed in the ¥(C=N) region in both cases, at
2275 cm™, 2265 cm™ and 2306 cm™. The two bands at 2275 cm™ and 2265 cm™ are
assigned to CDsCN adsorbed on the surface OH groups and to liquid-like
(physisorbed) acetonitrile, respectively [24, 25, 36, 42]. Both bands decrease
rapidly in intensity upon decreasing the acetonitrile coverage up to disappear,
indicating that the interaction of d-acetonitrile with the silica surface is weak and
fully reversible. The band at 2306 cm™ is straightforwardly ascribed to CDsCN in
interaction with the Cr(ll) sites. This band is only slightly affected by degassing,
indicating that the interaction is very strong and not reversible at room
temperature.
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Figure 4. 6 Evolution of the FT-IR spectra, in the V(C=N) region, for CDsCN adsorbed at room
temperature on Cr(I1)/SiO+TES as a function of the CDsCN coverage (part a), compared to the same
sequence of spectra collected for CD3CN adsorbed on unmodified Cr(l1)/SiO, (part b). All the spectra
are reported after subtraction of that collected before CDsCN dosing, and normalized for the optical
thickness of the pellet. Orange spectra: maximum CDsCN coverage; bold grey spectra: irreversible
fraction of adsorbed CD3CN.

Curiously, CDsCN does not differentiate between bis-grafted “naked”
Cr(ll) sites and mono-grafted [=Si-O-Cr(I1)-OSiR3] sites, while CO does. This is a
nice example of the complementarity of different probe molecules. CD3CN probes
the “electronic environment” of the Cr(ll) sites, that means their Lewis acidity, but
is not sensitive to the molecular structure of the Cr(ll) sites. From an electronic
point of view, the bis-grafted “naked” Cr(ll) sites are very similar to the mono-
grafted [=Si-O-Cr(11)-OSiRs] sites, as demonstrated also by DR UV-Vis spectroscopy.
In contrast, CO is sensitive to the molecular structure, that in turns influences the
exposed molecular orbitals. Hence, CO gives a description of the molecular
structure of the Cr(ll) sites on the silica surface, while CD3;CN discriminates
between sites with different Lewis acidity.
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Figure 4. 7 Evolution of the FT-IR spectra, in the ¥(C=N) region, for CDsCN adsorbed at room
temperature on Cr(I1)/SiO,+TEA(2:1) as a function of the CD3sCN coverage (part a), compared to the
same sequence of spectra collected for CD3CN adsorbed on SiO+TEA(2:1) (part b). All the spectra are
reported after subtraction of that collected before CD3CN dosing, and normalized for the optical
thickness of the pellet. Orange spectra: maximum CD3sCN coverage; bold grey spectra: irreversible
fraction of adsorbed CD3CN. Parts a’ and b’: the same as parts a and b, for DEALE.

Figure 4. 7 shows the evolution of the background subtracted FT-IR
spectra in the V(C=N) region for CDsCN adsorbed at room temperature on
Cr(l1)/SiO,+TEA (part a) and SiO»+TEA (part b), as a function of the CD3CN coverage.
The spectra of CD3CN adsorbed on SiO,+TEA show the same two bands at 2275
and 2265 cm™ described above, and attributed to CDsCN adsorbed on the surface
OH groups and to liquid-like (physisorbed) acetonitrile. An additional band is
observed at 2319 cm™, which is quite resistant to degassing, and is assigned to
CDsCN in interaction with the Al(lll) species [36]. This means that at least a
fraction of the AIR,Oy species derived from reaction of TEA with the silica surface
are accessible by CDsCN.

The spectra of CDsCN adsorbed on Cr(I1)/SiO+TEA(2:1) (Figure 4. 7a) look
like a mixture of those collected on Cr(11)/SiO, and on SiO,+TEA. In particular, the
absorption band centred at ca. 2315 cm is clearly asymmetric and constituted by
two overlapping bands at 2306 cm™® and 2317 cm™. A third weak band is clearly
present at 2250 cm™, more evident at low CD3CN coverage. In accordance with the
considerations made before, acetonitrile discriminates between sites with
different Lewis acidity. We attribute the band at 2306 cm™ to CDsCN adsorbed on
weaker Lewis acid sites (hereafter W-LA), that could be either mono-grafted Cr(ll)
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sites or bis-grafted Cr(ll) sites, or both. The band at 2317 cm™ is attributed instead
to CDsCN adsorbed on stronger Lewis sites (hereafter S-LA). At least in part, the
Al(lll) species deriving from the reaction of TEA with silica contribute to this band
too. Finally, the band at 2250 cm™ is tentatively ascribed to CDsCN bridged in
between Cr(ll) and Al(lll), which indicates the presence of Cr(II)-Al(lll) couples
simultaneously probed by the same CD3CN molecule (hereafter Cr-Al).

Table 4. 2 . Quantification of the amount of weak Lewis acid sites (W-LA) and strong Lewis acid sites
(S-LA) visible by CDsCN in the Cr(11)/SiO; , Cr(l1)/SiO+TEA, Cr(l1)/SiO»+DEALE, SiO+TEA and
SiO,+DEALE expressed in percentage with respect to the total amount of Cr sites. These values have
been determined by analysing the FT-IR spectra of CD;CN adsorbed at room temperature on all the
systems (see text for details).

W-LA S-LA
ratio (Int. Area (Int. Area
2306 cm-1) 2317 cm-1)

W-LA  S1A
(%) (%)

bare

Cr(11)/SiO2

TEA(2:1)
DEALE(2:1)
Si02+TEA

SiO2+DEALE

Cr(ll) + Al-alkyls

100.0 L
1000 98.7 . DW-LA
mS-LA
80.0
]
Z 600
% e 51.1
£ 200
200 15.7
00 0.0 00 00
0.0
bare TEA(2:1)  DEALE(2:1)  SiO2+4TEA  SiO2+DEALE

Figure 4. 8 Quantitative determination of the fraction of Cr(ll) sites unmodified and modified by TEA
and DEALE, as determined by analysing the FT-IR spectra of CD3CN adsorbed at room temperature on
the Cr(l1)/SiO2, on the Cr(l1)/SiO2+TEA and Cr(Il)/SiO,+DEALE. In addition, it is reported also the
quantification of the Al(lll) sites in the SiO,+TEA, and in the SiO,+DEALE.

The relative fraction of the W-LA and S-LA sites can be qualitatively
estimated by calculating the integrated areas of the bands at 2317 and 2306 cm?,
as determined by a deconvolution process of the spectra at the minimum
coverage. These values have been compared to the integrated area of the band at
2306 cm™ for CDsCN adsorbed on Cr(11)/SiO, (where the totality of the Cr(ll) sites
are accessible and behave as W-LA sites), in the approximation of a constant molar
extinction coefficient. This approximation is reasonable by considering a narrow
spectral range, while it cannot be used for the band at 2250 cm™. The results of
this analysis are summarized in Table 4. 2 and visualized in Figure 4. 8. It is worth
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noticing that the sum of the W-LA and S-LA sites might exceed 100%, since also the
Al(lll) sites are potentially probed by CDsCN as S-LA sites. We anticipate here that
both the unmodified Cr(ll) sites and a fraction of mono-grafted [=Si-O-Cr(ll)-L] sites
display W-LA properties. However, the mono-grafted [=Si-O-Cr(ll)-L] sites could
become more acidic (S-LA sites) when they are in proximity of an Al(lll) site, as
reported in Scheme 2. These modified Cr(ll) sites are partially detached from the
silica surface (hence, the classical behaviour of the di-carbonyl complexes),
stabilized by some ancillary ligands nearby (hence, they appear as highly
coordinated in the DR UV-Vis spectrum) and with a strong Lewis acidity due to
the proximity of the Al(lll) sites.

Cr .
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| . VO 4 Cl'
S 0 ey O.
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\g’W‘ MA{/SI\ i SI |
YV i i
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Scheme 2 Proposed mechanism to explain the formation of the mono-grafted Cr(ll) sites from
reaction of Cr(I1)/SiO, with AlRs.

The same experiment was repeated for Cr(l1)/SiO,+DEALE (2:1). Figure 4.
7a’ shows the evolution of the background subtracted FT-IR spectra in the ¥(C=N)
region for CD3CN adsorbed at room temperature on the DEALE-modified Cr(l1)/SiO,
catalyst, compared to SiO,+DEALE (part b’), as a function of the CD3sCN coverage.
When dosed on SiO,+DEALE, acetonitrile interacts with the silica surface, but not
with the Al(lll) sites. Indeed, only a minor band is hardly observable at ca. 2318 cm"
! differently from what observed on SiO,+TEA. This means that the majority of
the AI(lll) sites derived from reaction of DEALE with the silica surface are
inaccessible to CD3;CN, probably because of steric reasons.

The spectra of CDsCN adsorbed on Cr(l1)/SiO>+DEALE (Figure 4. 7a’) are
very similar to those of CD3;CN adsorbed on Cr(11)/SiO, (Figure 4. 6b), except that
the absorption band ascribed to CDsCN in interaction with the Cr(ll) sites is clearly
asymmetric and with an evident shoulder at ca. 2317 cm™™. No bands are noticed at
2250 cm™. By deconvolving the absorption band at ca. 2315 cm™ two contributions
can be found, the first centred at 2306 cm™ (W-LA sites), and the second at 2316
cm (S-LA sites). The relative fraction of the W-LA and S-LA sites was determined
following the same protocol discussed above, and is summarized in Table 4. 2 and
in Figure 4. 8.
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4.2.3 A summary on the accessibility of the Cr sites in the Al-alkyl
modified Cr(11)/SiO2 catalysts
The experiments performed by using CO and CD3CN as molecular probes, let us

reaching the following conclusions.

1)

2)

Also in large excess of Al-alkyls (Al:Cr=4:1), a substantial amount of Cr(ll) sites
are not modified.

Not all the modified Cr(ll) sites are accessible to CO. The fraction of modified
sites not accessible to CO (blue bars in Figure 4. 5) increases upon increasing
the Al:Cr ratio, and by going from TEA to DEALE. For example, for TEA(2:1) all
the modified sites are accessible to CO, while for TEA(4:1) ca. 17% of the
modified sites are not accessible. The steric encumbrance of DEALE is larger
than that of TEA (or, in other words, DEALE has a larger shielding ability for the
Cr(ll) sites, likely due to the presence of the alkoxy group, due to the
oxophylicity of the Cr sites). Hence, upon increasing the Al:Cr ratio we increase
the fraction of modified sites, but also the amount of those which are
sterically hindered.

CDsCN is a stronger acidic probe than CO and it is able to detect a larger
fraction of modified Cr(ll) sites. CO discriminates between mono- or bis-
grafted Cr(ll) sites, while CDsCN discriminates sites with different Lewis
acidity.

Cr(ll) sites having a different local structure (mono- or bis-grafted) may have
the same acidity, whereas Cr(ll) sites having the same local structure (mono-
grafted) may display a different acidity depending on the type and proximity of
ligands with a Lewis acidic character. In comparison to CO, CDsCN is able to
distinguish between mono-grafted [=Si-O-Cr(ll)-L] sites having different ligands
nearby. Those Cr(ll) sites in close proximity of an Al(lll) sites on the silica
surface are more acidic. The fraction of S-LA sites is higher for the TEA-
modified catalyst than for the DEALE-modified one.
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4.3. Ethylene polymerization over the Al-alkyl modified
Cr(11)/SiO2
4.3.1 A kinetic study
Kinetic experiments were performed to evaluate at a lab scale the ethylene
polymerization rate on the TEA- and DEALE-modified Cr(Il)/SiO; catalysts, at two
different concentrations, in comparison with the Cr(Il)/SiO, catalyst. Figure 4. 9
shows the decrease of ethylene pressure as a function of time for the TEA/DEALE-
modified catalysts, monitored in the same experimental conditions and at a
constant Cr loading. The data clearly demonstrate that Cr(Il)/SiO,+TEA and
Cr(l1)/SiO,+DEALE in both concentrations are much faster than the unmodified
Cr(I1)/SiO; catalyst, although in all the cases the reaction rate drastically decreases
after the first two minutes of reaction. This phenomenon might be explained at
least in three ways: 1) it must be noticed that the silica adopted as support does
not fragment; 2), when PE starts growing around the catalyst particles it creates a
layer that limits the diffusion of ethylene and 3) there could be catalyst
deactivation problems.

For this reason, the reaction constants were calculated on the basis of the
first order law reported in Chapter 3, but considering only the first minute of
reaction. The values of the kinetic constants are reported in Table 4. 3

Table 4. 3 Kinetic constants for ethylene polymerization reaction conducted at room temperature on
Cr(I1)/SiO; and on the TEA- and DEALE-modified versions, at two different Al:Cr ratios.

Kinetic constants (s molCr?)

Catalyst No Al-alkyls Al:Cr=2:1 Al:Cr=4:1
Cr(11)/SiO; 14 - -
Cr(l1)/SiO,+TEA - 202 230
Cr(I1)/SiO+DEALE - 270 237

All the modified catalysts are faster than the Cr(Il)/SiO, catalyst. This
means that the modified Cr(ll) sites are intrinsically much faster than the
unmodified ones, since they are just a fraction of the total Cr loading. For
instance, values of 202 s molCrand 230 s molCr* were estimated for the TEA-
modified systems (Al:Cr=2:1 and Al:Cr=4:1, respectively), which are ca. 14 and 17
times higher than that obtained for the unmodified system (14 s molCr?l).
Remarkably, the kinetic constant is not proportional to the amount of TEA,
despite slightly increasing.
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Figure 4. 9 Part a) Kinetics of ethylene polymerisation on the Cr(l1)/SiO, catalyst (cyan curve) in
comparison to that on TEA-modified Cr(l1)/SiO, catalyst (at two different Al:Cr ratio), obtained by
recording the ethylene equilibrium pressure as a function of time. Part b) the same as part a for
DEALE-modified Cr(I1)/SiO; catalyst.

Overall, the faster catalyst is Cr(l1)/SiO,+DEALE(2:1): its kinetic constants
is 270 s molCr?, about 20 times higher with respect to the unmodified catalyst,
while this value decreases to 237 s molCr? for the DEALE (4:1) modified catalyst.
It is clear that in presence of a higher amount of the Al-Alkyls, the catalysts seem
to be less active respect to the catalyst modified with a Al:Cr=2:1 amount. This is in
agreement with McDaniel [44], who reports that an excess of Al-Alkyls deactivates
the catalyst (Figure 1.9).

4.3.2 A spectroscopic study.

Ethylene polymerization on the modified Cr(l1)/SiO, catalysts was monitored by
means of DR UV-Vis and FT-IR spectroscopies, as summarized respectively in
Figure 4. 10 and in Figure 4. 11. Upon ethylene dosage, the DR UV-Vis spectra of
both Cr(11)/SiO,+TEA(2:1) and Cr(Il)/SiO,+DEALE(2:1) immediately change: the d-d
bands are slightly eroded and shifted at higher frequencies (about at 16500 cm™).
This change simply reveals that the modified Cr(ll) sites got in contact with
ethylene, further expanding their coordination. Meanwhile, weak bands grow in
the 4500-4000 cm™ region, where overtones and combinations of the stretching
and bending vibrational modes of polyethylene are located (insets in Figure 4. 10).
Also in this case, no new bands are observed during the polymerization that could
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reveal the destiny of the active sites. Indeed, the Cr active sites likely remain
buried into a layer of polyethylene and become rapidly invisible to DR UV-Vis-NIR.

b)

a)

3

2 2

4400 4200 4000 4400 4200 4000
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Figure 4. 10 Part a) Evolution of the DR UV-Vis-NIR spectrum upon ethylene reaction at room
temperature on the Cr(I1)/SiO,+TEA(2:1) catalyst (from spectrum 2 to spectrum 3). The inset shows a
maghnification of the NIR region. Part b) The same of part a but for Cr(11)/SiO,+DEALE(2:1).

Figure 4. 11 shows the time-resolved FT-IR spectra collected during ethylene
polymerization on Cr(I1)/SiO+TEA(2:1) (part a) and Cr(I1)/SiO>+DEALE(2:1) (part b),
at Pcua = 100 mbar and room temperature. The spectra are reported after
subtraction of the spectrum collected before ethylene admission, in the region of
interest for PE. In both cases, the occurrence of ethylene polymerization is
indicated by the fast growth of the IR absorption bands characteristic of
polyethylene: two bands at 2920 and 2851 cm, growing in time at nearly constant
rates, which are readily assigned to the asymmetric and symmetric stretching
vibrations of CH, groups of the polymeric chains, and the two bands at 1472 and
1463 cm™ assigned to the bending mode of the CH; groups (inset in Figure 4. 11).
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Figure 4. 11 Part a) Time evolution of the background subtracted FT-IR spectra, in the ¥(CHy) region,
collected during ethylene polymerization on Cr(l1)/SiO2+TEA(2:1). In the inset the same sequence of
spectra but in the in the §(CHy) region. Part b) The same as part a for Cr(l1)/SiO>+DEALE(2:1).
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4.4 A short summary on the properties of the unmodified
Cr(l1)/SiO2 Phillips catalyst and some hypothesis on the

structure of the modified Cr sites.

The present paragraph summarizes the main results achieved by applying several
complementary spectroscopic techniques to investigate the TEA- and DEALE-
modified Cr(11)/SiO, catalysts. Some hypothesis on the molecular structures of the
modified Cr sites are also proposed.

4.4.1 Fraction of modified Cr sites and their oxidation state

Only a fraction of the Cr(ll) sites are modified by the Al-alkyls, even at an Al:Cr
ratio equal to 4:1. The fraction of the modified Cr(ll) sites can be easily determined
by means of FT-IR spectroscopy of CO adsorbed at room temperature. Indeed, CO
adsorbed on the original “naked” Cr(ll) sites gives a well-known triplet of
absorption bands centred at ca. 2180 cm™®, which decreases in intensity as soon as
the Cr(ll) sites are modified. It was found that, at constant Al-alkyl concentration,
the fraction of modified Cr(ll) sites is almost the same irrespective of the type of
Al-alkyl. For Al:Cr=2:1, about 35% of the total Cr(ll) sites are modified by Al-alkyls,
and this fraction increases to ca. 78% at Al:Cr=4:1.

The remaining Al-alkyls must react with the silica surface, either with the
siloxane bridges and/or with the silanol groups, to give —AIRy (or AIR,O,) species.
This means that any realistic representation of the structures of the modified Cr
sites should consider the presence of AIRO, moieties in the proximity of the Cr
sites.

As far as the oxidation state of the modified Cr sites is concerned, the DR
UV-Vis results clearly demonstrated that after the interaction with the Al-Alkyls, it
remains Cr(ll). This is intuitive, since an oxidation of the Cr(ll) sites in the presence
of reducing agents is unlikely, and further reduction to Cr(l) is not favoured due to
the instability of the Cr(l) species. However, the UV-Vis spectra indicate that most
of the Cr(ll) sites increase their coordination. This is also reasonable, since the
number of ligands surrounding the Cr(ll) sites is clearly greater in the presence of
TEA/DEALE and their by-products.

4.4.2 Accessibility of the modified Cr sites, local structure and acid

properties

The unmodified Cr(ll) sites (species 1 in Scheme 3) are, obviously, accessible by CO

and behave as W-LA sites. Not all the modified Cr(ll) are accessible by CO, but
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those which are accessible are univocally described as mono-grafted Cr(ll) sites, of
the type =SiOCr(ll)-L (where L = R or OR), partially detached from the silica
surface (hence, the classical behaviour of the di-carbonyl complexes). All of them
are stabilized by some ancillary ligands nearby (hence, they appear as highly
coordinated in the DR UV-Vis spectrum). Among the ancillary ligands there would
be the =SiO-AIR; and/or =SiO—AIROR species obtained from the rupture of one Cr-
O bond (see Scheme 2) and the =SiO—AIR;, =SiO—-AIROR, or =SiO-R species deriving
from the direct reaction of the Al-alkyl with the silica surface.

(I)/C{‘\/O\ /\C'r:.:: A\

Si O wian  WW / , ’

| | /O O (@]

//SI\ WA J\/\N"S'i é VWA AW S,| é

(@) WWA i |
MAS WA me ‘NK \\I{\VN/ / \ W’{f‘/\!‘/“/\vm / \

M/://\VVV‘ WWA WA YW

) Mono-Cr(Il)_AIR Mono-Cr(Il)_AIOR

Bis-Cr(ll) W-LA 1 S-LA 2 S-LA 2

Al
/Cr ........ i \/:: \\
o/ O /Cr £t
0 § 0 T —Cr
< S | Si | . . © "o
wek | A ks
/S| s O ww | S
W | A gi/ O
W wwe | ~ |
//S|\ s | Si
Mono-Cr{Il)_R e SRR
W-LA 2" VW AR 3 vvw{ W 3

Scheme 3. Hypothetical structures (at a molecular level) for the chromium sites in the Cr(11)/SiO; +Al-
Alkyls catalysts.

The overall accessibility and, more important, the acidic nature of the
mono-grafted Cr(ll) sites strongly depend on the number and the type of the
ancillary ligands. In the presence of an AIR.O, fragment (species 2 in Scheme 3),
the =SiOCr(lII)-L sites display a stronger Lewis acid character than the =SiOCr(ll)-L
sites closed to a SiO-R species (species 2” in Scheme 3). The S-LA sites are less
accessible when the AIRO, fragment contains more OR ligands (species 2’ in
Scheme 3). The relative proportion of these strong and weak Lewis acid sites
depends on the type of the Al-alkyl and on its concentration. In general, the

78



formation of S-LA sites is favoured in the presence of TEA and at high
concentration. In these cases, a fraction of the mono-grafted =SiOCr(ll)-L sites is in
such a close proximity with the AIRO, fragment, that CD3sCN can be shared
between the Cr(ll) and the Al(lll) cations in a bridged fashion. Scheme 3 shows a
collection of the possible Cr species that can co-exist on Cr(l1)/SiO>+TEA/DEALE.

The fraction of Cr(ll) sites not accessible by CO is much higher in the
presence of DEALE than in the presence of TEA. Considering the tendency of the
Al-Alkyls to form dimers, we advance the hypothesis that at least a fraction of the
inaccessible sites have the structure of bis-grafted Cr(ll) in interaction with Al-
Alkyls dimers (Structures 3 and 3’ in Scheme 3).

4.4.3 Role of the modified Cr sites in ethylene polymerization

Plausibly all the Cr sites described in the previous scheme play a role in ethylene
polymerization, although at present it is difficult to define the exact role of each of
them. In terms of reaction rate, Cr(Il)/SiO>+DEALE(2:1) seems the most performant
catalyst, although the fraction of Cr(ll) sites accessible by probe molecules (CO and
CD5CN) is much lower than for Cr(11)/SiO>+TEA(2:1). This observation indicates that
also those sites which are not accessible by CO and CDsCN might be accessible to
ethylene, and hence active in ethylene polymerization. This should not look
strange. In our experience, ethylene is able to access also hindered Cr sites not
accessible by other probes, provided that the coordinating ligands are flexible
enough to allow it to enter.

As far as the mono-grafted =SiOCr(ll)-L sites are concerned, their
behaviour is strongly influenced by their acidic nature. Mono-grafted =SiOCr(ll)-
OSiR; sites generated by reacting Cr(Il)/SiO, with hydrosilanes, which are W-LA
sites, have been demonstrated to be responsible of ethylene oligomerization to 1-
hexene [7]. Similarly, we might hypothesize that the fraction of =SiOCr(ll)-L sites
having a W-LA character (species 2” in Scheme 3) generate prevalently a-olefins
through ethylene oligomerization, and hence contribute to the formation of low
molecular weight PE. In contrast, the =SiOCr(ll)-L sites having a S-LA character
(species 2 and 2’ in Scheme 3) might contribute to the formation of a high
molecular weight PE, in close analogy to the behaviour of the Cr(ll) sites on Al,Os;
[45].
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Chapter 5

Modification of Cr(VI)/SiO, with Al-alkyls.

In this chapter we will discuss the effect of Al-alkyls on the Cr(VI)/SiO; system. As
starting point, the oxidized catalyst presents further levels of complexity with
respect to the reduced one. The major one is the possible co-existence of Cr sites
in different oxidation states after the reaction with Al-alkyls: Cr(VI), Cr(V), Cr(IV),
Cr(ll1), Cr(l1), are all possible (and why not, also Cr(l)). Moreover, different types of
by-products can be formed during the reaction of Al-alkyls with the chromates, as
well as with the silica surface.
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5.1 The reactivity of the Cr(VI1)/SiO, with TEA and DEALE

5.1.1 Electronic and paramagnetic properties of Cr(VI)/SiO; modified by
TEA and DEALE

Figure 5. 1 shows the evolution of the DR UV-Vis spectra of Cr(VI)/SiO, upon the
interaction with TEA (part a) and DEALE (part b). The characteristic features of the
Phillips catalyst in its oxidized form (spectra 1) have been already discussed in
Figure 3.2. Upon interaction with the alkylating agents in the Al:Cr=2:1 ratio
(spectra 2), the colour of the catalyst changes from orange-yellow to brown-
greenish, and the colour becomes darker for Al:Cr=4:1 (spectra 3).
Correspondingly, the DR UV-Vis spectra change. In particular, for both systems the
intense bands at about 29000 cm™ and 39500 cm™ decrease in intensity,
accompanied by the appearance of a broad band covering the whole 8000-20000
cm™ range, due to a multitude of d-d transitions of reduced chromium species, and
of a complex envelope of bands in the NIR region (insets in Figure 5. 1).

4400 4200

40000 30000 20000 10?00'40000' 30000 20000 10?00'
Wavenumber (cm ) Wavenumber (cm )

Figure 5. 1 DR UV-Vis-NIR spectra of part a) Cr(VI)/SiO; (spectrum 1), of the Cr(VI) /SiO+TEA(2:1)
(spectrum 2), and of Cr(VI) /SiO+TEA(4:1) (spectrum 3) systems. The inset shows a magnification of
the NIR region. Part b) the same of part a, but with DEALE.

While the latter bands are easily assigned to the overtones and the
combinations of the v(CHx) and &(CHy) vibrational modes of the alkyl groups
deriving from TEA and DEALE (proportional to the amount of Al-Alkyls added), the
assignment of the very broad band in the d-d region is less straightforward. The
following observation can be done:
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1. The band at 21500 cm™ (attributed to the monochromates) decreases in
intensity proportionally to the amount of the alkylating agent. In the
meanwhile, the bands in the d-d region increase in intensity with the same
trend.

2. In the presence of a Al:Cr=2:1 amount of TEA and DEALE, only a fraction of the
Cr(VI) sites are reduced, although in principle this amount should be enough for
the reduction of all the chromium sites (in the literature it is considered as the
stoichiometric ratio) [1, 2]. The amount of Cr(VI) reduced by TEA and DEALE
increases when Al:Cr=4:1, but this is still not enough for a complete reduction.
This observation is in agreement with the quantitative speciation measured
with XPS by Liu et al. [3], and it means that only a fraction of the Al-Alkyls
molecules are involved in the reaction with the Cr(VI) sites, while the others are
likely involved in other reactions at the silica surface, as reported in literature
(vide infra) [4, 5].

3. The fraction of modified Cr sites, evaluated in terms of decrease of the band at
21500 cm™, is similar in the two cases. However, the d-d bands are more
intense for Cr(VI1)/SiO>+DEALE than for Cr(V1)/SiO,+TEA, suggesting that in the
latter case the reduced Cr species are more symmetric.
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Figure 5. 2 Part a): DR UV-Vis spectra of Cr(VI) /SiO+TEA(2:1) (blue), Cr(V1) /SiO2+DEALE(2:1) (red)
and that of Cr(I1)/SiO; in interaction with N,O (yellow), taken here as a reference for Cr(ll) sites highly

coordinated by O-containing ligands. Part b): DR UV-Vis spectrum of a SiO,.s00 modified with
Cr(CH,C(CH3)3)4, reproduced from Ref. [6].
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The determination of the oxidation state for the modified Cr sites is not
unambiguous, especially because the UV-Vis spectra still contain some signals
from a residual amount of Cr(VI) sites. A possible interpretation of these spectra
can be done on the basis of UV-Vis spectra of reference compounds. In Figure 5. 2
we compared the spectra of the Cr(VI)/SiO+TEA(2:1) and Cr(V1)/SiO>+DEALE(2:1)
with those of two references: a) Cr(I)/SiO; in interaction with the N,O probe
molecule (spectrum yellow), considered as a reference of Cr(ll) sites highly
coordinated by O-containing ligands; b) Cr(CH,C(CHs)s)s grafted on silica (Figure 5.
2b), where the presence of only Cr(IV) alkylated sites was claimed by EPR analysis
[6]. For sake of comparison the spectra are reproduced in the same scale, although
unfortunately a limited wavelength region is reported by Ajjou group, which does
not allow a full comparison.

The spectra of Cr(VI)/SiO+TEA(2:1) and Cr(VI)/SiO,+DEALE(2:1) catalysts
display some features in common with both the reference spectra. In the d-d
region the spectra of the modified catalysts are very similar to that of Cr(l1)/SiO; in
interaction with N>O, where the Cr(ll) sites expand their coordination environment
due to the coordination of two N>O molecules. This suggests that Cr(ll) sites might
be formed from the interaction of Cr(VI1)/SiO, with TEA and DEALE, but also that
the AIO«R, by-products or other AIR« species grafted nearby must stay in
interaction with the Cr(Il) sites. Nevertheless, the spectra of Cr(VI)/SiO+TEA(2:1)
and Cr(VI)/SiO»+DEALE(2:1) differ from that of Cr(l1)/SiO2+N,0 in the 400-500 nm
region (at around 25000-20000 cm™). At least in part, the difference is due to the
presence of residual Cr(VI) species, as discussed above. However, it must be
noticed that the spectrum of alkylated Cr(IV) species also contains an intense band
at ca. 21500 cm™.

Overall, the spectra of Cr(VI1)/SiO+TEA(2:1) and Cr(VI)/SiO+DEALE(2:1)
suggest that, after interaction of Cr(VI1)/SiO, with TEA and DEALE, a fraction of
the Cr(VI) sites is reduced to highly coordinated Cr(ll) species, and another to
alkylated Cr(IV) species. It is worth noticing that the formation of alkylated Cr(IV)
species has been postulated as one of the possible mechanism of alkylation [7]
(see paragraph 1.4.3). These observations are only partially in agreement with the
pioneering works of Cicmil et al.[1, 2, 8]. Indeed, in these works two different
contributions were tentatively pointed out in the d-d transition region: i) a band at
ca. 10000 cm™, attributed to the *Eg—>°T, transition of a 6-fold coordinated Cr(Il)
species; ii) a band around 16000 cm™, assigned to the *A,;—>*T, transition of a 6-
fold coordinated Cr(lll) species [2].
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Complementary information on the oxidation state of the modified Cr sites
can be obtained by X-band EPR experiments. Figure 5. 3 shows the X-band EPR
spectra of Cr(V1)/SiO, before (spectra 1) and after reaction with TEA and DEALE at
the two concentrations (spectra 2 and 3). After the oxidative treatment at 650 °C,
most of the Cr sites are in the form of diamagnetic Cr(VI) monochromates, hence
EPR inactive, as already discussed in Chapter 3. As previously discussed, the signal
observable in the EPR spectra at g = 1.969 is due to a small fraction of Cr(V)
species, always present but considered as spectators [7, 9, 10]. The amount of

Cr(V) is typically lower than 2% of the total Cr sites [9].
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Figure 5. 3 Part a) X-band CW-EPR spectra of oxidized Cr(VI)/SiO, (spectrum 1), of Cr(VI)
/SiO+TEA(2:1) (spectrum 2) and of Cr(VI) /SiO>+TEA(4:1) (spectrum 3). The enlargements of the mid-
field and of the low-field regions are shown in the inset. The spectra were recorded at T = 100 K. Part
b) The same of part a but with DEALE.

After reaction with the Al-alkyls, some changes are observed in the EPR
spectra. Starting with Cr(VI)/SiO>+TEA(2:1) (Figure 5. 3a, spectrum 2), the signal of
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Cr(V) becomes sharper and slightly shifts at g = 1.978. This is likely a consequence
of the proximity of TEA (or its reaction by-products) to the Cr(V) sites, that causes
a modification of their symmetry. No additional bands are observed in the
spectrum, but only an extremely weak signal at g = 4.3, that indicates the presence
of a tiny amount of isolated Cr(lll). This means that the majority of the Cr(VI) sites
reduced by TEA are transformed into reduced Cr species which are EPR silent
(either Cr(IV) or Cr(ll)). This result is in very good agreement with the DR UV-Vis
results discussed above, which indicate the formation of Cr(IV) and highly
coordinated Cr(ll) sites. The EPR spectrum of Cr(VI)/SiO.+TEA(4:1) (Figure 5. 3a,
spectrum 3) further changes. This time the signal of Cr(V) drastically decreases in
intensity, and simultaneously a new signal at g = 1.994 appears. Simultaneously,
the signal at g = 4.3 becomes much more intense. While the signal at g = 4.3 is
straightforwardly associated to isolated Cr(lll) species [11], that at g = 1.994 is
related to Cr(lll) in small clusters (a-Cr,0s). Both signals seem correlated to the
disappearance of the Cr(V) signal.

The evolution of the EPR spectra is slightly different in the presence of
DEALE. In the spectrum of Cr(VI)/SiO,+DEALE(4:1) (spectrum 3) we observe the
formation of two new signals at g = 1.976 and at g = 4.3. The latter signal indicates
that, as for TEA, an excess of DEALE causes the formation of a small portion of
isolated Cr(lll), while in this case no Cr(lll) clusters are noticed. This behaviour
could be related to the less reducing power of DEALE respect to TEA.
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5.1.2 Reactivity of TEA and DEALE with Cr(VI)/SiO; as monitored by FT-IR
spectroscopy

The reaction of Cr(VI)/SiO, with both Al-Alkyls was monitored by FT-IR
spectroscopy, as reported in Figure 5. 4. The spectrum of the oxidized catalyst
(spectrum 1) is the same as that previously described in Figure 3.4. The reaction of
Cr(VI1)/SiO, with TEA and DEALE (spectra 2) is demonstrated by the appearance of
the absorption bands related to the alkyl groups, as described in the previous
chapter. Also in this case, it is not possible to distinguish among the alkylated Cr
sites, the AI(OR)xR, by-products, and the AIRy species grafted on silica [5]. The main
difference with respect to the reactivity of Cr(l1)/SiO, with TEA and DEALE, is the
fact that the intensity of these bands is almost the same when Al:Cr = 2:1
(spectrum 2) and when Al:Cr = 4:1 (spectrum 3). In other words, the Al:Cr = 2:1
ratio seems to be the maximum amount of Al-alkyl that can react with
Cr(V1)/Si0,. This is quite curious, since we know from the other techniques (vide
supra DR UV-Vis) that a fraction of Cr(VI) sites remains unmodified even in the
presence of a Al:Cr = 4:1 ratio. Moreover, only a small fraction of the OH groups
reacts with TEA and DEALE and this amount seems independent on the Al:Cr ratio.
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Figure 5. 4 Part a) FT-IR spectra of Cr(V1)/SiO, before (spectrum 1), and after modification with TEA in
an amount equal to Al:Cr = 2:1 (spectrum 2) and Al:Cr = 4:1 (spectrum 3). The inset in part a shows a
magnification of the Si-OH region. Parts a’ and a” report a magnification of spectra 2 and 3 after
subtraction of spectrum 1, in the CH stretching and bending regions. Parts b) b’) and b”’) the same of
part a), a’) and a”’) for DEALE.
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5.2 The accessibility of the Cr sites modified by TEA and DEALE.

Successively, the accessibility of the Cr sites in the modified Cr(V1)/SiO, catalysts
was investigated by means of FT-IR spectroscopy of adsorbed probe molecules.

5.2.1 Probing the Cr sites with CO

Figure 5. 5 shows the FT-IR spectra, in the v(CO) region, of CO adsorbed at room
temperature on the TEA/DEALE-modified Cr(VI1)/SiO; catalysts (Al:Cr=2:1, Figure 5.
5a-a’, and Al:Cr=4:1, Figure 5. 5b-b’). All the spectra were normalized for the
thickness of the pellet and hence the absolute intensities are comparable and
guantitative information can be extracted.
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Figure 5. 5 Part a) Evolution of the background subtracted FT-IR spectra, in the ¥(CO) region, for CO
adsorbed at room temperature on the Cr(VI)/SiO>+TEA(2:1) catalyst (part a), from Pco = 100 mbar
(spectrum 2) to zero (spectrum 1). Part b): the same for Cr(VI)/SiO,+TEA(4:1). Parts a’) and b’) the

same of parts a) and b) but for the DEALE. All the spectra are reported after subtraction of that
collected before CO dosing.

The spectra collected at the maximum CO coverage (spectra 2) on the
Cr(VI1)/SiOo+TEA catalysts (Figure 5. 5a-b) are dominated by a single absorption
band centred at about 1988 cm™, with a shoulder at 2022 cm™ that becomes more
evident for Cr(VI)/SiO,+TEA(4:1). No other bands are detected. Interestingly, the
shape and the position of these bands are similar not only to those of CO adsorbed
on Cr(I1)/SiOx+TEA, Interestingly, the shape and position of these bands are similar
to those observed in the spectrum of CO adsorbed on the Cr(l1)/SiO2 catalyst
modified with triethylsilane (TES), analogously to what already discussed for CO
adsorbed on Cr(11)SiO2+TEA [12, 13]. For sake of comparison, Figure 5. 6 shows the
FT-IR spectrum of CO adsorbed at the maximum coverage on: the unmodified
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Cr(l1)/SiO; (spectrum 1), Cr(VI)/SiO»+TEA(2:1) (spectrum 2), Cr(VI)/SiO,+TEA(4:1)
(spectrum 3), and Cr(l1)/SiO>+TES (spectrum 4). For Cr(l1)/SiO>+TES some of us
previously demonstrated that more than 80% of the Cr(ll) sites were transformed
into mono-grafted [=Si-O-Cr(I1)-OSiRs3] sites [12]. For this reason, we conclude that
at least a fraction of the Cr(VI) sites in Cr(VI)/SiO>+TEA have been transformed
into mono-grafted Cr(ll) species, stabilized by some ligands nearby. This result is
again in very good agreement with the DR UV-Vis results discussed above.
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Figure 5. 6 FT-IR spectra, in the v'(CO) region, of the maximum coverage of CO adsorbed at room
temperature on unmodified Cr(l1)/SiO, (spectrum 1), on Cr(VI)/SiO»+TEA(2:1) (spectrum2), on
Cr(V1)/SiO2+TEA(4:1) (spectrum 3) and on Cr(l1)/SiO>+TES (spectrum 4). All the spectra are reported
after subtraction of that collected before CO dosing. All the spectra were normalized for the
thickness of the pellet and hence the absolute intensities are comparable and quantitative
information can be extracted.

In order to better assign the band at 1988 cm?, we performed an
analogous experiment with a 1:1 mixture of 2C0O:*CO. The use of isotopic
mixtures is a widely employed method for assigning complex IR spectra [12]. The
results are summarized in Figure 5. 7, and compared to those published for the
similar Cr(l1)/SiOx+TES [12]. The analogy between the two systems is immediately
clear. The IR absorption pattern is typical of dicarbonyl species. Hence, we can
conclude that in Cr(VI1)/SiO+TEA catalysts the modified Cr sites accessible to CO
are Cr(ll) species mono-grafted to silica, and are characterized by at least two
coordination vacancies.
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Figure 5. 7. Part a): FT-IR spectra, in the v’(CO) region, of 12CO (black) and a mixture of 12C0O:13CO =
1:1 (grey) adsorbed on Cr(I1)/SiO+TES. Part b): the same experiment for Cr(VI)/SiO,+TEA(2:1). All the
spectra were normalized for the thickness of the pellet and hence the absolute intensities are
comparable and quantitative information can be extracted.

For Cr(VI)/SiO,+DEALE the spectra of CO adsorbed at room temperature
(Figure 5. 5 b’ and c’) contain almost no bands. Only for CO adsorbed on
Cr(VI1)/SiO2+DEALE(4:1) a very weak band is observed, which is a reminiscence of
those detected for the Cr(VI)/SiO.+TEA systems. The logical conclusion from these
results is that the modified chromium sites in Cr(VI)/SiO+DEALE are more
sterically hindered and for this reason mostly not accessible to CO. It is worth
anticipating here that this does not means that the same sites are not accessible
by stronger probes, including ethylene.

A quantification of the modified Cr(VI) sites in Cr(VI)/SiO+TEA and
Cr(VI1)/SiO2+DEALE is less easy than for Cr(l1)/SiO+TEA/DEALE. Indeed, we cannot
estimate the total amount of modified Cr sites in this case, but only those that are
accessible by CO. However, we can measure the integrated area of the band at
1988 cm™ and compare it to the value obtained for CO on Cr(l1)/SiO,+TES, which
corresponds to 80% of the total Cr sites [12]. The results of the calculation are
reported in Table 5. 1, and better visualized in Figure 5. 8. As already discussed for
Cr(l1)/SiO+TEA/DEALE, only a fraction of the total Cr sites is modified and
accessible to CO. In general, this fraction is larger for Cr(V1)/SiO>+TEA than for
Cr(VI1)/SiO,+DEALE, and increases at higher Al:Cr ratio. It is worth noticing that
the fraction of Cr sites modified by DEALE and accessible to CO is very small in this
case.

92



Table 5. 1 Quantification of the fraction of the Cr sites (with respect to the total) visible by CO in
Cr(VI1)/SiO,+TEA and Cr(V1)/SiO+DEALE, as determined by analysing the FT-IR spectra of CO adsorbed
at room temperature on Cr(VI)/SiO>+TEA and Cr(VI1)/SiO2+DEALE. These sites are likely mono-grafted
Cr(ll) species, very similar to those formed in Cr(I1)/SiO,+TEA and Cr(I1)/SiO,+DEALE.
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Figure 5. 8 Quantitative determination of the fraction of Cr(VIl) sites reduced and modified by TEA
and DEALE in different Al:Cr ratio, as determined by analysing the FT-IR spectra of CO adsorbed at
room temperature on Cr(VI)/SiO>+TEA and Cr(V1)/SiO»+DEALE. This fraction has been estimated from
the integrated intensity of the v(C=0) band at 1988 cmL. The position of the band indicate that the
sites accessible to CO are Cr(ll) species mono-grafted to the silica surface.

5.2.2 Probing the Cr sites with CD3:CN

Successively, we performed a series of FT-IR experiments using CDsCN as probe
molecule. As already discussed in the previous chapter, CDsCN is a stronger probe
than CO and hence has the capability to probe also the sites more hindered;
moreover, it has a stronger basic character, and hence it is more sensible to the
acidic strength. The experiments have been performed in the presence of an Al:Cr
ratio of 2:1. Figure 5. 9 shows the evolution of the background subtracted FT-IR
spectra in the ¥(C=N) region for d-acetonitrile adsorbed at room temperature on
Cr(V1)/SiO+TEA(2:1) (part a), Cr(V1)/SiO>+DEALE(2:1) (part a’), Cr(VI1)/SiO2 (part b
and b’), SiO,+TEA (part c) and SiO,+DEALE (part c’), as a function of the CDsCN
coverage. The spectra of SiO»+TEA (part c) and of SiO»+DEALE (part c’) were
already described at Chapter 4.2.2.
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Figure 5. 9 Evolution of the background subtracted FT-IR spectra, in the 7/(C=N) region, for CDsCN
adsorbed at room temperature on Cr(V1)/SiO2+TEA(2:1) catalyst as a function of the CD3CN coverage
(part a), compared to the same sequence of spectra collected for CDsCN adsorbed on unmodified
Cr(V1)/SiO; (part b), and on SiO»+TEA(2:1) (part c). All the spectra are reported after subtraction of
that collected before CD3CN dosing. The spectra are all normalized for the optical thickness of the
pellet. Orange spectra: maximum CDsCN coverage; bold grey spectra: irreversible fraction of
adsorbed CDsCN. Parts a’ and c’: the same as parts a and c, for DEALE.

Upon CDsCN adsorption on the Cr(VI)/SiO, catalyst (part b and b’) the only
observed bands are those associated to CDsCN adsorbed on the surface OH groups
(at 2277 cm™) and the physisorbed CDsCN (at 2265 cm™), as previously described
in Chapter 4 [14-17]. The absolute intensity of these bands is lower with respect to
those observed in the spectrum of CDsCN on Cr(l1)/SiO,, and their relative intensity
is inverted. This indicates that Cr(l1)/SiO; is more dehydroxylated than Cr(VI)/SiO..
A very weak band is also observed at 2319 cm™®, which is due to d-acetonitrile in
interaction with a minor amount of Cr(VI) species. The intensity of this band,
however, is negligible with respect to all the other bands and will be neglected in
the following discussion. Upon degassing, all these bands rapidly decrease in
intensity up to disappear, indicating that the interaction is quite weak and fully
reversible.

Besides the two bands at 2277 and 2265 cm™ already described, the
spectra of CDsCN adsorbed on Cr(VI)/SiO>+TEA(2:1) (Figure 5. 9a) are characterized
by two additional contribution, much more resistant to degassing and the same as

those already discussed for Cr(l1)/SiO,+TEA(2:1):
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1) a very broad absorption band centred at 2315 cm™, which is evidently the
overlap of at least two different contributions: the first one, at ca. 2305 cm™, is
attributed to weak Lewis acid sites (W-LA), while the second, at ca. 2317 cm?, is
due to strong Lewis acid sites (S-LA). At least in part, the Al(lll) species deriving
from TEA contribute to this second band.

2) a band at ca. 2250 cm?, already observed for CDsCN adsorbed on
Cr(l1)/SiO,+TEA(2:1), and previously assigned to CDsCN bridged in between Cr
and Al, that provides evidence for the presence of Cr-Al couples.

The spectrum of CDsCN adsorbed on Cr(VI1)/SiO>+TEA(2:1) at the minimum
coverage was subjected to a deconvolution process, and the integrated areas of
the bands at 2317, 2305 and 2250 cm™ were determined. The fraction of
accessible W-LA, S-LA and Cr-Al couples were then estimated in relation to the
total amount of Cr sites (i.e. the Cr(ll) sites accessible to CDsCN in Cr(11)/SiO3), and
in the approximation of a constant molar extinction coefficient in the whole
spectral range. It is worth noticing that the sum of the W-LA, S-LA and Cr-Al
species might exceed 100%, since also the Al(lll) sites are potentially probed by
CDsCN. The results are summarized in Table 5. 2 and in Figure 5. 10.

Table 5. 2. Quantification of the amount of weak Lewis acid sites (W-LA), strong Lewis acid sites (S-
LA) and Cr-Al couples (Cr-Al) visible by CDsCN in Cr(V1)/SiO»+TEA and Cr(VI)/SiO,+DEALE, expressed in
percentage with respect to the total amount of Cr sites. These values have been determined by
analysing the FT-IR spectra of CDsCN adsorbed at room temperature on Cr(VI)/SiOx+TEA and
Cr(V1)/SiO+DEALE.
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Figure 5. 10 Quantitative determination of the fraction of weak Lewis acid sites (W-LA), strong Lewis
acid sites (S-LA) and Cr-Al couples (Cr-Al), as determined by analysing the FT-IR spectra of CD3CN
adsorbed at room temperature on Cr(V1)/SiO,+TEA and Cr(V1)/SiO,+DEALE.
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Overall, the analysis of the spectra shown in Figure 5. 9 indicates that, in
Cr(VI1)/SiO+TEA(2:1), CDsCN probes ca. 35% of W-LA, ca. 40% of S-LA and ca. 15%
of Cr-Al couple (where the fractions have been estimated in relation to the total
amount of Cr sites). It is worth noticing that the amount of W-LA sites probed by
CD3CN is very close to the 32% of mono-grafted Cr(ll) sites probed by CO.

The same experiment was repeated for Cr(VI)/SiO,+DEALE(2:1), as
reported in Figure 5. 9a’. Contrarily to what happens with CO, d-acetonitrile
interacts with a substantial fraction of Lewis acid sites, giving origin to a broad
band centred at ca. 2317 cm™, as already discussed for Cr(V1)/SiO+TEA(2:1). The
spectrum at the lowest coverage was analysed following the same protocol
discussed above and the results are reported in Table 5. 2 and Figure 5. 10. The W-
LA sites accessible to CD3CN account for ca. 10% of the total Cr sites, whereas the
S-LA account for ca. 32%. This latter contribution should not include any accessible
Al(lll) sites. Indeed, the blank experiment performed on SiO,+DEALE(2:1)
demonstrates that the DEALE-derived Al species are not accessible to CDsCN
(Figure 5. 9c’). Hence, these data indicate that ca. 42% of the Cr(VI) in
Cr(VI1)/SiO,+DEALE(2:1) are reduced to Cr(ll), although CO is not able to probe
any of them. Finally, similarly to the case of Cr(l1)/SiO,+DEALE(2:1) (Chapter 4) and
contrarily to Cr(V1)/SiO>+TEA(2:1) (Figure 5. 9a), no bands are noticed at 2250 cm™*
that could be linked to CDsCN in interaction with Al-Cr couples.

5.2.3 A summary on the accessibility of the Cr sites in the Al-alkyl
modified Cr(VI1)/SiO; catalysts.
The experiments performed by using CO and CDs:CN as molecular probes are
compared and summarized in the following. For Cr(VI)/SiO>+TEA(2:1), ca. 32% of
the total Cr(VI) sites are reduced to Cr(ll) mono-grafted to silica, as probed by CO.
This fraction is very similar to the amount of W-LA sites probed by CDsCN (ca. 35%
of the total Cr sites). Hence, it is very likely that the mono-grafted Cr(ll) sites
detectable by CO behave like W-LA sites. In addition, CDsCN reveals the presence
of: 1) ca. 40 % of S-LA sites, among which a fraction might be due to the Al(lll) sites
derived from the reaction of TEA with silica and/or the Cr sites; and 2) ca. 15% of
Cr-Al couples able to coordinate CDsCN in a bridged way. Both the S-LA and the Cr-
Al sites are not probed by CO, and hence should be shielded by TEA in excess
and/or its by-products.

For Cr(VI1)/SiO>+DEALE, almost no reduced Cr sites are probed by CO. This
indicates that, if present, the mono-grafted Cr(ll) sites are much more shielded
than those present in Cr(VI)/SiO.+TEA. In contrast, CDsCN, being a stronger probe,
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is able to probe at least part of them. In Cr(V1)/SiO,+DEALE(2:1) CDsCN reveals the
presence of ca. 10% of W-LA (probably Cr(ll) sites mono-grafted to silica), and ca.
34% of S-LA sites. It is evident that a much larger amount of the Cr sites in the
Cr(VI1)/SiO>+DEALE catalyst are not accessible to both probes. This implies that the
modified sites are more hindered and/or that a larger amount of Cr(IV)-alkylated
sites are present.

5.3. Ethylene polymerization over the Al-alkyl modified
Cr(V1)/SiO2

5.3.1 A kinetic study

Kinetic experiments were performed to evaluate the gas-phase ethylene
polymerization rate on the TEA-modified and the DEALE-modified Cr(VI)/SiO2
catalysts, at two different concentrations, in comparison with the Cr(VI)/SiO,
catalyst. Taking into account that the Cr(VI)/SiO; catalyst shows a long induction
time, we decided to show in Figure 5. 11 all the data recorded in order to
demonstrate how the modification made with the Al-alkyls influences the kinetic
of the polymerization. In practice, as already claimed in literature [7], no induction
time is recorded for the modified catalysts. In addition, all the modified catalysts
show the same trend observed before for the pre-reduced Cr(l1)/SiO,+TEA and
Cr(I1)/SiO,+DEALE catalysts.
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Figure 5. 11 Part a): Kinetics of the gas-phase ethylene polymerisation on the Cr(V1)/SiO catalyst

(curve 1) in comparison to that on Cr(VI)/SiO>+TEA(2:1) (curve 2), and on Cr(VI)/SiO+TEA(4:1) (curve

3). The measurements were performed at room temperature, by recording the ethylene pressure as

a function of time. Part b): the same as part a for the DEALE-modified Cr(V1)/SiO catalyst.

In all the cases, the reaction rate decreases rapidly after the first minutes
of reaction. This behaviour could be explained because of the type of silica used
(that does not fragment), ethylene diffusion problems, and deactivation of the
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catalyst, as already discussed in Chapter 4.3.1. For these reasons, the reaction rate
constants were calculated taking into account only the first minute of the reaction,
on the basis of the first order law already discussed in Chapter 3. The values
obtained are shown in Table 5. 3.

Table 5. 3 Kinetic constants for ethylene polymerization reaction conducted at room temperature on
Cr(VI1)/SiO, and on the TEA- and DEALE-modified versions, at two different Al:Cr ratios.

Kinetic constants (s molCr?)

Catalyst No Al-alkyls Al:Cr=2:1 Al:Cr=4:1
Cr(V1)/SiO2 8 - -
Cr(VI1)/SiO2+TEA - 140 150
Cr(V1)/SiO2+DEALE - 390 100

The reaction rates of the modified catalysts are much higher than that of
Cr(V1)/Si0,, and this makes clear the reason why Al-alkyls are industrially
interesting. Some analogies can be found with the kinetic constants calculated for
the modified Cr(11)/SiO; catalysts. Indeed, once again the Cr(VI)/SiO, +TEA(4:1) is
faster that the Cr(V1)/SiO, +TEA(2:1), although the kinetic constant is not
proportional to the amount of TEA (for both catalyst the reaction is about 20
times faster). Curiously, whether starting from the oxidized Cr(V1)/SiO> catalyst or
from the reduced Cr(l1)/SiO, one, the fastest system results to be the DEALE(2:1)
modified one (50 times faster). While the value for the Cr(VI)/SiO> +DEALE(4:1)
catalyst drastically decreases (13 times faster), implying a partial deactivation of
the catalyst, as it was already suggested [7].

5.3.2 A spectroscopic study

Ethylene polymerization on the Cr(VI)/SiO+TEA(4:1) catalyst was monitored by
means of DR UV-Vis, EPR and FT-IR spectroscopies, as summarized in Figure 5. 12.
Upon ethylene dosage, the DR UV-Vis spectrum of Cr(VI)/SiO>+TEA(4:1)
immediately changes (Figure 5. 12a). A drastic decrease of the intensity is
observed in the entire spectral region. This effect is due to the layer of
polyethylene that grows around the Cr actives sites, making the sites rapidly
invisible to DR UV-Vis-NIR. Meanwhile, weak bands grow in the 4500-4000 cm™
region, where overtones and combinations of the stretching and bending
vibrational modes of polyethylene became visible (inset in Figure 5. 12a). Although
the change in the scattering properties of the powder prevents any definitive
conclusion on the nature of the Cr sites involved in ethylene polymerization,
nevertheless it must be noticed that the band at 21500 cm™ is the most affected
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one, while the d-d bands remain almost unaffected. As suggested in section 5.2.1,
at least part of this signal might be due to alkylated Cr(IV) sites. Hence, the DR UV-
Vis data seem to suggest that alkylated Cr(IV) sites are those faster in the
initiation of the ethylene polymerization reaction.
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Figure 5. 12 Part a) Evolution of the DR UV-Vis-NIR spectra upon ethylene reaction at room
temperature on the Cr(VI)/SiO>+TEA(4:1)catalyst (from spectrum 2 to spectrum 3). The inset shows a
magnification of the NIR region. Part b) X-band CW-EPR spectra of the Cr(VI)/SiOx+TEA(4:1) before
(spectrum 2) and after reaction with ethylene at room temperature (spectrum 3). The inset shows
the enlargement of the low field and of the mid-field region. Part c) Time evolution of the FT-IR
spectra for the Cr(VI)/SiO,+TEA(4:1) catalyst during ethylene polymerization (from spectrum 2 to
spectrum 3).

The same experiment was followed by EPR spectroscopy. Ethylene was
admitted on the sample at room temperature and after 2 minutes the reaction
was quenched with liquid nitrogen and an EPR spectrum was collected at 100 K
(spectrum 3 in Figure 5. 12b). At the end of the EPR measurement, an ATR
spectrum of the sample was collected, in order to confirm a posteriori the
presence of the polymer. In the spectrum recorded after ethylene polymerization
(spectrum 3 in Figure 5. 12b), the signal of isolated Cr(lll) sites at g = 4.3 decreases
and the narrow signal at g = 1.98 assigned to Cr(V) increases. This could be due to
oxidative addition of ethylene to Cr(lll) single sites. The signal of small clusters at g
= 1.994 does not change at all, suggesting that these sites do not participate in the

reaction.
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Finally, Figure 5. 12c shows the time-resolved FT-IR spectra collected during
ethylene polymerization on Cr(V1)/SiO, +TEA(4:1) at room temperature. The
occurrence of ethylene polymerization is indicated by the growth of the
characteristic IR absorption bands, both in the stretching and in the bending

regions, as described previously.
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Figure 5. 13 Part a) Evolution of the DR UV-Vis-NIR spectra upon ethylene reaction at room
temperature on the Cr(VI)/SiO,+DEALE(4:1) catalyst (from spectrum 2 to spectrum 3). The inset
shows a magnification of the NIR region. Part b) X-band CW-EPR spectra of the
Cr(V1)/SiO>+DEALE(4:1) before (spectrum 2) and after reaction with ethylene at room temperature
(spectrum 3). The inset shows the enlargement of the low field and of the mid-field region. Part c)
Time evolution of the FT-IR spectra for the Cr(VI)/SiO>+DEALE(4:1) catalyst during ethylene
polymerization (from spectrum 2 to spectrum 3).

The same experiments were conducted for the Cr(VI)/SiO,+DEALE(4:1)
catalysts, with similar results. The main differences are observed in the EPR
spectra (Figure 5.13b). Indeed, this time we did not observe any change in the EPR
spectra of the Cr(VI)/SiO+DEALE(4:1) catalyst before and after ethylene
polymerization, just a slightly decrease of the intensity of the signals attributed to
the Cr(V) species. These results indicate that, under these experimental
conditions, the active Cr sites originated by reacting Cr(V1)/SiO>+DEALE(4:1) with
ethylene at room temperature are not EPR active.
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5.4 A short summary on the properties of the modified
Cr(VI1)/SiO; Phillips catalyst and some hypothesis on the
structure of the modified Cr sites.

The present paragraph summarizes the main results achieved by applying several
complementary spectroscopic techniques to the investigation of the TEA- and
DEALE-modified Cr(VI1)/SiO; catalysts. Some hypothesis on the molecular structure
of the modified Cr sites are also proposed.

5.4.1 Reducibility of the Cr(VI) sites and oxidation state of the modified Cr
sites

Only a fraction of the Cr(VI) sites are reduced by the Al-alkyls. The DR UV-Vis
results clearly demonstrated that, also with an Al:Cr=4:1 ratio, a fraction of Cr(VI)
sites are still present, in accordance with the literature [3, 7, 18].Hence, a fraction
of the Al-alkyls must react with the silica surface (either with the siloxane bridges
and/or with silanol groups), to give —AIRx (or AIROy) species.

The oxidation state of the reduced Cr species cannot be straightforwardly
attributed. However, the DR UV-Vis spectra suggest the presence of highly
coordinated Cr(ll) species and alkylated Cr(IV) species, both of them postulated in
the alkylation mechanisms proposed in the literature [7]. Both these species are
not active in EPR. Indeed, for an Al:Cr=2:1 ratio, EPR reveals the presence of
residual Cr(V) only (which are ubiquitous in Cr(V1)/SiO> catalysts), and indicates
that only a negligible amount of isolated Cr(lll) species are formed (not
detectable by DR UV-Vis). The amount of isolated Cr(lll) species increases for an
Al:Cr ratio equal to 4:1, likely as a consequence of the 2-electron reduction of the
residual Cr(V) species.

A possible mechanism to explain the formation of Cr(IV) sites is shown in
Scheme 1 (first two steps of reaction). According to this mechanism, starting from
one Cr(VI) and two TEA molecules, a bis-alkylated Cr(IV) species (=SiO),Cr(IV)R; is
obtained, as well as a by-product which resembles an alkyl-alumoxane fragment
(omitted in the scheme for simplicity). When DEALE is used instead of TEA, the by-
product contains more —OR groups. The by-product must reside close to the Cr site
that originated it, and the interaction strength surely increases with the number of
—OR groups, being Cr notoriously an oxophilic species. Cr(ll) sites can be formed
from the over-reduction of the bis-alkylated Cr(IV) sites (Scheme 1, last step), as
already proposed in the literature [7]. According to this mechanism, a mono-
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grafted =SiOCr(Il)-R species would be formed, together with a surface =SiO-R
species nearby.
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Scheme 1 Proposed mechanism to explain the formation of bis-alkylated Cr(lV) sites and mono-
grafted Cr(ll) sites from reaction of Cr(VI)/SiO, with AIRs. The Al-alkyl by-products (R,Al-O-AIROR) are
omitted for simplicity. The reaction with DEALE may proceeds in the same way, but the by-product
will have a greater number of OR groups.

5.4.2 Accessibility of the modified Cr sites, local structure and acid
properties

The bis-grafted and bis-alkylated Cr(IV) species (species 2 in Scheme 2) are not
probed neither by CO nor by CDsCN. In contrast, the Cr(ll) sites are partially
probed by both molecules, in a relative proportion that depends on the type of the
Al-alkyl and on its concentration. Generally speaking, CO probes a lower amount of
Cr(ll) sites with respect to CDsCN, as expected because of its weaker interaction
energy. All the Cr(ll) sites accessible to CO are univocally described as mono-
grafted Cr(ll) sites, of the type =SiOCr(ll)-L (where L = R or OR), partially detached
from the silica surface (hence, the classical behaviour of the di-carbonyl
complexes). All of them are stabilized by some ancillary ligands nearby (hence,
they appear as highly coordinated in the DR UV-Vis spectrum). Among the ancillary
ligands there would be the alkyl-alumoxane by-products, the =SiO-R species
obtained from the rupture of one Cr-O bond (see Scheme 1) and the =SiO-AIR;,
=SiO—-AIROR, or =SiO-R species deriving from the direct reaction of the Al-alkyl
with the silica surface.

The overall accessibility and, more important, the acidic nature of the
mono-grafted Cr(ll) sites strongly depend on the number and the type of the
ancillary ligands. In the presence of an AIRO, fragment (species 4 in Scheme 2),
the =SiOCr(Il)-L sites display a stronger Lewis acid character than the =SiOCr(ll)-L
sites close to a SiO-R species (species 3 in Scheme 2). The S-LA sites are less
accessible when the AIRO, fragment contains more OR ligands (species 4’ in
Scheme 2). The relative proportion of these strong and weak Lewis acid sites
depends on the type of the Al-alkyl and on its concentration. In general, the
formation of S-LA sites is favoured in the presence of TEA and at high
concentration. That is, upon increasing the reduction power of the Al-alkyl a
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larger fraction of the original Cr(VI) sites is over-reduced to give mono-grafted
=SiOCr(11)-L sites having a strong Lewis acid character. In these cases, a fraction of
the mono-grafted =SiOCr(ll)-L sites is in such a close proximity with the AIRO,
fragment, that CDsCN can be shared between the Cr(Il) and the Al(lll) cations in a
bridged fashion. Scheme 2 shows a collection of the possible Cr species that can
co-exist on Cr(VI)/SiO.+TEA/DEALE.
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Scheme 2. Hypothetical structures (at a molecular level) for the chromium sites in the Cr(V1)/SiO, +Al-
Alkyls catalysts.

5.4.3 Role of the modified Cr sites in ethylene polymerization

Plausibly all the Cr sites described in the previous scheme play a role in ethylene
polymerization, although at present it is difficult to define the exact role of each of
them. In terms of reaction rate, Cr(VI)/SiO,+DEALE(2:1) seems the most
performant catalyst. All the results discussed so far converge in concluding that
this is probably the less reduced catalyst, i.e. the system containing the larger
amount of bis-alkylated (=SiO).Cr(IV)R; sites (species 2 in Scheme 2). Hence, we
might argue that the bis- alkylated (=Si0),Cr(IV)R; sites are the major protagonist
in ethylene polymerization. This conclusion suggests that a similar site might be
the propagating site generated in situ by ethylene starting from both Cr(VI)/SiO;
and Cr(l1)/SiO..
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As far as the mono-grafted =SiOCr(ll)-L sites are concerned, their behaviour is
strongly influenced by their acidic nature. Mono-grafted =SiOCr(II)-OSiR; sites
generated by reacting Cr(l1)/SiO, with hydrosilanes, which are W-LA sites, have
been demonstrated to be responsible of ethylene oligomerization to 1-hexene
[13]. Similarly, we might hypothesize that the fraction of =SiOCr(ll)-L sites having
a W-LA character (species 3 in Scheme 2) generate prevalently a-olefins through
ethylene oligomerization, and hence contribute to the formation of low
molecular weight PE. In contrast, the =SiOCr(ll)-L sites having a S-LA character
(species 4 and 4’ in Scheme 2) might contribute to the formation of a high
molecular weight PE, in close analogy to the behaviour of the Cr(ll) sites on Al,0O;
[19].

Finally, according to the literature, Cr(VI)/SiO, modified by TEA and DEALE
display a more pronounced hydrogen response with respect to the standard
Phillips catalyst. This implies that at least some of the modified sites should be
able to activate H,. According to our previous work on Cr(l1)/SiO, modified by
hydrosilanes, mono-grafted =SiOCr(Il)-OSiRs; sites having a W-LA character are able
to activate molecular H,. This strongly suggests that the mono-grafted, W-LA,
=SiOCr(ll)-L sites are the responsible of hydrogen response also in the present
case.
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Chapter 6

SiO,-supported Cr[CH(SiMe3)2]s catalysts

The main goal of this research Chapter was to investigate the structure of the
chromium sites in silica-supported Cr[CH(SiMes),]s catalysts as a function of the
chromium loading, and to correlate it with the catalytic performances. This activity
was stimulated by the interaction with Dr. Takashi Monoi at JPE/JPC, in the frame
of a Confidentiality Agreement.
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6.1 Why Cr[CH(SiMe3).]3/SiO; catalysts?

According to the seminal works of Monoi et al.[1-3], heterogeneous catalysts
prepared by supporting tris[bis(trimethylsilyl)methyl]chromium(lll),
Cr[CH(SiMes),]s, on a silica pre-calcined at high temperature, have a high activity
towards ethylene polymerization, even without using any organo-aluminum
compounds as co-catalysts or scavengers. These catalysts display characteristics
similar to those of the Phillips catalyst (in terms of molecular weight, molecular
weight distribution, copolymerization ability, and presence of LCB), prompting the
conclusion that the active sites in the Phillips catalyst should resemble the active
sites in the Cr[CH(SiMes),]s/SiO, catalysts. The only difference between the
Cr[CH(SiMes),]5/SiO, catalysts and the Phillips catalyst is that the former are
sensitive to the addition of hydrogen during ethylene polymerization, while the
latter is not.
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Figure 6. 1 Effect of Cr loading on the density of the polymer obtained with Cr[CH(SiMes),]3/SiO,
catalysts. Circles: silica calcination temperature = 200 °C; triangles: silica calcination temperature =
600 °C [1].

Nevertheless, the situation is more complex than that described above.
Indeed, the performances of the Cr[CH(SiMes),]5/SiO, catalysts strongly depend on
the Cr loading. Figure 6. 1 shows the density of the polyethylene produced with
these Cr[CH(SiMes),]5/SiO catalysts, as a function of the Cr loading and of the
silica activation temperature [1]. By keeping constant the silica activation
temperature, an increase in the Cr loading causes a decrease of the polymer
density. Such effect is more drastic for the catalysts supported on a silica activated
at higher temperature. In this case, a slight increase of Cr content from 0.1 to 0.4
wt% decreases the density from 0.9590 to 0.9065 g/cm3. Such a drastic decrease
of density is the result of the formation of short-chain branching (SCB), as
demonstrated by 3C NMR [1, 3]. The presence of SCB indicates the occurrence of
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ethylene trimerization. Monoi et al. [2, 3] also found that the activity per Cr
decreases with an increase of Cr content. All together, these results suggested that
two types of Cr sites co-exist in these catalysts, those active in ethylene
polymerization (that dominate at low Cr loading) and those active in ethylene
trimerization (whose fraction increases at high Cr loading).

From this short introduction it appears clear that the Cr[CH(SiMe3),]3/SiO>
catalysts are intriguing systems at least for two reasons. The first is that the Cr
sites active in ethylene polymerization might resemble the active sites in the
Phillips catalyst. The second is that they are actually tandem catalysts, whereby
at least two types of Cr active sites co-exist, whose relative concentration is a
function of the Cr loading. With that in mind, we applied several in situ
spectroscopic techniques aimed at highlighting the properties of the Cr sites.
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6.2 The Cr[CH(SiMe3):]s precursor

Figure 6. 2 shows the transmission UV-Vis, the EPR and the ATR-IR spectra of the
Cr[CH(SiMes),]s precursor. The transmission UV-Vis spectrum of the compound in
hexane solution (Figure 6. 2a) shows two very intense bands at about 30000 and
25000 cm™ having a charge-transfer nature, and two weak and broad bands in the
d-d region at about 14000 and 11000 cm™. The spectrum is very similar to that
reported in the literature for the analogous trigonal complex
tris(bistrimethylsilylamido) Cr(lll), which has been interpreted on account of its
geometry (Dsn symmetry) [4-7]. According to this assignment, the band at 11000
cm?is attributed to the transition *A’; — (*A”1, *A”’;) and the band at 14000 cm™is
attributed to the *A’, — *E transition [4].
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Figure 6. 2 Transmission UV-Vis (part a), EPR (part b), and ATR-IR (part c) spectra of the
Cr[CH(SiMe3),]5 compound. The UV-Vis and EPR spectra were collected in hexane solution, while the
ATR-IR spectrum was collected on the sample in the powder form. All the measurements have been
performed avoiding any contact with air.

Based on this model, also the interpretation of the EPR spectrum (in
hexane solution at 77 K) could be made. The complex gave a very sharp and
intense signal at g-values of gz =4 and another low signal at g,=2 (Figure 6. 2b).
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These signals are typical of a Cr(lll) species in a very low symmetry (that means far
from the octahedral Oy situation) like the D3, geometry of our complex [5].

Finally, Figure 6. 2c shows the ATR FT-IR spectrum of the Cr[CH(SiMes).]s
complex. In the high frequency region, the spectrum is dominated by two sharp
absorption bands at 2950 and 2895 cm™ region, that are attributed to the
asymmetric and symmetric stretching of the methyl groups, whereas the signals of
the -CH- linkages are almost negligible because their very low relative abundance.
The symmetric and asymmetric bending modes of the same groups contribute
with very intense bands at ca. 1240 and 815 cm™, respectively [8]. The low
frequency region of the spectrum shows additional sharp bands, in analogy to the
homologue Cr[N(SiMes),]s compound, already studied in the literature [7].
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6.3 The properties of the Cr[CH(SiMe3).]3/SiO. catalysts

6.3.1. Electronic properties

All the nCr[CH(SiMes),]3/SiO2600 Samples appear bright green in color, with an
intensity that depends on the Cr loading (more chromium, more green). The
corresponding DR UV-Vis-NIR spectra are shown in Figure 6. 3a. All the spectra
show the same spectroscopic features, and in particular: 1) a band centered at
30000 cm™ with a charge-transfer character; 2) three main bands in the d-d region
at ca. 22000, 16000 and 10000 cm™. However, the absolute intensity of the
observed bands is different for each sample and roughly scales with the amount of

chromium.
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Figure 6. 3. Part a) DR UV-Vis spectra of the nCr[CH(SiMe3)2]3/SiO2-600 catalysts. Part b) The DR UV-Vis
spectrum of 0.2Cr[CH(SiMes3),]3/SiO2-600 (black) is compared to the transmission UV-Vis spectra of
Cr[CH(SiMes)1]s in hexane (green) and CrCl; in H,O (dotted grey).

In Figure 6. 3b the DR UV-Vis spectrum of 0.2Cr[CH(SiMe3),]3/SiO2-600
catalyst is compared to the transmission spectra of the Cr[CH(SiMes).]s precursor
in hexane (green spectrum) and of CrCl; in aqueous solution (dotted grey
spectrum), which is a reference for Cr(lll) in an octahedral geometry. The spectrum
of the 0.2Cr[CH(SiMe3);]3/SiO2.600 catalyst looks like a linear combination of the
spectra of the two reference compounds. This result suggests the co-presence, in
the catalyst, of two types of Cr sites: 1) Cr(lll) sites in a low coordination
environment (D3, symmetry), and 2) Cr(lll) sites in a 6-fold coordination. This is in
good agreement with the hypothesis formulated by Monoi et al. [1] on the basis of
the catalytic performances, postulating the existence of two types of Cr sites,
those active in ethylene polymerization and those responsible for ethylene
trimerization.

112



We anticipate here that the first type of sites can be described as mono-
grafted (=SiO-)Cr[CH(SiMe3s):]. species, which maintain most of the structural and
symmetric properties of the Cr[CH(SiMes),]s precursor. According to the
literature, mono-grafted Cr sites should be responsible for ethylene
oligomerization to a-olefins, hence we will call these sites Croiigom. The second
family of sites are tentatively described as bis-grafted (=SiO-).Cr[CH(SiMes),] sites,
and are considered responsible for ethylene polymerization and co-
polymerization with a-olefins, hence they will be called hereafter Cryoiym sites.

6.3.2. Paramagnetic properties

Figure 6. 4 shows the EPR spectra of the nCr[CH(SiMes),]3/SiO2600 catalysts,
collected in continuous wave (CW) mode at the X-band energy. The spectra are
divided into two main magnetic regions, the low field (part a) and the high field
(part b). Cr(lll) ions contribute in both fields, with a relative intensity that depends
on the symmetry: Cr(lll) species in a low coordination and distorted environment
contribute mainly in the low field region (as discussed for the Cr[CH(SiMes).]s
complex), while Cr(lll) species in a highly symmetric coordination contribute
mainly in the high field region [5, 9]. By looking at the sequence of spectra, it is
evident that the signal at low field contributes mainly in the spectra of the samples
with higher Cr loading, while the signal at high field mainly in the spectra of the
samples with lower Cr loading.

Such an observation immediately indicates that the dominant Cr species in all the
catalysts are characterized by a different symmetry.

Qualitatively, all the spectra equally present a remarkably structured in the
low field region, although they differ in the intensity (inset in Figure 6. 4). This
indicates that the Cr species contributing mainly at low field are the same in the
four catalysts, but they are more abundant at high Cr loading. This signal can be
assigned to mono-grafted (=SiO-)Cr[CH(SiMes).]; species, Croiigom. IN contrast, the
shape of the signal in the high field region is different in the four cases, although
the integrated area is quite similar (inset in Figure 6. 4). This means that the Cr
species contributing mainly at high field are structurally different in the four
catalysts, but their amount is almost constant in the four cases. The species
responsible of this signal are tentatively described as the bis-grafted (=SiO-
)2Cr[CH(SiMe3),] sites, Crpolym. The EPR data indicate that several Cryoym Sites exist
on the catalysts differing in the coordination environment. The different
environment can be described in terms of different ligands nearby, such as weak
siloxane ligands and/or CH(SiMes), groups attached at the silica surface.
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Figure 6. 4 X-band CW-EPR spectra of the nCr[CH(SiMe3),]3/SiO>-600 catalysts, in both the low and the
high magnetic field regions (parts a and b, respectively). The integrated areas of the EPR signals are

reported in the inset.

6.3.3. Vibrational properties

Figure 6. 5a shows the FT-IR spectrum of the 0.2Cr[CH(SiMes),]3/SiO.600 catalyst
and that of pure silica activated in the same conditions (SiO2-600). The spectrum of
dehydroxylated SiO; is characterized by the same fingerprints already explained in
the previous Chapters (Figure 4.2).
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Figure 6. 5. Part a) FT-IR spectra of 0.2Cr[CH(SiMes3),]3/Si02-600 and of pure silica activated in the same
conditions. Both spectra were flattened to allow a better comparison, and normalized to the
thickness of the pellets. Part b) FT-IR spectra of the nCr[CH(SiMe3),]s/ SiO2-00 catalysts in the v(CHy)
region. The spectra were normalized to the thickness of the pellets in order to allow a quantitative

comparison.

The spectrum of the catalyst differs from that of the SiO.600 Support in two
main regions:

1. In the v(OH) region, the broad absorption band at 3700-3200 cm™ due to H-
bonded silanols is eroded, suggesting that the chromium precursor is (at least
in part) grafted to the silica surface through vicinal or nearby silanol groups.
Since the IR absorption band ascribed to the free silanols (at 3750 cm™) is out-
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of-scale, it is difficult to evaluate the possible grafting of the chromium
precursor to these surface species, though we can reasonably expect it.

2. In the 3000-2800 cm™ region the sharp absorption bands due to v(CHs)
vibrations of the methyl groups are observed. These bands are very similar to
those observed in the spectrum of the Cr[CH(SiMes)2]s precursor.

Figure 6. 5b shows the FT-IR spectra of all the nCr[CH(SiMe3)2]3/SiO2-600
catalysts in the v(CHs) region, normalized to the thickness of the pellets in order to
allow a quantitative comparison. The intensity of the v(CHs) bands roughly scales
with the amount of chromium. In general, the chemistry of “grafting” looks the
same, since no changes in the relative intensity of the bands are observed
irrespective of the amount of chromium. It is evident that FT-IR spectroscopy is not
able to discriminate between Croligom and Crpoym sites, since the observable
absorption bands are associated to the methyl groups, which are far from Cr and
insensitive to structural variations.
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6.4. Ethylene polymerization over nCr[CH(SiMes):]3/SiO2-600: a

spectroscopic study

6.4.1. In situ DR UV-Vis spectroscopy

The time-resolved DR UV-Vis spectra collected during ethylene polymerization at
room temperature on the 0.5Cr[CH(SiMes);]3/SiO2600 and on the
0.2Cr[CH(SiMe3),]3/SiO2600 catalysts are shown in Figure 6. 6. In both cases, an
immediate decrease in intensity overall the whole spectral region is observed,
which indicates the formation of a large amount of polymer and the consequent
modification of the scattering properties of the powder. The effect is more evident
for the 0.2Cr[CH(SiMes),]3/SiO2-600 Sample, which is the sample more active in
ethylene polymerization, in well agreement with the literature [1]. The presence of
the polymer is testified by the new absorption bands that appear in the NIR region
(insets), which are related to the overtones and combination modes of the v(CHy)
vibrational modes of the polymer chains.
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Figure 6. 6 Time resolved DR UV-Vis spectra collected during C;Hs polymerization at room
temperature on 0.5Cr[CH(SiMe3)2]3/SiO2-600 (part a) and 0.2Cr[CH(SiMes3)2]3/SiO2-600 (part b) catalysts.
The insets show a magnification of the NIR region.

In the case of 0.2Cr[CH(SiMe3),]3/Si02.600, the very first spectrum collected
in the presence of ethylene clearly shows that the bands more affected by
ethylene polymerization are those at 22000 and 16000 cm™, while that at 10000
cm? initially does not change. This observation is in agreement with the
hypothesis that the first two bands are due to bis-grafted (=SiO-),Cr[CH(SiMe3s);]
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species, Crpoym, responsible for ethylene polymerization, while the band at 10000
cm is due to mono-grafted (=SiO-)Cr[CH(SiMe3),]> species, Croiigom, responsible for
ethylene oligomerization.

6.4.2. In situ EPR spectroscopy

The EPR spectra collected for the 0.2Cr[CH(SiMes);]3/SiOz600 and the
0.5Cr[CH(SiMes),]3/SiO2600 catalysts after ethylene polymerization at room
temperature are shown in Figure 6. 7. For both catalysts, no evident changes are
observable in the high field region (parts a’ and b’), i.e. where the main
contribution is due to the bis-grafted (=SiO-),Cr[CH(SiMe3),] species. This means
that during the ethylene polymerization the Cr sites do not change the oxidation
state nor the coordination geometry. This is reasonable, if the Cossee-Arlman
mechanism is assumed to explain the ethylene polymerization mechanism: the
initiation site, (=SiO-),Cr[CH(SiMes);], is very similar to the propagating site,
(=SiO-)2Cr[polymer].
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Figure 6. 7. X-band CW-EPR spectra of 0.5Cr[CH(SiMes)2]3/SiO2600 (parts a and a’) and
0.2Cr[CH(SiMes),]5/SiO2.600 (parts b and b’) catalysts, before and after ethylene polymerization at
room temperature.

On the contrary, the signals in the low field region are slightly perturbed by
the presence of ethylene (Figure 6. 7a and b). This suggests that the symmetry of
the mono-grafted (=SiO-)Cr[CH(SiMes),;]; species changes in the presence of
ethylene. This is again reasonable if a metallacycle mechanism is assumed to
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explain ethylene oligomerization, as it has been demonstrated for many

homogeneous Cr-based catalysts [10-12].

6.4.3. In situ FT-IR spectroscopy

The time-resolved FT-IR spectra collected during ethylene polymerization at room
temperature on the 0.5Cr[CH(SiMe3),]3/Si02.600 and on the 0.2Cr[CH(SiMe3)2]3/SiO>.
eoo catalysts are shown in Figure 6. 8. Upon ethylene admission, ethylene
polymerization readily occurs, as testified by the fast growth of several absorption
bands in both v(CH,) and &(CHy) regions. In particular, four absorption bands are
observed in the v(CHy) region, typical of a branched polyethylene. The two bands
at 2925 and 2855 cm™ are assigned to the asymmetric and symmetric stretching of
the CH, moieties in the chains. The two bands at 2960 and 2875 cm™ are assigned
to the asymmetric and symmetric stretching of the terminations.
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Figure 6. 8 Time resolved FT-IR spectra (from spectrum 1 to spectrum 2) collected during C;Ha
polymerization at room temperature on 0.5Cr[CH(SiMes),]3/SiOz600 (part a) and on
0.2Cr[CH(SiMe3),]5/Si02.600 (part b). Each spectrum was collected every 5 seconds; the whole
sequence of spectra is collected in about 20 minutes. Insets al), a2) and a3) report a magnification in
the (v(=CH3)), (v(C=C)), and &(CHs) regions, respectively. Insets bl), b2) and b3) the same for
0.2Cr[CH(SiMe3)2]3/Si02.500.
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The simultaneous observation of the CHs; groups and of two absorption
bands at 3075 cm™ (v(=CH,), insets al and b1) and 1641 cm™ (v(C=C), insets a2 and
b2) indicate the production of a-olefins, which are at first strongly physisorbed to
the silanol groups at the silica surface (as testified by the broad absorption band
centered around 3600 cm), and then enchained in the growing polyethylene,
explaining the reason for the higher branching degree. These bands are much
more evident for the polymerization conducted on the 0.5Cr[CH(SiMes),]3/Si02-600
catalyst, while for the lower chromium loading they are scarcely observed, in well
agreement with the analysis made on the polymer.
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6.5 The accessibility of the Cr sites in the nCr[CH(SiMes)2]3/SiO2
as probed by FT-IR spectroscopy of adsorbed CO.

On the basis of the results discussed so far, we can state that two types of Cr sites
are co-present in the nCr[CH(SiMes);]s/SiO2600 catalysts: those involved in the
ethylene oligomerization process (Croigom) and those involved in ethylene
polymerization (Crpoym). They differ in the coordination geometry (probably D
and Oy, respectively) and ligands environment, but not in the oxidation state (+3).
Furthermore, the proportion of the two sites varies as a function of the chromium
loading. In order to highlight the structure at a molecular level of Crgligom and Crpolym
sites, we performed a series of FT-IR experiments in the presence of CO as
molecular probe.

Figure 6. 9 shows the background subtracted FT-IR spectra of CO adsorbed
at room temperature on the nCr[CH(SiMes),]3/SiO2-600 catalysts, at the maximum
CO coverage. The spectra are reported after subtraction of those before CO
adsorption. All the spectra are dominated by two main absorption bands in the
v(CO) region, characteristic of classical carbonyls (Figure 6. 9a). The first band,
quite broad, is located at 2039 cm™ (with a shoulder at 2050 cm?), and the second,
extremely narrow, at 1993 cm™. A similar two-bands profile is characteristic of
highly symmetric tri-carbonyl metal complexes [6]. The two bands are usually
assigned to the non-degenerate total symmetric stretching and to the doubly
degenerate total asymmetric stretching of the M(CO)s moiety. For example, the
spectrum of (n®-C¢He)Cr(CO)s shows two bands at 1966 and 1898 cm™. Generally
speaking, the absolute intensity of these two bands is roughly proportional to the
amount of chromium. This observation can have two different explanations: 1) at
maximum B¢ it is not possible to distinguish Crpoym and Croligom Sites by means of
CO adsorption, because both sites form the same multi-carbonyl species; 2) CO
probes only a family of sites, either Cryoym Or Croiigom, Whose amount is proportional
to the Cr loading. However, the first hypothesis seems unlikely, especially on the
basis of the results discussed in the previous Chapters. Indeed, CO has been
demonstrated to be extremely sensitive to the mono-grafted or bis-grafted nature
of the chromium species. Hence, we must accept that one of the two types of sites
cannot be probed by CO at room temperature. The nature of the v(CO) bands
indicates that the probed sites are the mono-grafted (=SiO-)Cr[CH(SiMe3s):];
species, Crqigom, that is reasonable on account of their low coordination. In
contrast, the bis-grafted (=SiO-).Cr[CH(SiMes).] species, Crpoym, do not coordinate
CO in a molecular form.
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Figure 6. 9. FT-IR spectra of the nCr[CH(SiMe3),]s/ SiO.600 catalysts after adsorption of CO at room
temperature (P = 30 mbar). The spectra were normalized to the thickness of the pellets, in order to
allow a quantitative comparison.

A second series of weaker bands are observed in the 1700 — 1400 cm™
region (Figure 6. 9b). They are tentatively ascribed to v(CO) of chromium acyl
species, which are originated from CO insertion into the Cr-C bond [13]. Indeed, it
is known that CO has the capability to insert into metal-carbon bonds [14-16], and
in olefin polymerization catalysis this is a strategy often adopted to quench the
polymerization activity in case of reactor fouling. These bands are immediately
formed when CO is admitted on the samples, and do not evolve in time.
Moreover, their intensity is roughly proportional to the amount of chromium. This
means that the insertion of CO in the Cr-C bond always interests a fraction of the
chromium sites. Whether these sites are Crpoym 0r Croiigom Cannot be defined at this
stage.

A very broad band is observed at ca. 3400 cm™, much more intense for
0.5Cr[CH(SiMe3),]3/Si02-600 than for the other samples. This band is attributed to
the presence of some OH groups in H-bonding interaction. It means that, for the
higher chromium concentration, the (=SiO-)Cr[CH(SiMes),]>(CO)s carbonyls enter
partially in interaction with the OH groups at the silica surface. Finally, weak
negative bands are observed in the v(CHy) region, which indicate that a small
fraction of the alkyl groups are perturbed by the interaction with CO. These two
latter observation suggest that CO is not an innocent probe.

Figure 6. 10 shows the evolution of the FT-IR spectra in the v(CO) region
upon decreasing the CO coverage (from red to green), for the
nCr[CH(SiMes),]3/SiO.600 catalysts. The two bands at 2039 and 1993 cm?, assigned
to the (=SiO-)Cr[CH(SiMes);]2(CO)s tri-carbonyls at the mono-grafted Cr sites,
gradually decrease in intensity. At the same time, a narrow band at 2069 cm*
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gradually appears, which is tentatively assigned to a mono-carbonyl Cr species.
The isosbestic point at ca. 2065 cm™ indicates that the mono-carbonyl species
derive, at least partially, from the transformation of the tri-carbonyls.
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Figure 6. 10. Evolution of the background-subtracted FT-IR spectra of the nCr[CH(SiMes);]3/SiO2-600
catalysts in the v(CO) region as a function of CO coverage (Omax = red, Omin = green).

The evolution of the spectra as a function of 6o is qualitatively the same for
all the Cr loadings. However, it has been noticed that the relative intensity of the
absorption band at 2069 cm™ (which appears only at low B¢o) with respect to the
bands at 2039 and 1993 cm™ (which dominate the spectra at the maximum 6¢o)
changes with the Cr loading. The band at 2069 cm™ is relatively more intense for
the 0.2Cr[CH(SiMes),]3/SiO2.600 catalysts. This behavior suggests that there exist
several types of mono-grafted (=SiO-)Cr[CH(SiMes).]. species, which appear all
the same at the maximum CO coverage (i.e. all of them form highly symmetric
tri-carbonyls), but differentiate at low CO coverage.

There are two additional observations that must be done at this step. The
first one is that, upon degassing CO, a small but well observable amount of OH
groups are consumed. At the same time, the absorption bands ascribed to v(CHy)
slightly decrease in intensity. The two phenomena appear correlated, and
associated with the removal of CO. A possible explanation is that CO adsorption
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compels the interaction of some mono-grafted =SiO-CrR, species with the OH
groups at silica surface (as already observed in Figure 6. 9), and in some cases this
situation can evolve into the reaction: =SiO-CrR,(CO)s + =Si-OH — (=Si0O-),CrR(CO)s
+ RH, where the so formed RH compounds can be easily outgassed together with
the CO molecules upon decreasing the gas pressure.

This means that a small fraction of the mono-grafted (=SiO-
)Cr[CH(SiMe3):]. species, originally close to isolated OH groups, are irreversibly
transformed into bis-grafted (=SiO-),Cr[CH(SiMe3).] species after the interaction
with CO. This phenomenon is more probable at high Cr loading, where the
probability to find a mono-grafted (=SiO-)Cr[CH(SiMes).]; site in proximity of a OH
group is greater.

The second important observation is that some changes are also observed
in the 1700 — 1400 cm™ region (not reported in Figure 6. 10) during the CO
removal, but only in terms of position of the observed bands, and not of intensity.
This means that the chromium acyl species change their symmetry, but are not
removed during the CO evacuation.
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6.6 A serendipitous discovery: CO selectively poisons the Croiigom

sites.

The experiments discussed above clearly demonstrate that CO is not an innocent
probe towards the Cr sites. However, in the course of our experiments we realized
that CO does not poison irreversibly the nCr[CH(SiMe3),]3/SiO2.600 catalysts. After
interaction with CO all the catalysts still displayed a significant activity towards
ethylene polymerization, while ethylene oligomerization was almost completely
depressed.
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Figure 6. 11 Time resolved FT-IR spectra (from spectrum 1 to spectrum 2) collected during C;Ha
polymerization on 0.5Cr[CH(SiMe3),]3/SiO2-600 (part a) and on the same catalyst after CO poisoning
(part b).

An example of this behavior is illustrated in Figure 6. 11, that shows the FT-
IR spectra  collected during  ethylene polymerization on  the
0.5Cr[CH(SiMe3)2]3/SiO2.600 catalyst before (part a) and after (part b) interaction
with CO. The spectroscopic manifestation of the oligomers (v(=CH,) at 3075 cm,
and v(C=C) at 1641 cm™) are very weak in the second case, but the catalyst still
works for ethylene polymerization, although with a lower activity than before. This
behaviour clearly indicates that CO selectively poisons most of the Crgjigom sites,
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while the majority of the Crpoym sites are unaffected. This means either that the
Croolym sites are completely inaccessible to CO or that the eventual insertion of
CO into the Crpoym-R bond is reversible in the presence of ethylene.

To better understand this phenomenon, we repeated the experiment on
the 0.5Cr[CH(SiMes),]3/SiO2600 catalyst by dosing the same amount of CO (100
mbar) for four consecutive times, each time followed by complete evacuation.
Figure 6. 12 shows the spectra in the v(CO) region in the four cases. It is evident
that the absolute intensity of the bands ascribed to mono-grafted =SiO-CrR,(CO)s
tri-carbonyls gradually decreases at each experiment, meaning that the mono-
grafted =SiO-CrR; sites are progressively and irreversibly poisoned by CO. The
above discussed reaction of the =SiO-CrR,(CO); carbonyls with the surface OH
groups accounts only for a fraction of the lost =SiO-CrR; sites, and only the first
time. From the second CO dosing onwards, no changes are observed in all the
other spectral regions. Additional deactivation mechanisms for the Crgjigom Sites in
the presence of CO should be invoked, although at the moment we cannot
advance any hypothesis. As a side note, by dosing ethylene at the end of the
fourth CO dosing, a substantial polymerization activity was still observed,
confirming that the Crpoym sites are only marginally affected by CO.
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Figure 6. 12 Part a) Evolution of the background-subtracted FT-IR spectra in the v(CO) region of CO
adsorption on 0.5Cr[CH(SiMe3),]3/SiO2.600 as a function of CO coverage (Bmax = red, Bmin = green).
Parts b, c and d) Same as in part a after the second, the third and the fourth sending of CO,
respectively.
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6.7 A short summary on the properties of the
nCr[CH(SiMes)2]3/Si02600 catalysts and some structural
hypothesis.

The present paragraph summarizes the main results achieved by applying several
complementary  spectroscopic  techniques to the investigation of
NCr[CH(SiMe3),]3/SiO2-600 catalysts. Some hypothesis on the molecular structure of
the Cr sites are also proposed.

6.7.1 The co-presence of two types of Cr(lll) sites, their relative abundance

and their role in ethylene polymerization

The whole set of spectroscopic measurements discussed so far, clearly pointed out

the co-presence of two types of Cr(lll) sites in the nCr[CH(SiMes)2]s/SiO2-600

catalysts, with a different behaviour in the presence of ethylene:

1. Mono-grafted (=SiO-)Cr[CH(SiMes);]. species in a low coordination
environment (Figure 6. 13a), which maintain most of the structural properties
of the Cr[CH(SiMe3),]5 precursor and a symmetry close to Dsn. These sites are
responsible for ethylene oligomerization (Croigom sites), as reported in the
literature [17-19].

2. Bis-grafted (=SiO-),Cr[CH(SiMe3).] species having a high coordination, likely 6-
fold coordinated (Figure 6. 13b), which are responsible for ethylene
polymerization (Crpolym sites).
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Figure 6. 13 Schematic representation of the local structure of Crojigom (part a) and Crpoym sites (part
b), as determined by several spectroscopic methods.

The concentration of the Cryoym sites is almost constant irrespective of
the Cr loading, although their local structure is slightly different. This result is
quite intuitive. Indeed, bis-grafted (=SiO-),Cr[CH(SiMe3);] species can be formed
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only if there are two OH species at the right distance on the silica surface,
according to the reaction scheme shown in Figure 6. 14a. The OH population
depends on the type of silica and on the activation temperature, which are the
same for all the catalysts. A silica activated at 600 °C has only a limited fraction of
OH species available for forming Crpoym sites, which are completely occupied
already at a Cr loading of 0.2 wt%.

Upon increasing the Cr concentration, only mono-grafted species can be
formed. It is worth noticing that there are two routes for the formation of Croiigom
sites, involving respectively an isolated silanol or a siloxane group, as schematically
illustrated in Figure 6. 14b and b’. The so formed sites are structurally identical,
but differ in the ligand sphere. Indeed, those formed following the second route
are vicinal to a =Si-R group at the silica surface.
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Figure 6. 14 Schematic representation of the possible routes leading to the formation of Cryoym and
Croiigom Sites on silica surface. It is worth noticing that R stays for the CH(SiMes),]s group, which is a
quite encumbering ligand.

It is also expected that at high Cr loading, the presence of many Croiigom
sites adjacent to Crpoym causes a change in the strain of the silica surface, which
consequently slightly affects the local structure of the latter. Hence, we can
conclude that by going from 0.2 to 0.5 wt% as a Cr loading the number of Crgjigom
sites gradually increases, while that of Crpoym sites remains constant, although they
slightly change their local structure.
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6.7.2 Accessibility (and reactivity) of the Cr sites towards CO

The experiments performed in the presence of CO indicated that the bis-grafted
(=SiO-).Cr[CH(SiMes).] species, Crpoym, do not coordinate CO in a molecular form,
but eventually only insert it into the Cr-R bond to give a Cr-acyl species. Since
ethylene polymerization is almost unaffected by CO, we might assume that the Cr-
acyl species eventually formed on Crpoym Sites are reversible in the presence of
ethylene. In contrast, the mono-grafted (=SiO-)Cr[CH(SiMes).]. species, Croiigom,
are accessible by CO and, at the maximum CO coverage, they all form highly
symmetric tri-carbonyl metal complexes. The behavior of these carbonyls upon
decreasing the CO coverage, however, clearly indicates that there exist several
types of mono-grafted (=SiO-)Cr[CH(SiMes),], species, that likely differ for the local
environment, as already suggested in Figure 6. 14.

a)
R R
R R
Nt H __*CO OC\‘Cr/CO H 2 &
: ST oc/(l) SR % N o~ o
Ml\/\A/VVWV\al/\. lewvwv\lw RH WWWWMMAMAW
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Figure 6. 15 Schematic representation of the reactivity of Croiigom Sites towards CO and some of the
possible deactivation pathways that are compatible with the experimental observations.

Most of the Crqigom Sites are slowly and irreversibly poisoned by CO.
Figure 6. 15 shows the reactivity of Creigom Sites towards CO and some of the
possible deactivation pathways, which are compatible with the experimental
observations. Path a illustrates the case of the mono-grafted species originally in
proximity of an isolated OH group. The formation upon CO adsorption of a highly
symmetric (=SiO-)Cr[CH(SiMes),]2(CO)s tri-carbonyl species favors the interaction
of an R ligand with a surface OH group. Upon degassing, RH is released and the
Croiigom Sites is irreversibly transformed into a bis-grafted (=SiO-).Cr[CH(SiMe3);]
species. This phenomenon is more feasible at high Cr loading, where the
probability to find a mono-grafted (=SiO-)Cr[CH(SiMes),], site in proximity of a OH
group is greater. The so-formed bis-grafted (=SiO-),Cr[CH(SiMes),] species do not
coordinate anymore CO in a molecular way, and the consequence is that the
original Croligom Site is no more visible by CO at a successive dosage.

Path b in Figure 6. 15 illustrates the case of a mono-grafted (=SiO-
)Cr[CH(SiMes),], species originally close to a =Si-R group (i.e., a Croigom site
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originated from reaction of the precursor with a siloxane bridge). In presence of
CO, a highly symmetric (=SiO-)Cr[CH(SiMes),]2(CO)s tri-carbonyl species is formed
that, however, is much less incline to structural transformation because of the
presence of the encumbering =Si-R group nearby. Hence, upon degassing CO, the
tri-carbonyl is transformed into a (=SiO-)Cr[CH(SiMes),]o(CO) mono-carbonyl
species. This process is only partially reversible upon adding/removing CO, that
means that additional (slower) deactivation mechanisms for the =SiO-CrR; sites in
the presence of CO should be invoked, although at the moment we cannot
advance any hypothesis.

The neat result is that CO selectively poisons most of the Crgjigom sites,
while the majority of the Cryoiym sites are unaffected.
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Chapter 7

Conclusions and perspectives.

Polyolefins are one the most common plastic materials, used in every-day life
because of their versatile applications in different fields. Polyethylene in particular
has a crucial role and has recently demonstrated to be a direct competitor to much
more expensive high performance polymers for advanced applications (like in
medicine or automotive fields) [1, 2]. The industrial production of polyethylene
relies mainly on catalytic polymerization processes. Heterogeneous Ziegler and
Phillips catalysts are the catalysts mostly used in the industrial practice, thanks to
their extremely low cost and because they offer a good control of the polymer
morphology as a replica of the catalyst [3-9]. The physical and chemical properties
of the produced polyethylene (e.g. density, level of branching, molecular weight
distribution and architecture) are strictly connected with the structure of the
catalysts. For this reason, a large fraction of the industrial research in this field has
concentrated so far in changing the catalyst to tune the properties of the polymer.

Among ethylene polymerization catalysts, the Cr-based Phillips catalysts
have the largest share in the HDPE market. Many variants of the Phillips catalyst
have been developed and commercialized along the years, improving the catalyst
activity, the polymer properties, and even the polymer processing. Nevertheless,
despite more than fifty years of study, some fundamental questions about the
structure of the chromium sites and the polymerization mechanism are still open
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and far to be fully understood. In this context, although not resolutive, this PhD
thesis represents a little step forward the understanding of the relationship
between the molecular structure of the chromium sites and their activity, at least
for what concern the analyzed systems.

The present PhD work has been focused on the investigation of the
properties at a molecular level of the Cr sites in some variants of the
heterogeneous Phillips catalyst employed in the industrial practice. A systematic
approach was followed, based on the synergic application of different and
complementary characterization techniques (mainly spectroscopic), coupled with a
basic characterization of the polymer. The work was divided into three parts:

1) A fundamental study on the structure and the mechanism of formation of
the Cr active sites in the classical Cr/SiO, catalyst, both in its oxidized
(Cr(V1)/SiO,) and reduced (Cr(11)/SiO3) versions.

2) The examination of the effect of Al-alkyls (TEA and DEALE) as modifying
agents for the Cr sites on both the Cr(11)/SiO; and the Cr(VI)/SiO; catalysts;

3) An in-depth study of a series of Cr[CH(SiMes),]3/SiO2.600 catalysts in order
to find a correlation between the density of the produced polymer and the
Cr loading.

The main results achieved within these three stories have been summarized in the
previous Chapters. Herein, we will focus on the novelty of these results and on the
perspectives that they open for future works in this field.
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7.1 The relevance of Cr oxidation state in ethylene
polymerization and some consideration on the discrepancies

present in the literature

Currently, the literature on the Phillips catalyst is animated by a nervous debate on
the oxidation state of the Cr sites active in ethylene polymerization. The
measurements performed during my PhD add some small pieces to this complex
story. To start, it is important to clarify the meaning of “active site”. Scheme 1
summarizes the differences between Cr precursors, Cr intermediates and Cr active
sites and also four different routes to form the active sites, all of them investigated
in this work. During step 1 (the reduction), the Cr(VI) precursors are reduced to
Cr(ll) intermediates, either by ethylene at 100 °C (Route 1) or by CO at 350 °C
(Route 2). In the former case, oxidized by-products are formed and retained by the
Cr(Il) sites [10], while in the latter CO, is released and leaves the sample at the
reduction temperature. During step 2 (the alkylation), the Cr(ll) intermediates are
alkylated to Cr(?)-R sites by ethylene, whereby the question mark indicates that
the oxidation state is still matter of discussion. These sites are those active in
ethylene polymerization. Alternatively, the Cr(VI) reduction and alkylation can be
achieved in a single step also by using Al-alkyls (Route 3). The same Al-alkyls can
alkylate the Cr(ll) precursors obtained during step 1 (Route 4), likely maintaining
their oxidation state.

Route 3 Al-alkyl, 25 °C
(fp—r—rrtAAA AL LA AIAAILAIII AR AL AL A I AI AL AL I IA " AAAAIf (]
: + By-product :
: Route 1 C,H,, 100 °C H
]
]
( I +By-producA, l: l\:’
Cr(V1) cr(l) cr(?)-R
precursors intermediates active
: A | A A
Route 2 €O,350°C c Oz"‘;, ) CH,, 25 °C !

Route 4  Al-alkyl, 25°C

Scheme 1. Simplified scheme showing the four investigated routes to reduce and alkylate the Cr(VI)
precursors, converting them into the chromium active sites.

Bis-grafted Cr(lll)-R species are definitely active in ethylene
polymerization, as demonstrated in the literature for some analogues of the
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Phillips catalyst synthetized starting from organometallic precursors [11-13] and
also by the work performed in this thesis on the Cr[CH(SiMe3),]3/SiO2-600 catalysts
(Chapter 6). This finding fostered the idea that similar Cr(lll)-R sites would be the
active sites also in the classical Cr/SiO, catalyst, and this was indeed the reason
why | have been stimulated to work on the Cr[CH(SiMes),]3/SiO2.600 Samples.

However, the experiments performed within this PhD thesis clearly demonstrated

that the situation is not so simple, and that the Cr(?)-R sites are structurally and

electronically different depending on the route followed to generate them.

o For Cr(l1)/SiO; reacting with ethylene (Chapter 3) no evidence for the formation
of Cr(lll) species was found, despite clear evidence of a consistent ethylene
polymerization activity: the most likely hypothesis for the Cr(?)-R active sites
are Cr(IV)-R.

o The same was found for Cr(l1)/SiO, reacting with Al-alkyls (Chapter 4), that
showed however an extraordinarily high activity in ethylene polymerization. In
this case, a fraction of the active sites remain unmodified (and hence follow the
same destiny as above), and another fraction is in the form of mono-grafted
Cr(l1)-R sites.

o When starting from Cr(VI)/SiO,, both ethylene (Chapter 3) and Al-alkyls
(Chapter 5) end up forming a reduced non-paramagnetic active state, probably
Cr(IV)-R. In the former case, this is the result of a 2-electron oxidative addition
of ethylene to the Cr(ll) intermediate, whereas in the latter case Cr(IV)-R is the
direct product of Cr(VI) reduction by Al-alkyls. Besides, also a small fraction of
Cr(ll1) sites is actually formed in the presence of both ethylene and Al-alkyls.
Those sites are detected by EPR spectroscopy (which is extremely sensitive to
Cr(Ill)), but are almost invisible to all the other techniques, and appear mostly
as the result of a 2-electron reduction of the Cr(V) species, which are
ubiquitous in Cr(VI)/SiO; but generally considered not relevant for catalysis.
Whether or not these Cr(lll) sites are active in ethylene polymerization cannot
be determined, but for sure they cannot be considered as the determining
actors in the Phillips catalysis. Moreover, Al-alkyls can further reduce a fraction
of Cr(VI) to Cr(ll), which are detected by FT-IR spectroscopy of adsorbed CO,
and appear very similar to those obtained by starting from Cr(11)/SiO; (i.e. Cr(ll)-
R).

o Nevertheless, when starting from Cr(V1)/SiO,, there is always a fraction of Cr(VI)
sites which are late in being reduced, both in the presence of ethylene and in
the presence of Al-alkyls. Hence, ethylene polymerization starts in the presence
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of residual Cr(VI) sites, that in some cases might be reduced by a-olefins

eventually produced in situ.
Summing up all these observations, it is evident that, under the adopted
experimental conditions, isolated Cr(lll)-R sites are not necessary for developing
ethylene polymerization on the Cr/SiO, Phillips catalyst. Rather, a series of
evidences converge towards Cr(IV)-R as the active species in most of the cases.
Unfortunately, these sites are quite elusive from a spectroscopic point of view, and
so far their presence is supported mostly by indirect evidences.

This finding re-opens the question on the oxidation state of the
propagating chromium sites, which was recently presented as a closed case [14],
and also foster some consideration on the relevance of the chemical history of the
investigated catalysts. During the three years of this PhD work (and on the basis of
a long experience of the Torino’s group in the field of the Phillips catalyst), | can
affirm without hesitation that the Phillips catalysts are among the most sensitive
and touchy systems in catalysis. Subtle changes in the experimental set-up
and/or in the activation protocol, leads to different and often misleading results.
| experienced directly this problem during my internship at LIKAT (Rostock), where
| failed in performing reliable XPS experiments and | was not able to activate
properly the Cr(VI)/SiO, catalyst, simply because the experimental set-up was
different with respect to that present in our lab, optimized over decades of activity
on the Phillips catalyst.

7.2 How do the local structure and the acidity of the Cr sites

affect their reactivity towards ethylene?

Along this journey, | have encountered Cr sites characterized by very different local
structures. The Cr sites can be bis-grafted (as in the classical Cr/SiO3), or mono-
grafted to the silica surface. This latter situation is generated during specific
modification of the classical Cr/SiO, catalyst or as a consequence of the grafting of
organochromium complexes on previously activated silica. According to McDaniel,
the mono-grafted Cr species are often responsible of in situ a-olefin generation,
i.e. they oligomerize ethylene rather than polymerize it [4]. Again, the results
collected during this PhD work indicate that the situation is not as simple. As an
example, | have found that Al-alkyls (and in particular TEA) transform a substantial
fraction of the bis-grafted Cr species into mono-grafted ones, but the density of
the obtained PE is not largely different from that obtained with a classical Cr/SiO,.
Hence, not all the mono-grafted Cr sites oligomerizes ethylene.
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| have also realized that the acid properties of the Cr sites strongly affect
their behavior. This is something well known in the industrial practice, and it is
well documented that different supports can modulate the acidity of the Cr sites
and hence their reactivity. However, what probably is not yet well established, is
the role of the ligands in affecting the acid properties of the Cr sites, whereby with
ligands we refer not only to those directly ligated to the Cr sites through a covalent
bond, but also those interacting with them through non-bonding interactions.

According to our conclusions, the presence of mono-grafted Cr sites is a
necessary condition for ethylene oligomerization, irrespective of their oxidation
state (both Cr(ll) and Cr(lll) can oligomerizes ethylene). However, this is not
sufficient. The mono-grafted Cr sites must also behave as weak Lewis acid sites
(W-LA sites). On the other hand, Cr sites with a strong Lewis acid (S-LA) character
usually produce PE with a very high MW, irrespective of their local structure. It is
thus clear that, by tuning the structure and the acid character of the Cr sites, it is
possible to move from a system which essentially oligomerizes ethylene, to one
that polymerizes it to very long PE chains. | believe that these conclusions can be
useful in the design of Cr-based catalysts, not only for ethylene polymerization but
also for ethylene oligomerization.

7.3 The importance of the (ancillary) ligands

During this work, | have collected several examples of the important role played by

the ligands surrounding the Cr sites. For example:

o For Cr(VI1)/SiO; directly reduced in ethylene, we found that the nucleophilic by-
products formed during the induction time (mostly methylformate) remain
attached to the chromium sites during the initial steps of ethylene
polymerization.

o The siloxane bridges at the silica surface stabilize the poorly coordinated Cr(ll)
sites, as well as many mono-grafted Cr species.

o For Cr/SiO; modified by Al-alkyls, it was demonstrated that the Lewis acidity of
the modified Cr sites strongly depends on the number and the type of the
ancillary ligands: AIRO, fragments at the silica surface generally increase the
Lewis acidity.

All these examples reveal that, even for an apparently simple catalyst such as the

Phillips catalyst, the catalysis is strongly influenced by a complex network of

cooperative effects that involve not only the active sites, but also the ligands

nearby, and the support itself. These phenomena, which are very much similar to

those occurring in homogeneous catalysis (where for example the role of the
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ligands, or the cooperation between two adjacent metal sites, are well
recognized), are often neglected in heterogeneous catalysis.

7.4 Perspectives

Heterogeneous olefin polymerization catalysis is a still expanding research field,
with great economic repercussions. The patent literature demonstrates that there
are plenty of ways to manipulate the original Cr/SiO; catalyst in order to affect its
performances (not only in terms of activity but also how efficiently it runs in the
commercial reactor) and to finely tune the PE properties, which include the
polymer MW, the breadth of the MW distribution, the incorporation degree of
comonomer/macro monomer, and the subsequent distribution of short and long-
chain branches within the MW distribution. The difficulty is to establish a
correlation between the catalyst composition, the structure of the active sites, and
the catalyst performances. For this reason, what observed during this PhD project
could have an interesting impact in the PO industry. It was demonstrated that the
use of a multi technical approach could be the key for deciphering at a molecular
scale the interconnections among all the components and rationally re-designing
them for specific applications. By analysing the effect of the several factors that
can influence the catalytic activity of the Phillips catalyst (oxidations state, ancillary
ligands, support and local structure of the sites), we started to rationalize the
relationship between the Cr structures and their capacity to produce oligomers or
polymers of different molecular weight. The results shown in this PhD thesis
definitely demonstrate the potentials of a physico-chemical approach that, when
applied to the investigation of a catalyst before and after a molecular modification,
may open new perspectives in the rational development of innovative catalysts for
ethylene conversion to polymers with widely adjustable properties.
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Chapter 8

Scientific publications.

Most of the results presented in Chapters 3 and 4 have already been published
during my PhD project. In particular, following the list below Chapter 3 is related to
articles 2, 5 and 6, while Chapter 4 to article 4.

The other data contained in the Thesis will be object of future publications.

The other articles listed below derived from side researches, to which |
contributed because they are all part of the investigation of olefin polymerization
catalysis, although not directly connected to my PhD project.
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Abstract Since their discovery in the 1950s, several
breakthroughs marked the evolution of Ziegler—Natta cat-
alysts and contributed to improve their catalytic activity
and selectivity, conditioning the whole polyolefin market.
However, some fundamental questions are still open about
the structural and functional properties of the active sites,
whose understanding could open new perspectives in
controlling the polymerization process. In this context, a
SiO,-supported Ziegler—Natta catalyst was prepared fol-
lowing a step by step approach, with the simultaneous goal
of synthesis and characterization, to investigate with a
surface science approach each step of the catalytic process.

Keywords Ziegler—Natta catalysts - In situ spectroscopy -
Silica support - Surface science

1 Introduction

Polyethylene was first synthesized in 1933 in the research
laboratories of the Imperial Chemical Company, but the
polyolefins widespread commercial relevance started only
after the discovery of Ziegler—Natta and Phillips catalysts
in the early 1950s, which allowed the large scale produc-
tion in mild conditions and with a good control of the
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thermal and structural properties of the products. Succes-
sive breakthroughs modified these heterogeneous catalysts
improving their activity, making the processes more effi-
cient and enhancing the selectivity to specific products.
Despite many efforts to rationally design new catalysts for
olefin conversion, up to now these modifications have been
mostly based on a trial and error approach. At the same
time, in the last years the homogeneous catalysis has
achieved a prominent role in this field too, mainly based on
metallocene compounds (Kaminsky 1996). The great
advantage of homogeneous catalysis is the possibility to
tailor the synthesis of the catalysts according to the dif-
ferent needs, verging on the level of detail of enzymatic
catalysis (Robert and Thomas 2013).

Ziegler-Natta catalysts can be placed at the contact point
between heterogeneous and homogeneous catalysis.
Indeed, on one side their composition from the first to the
fourth generation has reached an almost molecular level of
complexity and specificity (Terano 2004; Chang et al.
2006; Liu et al. 2015), and on the other side metallocene
catalysts have been gradually undergoing a heterogeniza-
tion process to exploit the widespread industrial technology
for supported catalysts (Olabisi et al. 1997; Kaminsky and
Winkelbach 1999; Fink et al. 2000; Tisse et al. 2014).
Although this dualism may promote the transfer of the
organometallic knowledge to the study of the mechanism
of the traditional catalytic systems (Corradini et al. 2004),
the research is still far from understanding the functions
and mutual influence of each component in Ziegler—Natta
catalysts. Despite some important progresses both in the
experimental and theoretical characterization of the cata-
lysts and in the development of specific tools for screening
in real time the evolution of the reaction under operando
conditions (Groppo et al. 2013; D’Amore et al. 2016;
Busico et al. 2016), the complexity and the nonlinearity of
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the physicochemical variables make Ziegler-Natta catalysts
hard to be deeply investigated. In particular, some basic
questions are still open about the structural and electronic
properties of the active sites.

Broadly speaking the traditional Ziegler—Natta catalysts
are constituted by an active phase (TiCly), a co-catalyst (an
aluminum alkyl or an aluminum alkyl chloride) and a
support material (MgCl,) organic electron donors are
usually further added to control the selectivity of the cat-
alyst (Albizzati et al. 1996). All these components exerts
different roles in the development of the catalysis, and this
is the origin of the intrinsic complexity of Ziegler-Natta
systems. This work is intended to demonstrate how the
study of a simplified system, TiCl, species grafted on sil-
ica, can help in answering more general questions. Indeed
the data presented hereafter, mainly collected by means of
FT-IR and Diffuse Reflectance (DR) UV-Vis spectro-
scopies, can be used as a reference in the investigation of
more complex systems. Silica was chosen as support
material not only because it is particularly suitable for
spectroscopic investigations, enabling in this case to isolate
the signals of the TiCl, species, but also because its
application in this field has already revealed to be suc-
cessful for industries, offering advantages in terms of pore
diffusion, steric accessibility, and particle fragmentation
(Nowlin et al. 1991; Pullukat and Hoff 1999; Klapper et al.
2014). Moreover, MgCl,/SiO, supported catalysts have
been recently developed to control the polydispersity index
and the molecular weight distribution by varying the [Si]/
[Mg] ratio (Wang et al. 2006).

Finally, it is worth noticing that the characterization of
the TiCl, species grafted on silica may capture the interest
of a much larger scientific community, since this system is
involved also in other catalytic fields. For instance, it is the
precursor of dispersed titania for propylene epoxidation
(Joustra 1989), and it has been recently employed as a
catalyst in advanced organic syntheses (Mirjalili et al.
2012, 2014; Bamoniri et al. 2015).

2 Experimental
2.1 Sample preparation

An amorphous fumed silica (Aerosi1®380), having a
specific surface area of 380 m?/g, was used as a support.
Silica was thermally treated in dynamic vacuum at 600 °C
for 2 h to significantly reduce the amount of surface OH
groups to an approximate value of 1 OH/nm? (Groppo et al.
2005). In the following, the thermally activated silica will
be referred to as SiO, gyg. Titanation of SiO, oy Was
achieved by dosing TiCl, (pure, Sigma-Aldrich) vapors at
room temperature. The final amount of Ti in the SiO,_ggo/
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TiCl, pre-catalyst resulting from this procedure is expected
to be about 4 wt%, by considering the involvement of all
the surface OH groups (Schrijnemakers et al. 1999).
Finally, SiO,_¢00/TiCl; was activated by triethylaluminum
(pure, from Sigma-Aldrich) vapors at room temperature. In
the following, the activator agent will be referred to as
TEA and the active catalyst as SiO,_g0o/TiCl4/TEA. All the
synthesis steps were carried out directly inside the cell used
for the spectroscopic measurements or inside the quartz
reactor adopted for the catalytic tests, to avoid catalyst
poisoning.

2.2 Analysis techniques

FT-IR spectroscopy FT-IR spectra were collected using a
Bruker Vertex70 instrument equipped with a MCT detec-
tor, at a resolution of 2 cm™'. The sample was character-
ized at each step of the preparation, in the form of a thin
self-supporting pellet (surface density ca. 20 mg/cm?)
placed inside a quartz cell equipped with two KBr win-
dows, which allows to perform thermal treatments and
measurements in the presence of gases, both at room
temperature and at liquid nitrogen temperature. To monitor
in situ the spectra evolution during the reactions, the quartz
cell interfaced with the spectrophotometer was directly
connected to a vacuum line.

Diffuse reflectance UV-Vis spectroscopy DR UV-Vis
spectra were collected in diffuse reflectance mode using a
Varian Cary5000 spectrophotometer, equipped for reflec-
tance measurements. The samples were prepared as very
thick pellets (surface density ca. 200 mg/cm?), and they
were interfaced to the instrument using a cell with a win-
dow made of suprasil optical quartz. All the spectra were
collected in reflectance and successively converted into
Kubelka—Munk.

3 Results and discussion

3.1 Spectroscopic tools to monitor each step
of the catalyst synthesis

The whole process of formation of the catalyst was mon-
itored in situ by means of FT-IR and DR UV-Vis spec-
troscopies. In particular, Fig. 1 shows the sequence of
spectra recorded during the titanation of the silica support,
while Fig. 2 shows the spectra recorded during the acti-
vation of the pre-catalyst with TEA.

The FT-IR spectrum of SiO,_ ¢ (spectrum 1 in Fig. 1b)
is characterized by an intense absorption band at
3750 cm™!, which is due to v(OH) of isolated silanol
groups on the surface, and by the off-scale signals of the
vibrational modes of silica bulk below 1280 cm™', whose
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Fig. 1 a DR UV-Vis-NIR
spectra of SiO,_ggp Support
(spectrum 1) and of SiO;_go0/
TiCly pre-catalyst (spectrum 2).
b FT-IR spectra as part a. The
insets display a magnification of
the v(OH) spectral region (left)
and of the window of
transparency of silica (right).
Light grey spectra have been
collected during pre-catalyst
formation (from spectrum 1 to
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Fig. 2 a DR UV-Vis-NIR spectra of SiO;_ ¢oo/TiCly pre-catalyst
(spectrum 1) and of SiO,_¢0o/TiCl4/TEA catalyst (spectrum 2). b FT-
IR spectra as part a. The insets display a magnification of v(CH) (left)
and O(CH) spectral regions (middle), and of the window of

overtones result in well defined bands at 1645, 1870 and
1986 cm™!. In the region of the bulk vibrations, between
980 and 840 cm™' there is the so-called “window of
transparency” of silica, whose changes are often related to
surface modifications.

As soon as TiCly reaches the silica surface (spectrum 2
in Fig. 1b), the sharp absorption band at 3750 cm™' is
largely consumed because of the reaction between TiCly
and the surface hydroxy groups. During the reaction,
evolution of gaseous HCI is observed (characteristic roto-
vibrational profile centered at 2885 cm™'). At the end of
the reaction, a very small amount of residual Si—-OH spe-
cies is still observed, suggesting that a few hydroxy groups
are not able to react with TiCl,. At the same time, a new
band appears inside the silica window of transparency (at
924 cm_l), which is assigned to v(SiO) vibrational modes
of surface SiO, moieties in interaction with TiCl; mon-
odentate species (Schrijnemakers et al. 1999; Kinney and
Staley 1983). The possible presence of SiOy grafting TiCl,
bidentate species cannot be confirmed since their v(SiO)
absorption band (at 995 cm™") is overlapped to the vibra-
tional modes of the framework (Schrijnemakers et al. 1999;
Kinney and Staley 1983).

Wavenumber (cm )

transparency of silica (right): the spectra upon TEA dosage is
compared with the FT-IR spectrum of TEA liquid recorded in ATR
mode (spectrum 3). Light grey spectra have been collected during pre-
catalyst formation (from spectrum 1 to spectrum 2)

Although the titanation does not involve a change in
the sample color (which is white as the bare silica), the
DR UV-Vis spectrum of the pre-catalyst (spectrum 2 in
Fig. 1a) is dominated by two absorption bands in the UV
region, at 36,500 and 42,000 cm_l, which are assigned to
Cl — Ti and O — Ti charge transfer transitions, respec-
tively. The energy of a charge-transfer transition can be
related to the properties of the metal and ligand according
to the Jorgensen semi-empirical equation (Jorgensen
1962):

v(em™") =30,000(cm ") x [1op(X)—1op(M)]

where ¥, (M) is the optical electronegativity of the metal
and has the character of the electron affinity of the orbital
involved in the bond, decreasing with the fall in oxidation
state and also with the reduction of the symmetry degree,
whereas yop(X) is the optical electronegativity of the
ligand and is related with its ionization energy. The optical
electronegativity values for many ions are reported in the
literature. According to these literature data, 4, (Cl) = 3.0
and yop(0) = 3.2 (Crouch et al. 1969; Duffy 1977),
whereas j,,(Ti) depends on its coordination geometry and
oxidation  state  (e.g., Xopt(Ti‘f‘(,T,rfold) =1.85 and
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Xopt(Ti;‘iifold) = 2.06) (Jorgensen 1970). Hence, both the
absorption bands can be reasonably attributed to the pres-
ence of fourfold Ti*" species (Seenivasan et al. 2011).

After activation with TEA, the catalyst appears dark
brownish; this is the first clear evidence for the reduction of
the titanium species. Indeed, the DR UV-Vis spectrum of
Si0,_600/TiICI4/TEA catalyst (spectrum 2 in Fig. 2a) is
dominated by a very intense and large band at around
24,000 cm ™. The intensity of this band is unusually high
for a normal d—d transition and can be due to an intersite
d—d transition taking place from a Ti’" ion to another one
through a CI™ bridge, thus conferring a partial character of
a charge transfer on the d—d transition. This phenomenon
was already observed for bulk TiCl; (Clark 1964), and so it
is taken here as the proof of the formation of clusters of
reduced TiCly species induced by TEA. Furthermore,
another weaker absorption band can be individuated at ca.
13,000 cm ™', although it is almost completely overlapped
with the tail of the band at 24,000 cm™". This band can be
compatible with a d—d transition for isolated Ti*" sites in a
sixfold coordination, having both O, CI and alkyl groups as
ligands (Piovano et al. 2016). The remaining features
belonging to the charge-transfer spectral region
(27,000-40,000 cm_l) are not easily assignable due to the
coexistence of several contributions, including the reduced
Ti related charge-transfer transitions and the charge-trans-
fer from the alkyl group R to the Ti centre.

In the FT-IR spectrum of SiO,_go¢/TiCI4/TEA catalyst
(spectrum 2 in Fig. 2b) the vibrational modes of the
residual OH groups present in SiO;_ 00/ TiCly pre-catalyst
seems to be not affected either by TEA, meaning that the
reaction likely involves only the grafted TiCl, species.
Instead, a complex series of absorption bands gradually
grows in both v(CH,) and 8(CH,) regions. These bands are
due to the alkyl groups deriving from TEA. Although the
analysis of these bands is complicated by the coexistence
of the alkylated TiCl,R, species together with AIR,Cl, by-
products, some information about the species that are
present on the catalyst surface can be drawn by comparing
them with the FT-IR fingerprints of liquid TEA (spectrum
3), which were assigned in detail by Kvisle et al. (Kvisle
and Rytter 1984). Previous works demonstrated that TEA
in the liquid phase is a dimer (Benn et al. 1987), whose
structure was determined by powder neutron diffraction at
low temperature (McGrady 2000). The similar shapes of
spectrum 2 and spectrum 3 suggest that TEA molecules are
in the dimeric state in both cases. Although TEA is sent on
the pre-catalyst in the gas phase, dimer species are mostly
formed on the surface, because TEA molecules tend to
accumulate and to aggregate on the surface, as already
reported in the literature for TEA grafting on pure silica
(Kerber et al. 2012). Moreover, it is worth noticing that
V(CHy) bands in spectrum 2 are slightly shifted at higher
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Fig. 3 Evolution of the FT-IR spectra (from baseline to spectrum 1)
in the v(CH) and 8(CH) regions during ethylene conversion on SiO,.
600/ TIC14/TEA catalyst

frequencies. This upward shift might be due to the fact that
the alkyl chains feel a more polar environment, induced by
the presence of chlorine in the surroundings.

Finally, the activity of the catalyst towards ethylene
conversion was evaluated by spectroscopy and it proved to
be very high even in very mild conditions (25 °C,
Pcops = 100 mbar). Indeed, Fig. 3 shows the fast growth
of two sharp absorption bands at 2920 and 2850 cm ™',
assigned to the asymmetric and symmetric V(CH,) modes
characteristic of HDPE. Moreover, in the 6(CH,) spectral
region two absorption bands are visible at 1472 and
1463 cm™', which are related to the crystalline and to the
amorphous phase of HDPE, respectively. Since the inten-
sity of the band at 1472 cm™" is much higher than the band
at 1463 cm™', it can be stated that Si0,_600/ TiICl4/TEA
mostly catalyses the production of a crystalline HDPE
(Chelazzi et al. 2004).

3.2 Adsorption of carbon monoxide on the catalyst
surface

CO adsorption at 100 K was used as a molecular probe to
get information about the accessibility and the electronic
properties of the functional sites on the surface at each step
of the synthesis of the catalyst. Indeed, the v(C=0) is very
sensitive to the properties of the adsorption sites. Figure 4
shows the sequence of FT-IR spectra, collected at decreasing
CO coverage, for each of the three synthesis steps (SiO,
activation, titanation, and activation of the pre-catalyst).
The spectrum of CO adsorbed on SiO, g is charac-
terized at the maximum coverage (spectrum 1) by two
absorption bands at 2155 and 2137 cm™', which are
assigned to CO in interaction with surface silanol groups
and to physisorbed CO, respectively (Ghiotti et al. 1979;
Zecchina and Otero Arean1996). Since silanols are not
strong Brgnsted acid sites, their interaction with CO
molecules is quite weak. This is testified by the easy
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Fig. 4 Comparison between the evolution of the FT-IR spectra in the
Vv(CO) region upon decreasing CO coverage (from the maximum
coverage marked with colored spectra to zero coverage used as
baselines) over SiO;_goo support (a), over SiO, 600/ TiCl, pre-catalyst
(b), and over SiO; ¢oo/TiCl/TEA catalyst (c)

reversibility of the corresponding absorption band, which is
almost the same as for the physisorbed species.

The spectrum of CO adsorbed at the maximum coverage
on the Si0,_600/TiCly sample (spectrum 2) is characterized
by a modification in the relative intensities of the bands at
2155 and 2137 cm™ ! and by the appearance of a new band
at 2188 cm~'. While the band at 2137 cm™' is almost
unaffected, the band at 2155 cm~! is much less intense
because most of the OH groups were consumed by TiCly
reaction. Besides, the new absorption band at 2188 cm™!
can be plausibly assigned to CO adsorbed on Ti*™", since it is
compatible with analogous values of v(CO) reported in the
literature. For example, a band at 2180 cm ™' was assigned
to CO adsorbed on Ti*" within TS-1 (Zecchina et al. 1991),
and a band at 2184 cm™' was attributed to CO adsorbed on
Ti*" sites in TiO, nanoparticles (Xu et al. 2012). Since the
position of the band depends on the polarizing power of Ti*"
sites, the shift of v(CO) up to 2188 cm ™! for CO adsorbed

on SiO, po/TiCl, pre-catalyst indicates that the Lewis
acidity of Ti*' is enhanced by the chloride ligands. In
addition, the intensity of the band is quite low, may indi-
cating that Ti*" sites are scarcely accessible.

Surprisingly, the spectrum of CO adsorption after the
activation of the catalyst (spectrum 3) is almost the same as
that of CO adsorption on the pre-catalyst previously dis-
cussed (spectrum 2). While it is reasonable that the con-
tributions of physisorbed CO and of CO adsorbed on
residual hydroxy groups did not change after the reaction
of the pre-catalyst with TEA, the fact that the band at
2188 cm ™' is still present is not straightforward. Indeed, it
might be due either to a fraction of unreduced Ti*" sites or
to the unluckily concurrent signal of CO interacting with
the A" ions of TEA. Indeed, according to the literature,
V(CO) in APPT—CO adducts can vary from 2180 up to
2230 cm™! (Muddada et al. 2011). Moreover, no new
bands ascribable to the interaction of CO with reduced Ti
sites are observed. This may indicate that most of the
reduced Ti species are not accessible by CO, either because
of the formation of clusters (as indicated by DR UV-Vis
spectroscopy) or because of the steric hindrance of the
aluminum alkyls in close proximity to the active sites.

4 Conclusion

This work pointed out the potentials and the still present
hurdles of a surface science approach for the characteri-
zation of heterogeneous polymerization catalysts. Com-
plementary information can be achieved using other
spectroscopic techniques, such as EPR spectroscopy, to
unravel the nature and local coordinative environment of
the unpaired electron of reduced Ti species (Morra et al.
2015), or NMR spectroscopy, to detect the interaction of
the magnetically active nuclei involved in the catalytic
process (as 27Al, 13C, 'H and 35Cl) (Kerber et al. 2012;
Sormunen et al. 1990; Busico et al. 2008; Blaakmeer et al.
2016).

The Si0;.600/TiCl/TEA model catalyst turned out to be
active in ethylene conversion, thus opening new perspec-
tives in employing this system as the starting point for the
synthesis of a catalyst suitable for industrial practice.
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ABSTRACT: Operando-sensitive spectroscopic techniques
were employed for investigating the changes in the molecular
structure of the Cr sites in the Cr"'/SiO, Phillips catalyst during
ethylene polymerization. Practically, the most arduous barrier to
be overcome was the separation of the chromates reduction
carried out by ethylene from the subsequent polymerization. By
carefully tuning the experimental parameters we succeeded in
observing these two events separately. We found that the sites
involved in ethylene polymerization are mainly divalent Cr ions
in a 6-fold coordination, in interaction with the oxygenated
byproduct (mostly methylformate, generated from the dis-
proportionation of two formaldehyde molecules). Unreduced

precursor intermediate active site
C,
Hy \O O/CH2
O/Cr
“%)'av 1
h “\ ~3 : _ 7
((% (\’f/z;‘7 >Q‘§r§ k\gx
, o | A2
v .(_/, = 150°C "‘-"\_)v
) CE s

Cr"! species are also present during ethylene polymerization as well as reduced Cr species (either Cr" or Cr'™) acting as
spectators. Our results challenge the old vision of “naked” chromium species (i.e, low coordinated) as the active sites and
attribute a fundamental role to external (and flexible) oxygenated ligands that resemble the ancillary ligands in homogeneous

polymerization catalysis.

1. INTRODUCTION

Back in 1951, Hogan and Banks at Phillips Petroleum
discovered a Cr-based catalyst for ethylene polymerization
and named it after their company.' Since then the Phillips
catalyst has been successfully used in the commercial
production of high-density and linear low-density polyethylene
(HDPE and LLDPE). Today the predictions of the global
demand for polyethylene resins settles at 4.0% rise per year to
99.6 million tons in 2018, valued at $164 billion.” In this market
the Phillips catalyst supplies almost 40% of the HDPE total
world demand, thanks to its versatility in terms of hundreds of
specialized PE grades produced, resulting in just as many
specific applications ranging from packaging to medical and
automotive sectors.” > The catalyst synthesis consists in the
impregnation of a polymer-grade porous silica with a Cr
precursor (loadings lower than 1 wt %), followed by calcination
at high temperature (>500 °C). »619 This procedure gives a
highly dehydroxylated silica where the chromium ions are
grafted mainly as isolated hexavalent chromates®” ™" (hereafter
Cr'"), although also mono-oxo CrOg species have been claimed
in the recent literature.”' >’ These chromium species are just
the precursors of the active sites. Indeed, once ethylene is
introduced in the reactor at temperatures from 80 to 110 °C, it
reduces the Cr"' sites during a variable induction period,
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forming reduced Cr species active in ethylene polymerization

and some oxidation byproducts. Formaldehyde has been long

claimed as the main ethylene oxidation byproduct and
. . 7,8,30—33

experimentally detected in a few cases.

the nature of the reduced Cr sites (in terms of molecular

In contrast,

structure, oxidation state, and local geometry) has been the
subject of a long debate in the past™®~'***
gained renewed attention in the high-level specialized literature,

and has recently

. . 22,23,35—40
fostering a great number of experimental and

24-29,41— .
4729414 gtudies. Most of the recent works are

theoretica
focused on the long-standing question of the chromium
oxidation state. In fact, while Cr' sites were invoked as the
active sites since the early literature on the Phillips catalyst*~*’
. . - 36=9

and successively proved by many experimental studies,
Cr™ is coming back to researchers’ attention after a series of

35,36,43,44,50,51

papers by Coperet et al, who showed that
Phillips-inspired Cr™/SiO, catalysts obtained from well-defined
"' precursors are active in ethylene polymerization. These
new results opened the way to the modeling of a large number

of reaction pathways aimed at explaining the spontaneous self-
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Figure 1. Time evolution of the spectra for the Cr""/SiO, catalyst (bold black) during reduction with ethylene (from black to bold red) and during
ethylene polymerization at 150 °C (from red to bold orange). (a) Normalized Cr K-edge XANES spectra. (b) Simulated XANES spectra of Cr"!/
SiO, (black) and Cr"/SiO, in interaction with methylformate and ethylene (orange), and corresponding structural models. (c and d) DR UV—vis—
NIR spectra subdivided into the two reaction steps. Insets ¢’/d’ and ¢”/d” show a magnification of the 24 000—7000 and 4400—4050 cm™! regions
in which the d—d absorption bands and the ©(CH,) and §(CH,) combination modes of PE are present, respectively. (e) Operando FT-IR spectra.

(f) FT-IR spectra collected in static conditions.

41,42,44,50
0 that

alkylation mechanism in the presence of ethylene
has long remained unknown.

In this animated debate on the chromium oxidation state and
polymerization mechanism, attention is distracted from the
molecular structure of the active chromium sites. Traditionally,
they have been considered as relatively “naked”, irrespective of
their oxidation state, and highly uncoordinated Cr sites have
been indeed used to model the polymerization mecha-
nism.*' ~** 1t is worth addressing the word “naked” as a vision

17065

of extremely low-coordinated Cr sites, which are mostly
represented as covalently bonded to two or three O—Si from
the silica surface. At most, surrounding hemilabile siloxane
groups have been considered to enter into the Cr coordination
sphere.*”> While the vision of “naked” Cr sites might be
plausible for the prereduced Phillips catalysts or for Cr-based
catalysts derived from well-defined organometallic precursors, it
appears less straightforward for Cr"'/SiO, reduced in ethylene,
where the active sites are formed at ca. 100 °C in the presence
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of ethylene and of the oxidation byproducts. The present work
has the intention to provide new insights into the molecular
structure of Cr''/SiO, during ethylene polymerization.
Achieving this goal not only would represent a scientific
milestone but also would be the key for the development of
new concepts and for the rational design of a new generation of
olefin polymerization catalysts.>®

To date, the main experimental difficulty was associated with
the double role of ethylene as reducing agent and monomer.
Several strategies were attempted to separate the formation of
the active sites from the ethylene polymerization, e.g., using an
external reducing agent prior to ethylene injec-
tion, !9 7403%35 o1 synthesizing Cr/SiO, catalysts startin
from well-defined Cr'"™" organometallic precursors.>***"*%°
Although these approaches gave a relevant contribution to the
overall understanding of the Phillips catalyst, in most cases the
obtained polyethylene is different with respect to that produced
with the hexavalent Cr''/SiO, catalyst.” This implies that the
molecular structure of the active Cr sites strongly depends on
the prereducing process or synthesis methodology and that the
only way to observe the real sites involved in ethylene-reduced
Cr/SiO, is to look carefully at it under the actual reaction
conditions. Large clusters are also important for the XANES
simulation, because of the long mean free path of the
photoelectron in the low kinetic energy region typical of the
XANES region of the X-ray absorption spectrum. Operando
spectroscopic techniques have this potential and nowadays have
progressed enough to be applied with success also on very
dilute systems.**~%*

On these bases, we propose here a detailed investigation on
the formation and structure of the active sites in Cr'/SiO,
based on the synergic use of three operando spectroscopic
techniques, namely, Cr K-edge XANES, diffuse reflectance
(DR) UV—vis—NIR, and FT-IR spectroscopies (coupled with
online MS), assisted by state-of-the-art theoretical calculation.
Although the three techniques have been already used in the
investigation of the Phillips catalyst by several research groups
(including some of us), the novelties of the present work rely
on (1) careful tuning of the experimental parameters that
allowed us to distinguish between the formation of the active
sites and the starting of the polymerization and (2) a
multitechnique approach that allows monitoring at the same
time the changes occurring at the Cr sites, the nature and
location of the byproducts, and the occurrence of ethylene
polymerization.

2. RESULTS AND DISCUSSION

A synthetic panning shot of the most relevant spectroscopic
results is shown in Figure 1, which displays the spectra
collected during CrVI/SiOZ reduction in the presence of
ethylene (from black to red) and subsequent polymerization
(from red to orange) at 150 °C.°* Both XANES (Figure 1a)
and DR UV-vis—NIR (Figure lc) indicate that the
chromates®”'%*>% are gradually reduced. In the XANES
spectra (i) the intense pre-edge peak centered at 5993.5 eV
typical of pseudotetrahedral chromates®”'”"#%"~"* decreases in
intensity and is gradually replaced by two very weak bands at
5989.8 and 5992.5 eV, (ii) the edge progressively downward
shifts from 6006.7 to 6002.0 eV, and (iii) the white line
increases in intensity (pronounced peak at about 6011 eV),
while the maximum at 6032 eV is replaced by a profound
minimum. At the end of the experiment, the occurrence of
ethylene polymerization was indicated by the appearance of the

powder in the capillary: white and with a rubber consistence.”®

In the DR UV—vis—NIR spectra the intense band at 21 500
cm™' (assigned to an O — Cr charge transfer transition
localized mainly on the double bonded oxygen of the
chromates) *>' 1572099 gradually decreases in favor of two
weaker bands at 9500 and 16700 cm™' (with a shoulder at
15000 cm™") indicative of d—d transitions for Cr"'™" species
(Figure 1¢").%”'%**7%% After an induction time, the occurrence
of ethylene polymerization on the reduced Cr sites is indicated
by the appearance of a few narrow and weak bands in the
4400—4050 cm™" region (Figure 1d”) due to the combination
of the v(CH,) and S§(CH,) vibrational modes of poly-
ethylene.”>**”*~%" The XANES and DR UV—vis—NIR spectra
after ethylene reduction contain important indications on the
local geometry and oxidation state of the reduced Cr sites. The
weakness of the two bands at 5989.8 and 5992.5 eV in the pre-
edge region of the XANES spectrum as well as the weak
intensity of the d—d bands in the UV—vis spectrum point
toward reduced Cr species characterized by a pseudo-
octahedral coordination,”**%¢%7%7>

A quick comparison of the XANES spectrum with that of a
Cr'"" reference compound might lead to the conclusion that the
final oxidation state of the catalyst reduced in ethylene is +3.
Indeed, at a first glance, the pre-edge features and edge position
of Cr"/SiO, reduced in ethylene are very similar to those of
Cr,0j; (Figure 2a), in which the Cr sites have an oxidation state
of +3 and a 6-fold geometry. These (and similar) arguments
have been used several times in the literature to set forth +3 as
the main oxidation state of the Cr active sites.*> ">
However, Figure 2a demonstrates that the spectrum of Cr"!/
SiO, reduced in ethylene is also very similar to that of Cr""/
SiO, reduced in cyclohexene at room temperature, where the
Cr sites have an oxidation state of +2 in a 6-fold coordination
environment due to the interaction with an ester (deriving from
the oxidation of cyclohexene).”” Notably, in that case EPR
spectroscopy, which is selective toward Cr'", incontrovertibly
discarded the presence of Cr'™.>° It clearly emerges that the
assignment of the Cr oxidation state on the basis of only Cr K-
edge XANES spectroscopy is not unambiguous. The same
conclusion was reached several years ago by Tromp at al,”
who demonstrated that the position of the main absorption
edge for a series of well-defined Cr'™" complexes with different
ligands and geometries can move as much as 8 eV (i.e, a shift
comparable to that caused by a change in the oxidation state
from +6 to 0).

Concerning the DR UV—vis—NIR spectra the bands at 9500
and 16700 cm™" could be assigned to Cr" or to Cr'™! or both.
From a survey of the specialized literature, the salts of trivalent
6-fold-coordinated Cr ions give two bands around 17 000 and
24000 cm™' (and a third one, rather weak, at 37000 cm™’,
which is however always masked by the intense charge transfer
bands at high energy).81 Cr"" ions in a perfect octahedral
environment give a broad and weak band between ca. 10 000
and 20000 cm™' (e.g,, Cr*"(H,0); shows a single *E, — T,
transition around ca. 14000 cm™').** Upon distortion of the
octahedral symmetry, this transition splits into multiple
components. For Cr ions in a (largely) O-donor coordination
sphere, d—d bands at wavenumbers as low as 9500 cm™ are
commonly assigned to Cr' species. The presence of a band
near 10000 cm™" in the UV—vis spectra of 6-fold-coordinated
Cr"" complexes, especially discernible in DR mode, was noticed
already in the 1960s.°~** According to these seminal works,
the DR spectra of several octahedral distorted Cr'' salts show
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Figure 2. (a) XANES spectrum of the Cr''/SiO, catalyst upon
reduction and polymerization in ethylene (orange) in comparison with
the spectrum of the same catalyst reduced in cyclohexene at room
temperature (light blue)** and with the spectrum of the reference
Cr,0; oxide (green). (b) DR UV—vis—NIR spectrum of the Cr""/
SiO, catalyst upon reduction and before ethylene polymerization
occurs (red) compared with the same catalyst reduced at room
temperature in cyclohexene (light blue)* and of the a Cr'" reference
(CrCl;-6(H,0) complex physisorbed on Aerosil SiO,, green
spectrum).

bands around 10000, 13 100, 16000, and 18 900 cm™. On
these basis, our DR UV—vis—NIR measurements clearly
indicate that a large fraction of the reduced Cr sites is in the
divalent state and in a 6-fold coordination, although the
copresence of also Cr'' species cannot be discarded. Further
proof is given by a comparison of the DR UV—vis—NIR spectra
shown in Figure 2b (and completely discussed in Section S1) of
the Cr"'/SiO, catalyst reduced in ethylene before polymer-
ization starts (red) with that of the same catalyst reduced in
cyclohexene at room temperature (light blue) and a reference
for Cr'"'/SiO, (green).

Also in this case the d—d bands of the ethylene-reduced Cr
sites have positions and intensity ratios extremely similar to
those obtained upon cyclohexene reduction, characterized by
Cr"" 6-fold-coordinated species in interaction with an ester
molecule.” We wish to underline here that this assignment has
been possible because the DR UV-—vis spectra have been
collected in a wide energy region comprising also the NIR
range, which is neglected in most of the recent literature.®*

Hence, our working hypothesis to account for these results is
that we are mainly detecting intermediate Cr"' species in 6-fold
coordination because in interaction with formaldehyde
molecules, which are the main ethylene oxidation byproducts

claimed in the literature.”**° > However, to our surprise, only
traces of masses diverse from ethylene were detected by online
MS during both operando XANES and DR UV-vis—NIR
measurements, also for long reaction times.

The lack of observation of formaldehyde or of any other
volatile oxidation byproduct stimulated us to follow the same
experiment by operando FT-IR spectroscopy, aimed at directly
detecting possible oxygenated species released during the
reduction of chromates and adsorbed at the catalyst surface. In
the presence of ethylene at 150 °C (Figure le) a few IR
absorption bands gradually grow at 2892 and 2865 cm™!
(typical IR region of v(CH,) modes), along with two more
intense bands at 1617 and 1573 cm™". The assignment of these
latter bands to vibrations involving oxygenated species is
straightforward due to their extremely high intensity with
respect to the (CH,) modes. Indeed, only chemical groups
with high extinction coefficient (such as organic carbonyls,
formates, and others) can result in such intense manifes-
tations.”>~*” In principle, also the ©(C=C) mode can be
invoked; however, this group has a low extinction coefficient
with respect to the (CH,) modes and thus cannot be the
guilty party.”*””°%°! A complete assignment of the IR
absorption bands due to the adsorbed species can be done
only by looking at the mid-IR spectral region in its totality. This
is not feasible during the operando FT-IR measurements since
the spectra are dominated by the absorption bands of gaseous
ethylene and do not allow the observation of other
spectroscopic fingerprints necessary for a complete assignment.
To overcome this spectroscopic obstacle we performed a
parallel FT-IR experiment in static conditions (150 °C, Pcyy, =
100 mbar, Figure 1f). Figure 3 shows the FT-IR spectra of
Cr"/Si0, before and after reduction in ethylene at 150 °C. By
removing the gaseous contribution of ethylene, the chromate
reduction becomes visible and is testified by the gradual
decrease in intensity of the band at 910 cm™ and of the weak
band at 1980 cm™!, due to the fundamental v(Cr=0)
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Figure 3. FT-IR spectra of Cr"'/SiO, before (black) and after
reduction in ethylene at 150 °C (red). (a) Spectra in the whole 3800—
700 cm™" wavenumber region; (b and d) magnifications in the spectral
regions where the absorption bands characteristic of ethylene
oxidation products give a contribution (spectra subtracted from that
of Cr"'/Si0,); (c) magnification of the region in which the first
overtone of the Cr=0 mode of the chromate species contributes
(subtracted spectra); (e) magnification of the region where the
vibrational modes of silica perturbed by the presence of the chromates
are visible.
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vibrational mode and to its first overtone”'”%*7%"%%* (Figure
3c and 3e), respectively. At the same time, new absorption
bands grow before ethylene polymerization starts at 2955,
2892, 2865, and 2747 cm™! (Figure 3b) and 1617, 1573, 1455,
1383, and 1369 cm™' (Figure 3d). The complete assignment of
each IR absorption band is shown in Table 1, along with the

Table 1. Position (in wavenumbers, cm™') and Relative
Intensity (vs = very strong, s = strong, m = medium, w =
weak) of the IR Absorption Bands Attributed to Ethylene
Oxidation Products in Interaction with the Ethylene-
Reduced Cr""/SiO, Catalyst

observed bands (cm™) assignment

2955 (s) Vasymm(OCO) + 6(CH)
Duymm(CHS)

2892 (s) Vegmm(CH)

2865 (s) v(CH)

2747 (w) Vgymm(OCO) + 6(CH)

1617, 1573 (vs) Vssymm(OCO)

1455 (m) 5(CH,)

1383 (s) 5(CH)

1369 (vs) Veymm(OCO)

strength of the vibrational modes. These bands are assigned not
to formaldehyde but rather to vibrations of oxygenated
molecules derived from a disproportionation of formaldehyde
on the Cr" sites. In particular, our most accredited species is
methylformate, which is formed through the Tischenko
reaction®>*>”*~7 of two formaldehyde molecules at the same
Cr"' site. It is important to notice that, according to the
specialized literature,””® the ¥(C=0) vibrational mode of a
methylformate molecule strongly bonded to Lewis acid sites
may undergo an important red shift even larger than —100
cm™" with respect to the free molecule (1(C=0) = 1720
cm™h).

To further prove our assignment and thus our hypothesis, we
selectively dosed pure formaldehyde on SiO, and on a Cr'/
SiO, catalyst activated following the same route as the Cr"'/
SiO, catalyst. Details of surface reactions and assignment of the
multiple products are largely discussed in Section S3.

The whole set of experimental data discussed so far and the
comparison with the specialized literature point toward
methylformate as the most probable oxygenated byproduct.
However, we cannot exclude alternative reaction paths leading
to the formation of adsorbed formate species and methoxy
groups grafted at the silica surface that would lead to similar
spectroscopic signatures in the IR spectrum. Notably, these
oxygenated products are strongly bonded to the catalyst
surface, since their IR absorption bands neither decrease in
intensity in operando conditions (i.e., being removed by the
ethylene flow) or during degassing at 150 °C in high vacuum,
nor shift during ethylene polymerization (as it would be
expected if they are displaced from the Cr site and adsorbed
nearby at the silica surface). It is important to add to the
discussion that operando FT-IR spectroscopy is a fundamental
technique for identifying the oxidized byproducts. Indeed,
attempts to extract the oxidized byproducts by means of several
solvents failed for the simpler case of Cr"'/SiO, reduced by
cyclohexene,” owing to the extremely high reactivity of the
reduced catalyst toward the solvents themselves (or pollutants).
In the present case, the scenario is even more complicated due
to the difficulty in stopping the reaction before the occurrence

of ethylene polymerization and hence to the possible
copresence of polyethylene.

Having identified the main oxidation state of the reduced Cr
sites (by DR UV—vis—NIR) and the main oxidation byproduct
(by FT-IR), we went back to the XANES spectra with the aim
of getting rid of the interpretation ambiguity. We simulated the
XANES spectra of several DFT-optimized Cr structures
relevant for the discussion by using the FDMNES code™~""!
(which uses the finite difference method to solve the
Schrédinger equation) and self-consistent calculations (ie.,
without imposing any restriction on the shape of the potential
such as the muffin-tin approximation).'>™"%* The experimental
XANES spectra of Cr''/Si0O,, Cr''/SiO,, and Cr,0; (Section
S2) are well reproduced by our structural models,'”
demonstrating the reliability of our method. The XANES
spectrum of Cr"'/SiO, at the end of the reaction (orange in
Figure la) was simulated by a model of Cr"/SiO, in interaction
with methylformate and two molecules of ethylene (orange in
Figure 1b). The main experimental features are very well
reproduced by the model, further supporting our previous
conclusions.'*

In summary, the first relevant result emerging from our
spectroscopic study is the identification, during the reduction of
Cr"/Si0, in ethylene, of 6-fold-coordinated Cr" species in
interaction with a methylformate molecule. This novel concept
is in very good agreement with recent findings by McDaniel
and co-workers, who demonstrated that under commercial
ethylene polymerization conditions oxygenates may remain
attached to the chromium sites."”” The next questions are
whether these hindered Cr" sites are involved in ethylene
polymerization and whether methylformate remains attached to
the Cr sites during ethylene polymerization, participating in the
whole reaction. DR UV—vis—NIR and FT-IR spectroscopies
help in answering these questions.

In the DR UV—vis—NIR spectra (Figure 1d, from red to
orange) the start of ethylene polymerization (appearance of
absorption bands in the 4400—4050 cm™' range) is
accompanied by a visible change in the scattering properties
of the catalyst powder and by the decrease in intensity of the
two d—d bands at 9500 and 16 700 cm™. This concomitance
clearly and strongly indicates that the Cr' species in interaction
with the oxidized byproducts are the species involved in ethylene
polymerization. Interestingly, the decrease in intensity of the
two d—d bands upon ethylene polymerization is not
complemented by the growth of other bands. The reason is
that polyethylene forms a white coating around the Cr/SiO,
particles, which diffuses the incident light and shields the Cr
sites involved in the ethylene polymerization from the DR UV—
vis—NIR measurements. The effect is macroscopically visible in
Figure 4, which shows the appearance of the activated Cr"!/
SiO, catalyst before, during reduction, and after ethylene
polymerization (from left to right).

The final spectrum (bold orange in Figure 1d) is
characterized by a general low intensity due to the presence
of polyethylene at the catalyst surface. Two bands at 21 500 and
16000 cm™ are still detectable. The band at 21500 cm™
indicates the persistence of a few unreacted chromates,
meaning that ethylene polymerization proceeds in the presence
of residual—slowlg reducible—chromates, in agreement with
previous reports.'””'* The band at 16000 cm™ could be
assigned to a d—d transition of another reduced Cr species not
involved in polyethylene formation. Its position is compatible
with both 6-fold-coordinated Cr'" and Cr™ species.
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Figure 4. Pictures of the Cr'"/SiO, catalyst pellet placed inside a
quartz cell before, during reduction in ethylene, and after polymer-
ization (from left to right). Gradual increase of the light diffusion of
the pellet is macroscopic and proves the loss of KM units in the whole
DR UV—vis—NIR spectra upon ethylene polymerization.

FT-IR spectroscopy (Figure 1f) reveals that ethylene
polymerization (characteristic polyethylene bands: v/,;m(CH,)
at 2924, l/symm(CHz) at 2853 cm™, and 6(CH,) at 1472—1463
cm™') is consequent to the formation of methylformate. In
addition, the absorption bands characteristic of methylformate
are not affected by the polyethylene growth, testifying that the
oxidized byproducts remain on the active Cr site also during
ethylene polymerization and have to be considered important
participants in the catalysis. As a side note, the IR absorption
bands of methylformate keep on growing also during ethylene
polymerization, confirming that the reaction starts in the
presence of a residual fraction of Cr'.

As a final step, in Figure 5 we made an attempt to correlate
the time evolution of all species detected with all techniques,
which are involved in the reaction, namely, (i) the starting crVl
(ii) the intermediate Cr" in interaction with the oxygenated
byproduct, (iii) a reduced Cr species acting as spectator, (iv)
the polyethylene product, and (v) the oxygenated byproduct
(methylformate). The spectroscopic fingerprints of Cr'" were
used to rescale the time vector for the three techniques. In the
DR UV—vis—NIR and FT-IR spectra the absorption bands
characteristic of each species were easily deconvoluted and their
intensity plotted as a function of time. In contrast, for XANES a
principal component analysis (PCA) followed by a multivariate
curve resolution-alterning least squares (MCR-ALS) was
applied to the whole sequence of spectra (Section S4). The
analysis resulted in three principal components, corresponding
to Cr"", Cr'" in interaction with the oxygenated byproduct, and
a reduced Cr species behaving as a spectator. The border
between the reduction and the polymerization steps was traced
on the basis of the UV—vis—NIR and FT-IR results.

The data summarized in Figure S allow stating the following
additional conclusions. (1) During the reduction step, Cr"" are
converted into Cr' sites in interaction with the oxygenated
byproduct (mostly methylformate) and into a reduced Cr
species that does not participate in the reaction. (2) Ethylene
polymerization starts on the Cr" sites but in the presence of
residual Cr"" sites, which are slowly reduced in successive time.
(3) The Cr" sites involved in ethylene polymerization are
rapidly buried in the produced polymer and become invisible
for DR UV—vis—NIR spectroscopy but are still visible with
XAS. These sites are continuously formed even during the
polymerization to the expense of the residual Cr"" and with the
concomitant formation of methylformate.

3. CONCLUSIONS

Extremely focused spectroscopic investigations of the Cr'!/
SiO, Phillips catalyst in operando conditions have been the key

Reduction Polymerization
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Figure S. Time evolution of the DR UV—vis—NIR (solid lines),
XANES (dashed lines), and FT-IR (dotted lines) spectroscopic
fingerprints of (i) Cr"" (21 500 cm™ UV—vis; —1980 cm™ FT-IR —
first component in PCA XANES); (i) Cr" in interaction with
methylformate and ethylene (9500 cm™ UV—vis; second component
in PCA XANES); (iii) spectator Cr (15100 cm™ UV—vis; third
component in PCA XANES); (iv) HDPE (4400—4050 cm™! UV—vis;
—2853 cm™! FT-IR); (v) methylformate (1573 cm™ FT-IR).

to unravel the molecular structure of the Cr sites involved in
ethylene polymerization. Our new spectroscopic evidence
reveals that the chromium site involved in ethylene polymer-
ization is a divalent ion, 6-fold coordinated, and in interaction
with an external nucleophilic ligand (mostly methylformate).
This study provides the first spectroscopic identification, at the
molecular level, of the oxygenated species adsorbed on the
catalyst during the induction period inferred by indirect TG,
DSC, and MS experiments.'”” We also introduce the important
concept that oxygenates remain in the Cr coordination sphere
also during ethylene polymerization. Additionally, we demon-
strate that ethylene polymerization occurs also if a fraction of
the chromate sites is not reduced, implying that Cr"" sites might
have a role in the first steps of the catalysis in cooperation with
the active Cr" sites, as already proposed in the literature.'>"'%’
A possible role of the residual Cr"" sites (but most probably of
residual Cr' as well, which have been detected by EPR
spectroscopy)' '’ might be to alter the strain at the silica
surface”  and in particular at the Cr-reduced species formed
nearby.

We wish to underline that each technique employed in this
work, if taken as a single measurement, cannot lead to safe
statements on the molecular structure of the Cr sites. On the
other hand, the totality of the results collected with each
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spectroscopic technique converge to a single picture in which
the Cr" sites 6-fold coordinated are those involved in the
reaction, while a fraction of reduced Cr sites acts as spectator.
This is valid for Cr''/SiO, directly reduced in ethylene. We
reiterate that in our opinion both “naked” Cr' and Cr'™ sites
may be active in ethylene polymerization, as for ad-hoc-reduced
catalysts and ad-hoc-synthesized catalytic systems, respec-
tively.””*>*”*! The aim of the present work was not to enter
into the debate on the formal oxidation state of the Cr sites
active in ethylene polymerization, which is inflaming the
literature on the Phillips catalyst in recent times. Rather, we
want to shed light on the products of chromates reduction,
which remain in the coordination sphere of the reduced Cr sites
and participate in the polymerization reaction. We believe that
the molecular structure and the ligand sphere of the Cr sites,
irrespective of their formal oxidation state, are key players
behind the activity toward ethylene and might also explain their
tendency toward ethylene polymerization vs oligomerization
(ie., the preference toward propagation vs termination). In fact,
the literature on heterogeneous Cr-based catalysts contains
examples of (i) catalysts based on a different Cr oxidation state
(Crlt 22377576 o Crl135364351) giving a similar polyethylene
and (ii) catalysts based on the same Cr oxidation state (either
CrlI 0B op G SLIHISNIS740 which either polymerize or
oligomerize ethylene. This is true also for homogeneous Cr-
based catalysts.”""'°"""* Thus, the scientific debate of the
Phillips community cannot accommodate a short-sighted
discussion centered only on the oxidation state of the active
species.

The emerging panorama from this work should set aside the
“old” vision of the Phillips catalyst active site constituted by a
naked (i.e, low-coordinated) chromium species, which now
appears unrealistic of the reaction taking place in industrial
conditions. Rather, external (and flexible) oxygenated ligands
seem to be fundamental actors in the polymerization reaction,
very much like the ancillary ligands in homogeneous polymer-
ization catalysis. On these basis, external nucleophilic ligands
are surely suitable candidates in the ab initio design of Phillips-
related olefin polymerization catalysts. It is worth mentioning
that the picture resulting from this work might be extendible
also to most of the prereducing agents (e.g., Al-alkyls, B-alkyls,
etc.) employed on the Cr''/SiO, catalyst to shorten the
induction time and modify the polymer properties. It is
predicted that also in those cases the oxidized byproducts
remain in the coordination sphere of the reduced Cr sites
(whichever is the formal oxidation state), affecting their
catalytic properties. The different nature of the oxidized
byproducts might be one of the reasons why each prereducing
agent gives rise to extremely different catalytic behavior and
consequently to different polyethylene products.

4. EXPERIMENTAL SECTION

4.1. Catalyst Synthesis and Activation. The Cr/SiO, catalyst
was prepared by wet impregnation of SiO, (aerosil, surface area ca. 360
m?* g!) with an aqueous solution of CrO; having a chromium loading
of 1.0 wt %.” The chromium loading was kept low enough to avoid
segregation of CrO, during the activation treatments but sufficiently
high to guarantee a good sensitivity with all techniques. The Cr*"/SiO,
catalyst was obtained by treating the impregnated sample in the
presence of oxygen at 650 °C either in static conditions (two cycles of
30 min in pure oxygen, equilibrium pressure 100 mbar) for DR UV—
vis—NIR and FT-IR measurements or in dynamic conditions (10% O,
in He, total flow 10 mL/min) for XAS measurements. Reduction of
Cr"/Si0, by means of ethylene and subsequent polymerization was

achieved by flowing ethylene (pure ethylene 20 mL/min for DR UV—
vis—NIR and FT-IR measurements and pure ethylene in He 10 mL/
min for XAS) in the reaction cells at 150 °C. Complementary FT-IR
experiments were performed in static conditions (Pcy, = 100 mbar).
The reference Cr'/SiO, catalyst was obtained by reducing the
activated Cr"'/SiO, sample by means of CO at 350 °C (two cycles of
30 min in pure carbon monoxide, equilibrium pressure 100 mbar) and
subsequent outgassing at the same temperature.

4.2. Cr K-Edge XANES spectroscopy. Cr K-edge XAS spectra
were collected at the BM23 beamline'*° at the European Synchrotron
Radiation Facility (ESRF, Grenoble, F). The white beam was
monochromatized using a Si(111) double crystal, and harmonic
rejection was performed by using silicon mirrors (4 mrad). The
intensity of the incident beam was monitored by an ionization
chamber and was vertically focused to a few micrometers. Due to Cr
dilution, EXAFS spectra were collected in fluorescence mode by means
of a 12-element Ge detector. To minimize the elastic scattering a 45°
geometry between the incoming X-ray beam and the detector nose
was adopted. The samples were measured in the form of powder
inside a quartz capillary 1.5 mm in diameter having upstream and
downstream two small pieces of quartz wool. The capillary was
connected to a gas-dosing system with mass-flow controllers to flow
different gas mixtures and inserted inside a half-circular oven allowing
treating the sample up to 650 °C in the presence of different reagents,
simultaneously collecting the XAS spectra. XANES spectra were
acquired with an energy step of 0.4 eV and an integration time of 2 s/
point up to k=5 A™" to allow a confident normalization. Each XANES
spectrum required an acquisition time of about 12 min as a
compromise between fast acquisition and quality of the spectra. The
XANES spectra were normalized using the Athena program.'”' The
evolution of gaseous products of reaction are monitored with online
mass spectroscopy at the end of the capillary by sampling a fraction of
the exit flow. The PCA MCR-ALS analysis of the series of XANES
spectra has been performed as detailed in Section S4 and elsewhere.'**

4.3. DR UV-vis—NIR Spectroscopy. Diffuse reflectance (DR)
UV—vis—NIR spectra were recorded on a Varian Cary5000 instrument
on samples in the form of powder placed inside a cell made in Suprasil
quartz. Sample activation was performed in quartz cylinders in static
conditions (two cycles of 30 min in pure O,, ep = 100 mbar). The
activated sample was stocked in a glovebox and in a second moment
transferred inside a DR UV—vis—NIR cell made in optical quartz
(Suprasil) and allowing reactions in flow of different gaseous mixtures.
The reaction in ethylene was performed by connecting the cell to a
gas-dosing system with mass-flow controllers to flow different gas
mixtures and inserting the cell inside a circular oven. The spectra were
collected in reflectance mode and successively converted in Kubelka—
Munk units. Also, in this case we followed the downstream evolution
of gaseous products of reaction with online mass spectroscopy by
sampling a fraction of the exit flow.

4.4. FT-IR Spectroscopy. Transmission FT-IR spectra were
recorded on a Bruker Vertex70 instrument at 2 cm™' resolution.
The catalysts were measured inside a quartz cell equipped with two
KBr windows and in the form of thin self-supported pellets. The
activation treatments were performed directly in the IR measurement
cell in static conditions (two cycles of 30 min in pure O,, equilibrium
pressure = 100 mbar). The measurements during ethylene reduction/
polymerization were performed by connecting the cell to a gas-dosing
system with mass-flow controllers to flow different gas mixtures. The
cell was heated with two glowplugs immersed in silicon carbide
powder.
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S1. Oxidation state and coordination geometry of the
Cr sites active in ethylene polymerization: DR UV-Vis-
NIR spectroscopy

The DR UV-Vis-NIR spectrum of the cr’'/sio, catalyst
reduced in ethylene prior polymerization is compared
with those of Cr' and Cr'" references in Figure Sla.
e The spectrum of the CO-reduced cr'/sio, catalyst
(dark blue) is dominated by two well defined d-d
bands at 7500 and 12000 cm™ assigned to cr' ions
having a +2 oxidation state and a 4-folded
coordination.™™ These bands blue shift when the Cr"
ions expand their ligand field up to a distorted
octahedral coordination. For example, in the presence
of CO the d-d bands shift up to 20000 cm L3

The spectrum of CrCl;*6(H,0) physisorbed on Aerosil

SiO, (bold green) is that typical of 6-fold coordinated

cr'ions, i.e. it shows two equally intense bands in the

15000-17000 cm™ and 20000-25000 cm™ regions

attributed to the 4A2—>4T2 and 4A2—>4T1 transitions,

respectively.[s’s]

e The spectrum of the Cr"/SiO, catalyst reduced in
ethylene (red) is characterized by two d-d bands at
9500 cm™ and 16700 cm™ (having a shoulder at 15100
cm'l) and three charge-transfer bands at 21500 em™®
29500 and 40000 cm™. The assignment of this
spectrum is not straightforward, also due to the fact
that the catalyst is not yet completely reduced.
Nevertheless, the d-d band at 9500 cm™tis assigned to
the first d-d transition of a Cr" species, being too low
in energy to be attributed to Cr" ions. The band at
16700 cm™ is assigned to the second d-d transition of
Cr' species in a distorted 6-fold geometry. Indeed, Cr"
ions in a perfect octahedral geometry, as for
Cr(HZO)62+, show a single 5Eg—>5T2g transition around
~14000 cm ™' A vertical distortion of the octahedral
geometry results in the splitting of the transition in
four separate contributions.” However, this is true in
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solution, in which the distortion is completely

symmetrical; in the solid state and in a system

governed by amorphous silica, the distortions of the
octahedral metal sites cannot be ad symmetrical, thus
might result in a lower number of transitions,

characterized by heterogeneity and thus resulting in a

broadening of the bands. Finally, we coupled the two

d-d bands at 9500 and 16700 cm™ also because they

display a similar behavior as a function of the reaction

time.
The ambiguity in the full assignment of the UV-Vis bands
is due to the overlap of the low-energy charge-transfer
region (i.e. O=Cr LMCT) and the high-energy d-d region
(Cr”I 4A2—>4T1), This is the reason why the UV-Vis data
require the XANES data counterpart in order to overcome
possible wrong assignments (and VICEVERSA).

Figure S1b compares the spectrum of cr''/sio,
catalyst reduced in ethylene at 150 °C (bold red) with that
of the same catalyst reduced in cyclohexene at room
temperature (light blue).m] Cyclohexene is considered a
model molecule that can simulate what is happening
during the reduction of chromate species in the presence
of an olefin (induction period), but without taking part to
the subsequent polymerization reaction. Reduction of cr”
species in cyclohexene leads to 6-fold coordinated Cr'
sites in interaction with an ester molecule.™ We wish to
underline once more that this catalyst does not display
cr'" species, as verified by EPR spectroscopy (highly
selective for Cr" ions) The corresponding UV-Vis spectrum
is characterized by two d-d bands at 10000 and 16500 cm’
g very similar to those observed for cr''/sio, catalyst
reduced in ethylene. Interestingly, the spectrum of
Cr''/sio, catalyst reduced in cyclohexene (light blue) does
not show the shoulder at 15100 cm™, which might be
attributed to a d-d transition of another reduced Cr
species.
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Figure S1: Part (a): DR UV-Vis-NIR spectra of cr''/sio, catalyst upon reduction in ethylene at 150 °C (bold red), upon reduction in CO
at 350 °C (blue) and of the CrCl3*6(H,0) complex physisorbed on Aerosil SiO, (green). Part (b): DR UV-Vis-NIR spectra of Crv'/SiOZ
catalyst reduced in ethylene at 150 °C (bold red), and after reduction in cyclohexene at room temperature (light blue). In both cases

the insets show the magpnification of the d-d spectral region.
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S2. XANES spectroscopy: simulations

At first, we simulated the XANES spectra of a few DFT-
optimized clusters representing Crv'/SiOZ, Cr“/SiOz and
Cr,0; in order to validate our theoretical method.
Calculations were performed by adopting a cluster
approachm] and Gaussian 09 software.™™ To model
cr'/sio, and Cr'/sio, (in their highly dehydroxylated
form), we adopted clusters having a brutto formula of
H10048+2Si,1Cr (see the graphical representation in Figure
S2 A and B). The chromium sites can be grafted on the
silica surface in various positions. However, it was found
that their geometry does not significantly influence the
position of the main XANES features. For Cr,0s the
geometry of a small cluster (12 A large) cut from the
periodic structure of Cr,03 and terminated with H atoms,
was optimized at the same level of theory. In all the cases
the computational cost was reduced by employing the
ONIOM embedding approachm] as already shown in our
previous work.™

High-level calculations were performed by adopting
the wB97xD long-range corrected hybrid functional.™® H
atoms were described through a standard Pople-type 6-
311++G(2d,2p) basis set;™ Cr by an Ahlrichs TZVp (triple
zeta valence plus polarization) basis set;[M] Si atoms
through LanlL2DZ pseudo-potential and the associated
basis-set;[ls] TZV2p Ahlrichs basis set was adopted to
describe O atoms.™ Low level is defined by employing
the B97D functional;m] H, Cr, and Si atoms are described
with a 6-31G(d,p) basis set;”! 6-31+G(d,p) basis set'™®
was employed for O and C atoms. As dealing with open

shell species [Cr(ll)], the unrestricted formalism was
adopted.

The XANES spectra of the Cr"/SiO,, Cr'/siO, and
Cr,03; models discussed above were simulated using the
sped up version of the FDMNES code™?” that uses the
finite-difference  method to solve the Schrodinger
equation.m] The cluster radius included in the calculation
process was 5 A from the Cr absorber. Hedin—Lundquist
exchange and correlation potential were applied. XANES
absorption spectra were modelled in the dipole and
quadrupole approximation. Moreover, self-consistent
calculations were performed, i.e. without imposing any
restriction to the shape of the potential (i.e. beyond the
muffin-thin approximation).[zz] The theoretical spectra
were convoluted by using an arctangent shape of the line
broadening. Figure S2 compares the experimental and
simulated XANES spectra for cr''/sio,, cr'/sio, and Cr,0s.
The three experimental spectra are very well reproduced
by our structural models, demonstrating the reliability of
our method.

On the basis of the experimental results obtained
with operando FT-IR and DR UV-Vis spectroscopies, the
XANES spectrum of Cr”/SiOz in interaction with
methylformate and ethylene was also simulated. In the
DFT-optimized cluster the methylformate ligand is
arranged with the sp2 oxygen of the 0=C bond in
interaction with the divalent Cr ion (see the graphical
representation in Figure S3C). The simulated XANES
spectrum (Figure S3, middle) perfectly matches the main
features of the experimental one (Figure S3, left),
confirming the results obtained with the other
spectroscopic techniques.
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Figure S2: Top: Graphical representation of the clusters adopted to model Crv‘/SiOZ (A) and Cr”/SiOz (B). The color code of the atoms
is: white for H, yellow for Si, red for O, blue for Cr. Bottom: Experimental (left) and simulated (right) XANES spectra of Crv‘/Sioz

(black), Cr”/SiOz (blue) and Cr,05 (green).
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Figure S3: Experimental (left) and simulated (middle) XANES spectra of CrV'/SiO2 reduced in ethylene. Right: Graphical representation
of the clusters adopted to model Cr”/SiOz in interaction with two molecules of ethylene and one of methylformate. The color code of

the atoms is: white for H, yellow for Si, red for O, blue for Cr.

Last but not least, a remarkable achievement is given
from the comparison of the calculated charge of the Cr
ion in the mentioned models. The ionic charge is figured
out with FDMNES code from the atomic number of the
absorber less the number of electrons, which is calculated
by integration of the density of electron up to the ionic
radius (0.8 A). In these cases, it is not important to
consider the absolute value of ion charge but the relative
value in the systems “***: 3.2.in Cr"'/si0,, 2.3 Cr,05 1.2/in
Cr”/SiOz, and 0.9 in Cr”/SiOz in interaction with
methylformate. This result strengthens the hypothesis
that we detect an intermediate Cr' species in interaction
with methylformate during the ethylene polymerization.
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S3. Characterization of the ethylene oxidation by-
products: FT-IR spectroscopy

Figure 3 in the main text (here proposed again for clarity
as Figure S4) shows the FT-IR spectra of the cr''/sio,
catalyst before (black) and after reduction in ethylene at
150 °C and removal of gaseous ethylene (red). The
spectrum of cr'/sio, is that typical of an highly
dehydroxilated silica, with in addition the two fingerprints
of grafted chromates at 1980 cm™ and 910 cm™ (the
latter in part e). When the catalyst is reduced in ethylene,
new absorption bands appear in the 3050-2700 em™t
region (part b, v(CH,)), in the 1750-1500 em™t range (part
d, v(CO) due to the extremely high extinction coefficient,
as already discussed in the main text) and in the 1500-
1300 cm™ region (part d, 6(CH,)). The partial reduction of
the chromates is testified by the decrease of the two
bands at 1980 cm™ and 910 cm™ (parts ¢ —subtracted
spectrum - and e, respectively).

The assignment of the IR absorption bands in the

reactive. Thus we obtained it by the direct decomposition
of paraformaldehyde at temperatures higher than 200 °C
in vacuum.®% Being also H,0 a side product of
paraformaldehyde decomposition, the gas phase was
passed through a trap containing anhydrous Na,SO,.

Parts Al and A2
dehydroxylated silica

Formaldehyde adsorbed on

When formaldehyde is dosed on pure SiO, (light grey
spectrum in Figure S5, A1 and A2) a sharp IR band is
observed at 1730 cm™, which is assigned to the v(C=0) of
formaldehyde in interaction with the silica surface. The
FT-IR spectra gradually change as a function of time (from
light to dark grey). The band at 1730 cm™ decreases in
intensity, concomitantly to the growth of a series of IR

absorption bands, assigned to polyoxymethylene (Table
s1). 26, 28]

Table S1: Position (in wavenumbers, cm’l) and assignment of the
absorption bands in the FT-IR spectra of formaldehyde adsorbed
on pure silica dehydroxylated at 650 °C.

3050-2700 and 1750-1300 cm™ regions is not
straightforward. Being two molecules of formaldehyde assignment Polyoxymethylene Formaldehyde
and a bare Cr' site the most claimed product of ethylene on Sio, on Si0,
gxidation on the Phillips catalyst during the induction Vasymm(CH>) 2980
time, efforts were devoted to understand whether these
bands might be related to formaldehyde (HCHO) Vymm(CH2) 2915
molecules adsorbed on Cr" sites or on SiO,. To this aim, 2w(CH,) 2797
formaldehyde was dosed at room temperature on a v(CO) 1730
highly dehydroxlated SiO, (the same Aerosil used for the
synthesis of cr'/sio,) calcined at the same temperature 6(CH;) 1478
that Cr"/siO, (650 °C) and on Cr'/SiO,. The resulting w(CH,) 1427
spectra are shown in Figure S5. It must be noticed that w(CH,) 1383
pure formaldehyde is not available because it is highly
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Figure S4: FT-IR spectra of Crv‘/SiOZ before (black) and after reduction in ethylene at 150 °C (red). Part (a) shows the spectra in the
whole 3800-700 cm ™ wavenumber region; parts (b) and (d) show magnifications in the spectral regions where the absorption bands
characteristic of ethylene oxidation products give a contribution (spectra subtracted from that of Crv‘/SiOZ); part (c) shows the
magnification of the region in which the first overtone of the Cr=0 mode of the chromate species contributes (subtracted spectra);
part (e) reports a magnification of the region where the vibrational modes of silica perturbed by the presence of the chromates are

visible.
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Figure S5: Parts Al and A2: Time-resolved FT-IR spectra of highly dehydroxylated silica in interaction/reaction with an excess of
formaldehyde. Parts B1-B3: FT-IR spectra of Cr”/SiOZ after reaction with formaldehyde and removal of the excess from the IR cell.
The whole sequence of spectra collected during reaction of formaldehyde with Cr”/SiOz are shown in part B3 (from light blue to
blue). Parts C1 and C2: FT-IR spectra of Crv'/SiOZ after reduction in ethylene. Column 1 shows the 3100-2600 emt range where v(CH,)
bands are expected, while column 2 shows the 1800-1500 em?t range, where the bands due to v(C=0), §(CH) modes give a
contribution.

Table S2: : Position (in wavenumbers, cm'l) and assignment of the absorption bands in the FT-IR spectra of formaldehyde adsorbed
on the CO-reduced Cr'/SiO, catalyst and of its products of reaction.

assignment polyoxymethylene formaldehyde formaldehyde methylformate

on Si0, onCr" onCr"
Vasymm(CH>) 2977
Vasymm(OCO) + 6(CH)

2958

Vasymm{CH3)
Veymm(CH) 2911
Voymm(CH3) 2893 (shoulder)
v(CH) 2865 (shoulder)
Veymm(CH) 2841 2841
2w(CH,) 2789
Veymm(OCO) + 6(CH) 2745
v(CO) 1732
v(CO) 1656
Vasymm(OCO) 1584
6(CH,) 1470
6(CH;) 1455
5(CH,) 1455
5(CH) 1384
Voymm(OCO) 1369
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Parts B1, B2 and B3 — Formaldehyde dosed on cr’ Sio,

When formaldehyde is dosed on Cr”/SiOz, the FT-IR
spectra evolve as a function of time (Figure S5 part B3
from light blue to blue) until an equilibrium is reached.
The complexity of the spectra is due to the concomitance
of the polymerization of formaldehyde on silica and of the
reaction/interaction of formaldehyde with the cr' sites.
The IR bands at 1732 and 1656 cm™ have been assigned
to the v(C=0) of formaldehyde in interaction with SiO,
and Cr' sites, respectively. The growth of the IR bands at
1584, 1470, 1455, 1384 and 1369 cm™ and the
simultaneous decrease of that at 1656 cm ™ testifies that
HCHO on the Cr" sites is not stable, but it undergoes a
molecular disproportionation leading to products more
similar to formate or carboxylate species in which the
v(C=0) vibration is lower than 1600 cm™ due to a weak
C=0 and C-O resonance. When formaldehyde is removed
from the cell the IR band at 1732 cm™ decreases in
intensity testifying that the excess of HCHO is partially
removed from the silica surface. The multitude of IR
bands remaining upon outgassing has been assigned in
Table S2 (based on the Iiterature).[ze’ 29,301 Moreover,
based on our previous work involving the reaction of
aldehydes with cr' species,m] we have assigned the IR
bands at 2958, 2745, 1584, 1455, 1384 and 1369 cm™" to

methylformate generated from the Tishchenko reaction
occurring between two molecules of formaldehyde on the
cr' Lewis acid site.

Parts C1 and C2 —Cr” Si0, catalyst reduced by ethylene at
150 °C

The spectrum of the ethylene reduced cr''/sio, catalyst is
characterized by IR bands not easily attributable to
formaldehyde in interaction with the catalyst surface or
with reduced Cr sites. The vibrational manifestations are
similar to those of formates or carboxylates, being the
intense IR bands in the v(CO) region lower than 1600 em’?
(as discussed before). Based on the above assignment, we
came to the conclusion that the main product of ethylene
oxidation are two molecules of formaldehyde which are
immediately converted to one methylformate molecule
remaining in interaction with the just reduced cr' site.
The extreme simplicity of the IR spectrum upon ethylene
reduction leaves few doubts on the possibility that other
products of oxidation, rather than methylformate, remain
adsorbed on the catalyst surface. The assignment of all
the IR bands is shown in Table 1 in the main text and is
proposed again here in Table S3, along with a schematic
representation of the reaction occurring during the
induction period is shown in Scheme S1.

®) H
H,C Ve
o) N\ H.C

\ O O O/CH2 ’ \O(
o™ 0 .Cr .Cr—
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Scheme S1: Possible reaction pathway occurring between CrV'/SiOZ Phillips catalyst and ethylene at 423 K during the induction period.

The reduced Cr site is in interaction with methylformate and results

Table S3: Position (in wavenumbers, cm_l) and relative intensity
(vs = very strong, s = strong, m = medium, w = weak) of the IR
absorption bands attributed to ethylene oxidation products in
interaction with the ethylene reduced cr''/sio, catalyst

Assignment Methylformate on Cr"
Vasymm(OCO) + 6(CH) } 2955 (5)
Vasymm(CHS)

Vsymm(CHB) 2892 (S)

V(CH) 2865 (s)
Vsymm(OCO) + 6(CH) 2747 (w)
Vasymm(OCO) 1617, 1573 (vs)
58(CH;) 1455 (m)
6(CH) 1383 (s)
Vsymm(OCO) 1369 (VS)
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S4. Application of Multivariate Curve Resolution — Alterning
Least Squares (MCR-ALS) on the XANES spectra

Multivariate Curve Resolution - Alterning Least Squares
(MCR-ALS) is a powerful chemometric algorithm that
permits to decompose an experimental set of spectra into
pure contributions, allowing to deriving the concentration
profiles and the corresponding pure spectra of different
species contributing to the experimental signals. Herein
we applied the MCR-ALS algorithms in MATLAB, as
described in Joaquim Jaumot et al.B? Practically, it is
recommended to introduce a set of constraints in order
to suppress the ambiguity related to the algorithm
solutions.”® In this case, we imposed that the
concentrations and the spectra of the pure components
must be positive. Starting from this statement we run the
PCA on the series of XANES spectra shown in Figure 1a in
the main text. The analysis gave three main components,
which their plot reconstruction with MCR-ALS is shown in

Figure S6.

i) Component 1: the spectrum is the same as that of
cr'/sio,.  We assign  this  component to
monochromates.

Component 2: the spectrum is similar to that
collected at the end of the reaction (i.e. that of
cr''/sio, after ethylene polymerization) and to the
simulated XANES spectrum of cluster C in Figure S4.
Consequently, this component is assigned to cr'in
interaction with methylformate, which is the species
active in ethylene polymerization.

Component 3: this components is similar to
Component 2 in terms of edge position and white
line contribution, while it differs in terms of pre-
edge features. This spectrum is assigned to the Cr
species defined from the UV-Vis measurements as
the spectator ones.

ii)

Arbitrary units

— Component 1
e COmponent 2
Component 3

T M T M T v
50 60 70
Arbitrary Energy (eV)

10
Figure S6: Principal Components resulting from the MCR-ALS

Figure S7 shows the evolution of the three
Components during time (same color code). The same
results are shown in the main text in Figure 2 (dashed
curves). Component 1, assigned to the cr”
monochromate species, is the only present at the
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beginning and slowly decreases in concentration during
the reaction. Component 2, assigned to the reduced
active sites, keeps on growing in concentration, while
Component 3, assigned to the reduced Cr sites acting as
spectators, reaches a plateaux.

e Component 1, Cr"'
Component 2, Cr' active

= Component 3, Cr spectator

Concentration

10 15 20 25
Number of XANES experimental spectra

Figure S7: Evolution of Principal Component concentrations
during time (the x-axis shows the number of spectra, each
one collected in 12 minutes). The error bar is also
introduced.
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ABSTRACT

Looking to the past, heading to the future. In this contribution we explain the reasons why the Cr/Al,03
Phillips catalysts exhibit a faster kinetics profile in ethylene polymerization reaction with respect to
Cr/SiO,. Diffuse reflectance UV-Vis and FT-IR spectroscopies unequivocally demonstrate that, albeit sev-
eral types of reduced Cr sites are stabilized by the Al,O5 support, only the 4-fold coordinated Cr?* sites are
active precursors in ethylene polymerization, as for Cr?*/SiO,. Nevertheless, kinetic experiments indicate
that ethylene polymerization is 15 times faster on CO-reduced Cr/Al,O5 than on CO-reduced Cr/SiO,. The
difference is even more striking (two order of magnitude) when the reaction rates per active Cr sites are
compared. Our experimental results suggest two reasons behind the faster polymerization kinetic of Cr/
Al;03: (1) the higher ionic character of the Cr—O—Al bond with respect to the Cr—0—Si one; (2) the nat-
ure of the ancillary ligands in the coordination sphere of the Cr active sites (which are mainly carbonates
for CO-reduced Cr/Al,03 and siloxane bridges for CO-reduced Cr/SiO5).

UV-Vis-NIR spectroscopy

© 2017 Elsevier Inc. All rights reserved.

1. Introduction

The Cr-based Phillips catalyst is among the most important
heterogeneous catalysts for ethylene polymerization. It accounts
for about 50% of the high density polyethylene (HDPE) world’s
demand, owning also a large share of linear low density polyethy-
lene (LLDPE) market [1-3]. Generally speaking, the active phase is
constituted by a highly dispersed chromium oxide supported on a
high surface area material [4]. Porous silica has been traditionally
employed, due to its tendency to fragment during the polymer
growing. The smaller silica fragments generated in this process
provide new chromium sites accessible for ethylene polymeriza-
tion. Besides silica, almost all the high surface area oxides have
been tested as supports, and some of them also found practical
applications [5-9]. In this context, also alumina (Al,03) was tested,
but the resulting Cr/Al,03 catalyst was left aside due to its ten-
dency to fast deactivation, providing only 10-20% of the polymer-
ization activity of Cr/SiO,. Noticeably, alumina does not fulfil the
fragility, porosity and high surface area standards required for
boosting polymerization. Nevertheless, the Cr/Al,05 catalysts do
show some unique features compared to Cr/SiO,, that could make
them extremely appealing [5]: (1) a much faster kinetic profile (i.e.

* Corresponding author.
E-mail address: elena.groppo@unito.it (E. Groppo).

https://doi.org/10.1016/j.jcat.2017.11.007
0021-9517/© 2017 Elsevier Inc. All rights reserved.

rapid development of polymerization upon ethylene addition); (2)
a lower tendency to B-hydride elimination (the polyethylene pro-
duced in the absence of H, has an extremely high molecular
weight, approaching the ultra-high classification); (3) an unusual
tendency to distribute the branching evenly throughout the molec-
ular weight distribution (nearly all the physical properties of the
polymer are improved); (4) a much higher H, sensitivity as chain
transfer agent (which implies the possibility of controlling the
molecular weight distribution). The reasons behind these peculiar
features must be searched in the molecular structure of the Cr
sites.

The singular properties of Cr/Al,O3 stimulated us to carry out a
complete spectroscopic investigation at a molecular level of the Cr
sites, aimed at tracking the reasons behind the unusual features of
Cr/Al, O3 in ethylene polymerization. The literature on the spectro-
scopic properties of Cr®*/Al,03 is wide, since this is one of the most
used catalysts for propene dehydrogenation [10-25]. Opposite to
the case of Cr®*/Si0,, for which the aggregation state and the struc-
ture of the grafted Cr% sites is still debated [5,7-9,20,22-24,26-3
5], there is a general consensus on that Cr®* on Al,O5 exists primar-
ily as (tetrahedrally coordinated) monochromate species [9,10,19-
24]. Much less was done on reduced Cr/Al,0s3, and the reference
works remain those of Weckhuysen et al. dating back to the middle
of 1990s [9,10,19-24]. More recently, Airaksinen et al. [25] studied
the reduction of alumina-supported chromia containing 13 wt%
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chromium, by X-ray photoelectron and absorption spectroscopies,
in situ temperature-programmed Raman and Diffuse Reflectance
FT-IR spectroscopies, combined with mass spectrometry. Accord-
ing to these seminal works, after reduction by carbon monoxide
or hydrogen mainly Cr>* is formed, although the formation of
Cr?* in carbon monoxide reduction was also observed. In the last
years spectroscopic methods have progressed enormously. For this
reason, it is timely a systematic spectroscopic investigation on
reduced Cr/Al,05 catalysts, with the specific purpose to determine
the structure of the reduced Cr sites and to correlate it with its
unusual behaviour in ethylene polymerization with respect to Cr/
SiO,. Both H, and CO have been used as reducing agents as indi-
cated by the literature [5]. Transmission FT-IR and Diffuse Reflec-
tance UV-Vis-NIR spectroscopies coupled with molecular probes
have been employed to confirm the presence of different Cr
reduced species at the catalyst surface and to clarify which are
those involved in the ethylene polymerization reaction.

2. Experimental section
2.1. Materials

The alumina-supported Phillips catalysts were prepared by
wet-impregnation, using as a support a transition-Al,O3; (Aeroxide
Alu C, Evonik-Degussa) characterized by a specific surface area of
100 m?/g, and CrO; (Sigma-Aldrich) as Cr precursor, according to
the procedure already adopted for the synthesis of Cr/SiO, [8].
Two Cr/Al,05 samples differing in the Cr loading (1 wt% and 0.5
wt%, hereafter referred to as 0.5Cr/Al,03 and 1.0Cr/Al,Os, respec-
tively) were prepared: the former was used for the FT-IR measure-
ment and the latter for DR-UV-Vis-NIR and kinetics experiments.
The choice was done to optimize the spectral quality. Cross-
checking experiments demonstrated that the spectroscopic prop-
erties are the same irrespective of the Cr loading, as already
demonstrated in the past for the similar Cr/SiO, catalyst [8].

The catalysts were activated directly inside the measurement
cells, that can be connected to a vacuum line allowing activations
and gas dosages. The activation procedure was very similar to that
well optimized for Cr/SiO, catalysts [8]. Briefly, the main steps are:
(i) degassing in dynamic vacuum at increasing temperature up to
650 °C to dehydroxylate the alumina surface; (ii) oxidation at the
same temperature in the presence of O,, resulting in the grafting
of the Cr species at the alumina surface; (iii) reduction in the pres-
ence of CO or H, at 350 °C, followed by removal of the gaseous
phase at the same temperature; (iv) cooling down at room temper-
ature. For probing the accessible Cr sites, CO was dosed at room
temperature (equilibrium pressure Pco =100 mbar), followed by
step-by-step expansions. The kinetics of ethylene polymerization
was studied by sending 200 mbar of ethylene at room temperature
over 0.5 g of catalyst inside a quartz reactor of known volume, and
recording the ethylene pressure as a function of time. Similar
experiments were repeated for the catalyst inside the FT-IR and
DR UV-Vis cells, collecting the spectra as a function of time.

2.2. Methods

Transmission FT-IR spectra were collected at 2 cm™! resolution
with a Bruker Vertex70 instrument equipped with a MCT detector.
The experiments were performed in situ and in controlled atmo-
sphere within a quartz cell equipped with two KBr windows,
allowing performing thermal treatments and measurements in
the presence of gases. The FT-IR spectra were normalized to the
optical thickness of the pellet.

Diffuse reflectance (DR) UV-Vis-NIR spectra were collected
using a Varian Cary5000 spectrophotometer with a diffuse reflec-

tance accessory. The samples were measured in the powder form,
inside a cell made of optical quartz, allowing performing thermal
treatments and measurements in the presence of gases. The reflec-
tance (%R) signal was later converted into Kubelka-Munk values.

3. Results and discussion
3.1. The role of CO and H as reducing agents for Cr®*/Al,05

The spectroscopic properties of Cr®" on Al,05 are well known in
the specialized literature. While for Cr®* on SiO, there is still a
debate on the aggregation state of the Cr®" species (both mono-
and dichromates have been proposed [5,7-9,20,22-24,26,34,35],
or even mono-oxo CrOs [27-33]), Cr® exist primarily as
monochromate species on Al,O3 [9,10,19-24] (the corresponding
DR UV-Vis-NIR spectrum is shown in Fig. S1a). Temperature-
programmed reduction measurements have demonstrated that
Cr®* on Al, 05 are more reducible than Cr®" on SiO, (i.e. their reduc-
tion is achieved at lower temperature), both in CO and in H; [5,36].
DR UV-Vis-NIR spectroscopy has been traditionally used to deter-
mine the final valence state of the reduced Cr sites in Cr/Al;03, Cr/
SiO, and variant thereof [8-10,19-24,36-40]. Although DR UV-
Vis-NIR is often disused in favour of other methods (such as XANES
or EPR), it remains one of the techniques most informative on the
electronic properties of heterogeneous catalysts. In the specific
case of Cr™ sites on inorganic support, the literature on the topic
is well assessed. DR UV-Vis-NIR spectroscopy has been used since
the early 1990s not only to discriminate among various oxidation
states and coordination geometries, but also to quantify the
amount of each species as a function of the sample composition
and treatment. For this reason, we started our investigation by col-
lecting the DR UV-Vis-NIR spectra of Cr/Al,03 reduced in CO and in
H, at 350 °C (Fig. 1, spectra 1 and 1/, respectively).

The DR UV-Vis-NIR spectra demonstrate that in the adopted
experimental conditions most of the Cr®" species have been
reduced in both cases. Indeed, the intense charge-transfer band
at 27000 cm™! characteristic of mono-chromates [9,10,19-24,41]
is no longer observed. Both spectra are dominated by an intense
band centred at 39000 cm™!, which is straightforwardly assigned
to an oxygen to chromium (O — Cr) charge transfer transition
[9,10,19-24,42,43]. In the low wavenumbers region, a multitude
of bands are observed and assigned to d-d transitions of several
types of reduced Cr sites, differing in the oxidation state and coor-
dination geometry. In particular, a very broad envelop of d-d bands
is observed in the spectrum of the CO-reduced catalyst, while that
of the Hy-reduced catalyst displays more defined bands centred at
26,000, 16,000 and 10,500 cm™'. The presence of a multitude of d-
d bands suggests a larger heterogeneity of reduced Cr sites with
respect of those obtained on Cr/SiO, systems [8], comprising
both +3 and +2 oxidation states and different coordination geome-
tries. It is worth noticing that the spectrum of the CO-reduced cat-
alyst is comparable to those previously reported by Weckhuysen
et al. for similar systems [9,10,19-24], which are unanimously con-
sidered as the reference spectra in this field.

The assignment of the d-d bands is straightforward on the basis
of the specialized literature [9,10,19-24]. The UV-Vis spectra of 6-
fold coordinated Cr3* species (Craf) are expected to show two
equally intense d-d bands centred at around 17,000 cm™" (*Ayg —
T, transition) and 25,000 cm™' (*A,, — “T; transition) and a third
one, rather weak, at 37,000 cm ' (which is however always masked
by the intense charge-transfer band at high energy) [20,23,44]. On
the other hand, the spectra of undistorted 6-fold coordinated Cr?*
ions (CrZ}) in high-spin 3d* complexes are known to show a single
d-d band centred between ca. 10,000 and 20,000 cm™!, which is
ascribed to the °Eg — °Ty, transition [44]. For example, the hexa-
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Fig. 1. Part (a) DR UV-Vis-NIR of the 0.5Cr/Al,O5 catalyst reduced in CO at 350 °C (curves 1) and in H, at 350 °C (curves 1’). Part b) FT-IR spectra of the 1.0Cr/Al,O5 catalyst
reduced in CO at 350 °C (curves 1) and in H; at 350 °C (curves 1’). The FT-IR spectra are normalized to the thickness of the pellet.

aquo Cr?*(H,0)s complex shows a single transition around ca. 14000
cm™! [44]. The DR UV-Vis-NIR spectra of the two reduced Cr/Al,03
catalysts are characterized by bands around 26000 and 16000
cm™!, which are compatible with the presence of both Crgf and
Crg: species. However, in both cases an additional d-d band is
observed around 10500 cm!, that univocally demonstrates the
presence of Cr?* species in a lower symmetry. Indeed, bands at
wavenumbers as low as 10,000 cm~! have been reported since
1960s for several distorted tetrahedral complexes of Cr?* [45-47],
and are commonly observed in the UV-Vis spectra of the CO-
reduced Cr/SiO, catalysts, where 4-fold (pseudo-tetrahedral) coordi-
nated Cr?* sites (Cr3s) are cleanly and selectively obtained.

On these basis, the DR UV-Vis-NIR spectra in Fig. 1 allow con-
cluding that the reduction of Cr®*/Al,05 catalyst leads to the forma-
tion of at least three types of reduced chromium sites, differing in
the oxidation state and coordination geometry, in close agreement
with the seminal works of Weckhuysen et al. [9,10,19-24]. The rel-
ative concentration of the Cr3;, Cré: and Crg! sites is a function of the
reduction conditions and can be roughly estimated by deconvolving
the DR UV-Vis-NIR spectra in the d-d region with four Gaussian
curves centred at ca. 10500, 14000, 16,000 and 26,000 cm™!
(Fig. S2), and considering that the molar extinction coefficient of
spin-allowed/Laporte partially allowed (by p-d mixing) transitions
(as for tetrahedral complexes) is usually ten times larger than that
of spin-allowed/Laporte forbidden transitions (as for octahedral
complexes) [44,48]. We found that reduction in H, at 350 °C leads
to the preferential formation of Cra¢ sites (ca. 98%), with a small
amount of Cr3f species (ca. 2%). Whereas reduction in CO at the same
temperature leads to a larger heterogeneity of sites, with Crg;, Cré:,
Cr3¢ sites accounting for about 70%, 22% and 8% of the total,
respectively.

The preferential formation of Crg¢ species differentiates Cr/Al,O3
from Cr/SiO,, where mainly Cr3¢ species are formed upon reduction
in CO and only a small amount of Crg{ species are obtained after
reduction in Hy [8,33,49]. This difference has been explained by
Weckhuysen et al. [23] considering the different “hardness” of the
two supports, where a harder support — according to the definition
first introduced by Pearson [50] - means that it is less susceptible
to electron fluctuations [51]. Silica is “softer” and this facilitates
the reduction of Cr® in Cr%*, whereas alumina is “harder” and
retards the reduction (leading to Cr*>* formation) [9]. Moreover, the
so formed Cr3* species are quite stable on the alumina surface
because of the similarity in size and charge with AP* (r(Cr3h) =
0.615 A and r(AI3},) = 0.53 A) [52], that makes relatively easy to dif-
fuse into vacant octahedral AI** sites. The Cr®* sites occupying the
octahedral interstices in the Al,05 lattice are clearly not accessible
to incoming molecules. A similar structure is believed for Cré!,
whose formation implies a slight distortion of the crystalline struc-

ture because of the bigger dimension of the Cr?* ions. On the other
hand, the 4-fold coordinated Cr?* sites stay on the surface, covalently
bonded to the alumina through two oxygen atoms and with two
other additional weaker ligands in the coordination sphere, in anal-
ogy to the Cr/SiO, catalyst.

The FT-IR spectra of the reduced Cr/Al,03 catalysts (Fig. 1b) are
dominated by the intense (and out of scale) absorption due to the
vibrational modes of the framework (below 1200 cm™!) and by
several weak absorption bands in the 3800-3500cm~! region
(with maxima at 3795, 3735, 3690 cm™!), due to the v(OH) modes
of various surface OH groups. The large amount of surface OH
groups characterized by a slightly different acidity [53-61] in con-
trast with the presence of isolated, well-defined, silanol groups at
the SiO, surface, is a direct consequence of the Lewis acidity of
Al,03 [53,54]. The higher intensity of the v(OH) bands in the spec-
trum of the H,-reduced catalyst indicates a larger amount of OH
species. This was already reported in the literature [25] and is
expected, since the by-product of chromates reduction is water
that, at 350 °C, partially re-hydrates the silica surface. On the other
side, the spectrum of the CO-reduced catalyst shows a series of
broad absorption bands in the 1800-1100 cm ™! region which have
been attributed in the specialized literature to pseudo-carbonate
species [25,55,62-65]. The presence of these species is a direct con-
sequence of the tendency of some metal oxides (including alu-
mina) to reactively adsorb CO, on their basic surface sites with
the consequent formation of different kinds of carbonates [66]. In
the present case, CO, is produced in situ during the reduction of
the chromate species in CO at 350 °C. This is observed also for
reduction of Cr®*/SiO, in CO [65,67], although the absence of basic
sites at the silica surface allows for a complete removal of CO, at
the reduction temperature [8]. Interestingly, a small amount of
surface carbonates are also formed when pure Al,Os is treated in
the same conditions (Fig. S2), indicating that a surface reduction
occurs at some extent, although alumina is usually considered a
not reducible metal-oxide. The process likely involves the forma-
tion of oxygen vacancies on a few defective sites.

3.2. Accessibility of the reduced Cr sites

The abundant literature on Cr/SiO, catalysts demonstrates that
CO is an excellent molecular probe for reduced chromium species
[8,9,68]. Fig. 2 shows the evolution of the DR UV-Vis-NIR and FT-IR
spectra of CO- and Hj-reduced Cr/Al,O5 catalysts as a function of
the CO coverage at room temperature. The DR UV-Vis-NIR spectra
of both catalysts change in the presence of CO (spectra 2 and 2’ in
Fig. 2a, ¢) mainly in the d-d region. In particular, the absorption
bands attributed to Cr3¢ originally at around 10,000 cm™! drastically
decreases in intensity, while simultaneously a new band appears
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Fig. 2. Part (a) DR UV-Vis-NIR spectra in the d-d region of the CO-reduced 0.5Cr/
Al,05 catalyst (spectrum 1), and of the same sample in the presence of CO (Pco =
100 mbar) at room temperature (spectrum 2). Grey spectra show the effect of
gradual CO desorption at room temperature. Part (b) Evolution of the FT-IR spectra
(magnification of the v(CO) region) upon CO adsorption at room temperature on the
CO-reduced 1.0Cr/Al,O5 catalyst as a function of Pco coverage, from Pco = 100 mbar
(spectrum 2) to zero (spectrum 1). Parts (b) and (d): as part (a) and (c) for Hy-
reduced 0.5Cr/Al,03 and 1.0Cr/Al,03, respectively.

around 15,000 cm~! typical of Créf species. The phenomenon is more
evident when looking to the difference spectra (Fig. S4). The pres-
ence of an isosbestic point at ca. 13,000 cm™! indicates that the
Cr3! species are converted into Crz; species, due to CO coordination
[8]. The weaker intensity of the newly formed band is in agreement
with the expected lower extinction coefficient for transitions involv-
ing 6-fold coordinated sites [44]. Upon degassing CO, the original
spectra are restored, indicating that CO adsorption on Cr; sites is
a reversible process. On the other hand, the bands attributed to
Cr&! and Crg! sites are not influenced by the presence of CO, unequiv-
ocally demonstrating that these sites are mostly inaccessible to the
CO molecule, as expected since their coordination sphere is fully
occupied. Supplementary experiments of re-oxidation in the pres-
ence of O, (Fig. S5) verified that all the reduced Cr sites are re-
oxidized to Cr®, thus excluding that Crg} and CrZ{ are completely
buried in the Al,03 lattice. It is worth noticing that the spectroscopic
behaviour is the same whether or not carbonates are present at the
catalyst surface.

Fig. 2b, d show the FT-IR spectra, in the v(CO) region, of CO
adsorbed on the two catalysts as a function of the CO coverage.
At the maximum coverage, the spectra are dominated by an
intense and quite broad absorption band, centred at 2199 cm™!
for CO-reduced Cr/Al,O; and at 2191 cm™! for H,-reduced Cr/
Al,03. The observation of a single (although broad) absorption
band for all the CO coverage indicates the formation of mono-
carbonyl Cr complexes. This differentiates again reduced Cr/Al,03
from Cr?*/SiO,, where a fraction of very low-coordinated Cr?* sites
are able to adsorb up to two CO molecules in the same experimen-
tal conditions [8]. In principle, both Cr™ and surface AI** sites
could be available for CO adsorption. CO adsorbed on unsaturated
AI3* sites has been reported to contribute in this wavenumber
region, but with very weak bands at room temperature [55,69],

opposite to what observed herein. Hence, both bands observed in
Fig. 2b, d are ascribed to mono-carbonyl adducts formed on
reduced Cr sites. The shift of the v(CO) bands at higher frequencies
upon decreasing the CO coverage, observed in both cases, reveals
the occurrence of inter-molecular interactions between CO mole-
cules adsorbed nearby. This phenomenon is typically observed on
ordered surfaces [68-71]. In the present case, it might reflect the
proximity of several available adsorption sites for CO, comprising
not only the reduced Cr sites, where CO is strongly bonded, but also
the unsaturated AI** sites.

The position of both bands indicates that the interaction of CO
with the reduced Cr sites is dominated by o-donation/
polarization effects, while m-back donation is negligible. Similar
“non classic” carbonyls are formed on Cr?*/SiO,, which account
for v(CO) bands around 2180 cm™! [8]. The much higher v(CO) val-
ues observed for CO adsorbed on Cr/Al,05 reduced in CO and in H;
(+10 and + 20 cm™!, respectively) could be attributed, in principle,
to a higher oxidation state of the accessible Cr sites. For instance,
bands at very similar v(CO) values (2188 and 2202 cm™!) were
assigned by Copéret et al. [72] to CO adsorbed on well-defined
Cr®* sites at the silica surface. However, in our case the DR UV-
Vis results discussed above unequivocally show that only the
Cr3: sites are accessible to CO at room temperature. Hence, the
absorption band in Fig. 2b, d is attributed to mono-carbonyl adducts
formed on CrZ! sites. The position of the v(CO) band can be explained
by considering the more ionic character of alumina with respect to
silica. Indeed, according to Busca [53,54,57], semi-metal oxides, such
as silicas, are constituted by essentially covalent network structures
(i.e. the Si—O0 bond is classifiable as a covalent bond), while typical
metal oxides (such as titania, zirconia, and alumina) are essentially
ionic network structures (i.e. the AI—0 bond has the characteristics
of an ionic bond). Hence, a Cr?" site grafted at the alumina surface
feels a lower electronic density than a Cr?* site at the surface of sil-
ica, because of the more ionic character of the AlI—O bond with
respect to the Si—O bond. The difference in 10 cm™! observed in
the position of the v(CO) absorption bands for the two catalysts
can be explained by considering the different local environment of
the Cr3! sites in CO- and H,-reduced Cr/Al,Os. Indeed, in the H,-
reduced sample a fraction of the Cr3; sites might be partially in inter-
action with surface —OH groups, which are by far more abundant
than in the CO-reduced sample (Fig. 1b). In the CO-reduced sample,
at least a fraction of the Cr3? sites are in proximity of surface carbon-
ates (Fig. 1b), i.e. of electronegative groups. A similar induction effect
was reported in the early 1990s for CO adsorbed on Cr,03 in the
presence of carbonates [73]. In this respect, it is worth noticing that
CO adsorption on CO-reduced Cr/Al,03 causes a perturbation of the
absorption bands associated to surface carbonates-like species
(Fig. S6), which is largely reversible upon decreasing the CO
pressure.

Summarizing, in contrast to the Cr3¢ sites present at the surface
of the CO-reduced Cr?*/SiO, catalyst (where the ancillary ligands are,
at most, the strained siloxane bridges), the CO- and Hy-reduced Cr/
Al,O5 catalysts display accessible surface Cr3; sites at least partially
surrounded by carbonates and hydroxyl groups, respectively. The
presence of these ancillary ligands might influence the reactivity of
the reduced Cr/Al,03 catalysts towards ethylene.

3.3. Ethylene polymerization

Kinetic experiments were performed on both the CO- and Hj-
reduced Cr/Al,O3 catalysts to evaluate the ethylene polymerization
rate in comparison with the CO-reduced Cr?*/SiO, catalyst [74,75].
Fig. 3a shows the decrease of ethylene pressure as a function of
time for the three catalysts, monitored in the same experimental
conditions and at a constant Cr loading. The data indicate that
the CO-reduced Cr/Al,0O3 catalyst is almost 15 times faster than
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Fig. 3. Part (a) Kinetics of ethylene polymerization on CO- and H,-reduced 1.0Cr/
Al,05 catalysts, compared to that of CO-reduced Cr/SiO, obtained by recording the
ethylene pressure as a function of time. Parts (b) and (c) Time resolved FT-IR spectra
collected during the C;H,4 polymerization at room temperature on the 1.0Cr/Al,O3
catalyst reduced in CO after 35 s of polymerization (spectrum 3) and on the same
catalyst reduced in H, after 30 min of polymerization (spectrum 3'), respectively.
Grey spectra are collected at intermediate times. The inset in part (b) shows a
magnification of the spectral region where only the carbonates contribute, to
highlight the effect of ethylene polymerization on the absorption bands ascribed to
carbonates.

the Cr?*/SiO, catalyst and even 350 times faster than the Ho-
reduced Cr/Al,O3 catalyst. The ethylene polymerization rate
observed for the Cr/Al,O3 catalyst reduced in CO is in good agree-
ment with the “fast kinetics” of the chromia alumina reported by
McDaniel [5]. By plotting the natural logaritm of the ethylene pres-
sure versus time (that is, under the usual approximation of a first-
order reaction), rate constants of 0.6 and 210 s 'molCr~! were
obtained for H,- and CO-reduced Cr/Al,03, to be compared with
the value of 15 s~'molCr~! obtained for Cr/SiO, in the same reac-
tion conditions.

In situ time-resolved FT-IR spectroscopy is in qualitative agree-
ment with the kinetic experiments. Fig. 3b, ¢ show the time-
resolved FT-IR spectra collected during ethylene polymerization
(Pc2na = 100 mbar) at room temperature on both the CO- and Hj-
reduced Cr/Al,Os3 catalysts. The occurrence of ethylene polymeriza-
tion is indicated by the growth of the IR absorption bands charac-
teristic of polyethylene, in both Vv(CH,) and &(CH;) vibrational
ranges (at 3000-2800 and 1500-1350cm™!, respectively). The
much faster ethylene polymerization rate of CO-reduced Cr/Al,03
is demonstrated by the rapid saturation of the v(CH,) absorption
bands (after 35 s only), while the same bands reach a lower inten-
sity even after 30 min of ethylene reaction on H,-reduced Cr/Al,03
(lower amount of polyethylene formed).

Additional information can be obtained by a closer inspection of
the FT-IR spectra in Fig. 3b, c: (1) the formed polyethylene is highly
crystalline also at short polymerization time, as evidenced by the
intensity ratio between the two §(CH,) bands at 1472 and 1463
cm~! [76]; (2) the absorption bands assigned to surface pseudo-
carbonates in the spectrum of the CO-reduced catalyst are slightly
perturbed immediately after ethylene dosage (inset in Fig. 3b). The
effect is similar to that observed in the presence of CO, validating
the previous conclusion on the close proximity of carbonates to a
fraction of the reduced Cr3; sites; (3) at long polymerization time,
i.e. for high polyethylene content, also the v(OH) bands are per-
turbed, as a consequence of the interaction with the polyethylene
chains [8].

In order to understand which reduced Cr site is active in ethy-
lene polymerization, we followed the reaction at room tempera-
ture by means of DR UV-Vis-NIR spectroscopy on both the CO-
and H,-reduced Cr/Al,O5 catalysts. The resulting spectra are shown

Kubelka-Munk (KM)

40000 30000 20000 10000 40000 30000 20000 10000

Wavenumber (cm™) Wavenumber (cm™)

Fig. 4. Part (a): DR UV-Vis-NIR spectrum of 0.5Cr/Al,03 reduced in CO at 350 °C
(spectrum 1) and during ethylene polymerization at room temperature (grey); the
last spectrum (spectrum 3) is collected at the end of the reaction. The arrow
highlights the band more affected by ethylene polymerization. The inset shows a
magnification in the region where the combination of polyethylene stretching and
bending modes are observable. Part (b): as part (a) for the 0.5Cr/Al,03 reduced in H;
at 350 °C.

in Fig. 4. Upon ethylene dosage, the DR UV-Vis-NIR spectra of both
catalysts change mainly in the d-d region, where the d-d bands
previously ascribed to Cr3{ sites are gradually eroded (see arrows
in Fig. 4). Meanwhile, weak bands grow in the 4500-4000 cm™'
region, where overtones and combinations of the stretching and
bending vibrational modes of polyethylene are located (see insets
in Fig. 4). These results provide a strong evidence that the Cr3; sites
are those mainly involved in ethylene polymerization, whereas the
other reduced chromium species (Cr2: and to Crae sites) are mostly
inactive, because inaccessible to ethylene (as for CO, Fig. 2). Interest-
ingly, the disappearance of the spectroscopic fingerprints of Cr3s is
not accompanied by the appearance of any additional band that
could reveal the destiny of the active sites. Likely, the Cr active sites
remain buried into a layer of polyethylene and become rapidly invis-
ible to DR UV-Vis-NIR. This is a limitation intrinsic to the physical
method with which the UV-Vis spectra are collected. Indeed, in
the reflectance mode, the spectrophotometer collects the light scat-
tered by the sample. As soon as a coating of polyethylene is formed
around the Cr/Al,Os3 particles, their size rapidly approaches the
nanometer range, and they become strong light scatterers, thus pre-
venting the light from penetrating deeply into the sample (i.e. where
there are the Cr sites). This is macroscopically visible in the aspect of
the sample that progressively becomes white. The white colour is
not the colour of polyethylene (which is transparent in the whole
UV-Vis region), neither that of Cr/Al,05 (whichever is the oxidation
state, Cr ions give always a colour different than white). Rather, the
white colour is the result of the scattering of the light from the com-
bination polyethylene + catalyst particles. In these conditions, no
information on the active Cr sites can be obtained anymore. How-
ever, collecting the UV-Vis spectra in the early stages of ethylene
polymerization allows following the process. The first spectroscopic
manifestation of Cr/Al,O3 that disappear during the formation of
polyethylene are those associated to the active sites (i.e. where the
polymer is forming).

The results summarized above converge in indicating that, in
our experimental conditions, the 4-fold coordinated Cr?* sites are
those acting as precursors in ethylene polymerization, although
we cannot solve (for the moment) the long-standing question
about the mechanism of ethylene polymerization [74,77-79]. This
is in agreement with a part of the specialized literature (citing Max
McDaniel, Cr(Il) is at least an active precursor, but whether the
chromium remains divalent during olefin polymerization is doubt-
ful [5]). This statement does not exclude that also Cr>* sites may be
active in ethylene polymerization to some extent, as for ad-hoc
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synthesized catalytic systems reported in recent literature
[72,80,81].

Once determined which are the Cr sites mainly involved in the
ethylene polymerization reaction (Cri¢) and knowing their approx-
imate concentration (as assessed by DR UV-Vis-NIR spectroscopy), it
is possible to estimate the reaction rates per active site. Values of 30
and 2625 s~ ![mol(Cr3;)]"! have been obtained for H,- and CO-
reduced Cr/Al,Os, to be compared with 15 s 'molCr~! of Cr/SiO,
(since the totality of Cr sites in Cr/SiO, are Cr3¢). Although approxi-
mated, these values clearly indicate that Cr3 sites on Al,O3 are
intrinsically more active than the same sites on SiO, (effect of the
support). Moreover, the Cr3{ sites on CO-reduced Cr/Al,O5 are ca.
two orders of magnitude more active than those on H,-reduced Cr/
Al,05 (effect of the ancillary ligands). It emerges that both the elec-
tronic and the local structure of the chromium sites play a major role
in affecting their catalytic performances. The support is decisive in
influencing both properties, but also the preparation and activation
steps are important instruments to tune the properties of the Cr
active sites. This explains why, at the present, there is still a contro-
versy on the oxidation state of the active Cr sites. Considering all the
variables in the catalyst synthesis and activation, we believe that the
two main hypothesis (+2 and +3) may coexist.

4. Conclusions

In this work we thoroughly investigated the physical-chemical
properties of the Cr/Al,0O5 catalyst, aiming to understand the rea-
sons behind its incredibly fast kinetic profile in ethylene polymer-
ization. We demonstrated that a heterogeneity of Cr reduced sites
are formed when Cr®"/Al,05 is reduced either in CO or in H,, differ-
ing in the oxidation state (+3 or +2), in the local structure (6-fold or
4-fold coordination) and surroundings (types of ancillary ligands).
The relative amount of the reduced Cr sites is a function of the
reduction procedure. Among these sites, the 4-fold coordinated
Cr?* ones revealed to be those involved in ethylene polymerization,
while both 6-fold coordinated Cr?* and Cr>" sites are just specta-
tors, being almost inaccessible to the incoming molecules. The
Cr3{ sites are relatively more abundant in the CO-reduced Cr/Al,O3
(accounting for about 8% of the total) than in the Hy-reduced Cr/
Al;03 (ca. 2% of the total), and they are the dominating species in
Cr?*/Si0,. Nevertheless, the CO-reduced Cr/Al,05 catalyst is 15 times
faster in ethylene polymerization than the Cr?*/SiO, catalyst. The
estimated reaction rates indicate that the Cr3; sites on CO-reduced
Cr/Al,03 are two order of magnitude more active than the same sites
on SiO, or on H,-reduced Al,Os.

The results discussed above demonstrate that there are at least
two reasons behind the faster polymerization profile of the CO-
reduced Cr/Al,03 catalyst. The first one is the higher ionicity of
the Cr—O—Al bond with respect to the Cr—O—Si bond evidenced
by the strong perturbation of the CO probe adsorbed at the acces-
sible Cr sites. As a consequence, the Cr3s sites at the alumina surface
experience a lower electronic density than those at the silica surface.
The second reason lies in the nature of the ancillary ligands around
the Cr3! sites. Beside the strained Al—O—Al bridges, carbonates are
found in the CO-reduced Cr/Al,05 and hydroxyl groups are present
in the H,-reduced Cr/Al,Os, while strained siloxane bridges complete
the coordination sphere of Cr?* sites in Cr?*/SiO.. The three types of
ancillary ligands are characterized by a different strength of interac-
tion with the Cr3{ sites (i.e. they are more or less displaceable by the
incoming ethylene monomer) and exert a different electronic influ-
ence. It is reasonable to assume that the same two reasons might
explain also the other peculiar features of Cr/Al,O3 in ethylene poly-
merization (i.e. the lower tendency to B-hydride elimination, the
even distribution of branches throughout the whole molecular
weight distribution and the H, sensitivity). Hence, these results indi-

cate a strategy for the development of Cr-based catalysts with
improved efficiency, which relies on the increase of the support ion-
icity and on the selection of the right ancillary ligands, a practice that
is common in Ziegler-Natta catalysis but less employed in the field of
the Phillips catalyst. Last, but not least, the new data shown in this
contribution strengthen the hypothesis that, in Cr-based catalysts,
ethylene polymerization occurs on divalent Cr species in interaction
with suitable ancillary ligands, as we showed in our previous works
[82-84].
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Tracking the reasons for the uniqueness of Cr/Al,O;

catalyst in ethylene polymerization.
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Figure S1 DR UV-Vis (part a) and FT-IR (part b) spectra of the Cr®*/Al, O, catalyst calcined at 650 °C.

Figure S1 shows the DR UV-Vis (part a) and FT-IR (part b) spectra of Cr®*/Al,Os. Starting
from the UV-Vis measurements, two intense absorption bands at about 27000 cm™ and 41000
cm™ dominate the spectrum, in well agreement with the fundamental works of Weckhuysen
et al. [1-8]. These bands are assigned to O — Cr(VI) charge-transfer transitions for well
dispersed monochromate species [1-8]. No additional bands are present in the d-d transition
region, being Cr® a d° transition metal ion. The FT-IR spectrum of Cr®*/Al,O; is

characterized by the intense and out-of-scale absorption due to the framework modes of



alumina (below 1200 cm™), and by the weak absorption bands in the v(OH) region (3800-
3500 cm™) assigned to different Al-OH surface species [9-14].

10.1 K.M.
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Figure S2 DR UV-Vis-NIR spectra of CO-reduced Cr/Al,O3 (part a) and H,-reduced Cr/Al,O; and spectral
deconvolution to determine the relative concentration of Cr®*,; (light grey), Cr®*e (intermediate grey) and Cr**s,

(dark grey).
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Figure S3 FT-IR spectra of alumina dehydroxylated and calcined at 650 °C (curve 1), and after reduction in CO

at 350 °C and outgassing at the same temperature (curve 2).

Figure S3 shows the FT-IR spectrum of alumina dehydroxylated and calcined at 650 °C
(curve 1) and upon treatment in CO at 350 °C (curve 2). The spectrum of activated Al,O3 is
evidently analogous to that of the Cr®*/Al,0; sample, while the CO-reduced alumina is
characterized by the presence of two additional absorption bands at 1600 and 1395 cm™.
According to Morterra [15], these bands can be attributed to pseudo-carbonate species. The
presence of these species can be traced back to the formation of CO, resulting from CO
oxidation at the alumina surface; this means that CO reduces also the bare alumina, likely at
some defective sites where oxygen vacancies are created, leading to CO, formation and its

successive stabilization at the alumina surface in the form of carbonates.
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Figure S4. Difference DR UV-Vis-NIR spectra in the d-d region of the Cr/Al,O5 catalyst reduced in CO (part a)

and in H, (part b), in the presence of increasing amount of CO. The spectra have been obtained after subtraction

of the spectrum prior CO dosage (spectra 1 and 1° shown in Figure 2 in the main text).
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Figure S5 DR UV-Vis-NIR spectra of Cr®*/Al, 05 (curve 1), of the same sample reduced in CO at 350°C (curve

2) and upon re-oxidation at 650 °C (curve 3).

Our UV-Vis spectroscopic investigation revealed that three main Cr reduce sites are formed
upon reduction in H, or CO at 350 °C. Since the only sites available for CO adsorption and
ethylene reaction are the Cr*,, we tried to understand whether the other Cr®*g; and Cr¥*g
sites were not available because buried into the Al,O3 lattice. We thus performed a
supplementary experiment in which Cr®*/Al,O5 (curve 1 in Figure S5) was reduced in CO at
350 °C (curve 2 in Figure S5) and re-oxidized back with two dosages of oxygen at 650 °C
(curve 3 in Figure S5). If the Cr?*g. and Cr¥'¢. sites were buried into the alumina, these sites
would not be accessible to O,. The perfect match between curves 1 and 3 in Figure S5
indicates that all the reduced Cr sites were re-oxidized to Cr®*, demonstrating that all the

reduced Cr sites are accessible to O, and thus are not buried into the alumina lattice.
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Figure S6 FT-IR spectra (magnification of the pseudo-carbonates region) upon CO adsorption at room
temperature on CO- and H,-reduced Cr/Al,O; (parts a and b, respectively), maximum coverage (spectra 2 and

2’) and zero (spectra 1 and 1°).

Figure S6 shows the spectrum of CO- and Hj-reduced Cr/Al,O3 catalysts (curves 1 and 1’ in
parts a and b, respectively) and upon CO adsorption at room temperature (curves 2 and 2°) in
the carbonates stretching region (1900-1100 cm™). For the H-reduced sample (Figure S6b),
the spectrum does not show significant changes upon CO adsorption. For the CO-reduced
sample (Figure S6a) CO adsorption causes a perturbation of the absorption bands assigned to
carbonates (suggesting that CO displaces a fraction of the carbonates from the Cr?*4 sites)
and the appearance of new IR adsorption bands around 1800 and 1200 cm™ (new and

different carbonate species are formed).
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Abstract

Al-alkyls are often used in the industrial practice for modifying the Phillips catalysts for polyethylene production: they are
not necessary to develop the activity, but they have relevant effects on the catalysis, decreasing the induction time, promoting
the in situ branching, and enhancing the H, sensitivity for the molecular weight regulation. Herein we investigate the effect
of diethylaluminum ethoxide (DEALE) on Cr(II)/SiO, (in a stoichiometric amount of Al:Cr=2:1), focusing the attention
on the modification of the Cr(II) sites at a molecular level. Diffuse reflectance UV-Vis and FT-IR spectroscopies, applied in
the presence of CO and CD;CN as molecular probes, unequivocally demonstrate that: (1) DEALE modifies only a fraction
of the Cr(II) sites (ca. 30%) even if dosed in excess with respect to the Cr sites; (2) DEALE reacts with the silica surface,
forming Al-grafted species which are at least partially in interaction with the Cr(II) sites and hence act as ancillary ligands;
(3) the modified Cr(Il) sites are more acidic and likely mono-grafted to the silica surface; the presence of Al-grafted species
nearby is essential for their stabilization. Finally, kinetic experiments indicate that the modified Cr(II) sites are ca. 60 times
faster in inserting ethylene than the unmodified Cr(II) sites. The intrinsic higher activity of the modified Cr(II) sites is a

consequence not only of their molecular structure, but of the whole series of effects listed above.

Keywords Phillips catalyst - Chromium - Al-alkyls - FT-IR spectroscopy

1 Introduction

Polyolefins (POs) are ubiquitous materials in the modern
economy, combining unrivalled functional properties with
low cost, low weight and excellent barrier properties. In this
market the Phillips catalyst produces hundreds of specialized
PE grades, supplying almost 50% of the total HDPE world
demand [1-3]. Since its discovery in 1951 [4], the C1/SiO,
Phillips catalyst was modified and evolved mainly follow-
ing trial and error approaches or serendipitous discoveries.
One of these discoveries was the possibility of introducing
Al-alkyls in the catalytic process. Indeed, opposite to Zie-
gler—Natta catalysts, the Phillips catalysts do not require any

Electronic supplementary material The online version of this
article (https://doi.org/10.1007/s11244-018-1041-z) contains
supplementary material, which is available to authorized users.

P4 Elena Groppo
elena.groppo @unito.it

! Department of Chemistry, NIS Centre and INSTM,
University of Torino, via G. Quarello 15A, 10135 Turin,
Italy

co-catalysts (or activators) to develop an activity, but they
are used to enhance it and to modify the produced polymer
[5]. The idea of using Al-alkyls to change the performances
of the Phillips catalyst originated from an accident occurred
at an industrial plant running a Phillips catalyst, that was
accidentally contaminated with the aluminium alkyls
employed in a Ziegler—Natta polymerization line nearby.
This “mistake” led to the unexpected production of a short-
chain branched polyethylene with remarkable properties for
technological applications [6]. Further investigations driven
by the industrial curiosity revealed that many metal-alkyls
bearing at least one M—R bond (hereafter referred to as MR)
affect the Cr active sites distribution, promote the in situ
branching, and enhance the sensitivity to H, [5, 7]. This lat-
ter aspect is particularly interesting because the un-modified
Phillips catalyst is not sensitive to the presence of hydrogen
during the polymerization process, which is among the easi-
est methods for the regulation of the molecular weight. The
modification of the Phillips catalysts by metal-alkyls can be
carried out both on the oxidized form (Cr(VI)/SiO,) and on
the CO-reduced form (Cr(II)/SiO,). According to McDaniel
[5], the Cr(II)/SiO, Phillips catalyst is more readily subject

@ Springer
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to attack by metal-alkyls, and by combining the catalyst
activation with suitable reaction variables it is possible to
increase enormously its H, sensitivity.

Metal-alkyls can potentially interact/react with both the
silica support and the Cr sites. As far as the modification
of the silica surface by MR is concerned, extensive studies
can be found in the literature, since this is a really versa-
tile approach for the surface functionalization [8—12]. MR
can react with surface OH groups and/or with the strained
siloxane bridges, whose relative amount is a function of the
de-hydroxylation conditions [13, 14]. Several concomitant
reaction pathways were identified [10-12], such as the M
grafting by the protonolysis of one (Scheme la) or two
silanols and the M grafting by the opening of a siloxane
bridge through the nucleophilic attack of an alkyl group
(Scheme 1b). Further rearrangements of the grafted M with
other siloxane bridges nearby are also possible.

In contrast, the reactivity of Al-alkyls with the Cr sites in
Cr/SiO, was much less explored, and a wide range of pos-
sible products can be envisaged, depending on the reaction
conditions, on the amount and type of co-catalyst, and on
the pre-treatment of the catalyst [5]. The scientific litera-
ture in this field is very poor, with just a few articles and a
few research groups working on this system [6, 15-22]. The
few hypothesis that have been formulated are summarized
in Scheme 2, considering the reaction of a generic MR with
the Phillips catalysts either in the oxidized (parts a and b)
or in the reduced (parts b and c¢) forms. Among the various
possibilities, the MR can: (a) reduce Cr(VI) to lower-valent
active species, thus accelerating the development of the
polymerization rate; (b) alkylate the chromium, similarly
to the role of the co-catalyst in Ziegler—Natta catalysis; (c)
react with the chromium site itself, or with neighbouring
OH or siloxane groups, to modify the site or become part of
its environment, thus influencing its behaviour; (d) attack
the Cr-support bonds, thus initially converting di-grafted

H
(a) AIR2
+ AIR
AID 3 )\ +RH
_Si_ /éi\
AIR2
(b) + AIR3 o)
_si” Og &7 Z.
I S N W\ o M \IWW
WA MAA

Scheme 1 Mechanisms proposed in the literature for the reaction of
a metal alkyl (MR) with the surface of dehydroxylated silica [10-12]:
grafting of M by protonolysis of one silanol group (a); grafting of M
by siloxane bridge opening through the nucleophilic attack of an alkyl
group (b)
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Scheme 2 Mechanisms proposed in the literature [5, 6, 15-22] for
the reaction of AIR; with Cr(VI)/SiO, (a and b) and Cr(II)/SiO, (¢
and d)

chromium species into mono-grafted ones, and eventually
destroying the sites and causing a loss of activity. Most of
these hypotheses are not confirmed yet by direct experimen-
tal evidence on the structure of the active sites at molecular
level.

In this work we propose for the first time an in-depth
investigation on the effect of an Al-alkyl on the CO-reduced
form of the Phillips catalyst, Cr(II)/SiO,. We decided to
focus our attention on Cr(II)/SiO, in order to limit the num-
ber of working hypothesis (formally only paths c and d in
Scheme 2 are possible). Among all the possible Al-alkyls,
we choose diethylaluminum ethoxide (DEALE =ROAIR,,
with R =ethyl), that is known to have a very pronounced
influence on the H, sensitivity [5]. We adopted DR UV-Vis
and FT-IR spectroscopies (the latter also in the presence of
probe molecules), since these techniques have been dem-
onstrated to be extremely sensitive and able to discriminate
among several Cr sites differing in the coordination geom-
etry, much more than other more sophisticated methods. Our
spectroscopic investigation allowed us to get information on
the fraction of the Cr sites modified by DEALE and on their
structure at a molecular level.

2 Experimental Section
2.1 Catalyst Activation and Modification
The Phillips catalysts were prepared by wet-impregnation

of a Si0, (Aerosil®380) with a solution of chromic acid
(Sigma-Aldrich) as Cr precursor, according to the procedure
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widely adopted in the past [23]. Two Cr/SiO, samples dif-
fering in the Cr loading (1 wt% and 0.5 wt%) were prepared:
the former was used for the FT-IR measurement and the lat-
ter for DR-UV-Vis-NIR. The choice was done to optimize
the spectral quality. We have previously demonstrated that
the properties of the Cr sites in the two catalysts are the
same [23]. The catalysts were activated directly inside the
measurement cells, to avoid any type of contamination. The
activation procedure can be resumed in four main steps: (i)
degassing in dynamic vacuum at increasing temperature up
to 650 °C to dehydroxylate the silica surface; (ii) calcination
at the same temperature, resulting in the grafting of the Cr
species at the silica surface in the form of monochromates;
(iii) reduction in the presence of CO at 350 °C, followed
by degassing at the same temperature; (iv) cooling down
at room temperature. The obtained material will be called
hereafter Cr(II)/SiO,.

The modification of Cr(II)/SiO, with DEALE was accom-
plished by impregnating Cr(II)/SiO, in the glove-box with
a well-defined amount of DEALE in hexane, calculated
considering a stoichiometric Al/Cr ratio of 2/1. In all the
experiments, the DEALE/hexane mixture was left in contact
with the catalyst for ca. 15-20 min, followed by removal
of hexane immediately before the experiment. Hence, our
procedure mimics the catalyst pre-treatment stage employed
in commercial operations, where the catalyst is treated with
the Al-alkyl for about 30 min directly in the polymerization
reactor before the introduction of the monomer. This pro-
cedure is known to give a much more pronounced response
than introducing the Al-Alkyl at the polymerization stage,
i.e. in the presence of the monomer [5]. The Al/Cr stoichi-
ometry is known to strongly influence the Cr speciation [24,
25], and the maximum activity is usually achieved at a ratio
near 1/1 or 2/1. The resulting sample will be labelled as
Cr(II)/Si0, +DEALE in the following.

Finally, a series of blank experiments were performed
on a bare SiO, activated with the same procedure as for
Cr(II)/Si0, and successively reacted with DEALE in the
same amount as for Cr(II)/SiO, + DEALE. This sample will
be labelled as SiO, +DEALE.

2.2 Methods

Diffuse reflectance (DR) UV-Vis-NIR spectra were col-
lected using a Varian Cary5000 spectrophotometer with a
diffuse reflectance accessory. The samples were measured
in the form of thick self-supported pellets (surface density
ca. 200 mg/cm?), placed inside a cell equipped with a quartz
suprasil window, that allows performing thermal treatments
and measurements in the presence of gases. The reflectance
(R%) signal was later converted into Kubelka—Munk values
F(R).

Transmission FT-IR spectra were collected at 2 cm™' res-
olution with a Bruker Vertex70 instrument equipped with a
MCT detector. The experiments were performed on samples
in the form of thin self-supported pellets (surface density ca.
30 mg/cm?), placed inside a quartz cell equipped with two
KBr windows, which allows performing thermal treatments
and measurements in the presence of gases. All the FT-IR
spectra were normalized to the optical thickness of the pel-
let, in order to allow quantitative comparisons to be done.

The kinetics of ethylene polymerization was studied by
sending 200 mbar of ethylene at room temperature over 0.2 g
of catalyst inside a quartz reactor of known volume, and
recording the ethylene pressure as a function of time, as
already done in the past [26, 27]. A similar experiment was
repeated for the catalyst inside the FT-IR cell, collecting the
spectra as a function of time.

For probing the accessible Cr sites after modification
with DEALE, FT-IR experiments of adsorbed carbon mon-
oxide (CO) and d-acetonitrile (CD;CN) were performed.
CO was dosed in the gas phase (equilibrium pressure
Pco =100 mbar) at room temperature. CD;CN was dosed
in the vapour phase (from the liquid vapour tension) at room
temperature. A FT-IR spectrum was collected at the maxi-
mum CO (or CD;CN) coverage, followed by step-by-step
expansions to diminish the equilibrium pressure in a con-
trolled way.

3 Results and Discussion
3.1 Reactivity of DEALE with Cr(11)/SiO,

Figure 1 displays the DR UV-Vis-NIR (part a) and the
FT-IR spectra (part b) of the CO-reduced Cr(II)/SiO, catalyst
before (black spectra) and after the reaction with DEALE in
the stoichiometric ratio of Al/Cr=2/1 (grey spectra). The
spectra of Cr(II)/SiO, were deeply discussed in the past [23],
and will be just commented briefly here. In the UV-Vis-
NIR region, the two intense bands centred at ca. 41,000 and
30,000 cm™! are attributed to O—Cr charge-transfer tran-
sitions, while the two bands at 12,000 and 7500 cm™! are
assigned to the d—d transitions characteristic of 4-coordi-
nated d* Cr(ID) sites in a distorted tetrahedral environment.
In the Mid-IR region, the spectrum is dominated by the fin-
gerprints of a highly dehydroxylated silica, i.e. a very narrow
absorption band centred at 3745 cm™! due to the v(OH) of
isolated silanol groups, the out-of-scale absorption below
1100 cm™! due to the vibrations of the silica lattice and a
triplet of bands in the 21001500 cm™! region due to the
overtones and combinations of the SiO, lattice vibrations.
After reaction with DEALE, both the DR UV—Vis and
FT-IR spectra greatly change. In the UV—Vis region the bands
characteristic of Cr(II) sites decrease in intensity, and at the
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spectra (a) and FT-IR spectra (@)
(b) of CO-reduced Cr(IT)/ 3 1
SiO, (black), and of the same
sample reacted with DEALE at
the stoichiometric ratio of Al/
Cr=2/1 (grey). The inset in part
a shows a magnification of the
NIR region. The inset in part
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same time also the v(OH) absorption band in the Mid-IR spec-
trum is consumed (inset in Fig. 1b), indicating that DEALE
reacts with both the Cr(Il) sites and the silica surface. Simulta-
neously, new absorption bands appear in the 3000-2700 cm™!
and 1500-1350 cm™ regions, which are straightforwardly
assigned to v(CH,) and 8(CH,) vibrations. The corresponding
overtones and combinations are observed in the NIR region
(inset in Fig. 1a). These bands are related to the alkyl groups
derived from DEALE, although it is not possible to distin-
guish among all the putative species depicted in Scheme 1c
and d, namely the alkylated Cr-R sites and the AIR(OR) spe-
cies grafted on silica. Indeed, the same bands are observed in
the spectrum of SiO,+DEALE (Fig. S1). This implies that
the fraction of modified Cr sites is very small and/or that the
vibrational fingerprints of the modified Cr sites do not differ
from those of the Al species grafted on silica.

In addition, two important observations must be done.
Although the amount of DEALE is the double of the Cr(II)
sites, only ca. 30% of the Cr(Il) sites seem involved in the
reaction. Indeed, the two bands in the DR UV-Vis spectrum
at 12,000 and 7500 cm™! decrease of roughly 1/3. At the
same time, no specific features associable with the modified
Cr sites are observed neither in the UV-Vis nor in the FT-IR
spectra. The absence of peculiar spectroscopic fingerprints
makes it difficult to unravel the molecular structure of the
modified Cr sites. Nevertheless, the observation that the
modified Cr sites are almost invisible by UV-Vis spectros-
copy might suggest that they have prevalently an octahedral
coordination. Indeed, d—d transitions are formally Laporte
forbidden for transition metals in octahedral symmetry [28].
Hence, the corresponding bands are expected to have a very
low intensity compared to those of the unmodified Cr(II)
sites.

3.2 Testing the Cr(Il)/SiO, + DEALE Catalyst
in Ethylene Polymerization

The Cr(II)/SiO, + DEALE catalyst was very active towards
ethylene polymerization, even at room temperature and
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at mild ethylene pressure. Figure 2a shows the evolution
of the FT-IR spectra collected every 12 s during ethylene
polymerization, after subtraction of the spectrum before
ethylene admission into the cell. Two absorption bands at
2920 and 2855 cm™! rapidly grow and go out of scale in
less than 1 min. Simultaneously, in the 5(CH,) region (inset
in Fig. 2a), two bands are observed. The first, at 1442 cm™!
dominates the spectra at short polymerization times and is
assigned to the 8(CH,) vibrational mode of ethylene coor-
dinated to Cr(II) sites [29-32]. The corresponding v(=CH,)
mode is observed at 3004 cm™!. It gives an indication of the
existence of a fraction of sites that do coordinate ethylene
but are slow to start working (dormant sites) or do not start
at all in the experimental conditions (spectators). The same
band was previously reported for ethylene coordinated to
the unmodified Cr(II)/SiO, catalyst [29]. The second band,
initially at 1463 cm™", is due to the 8(CH,) vibrational mode
of the polyethylene chains. At longer polymerization times
a third band appears at ca. 1472 cm™!, which indicates the
formation of crystalline polyethylene [33].

Kinetic experiments were performed to evaluate the eth-
ylene polymerization rate on the Cr(II)/SiO, + DEALE cata-
lyst in comparison with the Cr(II)/SiO, catalyst. Figure 2b
shows the decrease of ethylene pressure as a function of
time for the two catalysts, monitored in the same experi-
mental conditions and at a constant Cr loading. The data
clearly demonstrate that Cr(II)/SiO,+DEALE is much faster
than the unmodified Cr(II)/SiO, catalyst. In particular, the
reaction rate constant is 14 s~ molCr~! for the unmodified
system, and 270 s~! molCr~! for the modified one (20 times
higher). Considering that only ca. 30% of the total Cr(II)
sites have been modified by DEALE, this means that they
are approximately 60 times faster than the unmodified Cr(II)
sites in inserting ethylene.

3.3 Probing the Cr(ll) Sites Modified by DEALE

Successively, the accessibility of the Cr sites in Cr(II)/
Si0, + DEALE were investigated by means of FT-IR



Topics in Catalysis (2018) 61:1465-1473

1469

2.0-
(a) (b)
— N......Cr(ll)/SiOz
154 S e,
— o
5 £
= 5
§ 1.0 E
S r r )
S 1480 1440 =
< 0.5 2
< £
%
O
0.0 1 =
4000 3500 3000 2500 2000 1500 0 50 100 150 200

Wavenumber (cm™)

Fig.2 a FT-IR spectra collected during ethylene polymerization
on the Cr(II)/SiO,+DEALE catalyst (PC,H,=100 mbar), after
subtraction of the spectrum prior ethylene admission in the cell.
The spectra were collected every 12 s. The last spectrum was col-
lected after 4 min of reaction. The inset shows a magnification of

spectroscopy of adsorbed probe molecules. CO and CD;CN
were selected as suitable probes.

3.3.1 CO as a Molecular Probe

Figure 3 shows the evolution of the background subtracted
FT-IR spectra, in the v(CO) region, for CO adsorbed at room
temperature on Cr(II)/SiO, + DEALE (part a) as a function
of the CO coverage, compared to the same sequence of
spectra collected for CO adsorbed on the unmodified Cr(II)/
Si0, (part b). The same experiment was also performed for
SiO,+DEALE and the corresponding spectra are reported
in Fig. S2.

The spectra of CO adsorbed on Cr(I1)/SiO,+ DEALE
show several absorption bands in two distinct spectral
regions. At the maximum CO coverage, a triplet of bands
is observed at 2191, 2184 and 2178 cm_], exactly the same
as those observed for CO adsorbed on unmodified Cr(II)/
Si0, (Fig. 2b). In the pioneering works of Zecchina et al.
[34-37] they are ascribed to mono- and di-carbonyl species
formed on two types of Cr(II) sites grafted on the silica sur-
face through two monoanionic [=SiO—] siloxy ligands and
in interaction with a different number of adjacent siloxane
bridges, respectively labelled as Cry and Cr, [23, 38]. Upon
decreasing the CO coverage, the 2184 and 2178 cm™! dou-
blet of the di-carbonyl species on Cr, evolves into a single
band at 2180 cm™! due to mono-carbonyl species [23, 38].
The tendency of the Cr(Il) sites in unmodified Cr(II)/SiO,
to form non-classical carbonyls (i.e. where the Cr«—CO ¢
donation prevails over the Cr—CO = back-donation) was
largely documented in the past and was attributed to the
unique nature of the silica support, that acts as a macro- and

Time (s)

the 8(CH,) region. b Kinetics of ethylene polymerisation on the
Cr(II)/SiO, + DEALE catalyst in comparison to that on Cr(II)/SiO,,
obtained by recording the ethylene equilibrium pressure as a function
of time
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Fig.3 Evolution of the background subtracted FT-IR spectra, in
the v(CO) region, for CO adsorbed at room temperature on Cr(II)/
SiO, +DEALE as a function of the CO coverage (part a), compared
to the same sequence of spectra collected for CO adsorbed on unmod-
ified Cr(II)/SiO, (part b). All the spectra are reported after subtrac-
tion of that collected before CO dosing. Spectra in parts a and b are
normalized for the optical thickness of the pellet. Bold spectra: maxi-
mum CO coverage; dotted spectra: irreversible fraction of adsorbed
CO. The inset in part a shows a magnification of the 2050-1900 cm™!
region
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multi-dentate ligand able to stabilize Cr(II) sites in geom-
etries which are unlikely for homogeneous complexes [39].
The integrated absorbance of the “triplet” (ca. 20 a.u.) is
roughly 70% of that observed for CO adsorbed on unmodi-
fied Cr(II)/SiO, (ca. 29 a.u.). This indicates that approxi-
mately 70% of the original Cr(II) sites are not modified by
DEALE, a value which is in very good agreement with that
estimated by the analysis of the UV—-Vis spectra (Fig. 1a).

A second set of bands is observed in the 2100-1900 cm™"
region (inset of Fig. 3a), which indicates the formation of
classical Cr carbonyls (i.e. of carbonyls where the preva-
lent contribution is the Cr—CO 7 back-donation) [40,
41]. In particular, at the maximum CO coverage the main
absorption band is centred at 1987 cm~!, with a shoulder
at 2014 cm™!. Upon decreasing the CO pressure the for-
mer gradually diminishes in intensity and the latter shifts at
2017 cm™!. While classical carbonyls are typically formed
on homogeneous Cr complexes [42—45], they are much more
rare for Cr species grafted on support materials. One of the
very few examples reported in the literature for classical Cr
carbonyls on heterogeneous Cr-based systems is represented
by CO adsorption on the CO-reduced Cr(II)/SiO, catalyst
modified by hydrosilanes (SiH, or R;SiH) [46, 47]. In that
case, the modifying agents were demonstrated to transform
the bis-grafted Cr(II) sites into mono-grafted ones, having
a character similar to that of homogeneous Cr complexes,
and forming prevalently di-carbonyl species in the presence
of CO. The v(CO) bands observed in the 2100—-1900 cm™!
region and their evolution upon decreasing the CO cover-
age are very similar to those reported by Barzan et al. [46],
strongly suggesting that they are related to di-carbonyl spe-
cies formed on mono-grafted Cr sites. It is worth noticing
that the bands in the 2100-1900 cm™! region are very weak
in comparison to those observed in the “triplet” region. Con-
sidering that the molar extinction coefficient for a v(CO)
band increases upon decreasing v, the fraction of the modi-
fied Cr(II) sites accessible by CO should be very small and
surely not accounting for the 30% of sites as expected on the
basis of the analysis of the triplet region. Notably, when the
same experiment is conducted on SiO, + DEALE (Fig. S2),
no absorption bands are observed in the whole spectral
region, but only the roto-vibrational spectrum of gaseous
CO. The obvious conclusion is that CO molecules at room
temperature interacts only with the Cr sites.

Summarizing, the FT-IR spectra reported in Fig. 3 point
out the co-presence of at least three types of Cr sites in
Cr(1I)/Si0, + DEALE:

(a) afraction of unmodified Cr(Il) sites, accounting for ca.
70% of the originally accessible Cr sites (a value deter-
mined by integrating the area behind the “CO triplet”);

(b) afirst type of modified Cr(Il) sites, which are accessible
to CO, and are likely mono-grafted to silica, as previ-
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ously demonstrated for the sites obtained upon reacting
Cr(II)/Si0, with hydrosilanes;

(c) asecond type of modified Cr(II) sites, which are not
accessible by CO, probably because shielded by steri-
cally encumbering ligands nearby.

3.3.2 CD5CN as a Molecular Probe

To obtain a more complete description of the Cr(II)/
Si0, + DEALE system, the accessibility of the Cr sites was
successively probed by the adsorption of CD;CN at room
temperature. This molecule has been largely employed to
probe both acid and basic sites on metal oxides and zeolites
[48-57]. Curiously it was never used in the characterization
of the Phillips catalyst. Since both Cr(Il) and Al(III) sites are
Lewis acids (i.e. prone to accept electrons), acetonitrile is
expected to interact with both of them as a soft Lewis base
by sharing the nitrogen lone-pair, according to Eq. (1):

CDsCN : + M(surf) — [CD;CN : - - -M(surf)],q, €))
where M(surf) = Cr(II) or AI(III).

As a consequence of this interaction, the v(C=N) vibra-
tion is expected to increase, proportionally to the strength
of the Lewis acid-base couple. In general, d-acetonitrile
(CD4CN) is employed to avoid the occurrence of an annoy-
ing Fermi resonance effect [58].

Figure 4 shows the evolution of the background sub-
tracted FT-IR spectra in the v(C=N) region for CD;CN
adsorbed at room temperature on Cr(II)/SiO, + DEALE (part
a), Cr(II)/Si0, (part b) and SiO,+DEALE (part c), as a
function of the CD;CN coverage. The data in all the spectral
range are reported in Fig. S3. Differently from CO, CD,CN
interacts not only with the Cr sites, but also with the silica
surface. This is clearly evident by looking to the spectra of
CD;CN adsorbed on SiO, +DEALE (Fig. 4c). Two bands
are observed in the v(C=N) region, at 2276 and 2267 cm™!,
which are assigned to CD;CN adsorbed on the OH groups
and to liquid-like acetonitrile, respectively [48, 50, 51, 57].
Both bands decrease rapidly in intensity upon degassing up
to disappear, indicating that the interaction of CD;CN with
the silica surface is quite weak and fully reversible. A minor
band is hardly observable at ca. 2318 cm™!, which is due to
CD;CN in interaction with an almost negligible amount of
Al(III) species. The majority of AI(III) sites are inaccessi-
ble to the probe probably because of steric reasons. In this
respect it is worth mentioning that most of the Al-alkyls have
the tendency to dimerize [59], and this is likely to happen
also between the AIR, species grafted at the silica surface
and the DEALE in excess. The same two bands at 2275 and
2265 cm™! are observed when CD;CN is dosed on Cr(II)/
Si0, (Fig. 3b), although with a reversed intensity. However,
this time the spectra are dominated by an intense and broad
band centred at ca. 2305 cm™! (integrated absorbance of ca.
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Fig.4 Evolution of the background subtracted FT-IR spectra, in the
V(C=N) region, for CD;CN adsorbed at room temperature on Cr(II)/
SiO,+DEALE as a function of the CO coverage (part a), compared
to the same sequence of spectra collected for CD;CN adsorbed on
unmodified Cr(II)/SiO, (part b), and on SiO,+DEALE (part c).
All the spectra are reported after subtraction of that collected before
CD;CN dosing. The spectra are all normalized for the optical thick-
ness of the pellet. Dotted spectra: maximum CD;CN coverage; bold
spectra: irreversible fraction of adsorbed CD;CN

8.9 a.u.), which is straightforwardly ascribed to CD;CN in
interaction with the Cr(II) sites. This band is only slightly
affected by degassing, indicating that the interaction is very
strong. The strength of that interaction is the reason why
CD;CN does not discriminate between the Cr, and Cry sites,
as done by CO, which is a much weaker (and hence more
selective) probe.

The spectra of CD;CN adsorbed on Cr(II)/SiO, + DEALE
(Fig. 4a) are very similar to those of CD;CN adsorbed
on Cr(II)/SiO, (Fig. 4b), except that the absorption band
ascribed to CD;CN in interaction with Cr(II) sites is even
broader and with an evident shoulder at ca. 2316 cm™!. By
deconvolving this absorption band two contributions can
be found, the first centred at 2305 cm™! (integrated absorb-
ance of ca. 5.8 a.u.), and the second at 2316 cm™! (inte-
grated absorbance of ca. 1.6 a.u.). The former is ascribed
to CD;CN adsorbed on the fraction of unmodified Cr(II)
sites, and accounts for about 65% of the total Cr(II) sites, in

excellent agreement with the values determined by the previ-
ous analysis. The latter is assigned to CD;CN adsorbed on
the modified Cr(Il) sites. Opposite to CO, CD;CN is able to
probe a larger number of modified Cr(II) sites, although per-
haps not all of them, but it is unable to discriminate among
them. The position of the v(C=N) band indicates that these
sites are more acidic than the unmodified ones.

4 Conclusions

The whole set of spectroscopic data discussed so far allowed
to make the following conclusions regarding the reactivity
of Cr(I)/SiO, with DEALE.

1. DEALE reacts both with the Cr(II) sites and the silica
surface, involving both isolated silanols and siloxane
bridges.

2. Even when DEALE is used in excess with respect to the
Cr sites (stoichiometric ratio Al/Cr=2/1), only a frac-
tion of the Cr(I) sites are modified, accounting for about
30-35% of the total. This finding has two important con-
sequences. The first is that in Cr(II)/SiO, +DEALE a
substantial fraction of unmodified Cr(II) sites are always
co-present with the modified ones, creating the premises
for the development of a tandem catalysis. The second
consequence is that there is an abundance of DEALE-
derived species at the silica surface, that become part of
the environment of the modified Cr(Il) sites, affecting
their properties in a similar way as the ancillary ligands
do in homogeneous catalysis.

3. The modified Cr(II) sites are scarcely accessible by CO,
that is notoriously a weak probe, while they are more
accessible to CD;CN, which is a stronger Lewis base.
As already demonstrated in the past, the information
conveyed by a certain probe molecule is often a com-
promise between the ability to probe as many sites as
possible and the sensibility of discriminating their small
differences.

4. Neither CO nor CD;CN interact with the AI(IIT) of the
DEALE-derived species grafted at the silica surface.
This suggests that the Al-grafted species are in the form
of small clusters.

5. As far as the modified Cr(II) sites are concerned, they
look more acidic than the unmodified Cr(II) sites, and
they are likely mono-grafted to the silica surface, i.e. of
the type =Si—O-Cr-L, where L stands either for an alkyl
(R) or an alkoxy group (OR). The presence of the Al-
grafted species nearby is essential for their stabilization.

6. Finally, kinetic experiments indicate that the modified
Cr(II) sites are ca. 60 times faster in inserting ethylene
than the unmodified Cr(Il) sites. Several reasons might
account for their faster activity, among which the sim-
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plest is that they are already alkylated (i.e. the first Cr—C
bond is already present). However, it should be noticed
that a similar fast kinetic profile is shown also by CO-
reduced Cr/Al,O; in the absence of any activator [5],
and recently ascribed to the presence of AI(III) sites in
close proximity to the Cr(Il) sites [27], a situation very
similar to that found for Cr(II)/SiO, + DEALE.

As a general conclusion, the results discussed in this work
demonstrate once more that the intrinsic activity of the Cr
sites in Phillips-type catalysts depends not only on their
molecular structure, but also on the concurrence of several
other phenomena involving the support and the surroundings
of the active sites [60].
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The effect of Al-alkyls on the Phillips catalyst for ethylene polymerization: the case
of diethylaluminum ethoxide (DEALE)

Giorgia A. Martino, Alessandro Piovano, Caterina Barzan, Silvia Bordiga, Elena Groppo*
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Figure S1 FT-IR spectra of SiO, (black spectrum), and of the same sample reacted with DEALE, Al/Cr = 2/1 (grey
spectrum). The inset shows a magnification of the v(OH) absorption band.
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Figure S2 FT-IR spectra of a SiO,/DEALE before (black spectrum) and after the interaction with CO (purple

spectrum). The inset shows a magnification of the v(CO) region.
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Figure S3 Evolution of the FT-IR spectra for CD;CN adsorbed at room temperature on Cr(ll)/SiO,+DEALE as a
function of the CD;CN coverage (part a), compared to the same sequence of spectra collected for CD;CN
adsorbed on unmodified Cr(I1)/SiO, (part b), and on SiO,+DEALE (part c). The spectra are all normalized for the

optical thickness of the pellet. Orange spectra: maximum CD5;CN coverage.



Downloaded viaUNIV DEGLI STUDI DI TORINO on November 4, 2018 at 19:07:55 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

THE JOURNAL OF

PHYSICAL CHEMISTRY

@& Cite This: J. Phys. Chem. C 2018, 122, 21531-21536

pubs.acs.org/JPCC

In Situ X- and Q-Band EPR Investigation of Ethylene Polymerization

on Cr/SiO, Phillips Catalyst

Elena Morra, Giorgia A. Martino, Alessandro Piovano, Caterina Barzan, Elena Groppo,*

and Mario Chiesa*

Department of Chemistry, INSTM and NIS Centre, University of Torino, via Giuria 7, I-10125 Torino (Italy)

O Supporting Information

ABSTRACT: We present an X- and Q-band electron paramagnetic resonance
(EPR) investigation of a 0.5 wt % Cr/SiO, Phillips catalyst, aimed at establishing
the Cr oxidation and spin state under different ethylene polymerization
conditions. Our data indicate the formation of different Cr(III) species upon

Are Cr¥* sites really needed for ethylene
polymerization on Phillips catalyst?

@ ﬁ
- Cr? iy
°

reaction of Cr(VI)/SiO, with ethylene at 150 °C, which is correlated to the CH, | 25 CH, | 160°

disappearance of Cr(V) sites originally present in the catalyst. These species are
characterized by unusually large zero field splitting (ZFS). No EPR active species
are formed when ethylene is reacted at room temperature with Cr(I)/SiO,,
despite clear evidence of a consistent ethylene polymerization activity.

1. INTRODUCTION

Producing annually more than 40% of all high density
polyethylene (HDPE), the Cr/SiO, Phillips catalyst is one of
the World’s most important industrial catalysts.' ™ It is also
among the most investigated and yet controversial catalytic
systems.’~ Developed in the 1950s at Phillips Petroleum and
industrially used since 1956, it has been the object of both
industrial and academic research since its early history.
Industrial research was driven by the need of constantly
improving the catalytic performances and expanding the
portfolio of accessible polymeric products. Academic research
was concentrated to solve some fundamental questions.®”"
Indeed, despite the apparent simplicity of its chemical
formulation (Cr ions at the surface of amorphous silica), the
Phillips catalyst remains largely mysterious.

A crucial point of debate concerns the initiation mechanism
for ethylene polymerization at the Cr sites. This question is
strictly connected to the Cr oxidation states, and conflicting
views are present in the literature. Unlike other widely used
olefin polymerization catalysts, such as the Ziegler—Natta and
metallocene ones, the Phillips catalyst does not require the use
of any alkylating cocatalyst to trigger the catalytic activity. In
the industrial practice, the active sites are directly formed in
the polymerization reactor at ca. 100 °C, as a consequence of
two subsequent events. During the first step, ethylene slowly
reduces the Cr(VI) sites initially present in the ?recatalyst to
low valent Cr(II) sites (step 1 in Scheme 1), with the
concomitant formation of oxygenated byproducts.*~*'7>*
The initial reduction step is followed by a steady increase in
the polymerization activity within the next 1-2 h,’ associated
with the formation of the active alkyl—Cr sites by ethylene
itself (step 2 in Scheme 1).*7>° Alternatively, the Cr(VI) —

-4 ACS Publications  © 2018 American Chemical Society
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Scheme 1. Schematic Representation of the Redox
Processes Leading to the Formation of the Active Cr Sites in
the Phillips Catalyst”

PRE-CATALYST PRECURSORS ACTIVE SITES
Step 1

C,H,, ca. 100°C

El-.>>
CO, 350°C T
Step 17

“In Step 1 ethylene reduces the Cr(VI) sites to Cr(II) precursors.
During the subsequent Step 2 the Cr(Il) sites are alkylated and re-
oxidized, either to Cr(III) or to Cr(IV). Step 1 and 1’ have a general
consensus in the specialized literature, while Step 2 is still debated.

Cr(II) prereduction can be accomplished by using CO at 350
°C as a reducing agent (step 1’ in Scheme 1).”"*"> In this case,
the induction period is eliminated, but the subsequent
development of full polymerization activity follows the same
behavior.’

It is clear that, whatever the reduction step, the so-formed
Cr(II) species are just precursors of the active sites since they
do not present the Cr—alkyl bonds req}uired by the Cossee—
Arlman polymerization mechanism.”**” Hence, the question
arises as to how the first Cr—C bond is formed in the presence
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of ethylene (step 2 in Scheme 1). Most of the initiation
mechanisms proposed in the past involved a two-electron
redox step in which Cr(Il) is oxidized to Cr(IV) by oxidative
addition of ethylene. A similar mechanism is well documented
for homogeneous Cr complexes that selectively oligomerize
ethylene to a-olefins.”**° Several two-electron redox mech-
anisms have been proposed so far.””'® Some of them have
been supported by (not conclusive) experimental evidence, but
most of them have been strongly criticized in the recent
literature, mainly based on exceedingly high activation energies
predicted by theoretical calculations.”®™>>*' 733

Recently Cr(III) has become the most popular oxidation
state for the putative active species in the Phillips catalyst. This
is due to the concomitance of two main experimental
evidences. The first one is the observation of a high catalytic
activity for Cr(II) molecularly defined analogues of the
Phillips catalyst obtained by surface organometallic chemistry
by the group of Coperet.”*™** The second experimental
evidence is reported by Scott and co-workers and is based on
electron paramagnetic resonance (EPR) spectroscopic experi-
ments performed on Cr-doped porous silica xerogels, which
suggest the rapid reoxidation of Cr(II) sites to Cr(III) in the
presence of diluted amounts of ethylene.'”* Based on these
EPR results the same authors proposed two possible
mechanisms that can explain the formation of the organo-
Cr(IZI}g5 propagating sites starting from Cr(II) and ethyl-
ene.””’

The above-mentioned results and the associated proposed
mechanisms' >33 7% 3re of great interest but need to
be extended and validated for the classical Cr/SiO, Phillips
catalyst in the presence of an excess of ethylene. In fact,
although there are no doubts that Cr(III)-based catalysts can
efficiently polymerize ethylene,"”** these systems are not
necessarily representative of the active Cr sites in the classical
Phillips catalyst. To do so, we performed a detailed X- and Q-
band EPR investigation of a 0.5 wt % Cr/SiO, Phillips catalyst,
with systematic simulation of the experimental spectra, aimed
at establishing the Cr oxidation state under different ethylene
polymerization conditions. The EPR spectroscopy of Cr/SiO,
Phillips catalysts is particularly delicate because of the possible
copresence of several Cr oxidation and spin states, not always
detectable at conventional frequencies and temperatures.
Cr(1) (&% S = 3/2) and Cr(V) (d', S = 1/2) are the typical
EPR-active species observed on Cr/SiO, catalysts at conven-
tional frequencies.”*® Interestingly Cr(III) in a low spin S =
1/2 state has also been reported recently.”” EPR evidence for
the formation of Cr(II) in model Phillips catalysts has also
been recently provided by Scott and co-workers, operating at
106 GHz."®

2. EXPERIMENTAL SECTION

Sample Preparation. The Cr(VI)/SiO, sample (Cr
loading 1 wt %) was prepared by wet impregnation of a
pyrogenic silica (Aerosil, surface area ca. 380 m’ g7')
employing CrOj; as the chromium precursor. The catalyst
was activated directly inside the EPR cell, to avoid any type of
contamination. The activation procedure consisted of two
main steps: (i) activation at 650 °C in dynamic vacuum
(residual pressure <10™* mbar) in order to dehydroxylate the
silica surface and (ii) subsequent oxidation in O, (equilibrium
pressure ca. 100 mbar, twice) at the same temperature to graft
the Cr species in the form of monochromates.” The Cr(II)/
SiO, sample was obtained from Cr(VI)/SiO, after further

reduction in CO (equilibrium pressure ca. 100 mbar, twice) at
350 °C, followed by degassing at the same temperature.’

Ethylene Polymerization. Ethylene polymerization on
Cr(VI)/SiO, was performed by contacting the activated
catalyst with ethylene, at an equilibrium pressure of 100
mbar and at a temperature of 150 °C, for increasing time. X-
band EPR spectra were collected at 77 K at four subsequent
steps (10 min, 30 min, 1 h, and 2 h). Ethylene polymerization
on Cr(II)/SiO, was performed by dosing ethylene at room
temperature. The reaction was quenched after 10 min by
cooling the sample with liquid nitrogen, and the X-band EPR
spectrum was collected.

EPR Measurements. X-band (microwave frequency 9.76
GHz) and Q-band (microwave frequency 33.7 GHz) CW-EPR
experiments were carried out on a Bruker ELEXYS 580 EPR
spectrometer, equipped with a SHQ cavity (X-band) and a
flexline dielectric ring Q-band EPR and ENDOR resonator
(Bruker EN 5107D2). Low-temperature measurements were
performed at Q-band with an Oxford Instruments CF935
continuous flow helium cryostat. X-band measurements at 77
K were performed using a finger dewar, filled with liquid
nitrogen. The magnetic field was measured with a Bruker
ER035S M NMR gaussmeter. The temperature at which
different experiments were carried out is specified in the figure
captions. All simulations of the EPR spectra were done using
Easyspin.*®

3. RESULTS AND DISCUSSION

3.1. Ethylene Polymerization on Cr(ll)/SiO,. After the
oxidative treatment at 650 °C, most of the Cr sites in the Cr/
SiO, catalyst are in the form of diamagnetic Cr(VI)
monochromates, hence EPR inactive. The X-Band EPR
spectrum of such an oxidized sample (hereafter indicated as
Cr(VI)/SiO,) is characterized by pseudo axial resonances in
the g region, 1.895—1.979 (spectrum 1 in Figure la), which is
due to residual Cr(V) species, always present in this system
and usually considered as spectators.”*>** The amount of
Cr(V) is typically lower than 2% of the total Cr sites.*’

a) 1 o)A b) =
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Figure 1. (a) X-band CW-EPR spectra of oxidized Cr(VI)/SiO, (1),
CO-reduced Cr(I1)/SiO, (2), and Cr(II)/SiO, after reaction with
ethylene (P = 100 mbar) at room temperature (3). The enlargement
of the g = 2 resonant-field region is shown in the inset. The spectra
were recorded at T = 77 K, with microwave power of 1 mW. (b)
Pictures of the Cr/SiO, catalyst upon the different treatments. The
colors correspond to those of the EPR spectra in panel (a). (c) ATR
FT-IR spectrum of the Cr(II)/SiO, catalyst after ethylene polymer-
ization. The inset shows a magnification of the v,,,(CH,) and
l/sym(CHz) bands of polyethylene.
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Table 1. Spin-Hamiltonian Parameters Extracted from Computer Simulation of the Spectra Reported in Figures 3, S1, and S4“

system species %
Cr(VI1)/SiO, Cr(V) (A) 90
Cr(V) (B) 10

Cr(VI)/SiO, + C,H,@160 °C Cr(I1I) (C) 45
Cr(IlI) (D) 45

Cr(111) (E) 4

cr(v) (A) 6

& o & IDI |E/DI
1.978 1.968 1.89
1.988 191
1.98 70 0.02
1.98 70 0.2
2.010 2.000 1.98
1.978 1.968 1.89

“The zero-field splitting terms are given in GHz. The spectral deconvolutions are presented in Figures S1 and SS.

Computer simulation (Figure S1, Supporting Information)
indicates the presence of two different species (labeled A and B
in Figure la) with different spin Hamiltonian parameters
(Table 1), reflecting different local symmetries.

Reaction of the Cr(VI)/SiO, with CO at 350 °C leads to a
change in the sample color (from orange to light blue in Figure
1b) associated with the reduction of Cr to low valent Cr(II)
species (hereafter indicated as Cr(II)/SiO, catalyst). Such
species, characterized by a non-Kramer spin state (S = 2), are
EPR silent at conventional frequency-field conditions; there-
fore, only the disappearance of the Cr(V) signal is monitored
at the X-band (spectrum 2 in Figure la). After reduction with
CO (Figure lal) the integrated area of the Cr(V) peak
decreases by ca. 97% with respect to the starting Cr(VI)/SiO,,
indicating that almost all the Cr(V) sites have been reduced by
CO at 350 °C.

At this stage, ethylene (P = 100 mbar) was admitted to the
sample at room temperature. Ethylene polymerization rapidly
occurred, as testified by the decrease of the ethylene pressure,
by the rapid change of the powder appearance (from light blue
to whitish in Figure 1b), and finally by the ATR-IR spectrum
collected (a posteriori) on the catalyst (Figure 1c). After 10
min, the reaction was quenched with liquid nitrogen, and an
EPR spectrum was collected (spectrum 3 in Figure 1a). We do
not observe any change in the EPR spectrum before and after
ethylene polymerization. These results unequivocally indicate
that, under our experimental conditions, the active Cr-alkyl
sites originated by reacting Cr(II)/SiO, with an excess of
ethylene at room temperature are not EPR active. These
results greatly differ from those reported by Scott and co-
workers,”” who observed the formation of a significantly
intense signal at ¢ = 1.981 after ethylene polymerization on
Cr(11)/SiO,, which was assigned to Cr(III)-alkyl species
originated from the one-electron oxidation of Cr(II) by
ethylene. Although the absence of an EPR signal does not
necessarily imply that no Cr(IIl) is present in the sample,
considering the EPR detection limit, this should be much
below 10 ppm, which is much less than 0.2% of the total Cr
sites. It seems thus unrealistic that such a small amount of
Cr(III), if present, is only responsible for the catalytic activity
of the catalyst. In this respect, we notice that one of the most
reliable methods for determining the fraction of active Cr sites
in the Phillips catalyst is titration by poisons. Depending on
the type of poisons, values comprised between 10% and 60%
have been estimated,® which are more than an order of
magnitude larger than the detection limit of EPR.

3.2. Ethylene Polymerization on Cr(VI)/SiO,. As a
complementary experiment, the oxidized Cr(VI)/SiO, sample
was reacted directly with ethylene at 150 °C,* for increasing
time lengths. Also in this case the occurrence of the
polymerization was indicated by the decrease in ethylene
pressure and univocally proven by the whitish coverage around

the catalyst particles (Figure 2b) and by FT-IR spectroscopy in
ATR mode at the end of the experiment (Figure 2c). The
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Figure 2. (a) X-band CW-EPR spectra of Cr(VI)/SiO, (red trace)
and upon reaction with ethylene at 150 °C for 10 min, 30 min, 1 h,
and 2 h (blue trace). Panels (a’) and (a”) show the enlargements of
the low-field and g = 2 resonant-field spectral regions. The spectra
were recorded at T = 77 K, with microwave power of 1 mW. (b)
Pictures of the Cr(VI)/SiO, before and after reaction with C,H,. (c)
ATR FT-IR spectra of the Cr/SiO, catalyst after ethylene polymer-
ization.

corresponding EPR results are reported in Figure 2a. Upon
reaction with ethylene, a marked change in the EPR spectrum
occurs in both the low-field (100225 mT) and g = 2
resonant-field (320—370 mT) spectral regions of both X-
(Figure 2a’ and Figure 2a”) and Q-band (Figure S2). After 10
min of reaction with ethylene the EPR signals associated with
Cr(V) species decrease in intensity. After 30 min of reaction a
further decrease in intensity, accompanied by a g shift and a
change in the spectral profile in the g, region, is observed,
together with the appearance of a new complex signal in the
low-field region (Figure 2a’) at g ~ 4.3. This signal, which is
not detected when ethylene is reacted with Cr(II)/SiO,
catalyst (Figure la), is the fingerprint of Cr(Ill) (d° S =
3/2) species and further increases in intensity for prolonged
reaction times.

Simulation of the spectra taken at different reaction steps
(before reaction, after 30 min, and after 2 h of reaction with
ethylene) allows estimating the relative contribution of the
different species as a function of the reaction evolution (Figure
S3). The overall contribution of Cr(V) is found to decrease
from 99 + 1% to 13 + 2% after 30 min of reaction to 4 + 3%
at the end of the reaction, while the corresponding
contribution of the overall Cr(III) species (see Table 1) is
found to increase from 1 + 1% up to 96 + 3%. Although it is
not possible to exclude that a fraction of the Cr(IIl) sites is
derived from the reduction of Cr(VI), a clear correlation
between the disappearance of the Cr(V) signal and the onset
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of the Cr(IIl) signal is found. Moreover, we note that
reduction of Cr(V) to Cr(Ill) is also consistent with the
absence of Cr(III) in the EPR spectrum of Cr(I1)/SiO, after
ethylene polymerization, where no Cr(V) was present.
Unfortunately, a quantitative evaluation of the total Cr(III)
species is hampered by the lack of a suitable standard. From
the simulation of the EPR spectra of Cr(IIl) we find evidence
of a ZFS term D larger than the X- and Q-band mw quantum
(0.32 and 1.1 cm™'). Under these circumstances some
transitions may fall beyond the magnetic field range of the
spectrometer, preventing the determination of a spin number
via integration of the spectral area. Moreover, the two species
have different spin states. It has been demonstrated®” that the
integrated EPR signal intensity is proportional to S(S + 1) and
that this must be taken into account in comparing the relative
concentrations of paramagnetic species with different spins. In
our case, considering two species Cr(V) and Cr(III) with S =
1/2 and S = 3/2, respectively, the number of spins of the two
species will be given by
8cr(m) (SCr(III)(SC[(III) +1)) Ack(v)

N, = N, where A is the
Cr(V) Cr(1mr) 8erwy (Scxw(Sewy + 1)) Aceany

integrated area, g the average g value, and S the spin. Assuming
the same average g factor (which is a reasonable
approximation) two signals with the same integrated area
will correspond to a spin population Ny = SNem)- It is
clear therefore that, the spin states being different, direct
comparison between the integrated areas of the two signals
cannot be made.

Computer simulation at both X- (Figure 3) and Q-band
(Figure S4) frequencies was carried out on the basis of the
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Figure 3. (a) Experimental (blue) and simulated (black) CW-EPR
spectra of Cr(VI)/SiO, reacted with ethylene at 150 °C for 2 h,
recorded at X-band. The X-band spectrum was recorded at T = 77 K,
with microwave power of 1 mW. Panels (b) and (c) show the
enlargements of the low-field and g = 2 resonant-field spectral regions.
The corresponding experimental and simulated Q-band spectra are
shown in Figure S3 of the Supporting Information.

following overall spin Hamiltonian: H = ﬂBBgé + SDS,
where D is the zero field splitting (ZFS) tensor, which is
ZDz_(Dx+Dy)

usually expressed in term of the parameters D = 2

(D.-D)
and E = .
elements of the traceless D tensor. The ZFS is very sensitive to
structural changes, its magnitude reflecting deviations from
high (cubic) symmetry.”" The spin Hamiltonian parameters

, with D,, D, and D, being the principal

used in the simulation are reported in Table 1 and were used
to fit the X- and Q-band spectra simultaneously. The best fit of
the spectra was obtained by assuming the presence of three
different types of Cr(III) species (species C, D, and E)
featuring different ID| values and |E/DI ratios, which reflect
different local symmetries. Species C was perfectly reprodu-
cible over a number of experiments, while the intensity of the
spectral components associated with species D was found to be
erratic. In any case for both species an unusually high value of
D =70 GHz (2.3 cm™) was needed in order to reproduce the
low-field spectral features at both frequencies. This value is
larger than those reported by Weckhuysen et al.* for Cr(III)
on a Cr/SiO, catalyst oxidized at 550 °C and CO-reduced at
200 °C and by Coperet and co-workers for Cr(III) molecular
precursors grafted on SiO,,*” but consistent with values for
three-coordinated Cr(III) molecular complexes, subjected to a
large trigonal crystal field,”” although a comparison with
homogeneous systems must be done with caution as surface Cr
species on amorphous silica are often stabilized in geometries
unconventional for homogeneous complexes. We remark,
however, that such a large ZFS can be determined only
approximately at these microwave frequencies, and further
high-field EPR experiments will be needed.

A relatively sharp resonance component is also present in
the g = 2.0 region of the spectrum. This signal can be explained
only assuming a third Cr(III) species (species E), which, based
on the comparison between X- and Q-band experiments, can
be simulated assuming an S = 1/2 species with (g, = 2.010, g,
= 2.000. g; = 1.98). Similar spectra have been reported for
frozen solutions of unsaturated 13-electron Cr(III)-alkyl
complexes®® and more recently for Cr(III) species grafted on
SiO,.*” Based on the spectral simulation these features
represent however a small fraction of the overall spectral
intensity not exceeding the 1% of the EPR active Cr.

4. CONCLUSIONS

The above-reported EPR experiments unambiguously show
the formation of different Cr(III) species characterized by high
ZFS, together with a minority of low-spin Cr(III), upon
reaction of the Cr(VI)/SiO, catalyst with ethylene at 150 °C.
The formation of these Cr(III) sites is correlated to the
disappearance of the Cr(V) sites originally present in the
oxidized catalyst, suggesting a two-electron reduction process.
The unusually large ZFS term points to low-symmetry Cr(III)
sites, and further work is needed to relate the spin Hamiltonian
parameters to specific structures. Whether or not these sites are
involved in ethylene polymerization cannot be affirmed yet.
However, no evidence for the formation of Cr(III) species is
found when ethylene is reacted at room temperature with the
Cr(II)/SiO, catalyst, despite clear evidence of a consistent
ethylene polymerization activity. Hence, under the adopted
experimental conditions, it seems that isolated Cr(III) sites are
not necessary for developing ethylene polymerization on the
Cr/SiO, Phillips catalyst. This is in stark contrast with the
results recently published by Scott and co-workers,” who
showed the appearance of an intense signal at g = 1.981 during
ethylene polymerization on Cr(II)/SiO, and assigned it to
Cr(III)-alkyl sites. It is essential to stress at this stage the
importance of the specific experimental conditions and sample
chemical history, which can critically influence the reaction
pathway of the catalyst. The differences in the experimental
conditions may explain the discrepancies between our results
and those reported in ref 39 where the reaction was performed
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with diluted ethylene and in the presence of a self-sealing
porous silica xerogel as a support. In summary, although we do
not solve yet the problem of the nature of the active sites in the
Phillips catalyst, our results reopen the question on the
oxidation (and spin) state of the propagating Cr-alkyl sites that
was recently presented as a closed case. Rather, these results
give new life to the mechanistic proposal involving Cr(IV)-
dialkyls species (EPR silent at conventional frequency field)
proposed in the past.”**
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Figure S1 Experimental (red) and simulated (black) X-band EPR spectra of Cr(V) species
detected on the Cr(VI)/SiO; catalyst. In grey the spectral deconvolution is shown. The spin
Hamiltonian parameters employed in the simulation are reported in Table 1 of the main
text.
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Figure S2 Comparison of the X- and —Q-band spectra recorded on the of the Cr(VI1)/SiO,
sample reacted with ethylene at 150 °C for 2 h. The Q-band spectrum was recorded at T =
5 K, with microwave power of 0.2 mW. The asterisk in panel b) indicates a cavity impurity
signal. Panels b) and c) are enlargements of the signal in panel a).
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Figure S3 Experimental (blue) and simulated (grey) X-band EPR spectra of the
Cr(VI)/SiO, sample at different stages of reaction with ethylene. a) oxidized sample before
reaction; b) after reaction with ethylene at 150 °C for 30 min, c) after reaction with ethylene
for 2h. All spectra were recorded at 77K. The simulation was carried out using the same
spin Hamiltonian parameters reported in Table 1 of the main text and varying the relative
abundance of the different species. The % of the total Cr(lll) and Cr(V) species at the
different stages of reaction is plotted on the right hand side of the figure.
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Figure S4. Experimental (blue) and computer simulation (grey) of the Q-band EPR spectra
of the Cr(VI)/SiO, sample reacted with ethylene at 150 °C for 2 h. Panels b) and c) are
enlargements of the signal in panel a). Spectral features related to species Cr(lllI)(D) (See
Figure S5) are not observed in the Q-band spectrum, probably due to strain effects.
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Figure S5 Deconvolution of the different Cr species employed in the simulation of the X-
band EPR spectrum of the Cr(VI)/SiO, sample reacted with ethylene at 150 °C for 2 h. The
spin Hamiltonian parameters are listed in Table 1 of the main text.
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ABSTRACT: In this work, we summarize and critically compare some of the
experimental results recently published on the Phillips catalyst, in the attempt
to make the point on a few particularly debated questions that have recently
animated the specialized literature; in particular, we discuss the structure of the
active chromium sites and how ethylene polymerization initiates on them. The
data collected in this article unequivocally demonstrate that the structural and
electronic properties of the chromium sites strongly depend on the strain of the
silica surface, which in turns is affected by both the activation treatment and the
chromium loading. This explains, at least partially, the differences of results
obtained in different research groups. Another fundamental message is the need
of applying the largest possible set of characterization methods, including
theoretical calculation on large and flexible models. Our final purpose (and
hope) is to promote a positive and constructing discussion on this catalyst, as a

The rﬁulti—faces of the Phillips catalyst

premise to create a solid scientific base useful to both the young researchers approaching this field and the industrial researchers

who daily work with it.

KEYWORDS: Phillips catalyst, chromium, silica, spectroscopies, ethylene polymerization, polyethylene, heterogeneous catalysis

1. INTRODUCTION

Producing annually more than 30 million tons of high density
polyethylene (HDPE) (i.e, about one-third of the poly-
ethylene global production capacity), the Phillips catalyst has
been one of the world’s most important industrial catalysts for
more than half a century.”” It is also among the most
investigated and yet controversial catalytic systems.””’
Developed in the 1950s at Phillips Petroleum and industrially
used since 1956, it has been the object of both industrial and
academic research since its early history. Industrial innovation
is constantly driven by the need to improve the catalytic
performances, reducing the costs and increasing the quality of
the produced polymers, at the same time expanding the
portfolio of accessible polymeric products. More than 65 years
of industrial research led to the evolution of the original
formulation and to the development of hundreds of variants,
which make the Phillips catalyst among the most versatile
catalytic system in industry. Only part of these industrial
discoveries are disclosed in patents and even fewer are easily
accessible in the form of scientific papers, the latter mainly due
to the prolific activity of Max McDaniel.”

On the other hand, academic research has been concen-
trated since the beginning to solve some fundamental
questions, such as the structure of the active sites and the
polymerization mechanism.'°”'* The first spectroscopic
studies on model systems date back to the 1970s."*~'® The
apparent simplicity of its chemical formulation—highly diluted
chromium ions at the surface of an optically transparent
amorphous silica—and its unique ability to polymerize
ethylene even in the absence of an activator were the two

v ACS Publications  © xxxx American Chemical Society

main factors that elevated the Phillips catalyst to a workhorse
for optical spectroscopies, such as FT-IR and UV—vis at first,
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later followed by Raman. For several generations of s

researchers, not necessarily involved in olefin polymerization,
the study of this catalyst was a stimulus to push further the

53
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limits of several characterization techniques. As a matter of ss

fact, the Phillips catalyst embodied most of the difficulties
encountered in the molecular-level characterization of a
heterogeneous catalyst, such as the dilution of the metal
centers, the extreme air sensitivity, the low fraction of the
active sites, and the exceptionally high speed of the catalytic
event. These difficulties fostered the development of character-
ization methods more sensitive, cleaner, able to discriminate
between active sites and spectators, and faster.'*~'* As recently
pointed out by McDaniel,'” most of these spectroscopic
studies were conducted on model systems and under
experimental conditions (e.g, vacuum lines) far from the
pressure—temperature conditions typical of the industrial
process. For this reason, extrapolations of the results to the
industrial catalyst should be made with caution. Nevertheless, a
certain number of achievements have been accumulated along
more than 60 years of academic research, and we are confident
that at least part of them have been and still are useful for
industrial researchers. Only recently, and quite late in
comparison to other fields in catalysis,'"* >* the operando
approach (i.e, measurements performed in conditions as close
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as possible to the industrial process) showed its appearance in
the investigation of the Phillips catalyst.”>~>* Although still at
its infancy, this approach has already led to important
discoveries.

With ups and downs, the scientific literature on the topic is
constantly alive and, despite decades of academic research, the
Phillips catalyst still remains largely mysterious. The goal of
this perspective article is not to cover all the aspects of this
interesting catalytic system (on which there are already several
extensive review articles),””*'*>? but rather to make the
point on a few particularly debated questions that have recently
animated the specialized literature, and in particular: (1) the
structure of the Cr(VI) and Cr(II) sites and the role of silica as
a macro-ligand; (2) the mechanism of chromium alkylation by
ethylene and the nature of the chromium active sites (strictly
connected with their oxidation state). A relatively small
number of research groups are currently active on this topic,
as emerging from a simple search on the scientific databases.
Beside Max McDaniel at Chevron Phillips, who is the direct
successor of the catalyst discoverers and perhaps the person
who better knows the intimate secrets of this system, in the last
two decades (period 1998—2018) the research groups who
contributed mostly in this field are (in random order) those of
Bert Weckhuysen (Utrecht University, NL), Susannah Scott
(University of Santa Barbara, US), Boping Liu (East China
University of Science and Technology, China), Israel Wachs
(Leigh University, U.S.A.), and most recently, Cristophe
Coperet (ETH Zurich, CH) and Jarostaw Handzlic (Cracow
University of Technology, Poland). Our group (Torino
University, I) also contributed a lot, carrying on the tradition
of Adriano Zecchina, who is one of the pioneers in the
application of spectroscopic methods to the Phillips catalyst.
Of course, this list is not exhaustive and surely does not include
the large number of industrial contributions in the form of
patents. Notwithstanding the small number of researchers
involved in this field, the debate is often intense,’"** and
controversial results can be found in the literature. We will try
to analyze the reasons for these controversies, when possible
comparing the results obtained by our research group with
those published by others.

This Perspective is organized as follows. Chapter 2 gives a
concise overview of the composition of the Phillips catalyst, to
set the scene for readers not expert in this field. Chapter 3 is
entirely devoted to discussing the main debates on the Phillips
catalyst and is divided into four subchapters: section 3.1 is
devoted to discuss the structure of the chromium sites and the
reaction mechanisms on the oxidized form of the catalyst
(Cr(V1)/SiO,); section 3.2 discusses the structure of the
chromium sites and the reaction mechanism on the reduced
form (Cr(II)/SiO,); section 3.3 tries to give a unified picture
of the two systems; and section 3.4 describes the role of
theoretical calculation. Chapter 4 gives a flavor of an almost
virgin area to explore from a fundamental point of view, which
is the role of cocatalysts. Finally, Chapter S offers some
conclusions and provides a (personal) vision for the future.

2. THE COMPOSITION OF THE PHILLIPS CATALYST:
ONLY SEEMINGLY SIMPLE

2.1. Chromium Precursors, Supports, and Activation
Procedures. Strictly speaking, the Phillips catalyst constitutes
hexavalent chromium ions (hereafter labeled as Cr(VI)) highly
dispersed on the surface of a porous inorganic material.” >
Several types of chromium precursors can be used, although

Cr(III) salts are preferred for governmental regulations. In the
United States and Europe, in fact, Cr(VI) has been considered
as potentially carcinogenic, and regulations have become
increasingly severe. Before entering into the polymerization
reactor, the catalyst needs to be calcined at a temperature
higher than 600 °C in an oxidizing atmosphere. During this
treatment, which is called “activation” in the commercial
practice (a term that will be used throughout this Perspective),
the chromium ions are stabilized in the hexavalent state
irrespective of the starting chromium precursor. During the
activation step, which consists of a treatment at a temperature
higher than 600 °C in an oxidizing atmosphere, the chromium
ions are stabilized in the hexavalent state irrespective of the
starting chromium precursor. However, the activation must be
conducted in the proper way; otherwise, the chromium ions
easily segregate to form Cr,0O; particles. This phenomenon is
more probable for high chromium loadings (typically higher
than 1.0 wt %) and for high activation temperatures, or in the
presence of an excess of water vapor. The activation step is one
of the most powerful methods commercially used to modify
the performances of the catalyst and to tailor the polyethylene
(PE) architecture and therefore its molding and mechanical
properties.'” The activation procedure influences the amount
of surface —OH groups, the type and distribution of the
chromium centers, and through them the activity of the
catalyst and many properties of the PE, such as the melt index,
the shear response, the molecular weight, the polydispersity,
and the amount of long chain branching.17 Hence, a first
complication arises from the control of the activation procedure.

Concerning the support, amorphous silica has been tradi-

tionally employed, due to its tendency to fragment during the
polymer growth. The smaller silica fragments generated in this
process provide new chromium sites accessible for ethylene
polymerization. Besides silica, almost all the high surface area
oxides have been tested as su%pports, and some of them also
found practical applications.””>'%**™% For example, silica—
alumina, silica—titania, aluminophosphates, aluminosulfates,
and various types of doped silicas are industrially employed.
The support has a pivotal role in affecting the catalyst activity
and in determining the properties of the produced PE. The
support’s properties such as the acidity, the surface tension, the
porosity, and others, are all important. For example, adding
titanium tends to broaden the molecular weight (M,,)
distribution, whereas doping silica with fluorine tends to
narrow it.”*° This means that the support influences the
properties of the chromium sites (i.e., where the polymer is
formed).

2.2. Heterogeneity of Chromium Sites. The amorphous
nature of the inorganic support materials implies that the
dispersed chromium sites are not all the same, and each one

produces its own characteristic type of polymer. This property
distinguishes the Phillips catalysts from many other industrially
employed olefin polymerization catalysts and, industrially
speaking, is one of the major strength of this catalyst in
comparison to its competitors. Indeed, the Phillips catalysts are
extremely versatile, affording an array of polymer grades much
wider than any other catalyst currently in use, with molecular
weight distributions (M,,/M,) ranging from S to 100.°> For
comparison, Ziegler—Natta catalysts (which are also heteroge-
neous in nature), typically produce PEs with a much narrower
molecular weight distribution (M,/M, of ca. 4), mainly as a
consequence of the crystalline nature of the MgCl, support.
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For this reason, the Phillips catalysts dominate the market of
some specific HDPE applications, such as pipe, blow molding,
sheet, and geomembrane films.>® On the other hand, the
heterogeneity of sites is one of the major weakness in terms of
their characterization. Discriminating among several types of
chromium sites characterized by slightly different properties
remains a great challenge.'”'»*” Many characterization
techniques give an average picture over the totality of the
chromium sites. Also those techniques which are able to
discriminate among similar (but not the same) chromium sites
(such as FT-IR spectroscopy of adsorbed probe molecules,
vide infra), lack in correlating the spectroscopic data with the
molecular architecture of the produced polymer.

In this respect, it is a widespread opinion that only a small

213 percentage of the chromium sites are active, while the others are
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just spectators, or develop activity much later. The fraction of
the active sites is one of the controversial questions, and
numbers in the 60%—1% range have been proposed,
depending on the evaluation method.” This issue has often
raised the problem of what can be probed by spectroscopic
methods, whether it is the active chromium site or the
spectator one. Citing Jensen’s work,”” this has led to the widely
quoted adage in industry: “If you can see it, it is probably not
catalyst”.

3. OPEN DEBATES CURRENTLY INFLAMING THE
SCIENTIFIC COMMUNITY

3.1. The Phillips Catalyst in Its Oxidized Form: Cr(VI)/
SiO,. 3.1.1. Monochromates, Dichromates, Mono-Oxo
Cr(Vl), and Cr(V): Which One and in Which Amount? The
oxidized form of the Phillips catalyst (i.e., the system after the
activation treatment, hereafter defined as Cr(VI)/SiO,
catalyst) and its variants have been characterized by a large
variety of spectroscopic methods providing information on the
vibrational (FT-IR, Raman), electronic (UV—vis, XANES),
structural (EXAFS), and magnetic (EPR) properties of the
chromium sites. Along the years, monochromates, dichromates
and mono-oxochromate sites have been proposed to
exist, >3 45 well as a small fraction of Cr(V), whose
distribution and relative abundance depend on the sample
composition (chromium loading, support, etc.) and treat-
ment.”® In this respect, it is important to mention that the
Cr(VI) species are highly mobile during calcination, moving
not only within the silica particle (in average 100 ym large) but
also between one particle and another.”'”* This process,
which is now used industrially to add chromium to silica,
occurs through direct particle-to-particle contact during
fluidization, rather than through a movement of the Cr(VI)
via gas-phase.

Among all the cited techniques, Raman
and EXAFS 033957 gpectroscopies have been fundamental
to clarify the aggregation state of the Cr(VI) species. Indeed,
dichromates and polynuclear chromium oxides display
characteristic vibrational modes that do not overlap with
those of monochromates and are characterized by specific Cr—
O—Cr contributions at long scattering distances.'”'> Most of
the studies concluded that at low chromium loading, the
majority of the Cr(VI) sites are monochromates with a
dioxochromate structure, although the relative importance of
dichromates increases at high chromium loadings and
activation temperature.

39,45—47,49—55,57—59

Diffuse reflectance (DR) UV—vis-NIR spectroscopy has
been used since the early 1990s not only to discriminate

258
259

among various chromates but also to quantify the amount of 260

each species.' "' 7**%*% The latter is the most critical (and

sometimes criticized) aspect for two reasons. The first one is
the notorious invalidity of the Lambert—Beer law for spectra
collected in reflectance mode, while the second reason is that
the bands assigned to oligomeric Cr(VI) species are very
similar to those of monomeric Cr(VI) species. This is not to
say that DR UV—vis spectroscopy cannot be used for this
purpose, but the analysis must be conducted accurately on the
basis of a well-assessed calibration.”' A quantitative analysis is
much safer for UV—vis spectra collected in transmission mode
on optically transparent silica glasses. Transmission UV—vis
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spectra of low loaded Cr(VI)/SiO, catalyst in the form of 272

transparent monoliths were first reported béy Stiegman and co-
workers,”” followed by Budnyk et al.”” More recently,
Stiegman and co-workers re-examined the electronic structure
of Cr(VI) sites by coupling UV—vis spectroscopy with time-
dependent density functional theory (TD-DFT).*® This work
is a remarkable example of the potential of UV-—vis
spectroscopy in discriminating among different monomeric
Cr(VI) structures. For example, the authors demonstrated that
all the monomeric Cr(VI) sites on strained siloxane rings
(having a C,, or slightly lower symmetry) have essentially the
same primary coordination environment and hence a very
similar electronic structure, while distinguishable differences
are observed for monomeric Cr(VI) sites grafted on larger
(less strained) siloxane rings.

Figure la shows the UV—vis spectrum reported by Stiegman
and co-workers®® for a 0.008 wt % Cr(VI)/SiO, monolith
activated at 500 °C, which is characterized by four main
absorption bands centered at 41500, 36900, 29 100, and
22800 cm™!, all of them ascribed to O — Cr(VI) charge-
transfer transitions. The spectrum is compared to that
published by Budnyk et al®” (Figure 1b, yellow) for a
Cr(VI)/SiO, monolith having a very similar chromium loading
(0.01 wt %), but activated at a different temperature (650 °C).
Although similar, the two spectra are not the same. In
particular, a single band is observed at high energy (41500
cm™'), and two bands are present at ca. 31400 and 21700
cm™". Interestingly, once the Cr(VI)/SiO, sample giving the
yellow spectrum in Figure 1b is exposed to air at room
temperature, its spectrum gradually changes and turns out to
be the same as that reported by Stiegman and co-workers
(compare red spectrum in Figure 1b with the spectrum in
Figure la): a second band is observed in the high-energy
region at 36 900 cm™}, and the bands at 31 400 and 21 700
cm™" shift to 29 100 and 22 800 cm™, respectively. Exposure
of Cr(VI)/SiO, to air at room temperature does not affect the
oxidation state of the chromium sites, but leads to the gradual
rehydroxylation of the silica surface. As a matter of fact, the
final UV—vis spectrum is the same as that of a similar sample
dehydroxylated at lower temperature (500 °C, Figure 1a). This
clearly demonstrates that the electronic properties of the
Cr(VI) sites are strongly influenced by the degree of silica
hydroxylation, that is, by the activation treatment. It is well-
known that the degree of dehydroxylation strongly affects the
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stress/strain at the silica surface: the higher the temperature of 316

the treatment, the greater the strain induced at the surface.®””°

Hence, the UV—vis data shown in Figure lab indicate that the
electronic structure of the Cr(VI) sites ultimately depends on
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Figure 1. (a) UV—vis spectrum (collected in transmission mode) of a
Cr(VI)/SiO, monolith (Cr loading 0.008 wt %) activated at 500 °C,
as reported in ref 68. (b) UV—vis spectra (collected in transmission
mode) of a Cr(VI)/SiO, monolith (Cr loading 0.01 wt %) activated
at 650 °C and measured in vacuum (yellow) and after exposure to air
(light yellow spectra, up to red). Spectrum yellow was reported in ref
67, and spectrum red is unpublished. (c) DR UV—vis spectra
(collected in reflectance mode after dilution in dehydroxylated silica)
of two commercial Cr(VI)/SiO, catalysts (Cr loading 0.15 and 1.5 wt
%, respectively) activated at 600 °C and measured in vacuum. The
dilution was adapted in order to normalize the spectra in the low
wavenumbers region. The samples were kindly provided by Dr. T.
Monoi at Japan Polychem Corporation. The spectra are unpublished.

320 the strain at the silica surface, in good agreement with the
321 theoretical results obtained by Stiegman and co-workers.””
322 The practical relevance of this finding is discussed in Figure
323 lc, which displays the DR UV—vis spectra of two commercial
324 Cr(VI)/SiO, catalysts activated at 600 °C, measured in
325 reflectance mode after appropriate dilution (using dehydroxy-
326 lated silica as a diluent). The spectrum of the 0.15 wt %
327 Cr(VI)/SiO, catalyst (yellow in Figure 1c) is very similar to
328 that reported by Budnyk et al. for the 0.01 wt % Cr(VI)/SiO,
329 monolith activated at a similar temperature (yellow in Figure
330 1b). In contrast, the spectrum of the 1.5 wt % Cr(VI)/SiO,
331 catalyst (red in Figure 1c) differs from the previous one and
332 has some analogies with that of the hydrated 0.01 wt %
333 Cr(VI)/SiO, monolith (red in Figure 1b).

33¢  The important message emerging from these comparisons is
335 that the electronic properties of the Cr(VI) sites are strongly
336 influenced by the stress/strain at the silica surface, which in turn
337 can be tailored by acting on the activation treatment (i.e,, on the
338 dehydroxilation degree of the silica surface), on the chromium

339 loading, or both. Lowering the chromium loading has an effect
340 similar to increasing the activation temperature. The influence
341 of these parameters is often neglected and may explain, at least
342 partially, the variability in experimental results achieved by
343 different research groups. More important, this could be the
344 key to understand some industrial observation, such as the
345 higher per-site activity at low chromium loadings,” or the

exceptionally high activity of Cr(VI)/SiO, catalysts highly 346
dehydroxylated by chemical methods.*™>'"*® Notably, DR 347
UV—vis measurements are easily accessible also in industrial 34s
laboratories and can be used as screening methods for testing 349
the properties of new catalyst formulations, provided that the 3s0
correct methodology is set in advance. It is worth noticing that 3s1
these results have important implications that go beyond the 3s2
Phillips catalyst. They demonstrate that the electronic 3s3
properties (and hence the reactivity) of single-metal-sites at 3s4
amorphous silica can be tuned “simply” by acting on the 3s5
activation temperature and/or on the surface density of the 3s6
metal sites, in perfect agreement with the recent conclusions of 3s7
Trunschke and co-workers on the similar Mo0O,/SiO, 3ss
system.70 359

Finally, in this context, it is relevant to mention that a small 360
amount of Cr(V) is always copresent with Cr(VI) in the 361
oxidized form of the Phillips catalyst. Cr(V) (d') was detected 362
in the X-band EPR spectrum of Cr(VI)/SiO, since the early 363
1990s,”'~7* and is the only EPR detectable species if the 364
activation is correctly done. The typical EPR spectrum of 365
Cr(V) is characterized by pseudo axial resonances in the region 366
g = 1.895—1.979.”* It is a common opinion that Cr(V) sites 367
are not involved in the catalysis, although they are accessible to 368
reactants including reducing agents and hence can be regarded 369
as possible parents for traces of Cr(III) species when Cr(VI)/ 370
SiO, is reduced by CO or by ethylene. 371

3.1.2. Cr(Vl) Reduction by Ethylene and the Identity of the 37
Active Species. One of the main debate has always concerned 373
the mechanism through which the ethylene polymerization 374
reaction is initiated at the Cr(VI) sites. Unlike other widely 375
used olefin polymerization catalysts, such as the Ziegler—Natta 376
and metallocene catalysts, the Phillips catalyst does not require 377
the use of any alkylating cocatalyst to develop activity. In the 378
industrial practice, the active sites are directly formed in the 379
polymerization reactor at ca. 100 °C, as a consequence of two 380
subsequent events, namely, the reduction and the alkylation 381
(Scheme 1). 382

During an induction time that can last from minutes to 383
hours depending on the catalyst treatment and the reaction 384
conditions, ethylene slowly reduces the Cr(VI) precursors 3ss
initially present in the precatalyst to low valent chromium sites, 36
with the concomitant formation of oxygenated byproducts 387

Scheme 1. Simplified Scheme Showing the Two
Fundamental Steps in the Transformation of the Cr(VI)
Precursors into the Chromium Active Sites”

C,H,, 100°C

[ o) J l
Cr(VI1) Cr(ll) Cr(?)-R
precursors REDUCTION intermediates ALKYLATION active
............... S . ‘c,unzsc

“During step 1 (the reduction), the Cr(VI) precursors are reduced to
Cr(1I) intermediates, either by ethylene at 100 °C (full line) or by
CO at 350 °C (dotted line). In the former case, oxidized by-products
are formed and retained by the Ct(II) sites, while in the latter, CO, is
released and leaves the sample at the reduction temperature. During
step 2 (the alkylation), the Cr(II) intermediates are alkylated to
Cr(2)-R sites by ethylene, where the question mark indicates that the
oxidation state is still matter of discussion. These sites are those active
in ethylene polymerization.
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388 (step 1 in Scheme 1, top).?”5 As far as the chromium oxidation
389 state is concerned, there is a general consensus on that Cr(II)
390 sites are mainly formed during this step.”'"'*”*~"® Concern-
391 ing the oxygenated byproducts, formaldehyde has been long
392 claimed as the most probable one,”” 7% but recent experi-
393 ments performed in operando conditions pointed out that more
394 complex species (such as ketones, carboxylic acids, or esters)
39s are actually formed and, more important, retained on the
396 chromium sites (and likely also at the silica surface), at least
397 during the first steps of the ethylene polymerization
398 reaction.”** This finding is particularly relevant, since it
399 turns upside down the long-standing vision of the active site as
400 a naked (ie, low coordinated) chromium species, and it
401 conveys an active role to the external oxygenated ligands, like
402 the ancillary ligands in homogeneous catalysis.

403 The initial reduction step is followed by a steady increase in
404 the polymerization activity within the next 1—2 h.> This
40s behavior has been ascribed to the slow activation of the Cr(II)
406 sites by ethylene itself, leading to the formation of the alkyl-Cr
407 sites (step 2 in Scheme 1, top) that initiate the ethylene
408 polymerization, following the standard Cossee—Arlman
409 mechanism.*>™®’ That the polymer chain growth at the
410 Phillips catalyst proceeds mainly via a Cossee—Arlman process
411 was demonstrated by Mc Guinness et al.*® through the analysis
412 of low molecular weight oligomers/polymers formed during
413 ethylene/a-olefin copolymerization with labeled monomers. In
414 contrast, the nature of the Cr-alkyl active species and the way
415 through which they are formed starting from Cr(II) in the
416 presence of ethylene is not clarified yet. A Cr(III)-alkyl was
417 advocated by Theopold®””® based on comparison with
418 homogeneous catalysts,”"”” recently reproposed by the groups
419 of Coperet for Phillips-inspired Cr(I1I)/SiO, catalysts
420 obtained from well-defined Cr(III) precursors,”* ™" and finally
421 considered as firmly established by Scott and co-workers based
22 on EPR data.®””® However, the experimental evidence
423 supporting the formation of Cr(IlI)-alkyl species in the
424 industrial Phillips catalyst are poor at best. Alternatively, a
425 Cr(IV)-dialky was also proposed in the past,” on the basis of
426 an organometallic approach. Therefore, the question on the
427 initiation mechanism is still controversial, and more details will
428 be given in Section 3.2.2.

429 3.2, The Phillips Catalyst in Its Reduced form: Cr(ll)/
430 Si0,. 3.2.1. Structure of the Cr(ll) Sites and the Role of
431 Surface Hemilabile Ligands. The Cr(VI) — Cr(II) reduction
432 step can be accomplished before the precatalyst enters the
433 polymerization reactor by using CO at 350 °C.”""'*”® When
434 done correctly, this treatment converts the Cr(VI) almost
435 quantitatively to Cr(Il), as established quite early through
436 actual titration.”'>”>’® In this case, the induction period is
437 eliminated, but the subsequent development of full polymer-
438 ization activity follows the same behavior. This is the reason
439 why the CO-reduced Phillips catalyst (hereafter defined as
440 Cr(I1)/Si0,) has been widely adopted as a model system to
441 investigate the initiation mechanism.

442 In this regard, there are however at least two false myths to
443 be dispelled. The first one is the idea, largely diffuse in the
444 academic laboratories, that the CO-reduction is not used in the
445 industrial practice. This concept fostered the nomenclature of
446 “model catalyst” referred to Cr(II)/SiO, and of “industrial
447 catalyst” referred to Cr(VI)/SiO,. This is not completely true.
448 Although nowadays there are no more companies using CO for
449 activation, in the past CO-reduction was employed in the
450 commercial practice to shorten the induction time,>* especially
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when low polymerization temperatures were necessary, for 4s1
example, when the target polymer product was the ultrahigh 452
molecular weight PE (UHMWPE). The second false myth is 453
that the polyethylene produced by Cr(II)/SiO, is the same as 454
that obtained with Cr(VI)/SiO,. The two products are actually 4ss
similar, but not the same. As clearly reviewed by McDaniel,>"” 436
Cr(II)/SiO, produces a polymer with slightly higher My, and 457
displays a better comonomer incorporation efficiency. These 4s8
differences, which are enhanced by changing the support (for 4so
example, with SiO,—TiO,), indicate that the Cr(II) 460
intermediates are actually different in the two cases. The 461
presence (or the absence) of the oxidized byproducts in the 462
chromium coordination sphere may account for this difference, 463
as suggested in Scheme 1. It is also interesting to recall here the 464
finding by Budnyk et al,'” that the activity of Cr(II)/SiO, 465
increases upon decreasing the activation temperature. This 466
result is apparently in contradiction with the opposite trend 467
reported in the literature for the Cr(VI)/SiO, catalyst’ and 46s
indicates once more that the two systems are not the same. 469
The structure of the Cr(II) sites in Cr(II)/SiO, has been 470
investigated since the early 1960s with a multitude of 471
spectroscopic methods. The presence of low-coordinated 472
Cr(II) sites with multiple coordination vacancies available for 473
adsorption of probe molecules has been of great stimulus for 474
the development of the method known as “spectroscopy of 475
adsorbed probe molecules”,""'*""'%* of which Zecchina was the 476
pioneer."> The method, which has been applied universally 477
since the 1960s in conjunction with both DR UV—vis and FT- 478
IR spectroscopies, and later also with XAS, provides indirect 479
information on the electronic and structural properties of the 4s0
Cr(II) sites.'” In association with the right molecular probe 4s1
(not too strong, neither too weak), FT-IR spectroscopy is 482
perhaps the best technique to discriminate among Cr(II) sites 4s3
having very similar properties. For example, on the traditional 484
Cr(II)/SiO, catalyst, carbon monoxide (CO) at room 4ss
temperature discriminates among two different Cr(II) sites 4s6
(Cry and Crg), differing in the number of coordination 487
vacancies available for CO insertion (Figure 2, spectrum b):'" 4ss f2
Cr, coordinates two CO molecules (absorption bands at 2180 489
and 2178 cm™) and Cry coordinates one CO molecule 490
(absorption band at 2191 cm™). For Cr(II) on Al,Os, only 491
one type of site is probed by CO, giving a broad absorption 492
band at 2199 cm™ (Figure 2, spectrum a).'”* For both Cr(II)/ 493
SiO, and Cr(II)/Al,Q;, the interaction of CO with Cr(II) is 494
dominated by a transfer of electron density from the o(CO) 495
molecular orbital (bonding character) to 3d(Cr) molecular 496
orbitals having an antibonding character. In addition, a Cr(II) 497
site grafted at the alumina surface feels a lower electronic 498
density than a Cr(II) site at the surface of silica because of the 499
more ionic character of the Al-O bond with respect to the Si— s00
O bond. This explains why the I(CO) band is observed at so1
higher wavenumbers for CO adsorbed on Cr(II)/ALO; than so2
for CO adsorbed on Cr(II)/SiO,.'* 503
FT-IR spectroscopy of adsorbed CO had the merit of so4
highlighting an important feature of the Cr(II)/SiO, catalyst, sos
that is, the presence of a variable number of weak siloxane s06
ligands in the Cr(II) coordination sphere, which are visible so7
only under certain circumstances, but play a fundamental role sos
in determining the properties of the Cr(II) sites. These so9
hemilabile ligands can be displaced from the Cr(II) sites in the s1o
presence of competitive species, including the ethylene si
monomer.'”*”'% The most representative example is the si2
adsorption of carbon monoxide at 100 K. The formation of 513
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Figure 2. FT-IR spectra of CO adsorbed on different Cr(II)
containing catalysts: Cr(II)/ALO; (spectrum a),'”* Cr(I1)/SiO,
(spectra b and ¢, collected at room temperature and 100 K,
respectively),'" Cr(II)/SiO, after reaction with triethylsilane (spec-
trum d),"** Cr(II)/SiO, after reaction with triethylaluminum
(spectrum e), and Cp,Cr(II)(CO) (spectrum f).'% Spectrum e is
unpublished. All the spectra (which are translated for clarity) are
collected at a comparable CO equilibrium pressure (ca. 50 mbar) and
at room temperature, except spectrum ¢, which is collected at 100 K.
On the top of the figure, are indicated the spectroscopic ranges
characteristic of the following: Cr(II) carbonyls bis-grafted to the
support and in interaction with hemilabile surface ligands (green),
Cr(II) carbonyls bis-grafted to the support but not in interaction with
surface ligands (yellow), Cr(II) carbonyls monografted to the support
(red), and homogeneous Cr(II) carbonyls (brown).

s14 Cr(II) multicarbonyls (characterized by absorption bands in
515 the 2130—2000 cm™ range, Figure 2, spectrum ¢ and second
s16 structure on the top) occurs through 7 back-donation from
517 3d(Cr) molecular orbitals having a bonding character to the
s1s 7(CO) molecular orbital (antibonding),'””'*® and causes a
s19 consistent elongation of the Cr—O bond, as determined by
s20 EXAFS spectroscopy.'”” The resulting scenario is that silica
s21 (perhaps more than any other inorganic oxide) plays an active role
s22 in stabilizing Cr(Il) sites in geometries which are unlikely for
523 homogeneous complexes. In other words, it acts as a macro-
s24 ligand for the Cr(II) sites. This explains why the Phillips
525 catalyst is unique among the silica-supported olefin polymer-
526 ization catalysts, providing polymers with a very broad My,
527 distribution. For example, metallocene/MAO/SiO, or TiCl,/
528 MgCl,/donor/SiO, produce polymers with a narrow My
529 distribution. However, both metallocene and titanium do not
530 have direct interaction with silica, while chromium sites in the
531 Phillips catalyst do. This direct interaction does not mean that
s32 the Cr(II) sites are rigidly attached to the support, but rather
533 they are structurally flexible in the presence of the adsorbates and
s34 have the capability to expand their coordination sphere at the
535 expenses of the hemilabile siloxane ligands belonging to the silica
536 surface. This cooperative effect, similar to that characteristic of
537 certain homogeneous catalysts and of the enzymes, is often

neglected by researchers who aim at modeling the properties of 538
the Cr(II) sites by means of rather small and rigid cluster s39
models. This choice is questionable because the presence of s40
the hemilabile siloxane ligands certainly affects the energy of s41
adsorption/desorption for several molecules, including ethyl- s42
ene. The role of the siloxane ligands in lowering the energetic 543
barriers involved in the initiation mechanism for ethylene s44
polymerization on Cr(II)/SiO, has been recently recog- s4s
nized.*>”’ 546

The flexibility of the Cr(II) sites increases when the Cr(II)/ s47
SiO, catalyst is reacted with the so-called activators, such as s4s
hydrosilanes and aluminum alkyls. It has been proposed that s49
the cocatalyst attacks one of the Cr—O—Si anchoring links, ss0
generating a modified Cr(II) site which is monografted to the ss1
silica surface (third structure on top in Figure 2). These sites ss2
have been advocated as responsible for in situ a-olefin ss3
generation and explain why the use of cocatalysts introduces ss4
short chain branches in PE, up to the formation of LLDPE in sss
the presence of ethylene as the only feed.” These modified s
Cr(1I) sites are able to coordinate two CO molecules, forming ss7
“classical” chromium carbonyl species'** (i.e., characterized by sss
a strong Cr — CO 7 back-donation contribution that ss9
overcomes the Cr « CO o donation and leads to the sé0
weakening of the C—O bond),'””'% contributing in the se1
2050—1950 cm™' region, as typically observed in homoge- s
neous organometallic carbonyl complexes, including chromium s63
complexes.'”>""°7""* Two examples are reported in Figure 2, s64
which shows the FT-IR spectra of Cr(I1)/SiO, reacted with ses
excess of triethylsilane'™* (spectrum d) and with excess of s66
triethylaluminum (spectrum e). As a term of comparison, also 567
the spectrum of the Cp,Cr(CO) homogeneous complex'*>"'* 563
is reported (Figure 2, spectrum f and fourth structure on the s69
top). 570

The selection of FT-IR spectra reported in Figure 2 s71
demonstrates that FT-IR spectroscopy of adsorbed CO is a sn
powerful method to discriminate among different Cr(II) sites, 73
being able to differentiate between mono- and bis-grafted s74
Cr(II) sites, either with or without hemilabile surface ligands. s7s
There are however two issues to consider. The first one is that 576
not all the Cr(II) sites detected by CO are necessarily those 577
involved in ethylene polymerization. In this regard, an elegant 578
approach to distinguish the active sites from the spectators 579
consists in performing the CO adsorption experiment twice, sgo
before and after ethylene polymerization. The difference in the ss1
CO adsorption corresponds to the active chromium sites. ss2
However, the method works well only by keeping the ss3
polymerization time short enough; otherwise, too much PE ss84
does not allow the diffusion of CO to the chromium centers.'" sss
The second issue to consider is that in some cases the Cr(II) ss6
sites might be not accessible by CO, but accessible to ethylene. s87
This is the case, for example, of the Cr(II) sites modified by sss
AlIR; and similar activators. We have recently demonstrated sso
that most of the chromium sites modified by diethylalumi- s90
noethoxide are not reached by CO, likely because they are so1
shielded by the modifier and/or by some reaction by- s92
products.”'” In these cases, a possible solution is to make 593
use of stronger probes, which are molecules interacting so4
strongly with the chromium sites (such as acetonitrile). 595

3.2.2. The Mechanism for Cr(ll) Self-Alkylation: One- s96
Electron or Two-Electron Oxidation? As anticipated in the s97
previous section, the question on how the first Cr—C bond is 598
formed starting from Cr(II) and ethylene is strictly connected s99
to the identification of the oxidation state of the active 600
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Scheme 2. Path (a): The Non-Redox Initiation Mechanism Proposed by the Coperet Group Involves the Heterolytic C—H
Activation of Ethylene on One of the Three Cr(III)—O Bonds, with the Formation of a Cr(III)-Vinyl Species and a Surface
OH;**7?%711% paths (b) and (c): The Two Neat One-Electron Redox Processes Proposed by the Scott GrouI)86’87 Consisting

of Two Steps”
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#(1) The oxidative addition of two ethylene molecules to Cr(II) to give a Cr(IV) intermediate (either a Cr-vinyl-ethyl or a chromacyclopentane);
(2) followed by a Cr—C bond homolysis assisted by a second participant on the surface (either the siloxane ligands, path (b), or a second Cr(II)
site, part (c)), which are depicted in red. In both cases, during step 2) the intermediate Cr(IV) is reduced to Cr(IIl), with generation of an organic
radical. The radical leaves the system in path (b), while it reacts with the second Cr(II) in path (c), generating a second Cr(III).

601 chromium sites (i.e, the nature of the question mark in
602 Scheme 1). Most of the initiation mechanisms proposed in the
603 past involved a two-electron redox step in which Cr(II) is
604 oxidized to Cr(IV) by oxidative addition of ethylene. A similar
605 mechanism is well-documented for homogeneous chromium
606 complexes that selectively oligomerizes ethylene to a-
607 olefins."'>~""7 Several two-electrons redox mechanisms have
608 been proposed so far.'"”* Some of them have been supported
609 by (not conclusive) experimental evidence, but most of them
610 have been strongly criticized in the recent literature, mainly
611 because theoretical calculation predicted unfeasible high
612 propagation barriers.*> ™%’

613 At the same time, Cr(III) has become gradually the most
614 popular putative species accounting for ethylene polymer-
615 ization. This is due to the concomitance of two main
616 experimental evidence. The group of Scott found, by EPR
617 spectroscopy, that exposure of a CO-reduced Phillips-like
618 precatalyst to pulses of ethylene causes the rapid reoxidation of
619 the Cr(II) sites to Cr(III), even below room temperature.”*”®
620 At the same time, Coperet and co-workers demonstrated that
621 silica-supported Cr(III) molecularly defined analogues of the
622 Phillips catalyst obtained by Surface Organometallic Chemistry
623 are extremely active in ethylene polymerization, while the
624 Cr(II) analogues are almost inactive.””™7>?7!% The two
625 experimental evidence together prompted the computational
626 investigation of initiation mechanisms leading to a Cr(III)-
627 alkyl propagating site. A nonredox initiation mechanism,
628 involving the heterolytic C—H activation of ethylene on one
629 of the three Cr(III)—O bonds (path a in Scheme 2) was
630 initially proposed by the Co?eret group,””* but later on
631 refuted by the Scott group.””>'"” The latter is perhaps the
632 most prolific team in this field and recently proposed two
633 possible mechanisms that can explain the formation of the
634 Cr(III)-alkyl propagating site starting from Cr(II) and ethylene
635 (paths b and c in Scheme 2).5%%7 Both mechanisms are neat
636 one-electron redox processes, consisting of two consecutive
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steps: the oxidative addition of two ethylene molecules to 637
Cr(1I), followed by a Cr—C bond homolysis, which causes 638
Cr(IV) to be reduced to Cr(III) and the generation of an 639
organic radical. The two mechanisms differ in the nature of the 640
intermediate Cr(IV) species and in the destiny of the organic 641
radical, while both of them require the participation of external 642
“actors” (either the siloxane bridges or a second Cr(Il) site). 643
Both mechanisms are kinetically viable and account for most of 644
the known reactivity properties of the catalyst, although they 645
do not explain all of them. For example, they do not account 646
for the increased per site activity at low chromium loading, or 647
for the observation that ethylene polymerization on a CO- 648
reduced precatalyst initiates even at room temperature or 649
below.”’ 650

3.2.3. The Question of the Chromium Oxidation State: ss1
The Use and Misuse of UV—vis, XANES, and EPR Spectros- 6s2
copies. The assessment of the oxidation state for the active 653
chromium sites is perhaps the most debated topic in recent 654
times and is strongly related to the problem of the self- 6ss
alkylation mechanism. For this reason, it is useful to review 6s6
some relevant observations accumulated over years of research 657
based on the use of three main characterization techniques, 6s8
which are UV—vis, XANES, and EPR spectroscopies. These 659
three techniques have been largely used (and often misused) 660
to determine the oxidation state of the chromium sites during 661
ethylene polymerization or immediately after. 662

Among the three techniques, UV—vis spectroscopy is 663
perhaps the least preferred, based on the following two 664
arguments: (i) electronic transitions give rise to broad and 66s
overlapping bands, (ii) whose position depends on both the 666
oxidation state and the coordination geometry of the 667
chromium sites, which are difficult to clisentangle.120 There 668
is a third problem, neglected by most of the literature, which is 669
a limitation intrinsic to the physical method for collecting the 670
UV—vis spectra.”® The PE coating formed around the Cr/SiO, 671
particles diffuses the incident light and shields the active 672
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Cr(11)/Si0, monolith (calc. 500°C, red. CO 350 °C)
Measured in pulses of ethylene at 80 °C
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Figure 3. (a) Transmission UV—vis spectra of a Cr(II)/SiO, monolith (calcined at 500 °C and reduced in CO at 350 °C) titrated with pulses of
ethylene at 80 °C, as reported in ref 98. (b) DR UV—vis spectra of a powdered Cr(II)/SiO, catalyst (activated at 650 °C and reduced in CO at 350
°C, black) and its time evolution in the presence of ethylene (600 Torr) at room temperature (from dark to light blue). The inset shows a
magnification of the NIR region, where appear the vibrational features of PE. (c) DR UV—vis of the same Cr(II)/SiO, catalyst reported in panel b
before (black) and after (pink) interaction with cyclohexene at room temperature.'>” In all three panels, up and down arrows highlight the bands

that appear and disappear as a function of the experimental conditions.

chromium sites (i.e., the sites where the polymer is formed).
This is macroscopically visible in the aspect of the sample that
progressively becomes white during the polymerization. The
white color is not the color of PE (which is transparent in the
whole UV—vis region), neither that of the catalyst, but is the
result of the scattering of the visible light from the combination
PE + catalyst particles. In these conditions, no information on
the active chromium sites can be obtained anymore. The
situation, critical in diffuse reflectance, is even worse when
collecting UV—vis spectra in transmission mode on trans-
parent, highly diluted, Cr/SiO, monoliths. Indeed, as
demonstrated by Budnyk et al.,”” as soon as the silica pores
are filled with the polymer, the monoliths become opaque, and
the incident light is no longer transmitted.

Hence, only by collecting the UV—vis spectra in the
presence of ethylene pulses and/or in the very early stages of
ethylene polymerization is it possible to obtain relevant
information on the active chromium sites. An example of the

first case has been reported recently by Scott and co- 691
workers”®”® and is reproduced in Figure 3a, which shows a 692 3
sequence of transmission UV—vis spectra collected for a 693
diluted Cr(II)/SiO, monolith in the presence of pulses of 694
ethylene at 80 °C. An example of the second case is shown in 695
Figure 3b, displaying a sequence of DR UV-—vis spectra 6%
collected by our research group for a 0.5 wt % Cr(II)/SiO, 697
catalyst in the presence of ethylene at room temperature. For 698
sake of comparison, the two sequences have been reproduced 699
in the same scale, although unfortunately a very limited 700
wavelength region is reported by the Scott group, which does 701
not allow a full comparison. The two experiments shown in 702
Figure 3 lead to two different conclusions and effectively 703
represent the kind of variability in results that is found in the 704
specialized literature and that somehow generates confusion on 70s
the topic. During titration with highly dilute aliquots of 706
ethylene (Figure 3a), the spectrum of the Cr(II)/SiO, 707
monolith slowly changes, with the band at 770 nm 708
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709 disappearing and a new band at 490 nm emerging. The authors
710 ascribe the new band to the formation of Cr(IIl) species with
711 coordination numbers higher than four but with a symmetry
712 lower than octahedral. Quantitative analysis yielded an average
713 C/Cr ratio of 1.9 + 0.2, suggesting that at the end point of the
714 titration, the material has taken up on average one ethylene per
715 Cr(1Il) site, consistent with the formation of organo-Cr(III)
716 sites but not with the development of a real polymerization.”®
717 As a matter of fact, if polymer is formed, the silica monolith
718 would have become opaque for transmission.®”

719  During the early stages of ethylene polymerization at room
720 temperature, the DR UV—vis spectrum of the 0.5 wt % Cr(II)/
721 SiO, catalyst changes in a different way (Figure 3b)."*" Since
722 the very first spectrum, the two d—d bands at 830 and 1400
723 nm, characteristic of highly uncoordinated Cr(II) sites, "’
724 decrease in intensity and shift to 650 and 1000 nm, while the
725 intense charge-transfer band initially at 335 nm shifts at 275
726 nm. These changes simply reveal that all the Cr(II) sites get in
727 contact with ethylene, increasing the number of ligands in their
728 coordination sphere.'' Indeed, very similar spectra have been
729 reported for Cr(II)/SiO, in interaction with nonreactive
730 (probe) molecules, such as CO'' or cyclohexene.122 The
731 case of cyclohexene, which is reported in Figure 3c¢ for a direct
732 comparison, is particularly interesting because it mimics the
733 coordination effect of ethylene on the Cr(II) sites, without
734 polymerizing. The change in the DR UV-—vis spectrum is
735 extraordinarily similar to that observed in the presence of
736 ethylene, except for the fact that it does not evolve with time.
737 In contrast, as soon as PE is formed (Figure 3b), the whole
738 spectrum decreases in intensity. At the same time, a complex
739 series of bands grow in the NIR region due to the
740 combinations and overtones of the vibrational modes of PE
741 (inset in Figure 3b).

742 In conclusion, both experiments discussed in Figure 3
743 actually fail in observing the active chromium sites. No
744 polymer is formed in the first case (Figure 3a). Hence, the
745 question arises whether the experiment is really representative
746 of the oxidation state of the active chromium sites, or rather it
747 provides a picture of deactivated chromium species. Indeed,
748 the alkylated chromium species should be rather unstable in
749 the absence of the monomer. On the other hand, when PE is
750 formed (such as in the experiment reported in Figure 3b), it
751 obscures the active chromium species, and only the spectator
752 sites (or those slower to start) remain visible. This does not
753 mean that UV—vis spectroscopy is not useful in the
754 investigation of these systems, but that the results must be
755 interpreted with caution and in combination with other
756 methods.

757 XANES spectroscopy is more popular (and less criticized)
758 than DR UV—vis spectroscopy and has been often adopted to
759 claim the oxidation state of the chromium sites. This is curious
760 because actually it suffers of exactly the same problems of UV—
761 vis spectroscopy. Indeed, the edge position of a Cr K-edge
762 XANES spectrum is a function of both the oxidation state and
763 the coordination geometry, and it is hard to disentangle the
764 two factors without knowing at least one of them. An example
765 of the possible mistakes that can be made by relying on
766 XANES data alone is given in Figure 4, which shows the
767 XANES spectra of a Cr(VI)/SiO, catalyst after ethylene
768 polymerization (spectrum a) in comparison to that of Cr,O;
769 (spectrum c), used as a reference for Cr(IlI). A quick
770 comparison of the two XANES spectra might lead to the
771 conclusion that the final oxidation state of the catalyst reduced
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a. Cr(V1)/Si0, + C,H, (150°C)
b. €r{V1)/SiO, + cyclohexene {25-°C)
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Figure 4. Cr K-edge normalized XANES spectra of (a) Cr(VI)/SiO,
catalyst after ethylene polymerization at 150 °C and (b) after
reduction with cyclohexene at room temperature, in comparison to
that of Cr,0; (spectrum c), used as a reference for Cr(III).**

in ethylene is +3. Indeed, at a first glance, the pre-edge features
and the edge position are very similar in the two cases.”® These
(and similar) arguments have been used several times in the
literature to set forth +3 as the main oxidation state of the
chromium active sites.”>™° However, Figure 4 shows that the
spectrum of Cr(VI)/SiO, after ethylene polymerization is also
very similar to that of Cr(VI)/SiO, reduced in cyclohexene at
room temperature (spectrum b), where the chromium sites
have an oxidation state of +2 in a 6-fold coordination
environment due to the interaction with an ester (deriving
from the oxidation of cyclohexene).'”* Notably, in that case,
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775
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777
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781
782

EPR spectroscopy incontrovertibly discarded the presence of 783

Cr(1I1)."” Tt clearly emerges that the assignment of the
chromium oxidation state on the basis of only Cr K-edge
XANES spectroscopy is not unambiguous. The same
conclusion was reached several years ago by Tromp et al,,'**
who demonstrated that the position of the main absorption
edge for a series of well-defined Cr(III) complexes with
different ligands and geometries can move as much as 8 eV
(ice., a shift comparable to that caused by a change in the
oxidation state from +6 to 0).

With respect to DR UV—vis spectroscopy, XANES spec-
troscopy does not have problems associated with the formation
of the polymer, and hence, in principle it probes all the
chromium species in the catalyst before, during, and after
ethylene polymerization.'”® This is an advantage of the
method, but turns out to be a disadvantage when considering
that the information is always averaged on the total chromium
sites. Moreover, the sensitivity of XANES is limited to about
10% of the total chromium sites, meaning that a species
present in a percent below ca. 10% could escape detection with
this technique.”” This opens the question whether XANES
spectroscopy might convey information on the active
chromium sites or it detects only the spectators, being that
the active sites are too small a fraction of the total.

The sensitivity is not an issue for EPR spectroscopy, which is
notoriously a technique sensitive even to traces of para-
magnetic species. This is why EPR spectroscopy has been used
to assess the oxidation (and spin) states of the chromium sites
in Cr(I)/SiO, after (or during) ethylene polymerization,
under the assumption that it is one among the few methods
able to reveal a few percent of sites.”””® However, the
oxidation (and spin) states that can be probed by EPR at
conventional fields are Cr(V) (d') and Cr(III) (d*) only, while
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s16 the technique is normally silent toward Cr(IV) (d*) and Cr(1I)
817 (d*), which are other putative actors in catalysis.'*° In other
818 words, the main issues of EPR spectroscopy are exactly the
819 opposite of those raised for XANES spectroscopy: it is an
820 extremely sensitive technique, but blind toward specific spin
821 states. Hence, the question of the significance of the species
822 detected by EPR arises, that is, whether they are involved or
823 not in the reaction and how much they account for the total
824 chromium present in the catalyst.

825 3.3. Cr(VI)/SiO,and Cr(ll)/SiO,: A Unified Picture of
826 the Chromium Active Sites. In the attempt to summarize
827 the potentials and the limits of the three techniques discussed
828 above in the investigation of the active chromium sites, Figure
829 S shows the evolution of the DR UV—vis, XANES, and EPR
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Figure 5. Time evolution (from red to blue) of the DR UV—vis (@),
Cr K-edge normalized XANES (b),*® and EPR (c)"*® spectra of
Cr(VI)/SiO, in the presence of ethylene at 150 °C. From red to
yellow: induction time; from yellow to blue: onset of ethylene
polymerization. The inset in panel a shows a magnification of the NIR
region, where appear the vibrational features of PE. The inset in panel
c shows a magnification of the low field signal, attributed to Cr(III)
species. The spectra in panels a and b have been vertically translated
for clarity. The DR UV—vis and XANES spectra are vertically
translated for clarity.

830 spectra for Cr(VI)/SiO, in the presence of ethylene at 150
831 °C,"*” while Figure 6 shows the same for Cr(II)/SiO, in the
832 presence of ethylene at room temperature. Most of these
833 spectra, obtained by our research group on the same catalyst
834 and using the same experimental approach, have been already
835 published and separately discussed in previous works, but they
836 have been never discussed together with a unifying vision. It is
837 worth noticing that the whole sets of data are fully comparable
838 each-others, a situation that is rather uncommon.

839 As far as Cr(VI)/SiO, is concerned, the whole set of data
840 shown in Figure S clearly indicates the existence of two
841 subsequent regimes, which have been distinguished with red—
842 yellow and light blue—blue spectra. Initially, a fraction of the
843 chromates are slowly reduced by ethylene (from red to yellow

—

spectra in Figure S) to intermediate species, which are 844
characterized by peculiar and distinguishable d—d bands at s4s
16700 and 9500 cm™ in the DR UV-—vis-NIR spectrum s46
(Figure Sa), falling in a spectral region where the original s47
chromates (d° species) do not contribute. The corresponding s4s
spectrum is extraordinarily similar to that obtained by s49
interacting Cr(II)/SiO, with cyclohexene (Figure 3c).'*”
Hence, the intermediate chromium species have been ss1
identified as 6-fold coordinated Cr(I1).>* The 6-fold ss2
coordination of these Cr(Il) sites is determined by the ss3
presence of the oxidized byproducts, which have been detected ss4
by parallel FT-IR measurements.”® XANES spectra are sss
compatible with this interpretation, but they cannot be used s8s6
to define univocally the nature of the reduced chromium ss7
species because their spectroscopic fingerprints overlap to sss
those of the chromates, which are copresent at this stage. EPR ss9
spectroscopy at conventional frequency-field conditions is 860
silent toward Cr(I) species, and in fact, the EPR spectra do sé1
not reveal the formation of additional EPR active chromium ss2
species during this period (Figure Sc). The few Cr(V) sites 863
initially present in the oxidized Cr(VI)/SiO, (resonance in the s6s
high field region) are almost unaltered.*® After the induction ses
time, and in the presence of a residual amount of Cr(VI) ses
species, ethylene polymerization takes place (from yellow to se7
blue spectra in Figure 5). DR UV—vis-NIR spectra are s68
fundamental to reveal the onset of the polymerization, but only 869
when collected in an extended spectral range, because the 870
polymer contributes in the NIR region with a series of complex 871
bands attributed to the overtones and combination of the 872
fundamental CH, vibrations (inset in Figure Sa). During the s73
polymerization, the bands associated to the 6-fold coordinated 874
Cr(II) intermediates disappear, which unambiguously indicate 875
that these sites are involved in the reaction.”® Indeed, these s76
sites are the first sites to be shielded by the growing polymer 877
that they have produced themselves. However, no new bands 878
are observed in the spectra that can reveal the nature of the 879
propagating chromium sites, for the same reasons discussed sso
above (see Figure 3b). At the same time, the residual Cr(VI) ss1
sites are also reduced, as indicated by both UV—vis (decrease ss2
of the charge-transfer band at 22000 cm™’, Figure Sa) and ss3
XANES (disappearance of the peak at 5993.5 eV, Figure Sb) sss
spectra. According to the EPR spectra (Figure Sc), the Cr(V) sss
sites have the same destiny and most of them are converted sss
into Cr(IIl) species (appearance of the resonance character- ss7
istic of Cr(IIl) in the low field range, inset in Figure Sc). 888

Summarizing, the three sets of spectra shown in Figure 5 8s9
reveal the existence of at least two types of Cr(VI) in Cr(VI)/ 890
SiO, and a small amount of Cr(V), differing in their so1
reducibility at 150 °C in the presence of ethylene. The most 892
reducible Cr(VI) sites are converted into 6-fold coordinated so3
Cr(II) (EPR inactive) in interaction with the oxidized so4
byproducts. These sites appear to be intermediates involved 895
in ethylene polymerization. A second type of Cr(VI) sites are 89
reduced by ethylene only later, concurrently to the reduction 897
of Cr(V), and most likely converted into Cr(III) sites (EPR s9s
active). It is important to notice that, by considering the EPR 899
results only, one could be tempted to consider the Cr(III) 900
species as the active sites in ethylene polymerization. Although 901
this cannot be excluded, there are two sets of experimental 902
evidence that point toward a different interpretation. The first 903
one is conveyed by UV—vis spectroscopy, which unambigu- 904
ously indicates the 6-fold coordinated Cr(II) intermediates as 90s
those involved in ethylene polymerization. The second 906
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Figure 6. Time evolution (from dark to light blue) of the DR UV—vis (a), Cr K-edge normalized XANES (b), and EPR'*® (c) spectra of Cr(II)/
SiO, in the presence of ethylene at room temperature. The inset in panel a shows a magnification of the NIR region, where appear the vibrational

features of PE.
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evidence is provided by the complementary experiment
performed on Cr(II)/SiO,, which is summarized in Figure 6
and discussed here below.

The DR UV—vis, XANES, and EPR spectra of Cr(I1)/SiO,
rapidly change in the presence of ethylene at room
temperature, concurrently with the fast ethylene polymer-
ization (inset in Figure 6a). The DR UV—vis spectra reported
914 in Figure 6a are the same commented above (Figure 3b), but
915 reported this time in wavenumbers instead of wavelengths.'*
916 As discussed above, the DR UV—vis spectra simply tell us that
917 the majority of the Cr(II) sites interact with ethylene, but they
918 are scarcely useful to assess the properties of the active
919 chromium sites, which are rapidly shielded by the formed PE.
920 In the Cr K-edge XANES spectra (Figure 6b), the edge
921 (determined at 0.75 of the edge jump) upward shifts from
922 6000.0 to 6003.6 eV, which is compatible with an oxidation of
923 the Cr(Il) sites. At the same time, the intense and well
924 resolved pre-edge peak at 5994.8 eV, assigned to a Cr 1s — Cr
925 4p transition and considered the fingerprint of isolated Cr(II)
926 sites,'” decreases in intensity, and a new peak appears at
927 5993.0 V. Although it is not possible to exactly determine the
928 average oxidation state of the chromium sites for the reasons
929 discussed above, the presence of this pre-edge peak (intense
930 0.3 in normalized absorbance units) indicates that during
931 ethylene polymerization, at least a fraction of the chromium
932 sites have a symmetry characterized by the almost complete
933 absence of the inversion center (typically, a tetrahedral
934 symmetry). Indeed, the electronic transition responsible for
935 the pre-edge peak is subjected to the Laporte selection

—_

—_

—

rule.'#***'** For comparison, the XANES spectrum of the 936
almost perfect tetrahedral monochromates in Cr(VI)/SiO, 937
(Figure Sb, red) displays a pre-edge peak as intense as 0.8, 938
while those of the perfectly tetrahedral Cr(Np), and Cr(Ns), 939
(Np = neopentyl, Ns = neosylil) homogeneous complexes are 940
characterized by a pre-edge peak as intense as 1.0. Curiously, 941
and at a difference with respect to what published by S. Scott 942
and co-workers,”® we do not observe any change in the EPR 943
spectrum before and after ethylene polymerization (Figure 6¢), 944
despite the formation of abundant PE. These results indicate 945
that, in our experimental conditions, the active chromium sites 946
originated by reacting Cr(I)/SiO, with an excess of ethylene 947
at room temperature are not EPR active. 948

Altogether, the experiments reported in Figure S and Figure 949
6 converge in indicating that, under the experimental 9s0
conditions typically adopted in our lab, isolated Cr(III) sites 9s1
are not necessary for developing ethylene polymerization on 952
the Cr/SiO, Phillips catalyst. There are no doubts that Cr(III)- 953
based catalysts can efficiently polymerize ethylene, as largely 9s4
demonstrated for both homogeneous®””’ and heterogene- 9ss

us”* ™7 Cr(III) catalysts, but these systems are not necessarily 9s6
representative of the active chromium sites in the classical 9s7
Phillips catalyst. The discrepancies of our results with respect 9ss
to those obtained by different research groups, can be 9s9
explained by considering the different experimental conditions, 960
as discussed above, for instance the use of diluted pulses of 961
ethylene, as well as of a silica xerogel having a large amount of 962
micropores, might promote termination mechanisms which are 963
unlikely to occur in large excess of the monomer and on 964
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polymer-grade silica supported chromium sites. Although we
are not able yet to describe in details the structure of the active
chromium sites in the Phillips catalysts, the data discussed
above support the occurrence of a two-electron oxidation of
the Cr(II) intermediates to Cr(IV) sites, having a tetrahedral-
like symmetry (most likely dialkyl Cr(IV) sites).

3.4. The Role of Theoretical Calculations: Predictive,
Explanative, or Both? In this complex and controversial
scenario, theoretical calculations play a fundamental role and
have also some responsibility. In the past decade, in particular,
the number of papers on the Phillips catalyst relying entirely
on theoretical calculations is increasing exponentially. This is
probably a consequence of not only the improved speed and
reliability of the computational methods but also the increasing
frustration in obtaining definitive results from experimental
methods. Indeed, most theoretical papers on the Phillips
catalyst have been concentrated on the reaction mechanism,
mainly on Cr(11)/8i0,,>**"*57%713% byt also on Cr(III)/
$i0,, 77> and Cr(VI)/SiO,,"*" which is probably the
question most difficult to tackle by means of experimental
methods.

One of the main problems of theoretical calculations is the
choice of the model, wherein we include the dimension of the
cluster and its termination, the position of the chromium sites
within the cluster and their relation with other surface species,
and the oxidation state of the chromium sites. Modeling of
amorphous silica is per se a challenging task, although several
attempts have been made to develop realistic models of this
material."*>~"*> Most of the works are based on rather small
and rigid cluster models of reduced Cr(II) and Cr(III) species
supported on a silica fragment,31’32’85_87’93’_95’13’6_141 which
assume only minimal information on the local environment
around the chromium sites. In most of the recent works, the
silica clusters are terminated with OH capping groups, but also
fluorine and hydrogen termination have been used. These
models enable effective computations of many complex
reaction pathways*>*>~*7?3 7751914 4t 3 reasonable computa-
tional cost, and in some cases, they were found to provide
results similar to larger, more detailed, models."*® However, as
admitted by most of the authors, they cannot fully reproduce
neither the complexity and the strain of the silica surface nor
the heterogeneity of the chromium sites.

Only a few works employed larger SiO, clusters having an
amorphous structure,'*”'*%"*! or periodic models of amor-
phous silica.””"**~'* Larger and/or periodic models are
usually more flexible and account for the presence of siloxane
ligands nearby the chromium sites. Both properties are very
important in affecting the structure of the chromium sites and,
consequently, their reactivity and the type of polymer they
produce. For example, Handzlik and co-workers'** found that,
for periodic models of Cr(II)/SiO,, the interaction between
Cr(II) and surface siloxane bridges affects the O—Cr—O angle,
relaxing the strain effect induced by the small size of the
chromasiloxane ring. Concerning the effect of the siloxane
ligands on the reactivity of the chromium sites, the group of
Scott and Peters* suggested that the activation barrier for Cr—
C bond homolysis of an organo-Cr(IV), to give the active
Cr(Ill)-alkyl and an alkyl radical, might be reduced for
chromium sites in interaction with hemilabile siloxane ligands.
Similarly, according to Coperet and co-workers, the energetics
of the initial steps in ethylene polymerization over Cr(III)/
SiO, are different when evaluated either at the cluster””” or at
the periodic level.'** Finally, Taniike and co-workers'*’

demonstrated that monoalkyl-Cr(III) species on SiO, with a
different coordination environment showed remarkable
variations for both the ethylene insertion and the chain
transfer energies, resulting in a broad range of polyethylene
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molecular weights. These results highlight the importance of 1032

conducting calculation on sufficiently large and flexible models.

Once that the model has been selected and the calculations
performed, some questions arise about how to distinguish
between different outcomes—which ones can be considered
feasible and which others must be rejected. In most of the
cases, the selection is done exclusively on the basis of the
computed energies. Reaction paths with very high energy
barriers, or with unstable intermediates, are considered
infeasible. Unfortunately, this is not sufficient, as recently
pointed out by Peters et al,”’ who suggested that any
computational result must be evaluated according to three
guidelines: one related to the structure of the sites (i.e., there
should be a viable pathway to obtain the sites proposed in the
models) and other two related to the reaction mechanism (i.e.,
the complete catalytic cycle should be considered, and
computations should distinguish between possible and
impossible). In our opinion, there is a fourth condition that
must be fulfilled to validate a theoretical model, which however
is rarely taken into account. Before providing realistic energetic
barriers for the investigated reaction, a good model should be
able to reproduce some properties of the chromium sites that
can be measured experimentally, such as vibrational or
electronic properties. Indeed, the energetics of the adsorp-
tion/desorption of reactants, as well as the barriers associated
with the initiation, propagation, and termination steps, strongly
depend on the properties of the chromium sites. Unfortu-
nately, in most of the cases only the structural details and the
stability of the models are provided, with rare exceptions.

Another issue that is rarely considered by the computational
works, is the fact that ethylene polymerization is a strongly
exothermic reaction. Although the temperature of a fluidized
bed reactor is kept under control for example operating in the
condensed mode,'"” the local temperature at each active
chromium site might increase several tens of degrees, making it
possible to overcome the energetic barriers evaluated as too
high at the polymerization temperature.

4. BEYOND THE EXISTING DEBATES: THE ROLE OF
THE COCATALYST AS AN EXAMPLE OF AN
ALMOST VIRGIN AREA TO EXPLORE

The Phillips catalysts can be further tailored by adding
modifying a§e1_1tsl48_l°1 or cocatalysts in the right
amount.”>~*7*#152715% Qpposite to Ziegler—Natta catalysts,
the Phillips catalysts do not require any cocatalysts (or
activators) to achieve activity, while they are used to enhance it
and to modify the produced polymer.” For example, Cr/SiO,
heterogeneous Phillips catalysts modified by hydrosilanes
account for the production of several unique low-density
PEs, manufactured through an in situ branching process (i.e.,
without the use of external a-olefins as comonomers) and
commercially introduced during the early 1990s.'>>~">* This
comonomer-free industrial technology presents several com-
mercial advantages with respect to the copolymerization route
(ie, the use of a comonomer, typically 1-hexene, in the
ethylene feed),”"'>"*” such as (i) lower feedstock cost
(ethylene is cheaper than the typical comonomers); (ii)
feasibility of overcoming the lack of appropriate comonomers;
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1088 and (jii) reduced cost of loading, purification, storage, feeding,
1089 or downstream recycling in absence of comonomers.

1000 We have recently investigated the effect of triethylsilane
1091 (TES) on the structure of the Cr(II) sites in Cr(II)/SiO,, by
1092 synergically coupling FT-IR spectroscopy of adsorbed CO, DR
1093 UV—vis-NIR, XANES, and EXAFS spectroscopies.104’160’161
1094 The results are summarized in Figure 7 and will be briefly
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Figure 7. FT-IR spectra of CO adsorbed at room temperature (a), k>
weighted FT of the EXAFS signals (b) in both modulus (top) and
imaginary part (bottom), DR UV—vis-NIR spectra (c), and Cr K-
edge normalized XANES spectra (d) of Cr(II)/SiO, before (dark
blue) and after reaction with triethylsilane (TES, cyan).'®* The inset
in panel b shows the k>-weighted y(k) functions; the inset in panel d
shows a magnification of the XANES edge.

1095 discussed in the following, also because they nicely
1096 demonstrate the complementarity of the above-mentioned
1097 characterization techniques in the investigation of such a
1098 complex system. According to the FT-IR results (Figure 7a), a
1099 substantial fraction (over 85%) of the Cr(II) sites are modified
1100 by TES: indeed, the IR absorption band around 2180 cm™,
1101 ascribed to CO coordinated to Cr, and Cry sites, drastically
1102 decreases, in favor of a new absorption band around 2000
1103 cm™', which is the fingerprint of CO coordinated to the
1104 modified sites. As anticipated in Section 3.2.1, the modified Cr
1105 sites have a homogeneous behavior'®> and show up to two
1106 coordination vacancies available at room temperature. The
1107 EXAFS data are in well agreement with this picture. The
1108 k*y(k) EXAFS signal of Cr(I)/SiO, drastically changes after
1109 reaction with TES (inset in Figure 7b), indicating that the
1110 majority of the Cr(II) sites are affected. The Fourier-
1111 Transform of the EXAFS signals (Figure 7b) look similar in
1112 modulus (Figure 7b, top), while the imaginary parts (Figure
1113 7b, bottom) are clearly shifted. According to the analysis of the
1114 EXAFS data, on average, the modified chromium sites are
1115 surrounded by two oxygen atoms in the first (covalent)
1116 coordination shell, as in Cr(II)/SiO,, but at a longer distance
1117 (1.95 A vs 1.86 A). Their “homogeneous” nature is testified by
1118 the small 6> value (0.004 A™* vs 0.015 A™?). Despite that most

of the Cr(II) sites are modified by TES, the DR UV—vis-NIR 1119
(Figure 7c) and the XANES (Figure 7d) spectra of Cr(II)/ 1120
SiO, are almost unaffected. Since both spectra are very 1121
sensitive to the chromium oxidation state and type of ligands'* 1122
their invariance has been considered as an evidence that no 1123
substantial changes in the chromium oxidation state, nor in the 1124
type of ligands (namely, siloxy [=SiO—] monoanionic ligands 1125
and adjacent siloxanes [—SiOSi—] neutral ligands) occur in the 1126
chromium coordination sphere, in good agreement with the 1127
EXAFS data analysis. 1128

Overall, the whole set of spectroscopic data reported in 1129
Figure 7 (and largely commented in ref 104) demonstrate the 1130
copresence of two different Cr(II) sites on Cr(II)/SiO,+TES. 1131
A large fraction of modified Cr(II) sites, having a 1132
“homogenous-like” character and displaying a flexible ligand 1133
sphere of general formula, [O—Cr(II)-OSiR;] (with R = H or 1134
Et), account for the oligomerization of ethylene. The 1135
remaining unmodified Cr(II) sites, highly unsaturated and 1136
less flexible, copolymerize the in situ produced comonomers 1137
and ethylene, to give LLDPE in the presence of ethylene as the 1138
only feed. Such a dual catalytic system explains the bimodal 1139
mass weight distribution observed in the resulting products. 1140

Not only hydrosilanes but also many other compounds 1141
bearing at least one metal—alkyl bond (such as AlR;, BRy, and 1142
ZnR,) can be employed to affect the distribution of chromium 1143
active sites, promote in situ branching, and enhance the 1144
sensitivity to hydrogen.”'®® This latter aspect is particularly 1145
interesting because the unmodified Phillips catalyst is not 1146
sensitive to the presence of hydrogen during the polymer- 1147
ization process, which is among the easiest methods for the 1148
regulation of the molecular weight. Although the cocatalysts 1149
are commonly employed in industry and their influence on the 1150
polymer properties is well assessed, the effect of the cocatalyst 1151
on the chromium sites was rarely investigated with 115
spectroscopic methods,>* ™71 04114190101 Jikely as a conse- 1153
quence of the difficulty in manipulating metal—alkyls in the 1154
proper way. Preliminary spectroscopic data collected in our lab 1155
indicate that triethylaluminum and diethylaluminum-ethoxide 1156
have an effect similar to that of TES on Cr(II)/SiO,: only a 1157
fraction of the Cr(II) sites are modified (even when an excess 1158
of cocatalyst is used), and at least a fraction of the modified 1159
sites are more “homogeneous” in nature."'* This is still a 1160
largely unexplored area, where spectroscopic methods may 1161
help in understanding and hence in tuning the properties of 1162
the catalyst, and ultimately, of the PE products. 1163

5. CONCLUSIONS AND A VISION FOR THE FUTURE

We have summarized and critically compared some of the 1164
experimental results recently published on the Phillips catalyst, 1165
in the attempt to clarify the reasons for the lively debate that is 1166
animating a small, but rather active, scientific community. 1167
Most of the attention has been devoted so far to clarify the 1168
mechanism of initiation of ethylene polymerization, which is a 1169
problem strictly connected with the chromium oxidation state. 1170
According to part of the literature, Cr(II) sites are the 1171
precursors, while Cr(III)-alkyl are the active sites. However, we 1172
have recently demonstrated that ethylene polymerization on 1173
Cr(II)/SiO, takes place without forming any paramagnetic 1174
chromium species detectable by EPR, including Cr(III), in 1175
contrast to the experimental evidence provided by Scott and 1176
her group. These data not only reopen the question on the 1177
oxidation state of the propagating chromium sites (which was 1178
recently presented as a closed case) but also foster some 1179
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consideration on the reasons why different research groups
obtain different results on apparently the same system.

At least in part, these discrepancies can be explained in terms
of the different history of the investigated samples. In
particular, the whole set of data summarized in this work
unequivocally demonstrate that both the activation treatment
and the chromium loading have a strong influence on the
stress/strain of the silica surface, which in turns affects the
structural and electronic properties of the chromium sites. This
is something well-known by industrial researchers, who are
used to act on both parameters to tune the catalytic
performances. Some of the results present in the literature
are obtained on samples activated at rather low temperature
(e.g,, 500 °C) with respect to that suggested by the industrial
practice, or CO-reduced at a temperature higher than the
conventional one (350 °C). The reactivity of the chromium
sites activated following different protocols is obviously not the
same and any extrapolation of the reaction paths should be
done with caution.

Another message clearly emerging by our analysis is that
there is no a single experimental method better than others in
clarifying the properties of the active chromium sites. In order
to avoid misleading conclusions, the best strategy is to collect
the largest set of data with as many techniques as possible, on
the same catalyst and with the same experimental setup. The
example reported in Figure 7 is emblematic: by looking to the
DR UV-—vis and XANES results only, one might conclude that
most of the original Cr(II) sites were not modified by the
cocatalyst. This is, however, not true, as indicated by FT-IR
spectroscopy of adsorbed CO and EXAFS spectroscopy.
Hence, the latter two techniques were fundamental to unravel
the fraction of modified sites. On the other hand, FT-IR and
EXAFS spectroscopy alone could hardly define univocally the
oxidation state of the modified chromium sites without DR
UV—vis and XANES. Finally, as far as theoretical calculation,
they can distinguish between feasible and unfeasible reaction
paths, but the adopted models should be validated by
reproducing some properties of the chromium sites that can
be experimentally measured, while often only the energetics of
the process are computed. The results present in the literature
and summarized in this work demonstrate that only large and/
or periodic models are able to account for the flexibility of the
silica surface, although they clearly have a much higher
computational cost than small and rigid clusters. These are
very general conclusions that go beyond the single case of the
Phillips catalysts and can be useful for other important catalysts
involving isolated metal ions dispersed on high surface area
amorphous or disordered supports, such as MoO,/AlO,,
WO,/Si0,, and ReO,/Al,O;, which have long been used for
the industrial production of polyolefins and in large-scale
continuous alkene metathesis.

The overall conclusion is that a complete experimental and
computational investigation on the Phillips catalyst is
affordable only by those research groups having manpower,
working time, and money to be spent in a long-term project on
olefin polymerization catalysis. This is quite hard in recent
times, which are marked by a global shortage of resources. For
academic researchers willing to undertake this route, there are
two options: either applying for public money or finding an
industrial sponsor. Unfortunately, the accessibility to public
money based on competitive projects is rather limited if not
impossible, as in other fields of research. This is mainly a
consequence of the widespread opinion that olefin polymer-

ization catalysis is a mature field of research. This opinion has
been fostered along the years by the same scientific community
working in this field (who literally coined the term “mature”),
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but is largely unmotivated. Innovations in the field of 1246

polyolefins are not only possible, but rather desirable, and
are driven by improvements in the catalyst process as well as in
the polyolefins applications. On the other hand, with rare
exceptions that are driven by the personal curiosity of single
researchers, apparently polyolefins companies are not inter-
ested in the Phillips catalysts. The general perception is that
the system is so complex that it is hard to fine-tune its
properties to obtain new PE products with a high added value,
and this limits the attractiveness to invest in further basic
research in comparison to its competitors. It must be noticed,
however, that this complexity is not at all a prerogative of the
Phillips catalyst. Also the heterogeneous Ziegler—Natta
catalysts are extremely complex systems, if not more so,
because they are multicomponent, nanocrystalline, and thus
intrinsically highly defective.'®* For these reasons, they present
exactly the same problems of the Phillips catalyst when looking
at a rational manipulation of the active sites. Indeed, the
industrial development of both families of catalysts followed
the same trial-and-error strategy.

Opposite to the general belief, the patent literature
demonstrates that there are plenty of ways to manipulate the
original Cr/SiO, catalyst in order to affect its performances
(not only in terms of activity but also how efficiently it runs in
the commercial reactor) and to finely tune the PE properties,
which include the polymer MW, the breadth of the MW
distribution, the incorporation degree of comonomer/macro-
mer, and the subsequent distribution of short and long-chain
branches within the MW distribution. The difficulty is to
establish a correlation between the catalyst composition, the
structure of the active sites, and the catalyst performances.
However, the data summarized in this work demonstrate that it
is possible, although challenging. There are still many aspects
of the Phillips catalysts that have not yet received much
attention by academic researchers, but at the same time, they
are surely topics of interest for é)_olyoleﬁn companies. For
example, the influence of supports'® or the effect of activators
(such as aluminum-alkyls) on the properties of the chromium
sites have been rarely investigated at a molecular level, and
only a few (mostly unproven) hypotheses have been
formulated. Nevertheless, a multitude of supports and
activators are normally used in practical application of the
Phillips catalyst to tune the properties of the produced
polyethylene. The characterization methods are now estab-
lished enough to tackle these questions, as mentioned in this
Perspective. A strong cooperation between academic and
industrial researchers on these and other topics would be
desirable for the foreseeable future, and it might lead to
unexpected revolutions in olefin polymerization catalysis. We,
as academic researchers, have the responsibility to promote a
positive and constructing discussion on this catalyst. This is the
premise for creating a solid scientific base that will serve both
young researchers at the beginning of their career and at the
same time the industrial researchers who daily work with it.
This is a challenging target that requires dedication, passion,
and scientific maturity.
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ABSTRACT: Herein we report on two photoinduced reactions occurring at the
surface of the Cr*'/SiO, Phillips catalyst. The first is the photoreduction of Cr""/SiO,
in CO at room temperature, that leads to the reduction of a fraction of the Cr'sites to
Cr"Y(=0) intermediates and then to Cr'. With respect to the thermal reduction of
Cr''/8i0, in CO, the relative amount of highly uncoordinated Cr sites is larger,
suggesting that the relaxation of the Cr" sites at the silica surface strongly depends on
the temperature at which they are formed. The second is the photoinduced ethylene
polymerization on Cr"'/SiO, at room temperature that is reported here for the first
time. We demonstrate that UV—vis light has the potential to trigger the reduction of
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chromates by ethylene and the successive ethylene polymerization. Diffuse reflectance

(DR) UV—vis and FT-IR spectroscopies allowed us to identify the nature of the Cr sites involved in the polymerization (i.e., 6-
fold coordinated Cr") and of the oxidized byproducts remaining in their coordination sphere, which are methylformate and
ethylene oxide. While the former was previously observed during the thermally induced ethylene polymerization on Cr"/SiO,,

the latter was never observed.

1. INTRODUCTION

Chromium(VI) supported on amorphous silica is one of the
most used catalysts in the petrochemical industry, affording
more than one-third of all the high-density polyethylene
(HDPE) produced worldwide and also a large fraction of linear
low-density polyethylene (LLDPE).'~ Due to its apparent
simplicity, it has been the object of fundamental studies for
more than half a century. Since the beginning, most of the
efforts have been devoted to correlate the structural and
electronic properties of the chromium sites to the peculiar
performances of this catalyst in ethylene polymerization,*™"°
such as its ability to polymerize ethylene without any activator
or the very broad molecular weight distribution of the
produced HDPE. These properties place the Phillips catalyst
in a unique position in the polyethylene market when
compared to its competitors.' Direct spectroscopic methods
applied on model versions of the catalyst, such as the CO-
reduced form (Cr'/Si0,),**"'~"7 or systems obtained from
well-defined Cr'™ organometallic precursors,'*™** or even
planar models suitable for surface science investigation,” >
have played the major role in the characterization of the active
sites at a molecular level, while the mechanism of ethylene
polymerization has been mainly investigated by means of
theoretical calculation.”>**~*

A crucial feature that distinguishes the Phillips catalyst from
most of its competitors in olefin polymerization is its capability
to start the polymerization reaction in the absence of any Al-
alkyl activator, a fact that simplifies its handling in the
polymerization reactor, but also opens some questions on the
polymerization mechanism and on the nature of the active
sites. The Phillips catalyst enters the polymerization reactor

v ACS Publications  © xxxx American Chemical Society

after being activated in oxidizing conditions at a temperature
higher than 600 °C. This procedure mainly gives isolated
hexavalent chromates®®'"**~** (hereafter Cr'"), and possibly
also a small amount of mono-oxo CrOj,**~* grafted on the
surface of a highly dehydroxylated silica. Hence, the catalyst is
not alkylated when it goes into the reactor; that is, it has no
Cr—alkyl bond into which ethylene may be inserted. The Cr"!
sites are slowly reduced by ethylene at the reaction
temperature (ca. 100 °C) during a variable induction time
that can also last some hours and are successively transformed
into the (alkylated) active sites. Although the two steps
(reduction and alkylation) cannot be separated in the
industrial reactor, much experimental evidence has been
accumulated in academic laboratories indicating that, during
the reduction step, the Cr'' sites are reduced to Cr"
precursors.1’4‘6’9’10’55_58 For a long time it was considered
that the oxidized byproducts derived from ethylene oxidation
left the surface of the catalyst at the reaction temperature and
that therefore the precursors of the active sites were low-
coordinated Cr" species, similar to those obtained by reducing
the Cr''/$i0, in CO at 350 °C.°””®> Only recently, this
concept has been revolutionized, due to the observation that
the oxidized byproducts (ketones, aldehydes, carboxylates, or
esters) do not desorb into the gas phase at temperatures below
250 °C, which suggests that under commercial polymerization
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Figure 1. (a) FT-IR spectra of Cr""/SiO, before (spectrum 1) and after 60 min of in situ UV irradiation in CO (spectrum 2) at room temperature
(Pco = 100 mbar). Inset a’ shows the whole sequence of FT-IR spectra collected at intermediate irradiation time after subtraction of spectrum 1.
Inset a” shows a magnification of the spectral region where the only spectroscopic fingerprint of the Cr"" sites appears. (b) The same spectrum 2 as
in part a, compared to the FT-IR spectrum, in the (CO) region, of CO adsorbed on a Cr"'/SiO, sample obtained upon thermal reduction in CO at

350 °C (spectrum 3).

conditions oxygenates may remain attached to the chromium
sites.®%*

On the whole, it is clear that the reducing ability of ethylene
toward the chromates is quite poor. This is one of the reasons
why often, in the industrial practice, specific reducing agents
are added in the reactor before or together with the ethylene
injection, aimed at shortening (or even eliminating) the
induction time, and/or at performing ethylene polymerization
at lower temperature.l'és_’9 In this work we explore, for the
first time, the use of UV—vis light to trigger the ethylene
polymerization on the Cr""/SiO, catalyst at room temperature,
without the addition of any activator. The idea had the
inception from the documented knowledge that highly
dispersed and isolated Cr"" sites in the form of monochromates
supported on silica can operate as efficient photocatalysts for a
wide range of reactions under visible-light irradiation, such as
for the decomposition of NO, for the partial oxidation of
propane with molecular oxygen, and for the selective oxidation
of CO in the presence of H,.”°~’* In particular, it has been
demonstrated that visible-light irradiation of tetrahedrally
coordinated Cr''(=0), species produces the excited triplet
state Cr¥(=0)(07)*, which behaves as an active site for
oxidation. Moreover, more than 20 years ago, Kohler and
Ekerdt demonstrated the possibility to photoreduce the Cr"'/
SiO, catalyst in CO.”® These examples prompted us to develop
an experimental setup to monitor the Cr"'/SiO, catalyst during
the UV—vis light irradiation in the presence of ethylene at
room temperature, by means of FT-IR and diffuse reflectance
(DR) UV-—vis spectroscopies. By combining these two
sensitive methods, we have been able to (1) observe the
gradual reduction of the chromates, (2) investigate the
properties of the reduced chromium sites, (3) detect the
byproducts of ethylene oxidation, and (4) demonstrate the
occurrence of ethylene polymerization at room temperature.

2. EXPERIMENTAL SECTION

The Cr"'/SiO, sample (Cr loading 1 wt %) was prepared by
wet-impregnation of a pyrogenic silica (Aerosil, surface area ca.
380 m’g™") employing CrO; as chromium precursor. The
catalyst was activated directly inside the measurement cells, to
avoid any type of contamination. The activation procedure
consisted of two main steps: (i) activation at 650 °C in
dynamic vacuum (residual pressure <10™* mbar) in order to

dehydroxylate the silica surface and (ii) subsequent oxidation 116
in O, (equilibrium pressure ca. 100 mbar, twice) at the same 117
temperature to graft the Cr species in the form of 118
monochromates.”*'"**7* The Cr'/SiO, reference sample 119
was obtained from Cr''/SiO, after further reduction in CO 120
(equilibrium pressure ca. 100 mbar, twice) at 350 °C, followed 121
by degassing at the same temperature.” For both FT-IR and 122
DR UV—vis—NIR measurements the sample was prepared in 123
the form of a self-supporting pellet, having a surface density of 124
ca. 10 and 60 mg cm™?, respectively. 125

The FT-IR spectra were recorded on a Bruker IFS 28 FT-IR 126
spectrometer, equipped with a MCT cryogenic detector, 127
averaging 64 interferograms recorded at 2 cm™' resolution. 128
Diffuse reflectance (DR) UV—vis—NIR spectra were recorded 129
on a Cary 5000 Varian spectrophotometer equipped with a 130
reflectance sphere. In both cases, UV—vis irradiation was 131
performed using a Newport S00 W Hg(Xe) arc lamp, equipped 132
with a water filter to eliminate the infrared portion of the 133
spectrum. For in situ UV—vis irradiation during the FT-IR 134
experiments, the radiation was focused on the sample using an 135
aspherical fiber bundle focusing assembly and a large core 136
liquid light guide.”*””® This experimental setup reduces the 137
amount of photons reaching the sample but allows collecting 138
FT-IR spectra during continuous UV-—vis irradiation. In 139
contrast, for UV—vis irradiation during the DR UV—vis— 140
NIR experiments, the radiation was not focused. This 141
experimental setup maximizes the number of photons reaching 142
the sample but does not allow collecting DR UV—vis—NIR 143
spectra simultaneously with the irradiation. 144

3. RESULTS AND DISCUSSION

3.1. Photoreduction of Cr''/SiO, in CO at Room
Temperature. Initially, we followed by in situ FT-IR
spectroscopy the photoreduction of Cr"'/SiO, under UV—vis
irradiation in the presence of CO (Pco = 100 mbar) at room
temperature, aimed at validating our experimental setup.
Figure la shows the FT-IR spectrum of Cr"'/SiO, before
(spectrum 1) and after (spectrum 2) 60 min of irradiation in 151
CO, while Figure la’ shows all the spectra collected at 1s2
intermediate irradiation time, in the £(CO) region and after 1s3
subtraction of spectrum 1. The spectrum of Cr"'/SiO, is 154
characterized by a narrow band at 3745 cm™" ascribed to the 1ss
v(OH) vibration of isolated silanols, and three broad bands at 156
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ca. 1980, 1870, and 1635 cm ™! which are due to the overtones
and combinations of the fundamental vibrational modes of
silica, contributing below 1300 cm™". The only spectroscopic
manifestation of the Cr"' sites is a weak absorption band at
1980 cm™" (Figure 1a”), assigned to the first overtone of the
v(Cr=0) modes,**"**°*70 \hich are obscured in the IR by
the intense absorption due to the silica framework vibrations,
but were detected at 982—990 cm™' by Raman spectrosco-
py 12498185

During UV—vis irradiation in CO a series of bands slowly
appear in the v(CO) region (Figure la’), concurrently with
the disappearance of the band at 1980 cm™ (Figure la”),
which indicates the slow reduction of the Cr"' sites and the
formation of Cr-carbonyls on the reduced Cr sites. The first
band to appear is centered at 2201 cm™' and reaches the
maximum intensity after about 10 min of irradiation. A similar
absorption band was previously observed by Kohler and Ekerdt
during the photoreduction of a 2 wt % CrVI/SiOZ in CO,75 and
by some of us upon adsorption of CO on a Cr'/SiO, sample
selectively modified by N,O.”” In both cases it was ascribed to
monocarbonyl species formed on Cr'V=0 (chromyl) sites.
After a few minutes of UV—vis irradiation, a triplet of bands at
2189, 2183, and 2177 cm™! also starts growing, which is known
to arise from the vibrational modes of monocarbonyls and
dicarbonyls (symmetric and asymmetric modes) formed on
two types of coordinatively unsaturated Cr" sites (Cr'y and
Cr',, respectively).”"®*® A weak band is also visible at 2096
cm™!, and assigned to multicarbonyls formed on a small
fraction of even more uncoordinated Cr" sites.”*"

The experiment reported in Figure la demonstrates that
when Cr"'/Si0, is irradiated by UV—vis light in the presence
of CO at room temperature, the Cr"' sites are gradually
reduced, initially to Cr" and successively to Cr", in good
agreement with the pioneering work of Kohler and Ekerdt.”
The photoreduction in CO is less efficient than the thermal
reduction in CO at 350 °C. This is evident by looking at
Figure 1b, that compares the FT-IR spectrum of Cr"'/SiO,
photoreduced in the presence of CO (spectrum 2), to that of
CO adsorbed at room temperature on a Cr"'/SiO, sample (i.e.,
obtained upon thermal reduction of Cr""/SiO, in CO at 350
°C, spectrum 3). The spectra have been normalized to the
optical thickness of the pellets; hence, their total intensity can
be quantitatively compared. Spectrum 2 is ca. 4 times less
intense than spectrum 3. Since it has been demonstrated that
the thermal reduction of CrVI/SiOZ in CO at 350 °C leads to
the stoichiometric conversion of all the Cr'' sites to Cr')'
Figure 1b indicates that only ca. 1/4 of the total Cr'! sites are
reduced after 60 min of UV—vis irradiation in the presence of
CO, partially to Cr'¥ and partially to Cr'™.

The observation that the intensity of the weak band at 2096
cm™" with respect to the triplet centered at 2180 cm™" is higher
for spectrum 2 than for spectrum 3 is also of interest. This
means that the relative amount of highly uncoordinated Cr"
sites capable of forming multicarbonyls in the presence of CO
at room temperature is much higher when the Cr" sites are
obtained by photoreduction of Cr'. This is probably a
consequence of a different strain at the silica surface.”” When
the reduction of Cr"'/SiO, is accomplished at high temper-
ature (350 °C), the obtained Cr" sites have the possibility to
relax. Reduction of Cr"'/SiO, in milder conditions does not
permit the relaxation of the Cr" sites, that remain more
accessible to the incoming molecules. This might have
important consequences in terms of catalytic performances.

Indeed, it has been recently demonstrated that the Cr
coordination environment influences both the ethylene
insertion and the chain transfer energies, with immediate
consequences on the molecular weight distribution of the
obtained polyethylene.”**

3.2. Photoinduced Ethylene Polymerization on Cr'Y/
Si0,. Also, ethylene (i.e., the monomer of the polymerization
reaction) may act as reducing agent for Cr'1/Si0,. However, as
for CO, the reaction does not occur at room temperature but
needs ca. 100 °C, and also at that temperature it requires a
certain induction time that can vary from minutes to hours,
depending on the experimental conditions." Ethylene polymer-
ization starts on these reduced Cr sites, and the steady state is
reached only after several hours. Inspired by the results
discussed above for the photoinduced CO-reduction of crVy
SiO0,, we decided to investigate whether UV—vis light
irradiation can be exploited for performing ethylene polymer-
ization on Cr"'/SiO, at room temperature. The experiments
were performed in static conditions, at room temperature and
low ethylene pressure (Pcy, = 100 mbar), and were followed
by means of both DR UV—vis—NIR and FT-IR spectroscopies.

Figure 2 shows the DR UV—vis—NIR spectra of the CrVly
SiO, sample before (spectrum 0) and after (spectra 1—6) UV—

o4

F(R) (K.M.)

21000 14000 7000
Wavenumbers (cm )

Figure 2. DR UV—vis spectra of Cr'"/SiO, before (spectrum 0,
black) and after UV irradiation in the presence of ethylene (P, =
100 mbar) at room temperature for increasing times (1=20s,2=40
s,3=250s,4=1min, S =2 min, 6 = 5 min). The inset shows a
magnification of the NIR region, where polyethylene contributes with
a series of bands due to the overtones and combinations of the
v(CH,) and 6(CH,) vibrational modes.

vis irradiation in the presence of ethylene at room temperature
for increasing times. The spectrum of Cr*'/SiO, (spectrum 0)
is dominated by two intense bands at ca. 28 000 and 21 500
cm™}, due to the O — C! charge-transfer transitions
characteristic of monochromates.”®""*** The spectra rapidly
change upon UV—vis irradiation in the presence of ethylene,
and two subsequent events can be distinguished. After less
than S0 s of irradiation (spectra 1 and 2), the spectroscopic
fingerprints of the monochromates decrease in intensity,
concurrently with the appearance of two bands at ca. 16 500
and 9500 cm™!, which indicate the reduction of the Cr"! sites
(d° species) to low-valent Cr sites (d" species). The same
bands were observed during the thermal reduction of Cr''/
Si0, in ethylene, and ascribed to d—d transitions of Cr" sites
having a 6-fold coordination geometry, determined by the
presence of oxidized byproducts in their coordination sphere.**
The assignment was corroborated by the observation of very
similar spectra for Cr"'/SiO, reduced by cyclohexene, a cyclic
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Figure 3. (a) FT-IR spectra of Cr""/SiO, (spectrum 0, black) and of the same sample during continuous UV irradiation in the presence of ethylene
(Pcane = 100 mbar) at room temperature for increasing times (1 = 30's, 3 = 1 min, 30 = 90 min). (b) Magnification of the same spectra reported in
part a, after subtraction of spectrum 0 and of the contribution due to gaseous ethylene, in the (CH,) region. (c) Same as part b in the 1730—1330
cm™" region. (d) Time evolution of the intensity of the absorption bands at 3030 cm™ (ethylene oxide), 1650 cm™ (methylformate ligated
through the C=0 moiety), and 1585 cm™" (methylformate ligated in a bidentate fashion).
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Figure 4. FT-IR spectra of methylformate adsorbed on Cr'/SiO, (spectrum 1), the product of reacting a limited amount of O, on a Cr'/SiO,
catalyst at the very beginning of the ethylene polymerization, previously ascribed to ethylene oxide on Cr"/SiO, (spectrum 2), compared to the
spectrum collected after 1 min of UV—vis irradiation of Cr""/SiO, in the presence of ethylene (spectrum 3, the same as in Figure 3). Parts a and b

show the v(CH,) and v(C=0) regions, respectively.

olefin that mimics the reactivity of ethylene without polymer-
izing.69 During this step no ethylene polymerization occurs, as
demonstrated by the absence of any absorption bands in the
4400—4050 cm™' range (inset in Figure 2), which is where
polyethylene contributes to a series of bands due to the
overtones and combinations of the v(CH,) and &(CH,)
vibrational modes. Ethylene polymerization is observed after
only 50 s of UV—vis irradiation (spectrum 3), and efficiently
proceeds for a longer irradiation time. The global effect is the
decrease in intensity of the d—d bands at 16 500 and 9500
cm™, and in general of the whole spectrum. The same
phenomenon was observed during the thermally induced
ethylene polymerization on Cr""/SiO, and explained in terms
of formation of a layer of polymer on the surface of the catalyst
particles, which diffuses the incident light preventing the
observation of the active Cr sites.””

The DR UV—vis—NIR experiment discussed above clearly
indicates that ethylene has the potential to reduce the Cr"!
sites at room temperature under UV—vis irradiation and is
then polymerized in mild conditions. Figure 3a shows the
complementary experiment performed by FT-IR spectroscopy,
aimed at monitoring the formation of polyethylene and of the
oxidized byproducts to identify their nature. The FT-IR
spectrum of Cr"'/SiO, before reaction with ethylene (Figure 3,
spectrum 0) has been discussed above. During the first minute

of UV—vis irradiation, a series of well-defined IR absorption
bands appear in the v(CH,) stretching region (Figure 3b,
spectra 1-3) and in the 1750—1300 cm™' range (Figure 3c,
spectra 1—3). In particular, the most evident bands are
observed at ca. 3030, 2955, and 2877 cm™* (Figure 3b) and at
1677, 1650, and 1585 cm™ (Figure 3c). These bands are
clearly not attributable to polyethylene and reveal the
formation of surface byproducts resulting from the oxidation
of ethylene by monochromates. According to the UV—vis—
NIR spectra (Figure 2) these byproducts remain in the

295

coordination sphere of the reduced Cr!! sites. The onset of 296

ethylene polymerization occurs after ca. 2 min of continuous
UV—vis irradiation in the presence of ethylene, as testified by
the constant growth of two bands at 2922 and 2853 cm™’
(Figure 3b, spectra 4—30), which are due to the Vymn,(CH,)
and vnn(CH,) modes of polyethylene, and of the
corresponding §(CH,) band at ca. 1470 cm™' (Figure 3c,
spectra 4—30).

297
298
299
300
301
302
303

A closer inspection of the spectra collected prior the onset of 304

ethylene polymerization (spectra 1—3) might give an
indication of the nature of the byproducts, and hence of the
mechanism of initiation of ethylene polymerization under
UV—vis irradiation. In this respect, it is useful to recall here

30S
306
307
308

that methylformate (formed through the Tischenko reaction of 309

two formaldehyde molecules at the same Cr' site) has been
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311 identified as the main byproduct of ethylene oxidation during
312 the thermally induced ethylene polymerization on Cr"'/SiO,.%"
313 For this reason, in Figure 4 we have compared the spectrum
314 collected after 1 min of UV—vis irradiation of Cr"'/SiO, in the
315 presence of ethylene (spectrum 3, the same as in Figure 3)
316 with two reference spectra collected with independent
317 experiments. Spectrum 1 corresponds to methylformate
318 adsorbed on Cr"/SiO, (after removal of the physisorbed
319 molecules). The spectrum is characterized by very weak bands
320 in the v(CH,) region (Figure 4a), whereas it is dominated by
321 two intense bands at ca. 1660 cm™" (with a pronounced tail at
322 high wavenumbers) and 1597 cm™" (Figure 4b). On the basis
323 of the literature of methylformate adsorbed on other
324 systems,”””’ both bands are assigned to the v(C=0)
325 vibration of methylformate adsorbed on Cr" sites differing in
326 their adsorption geometry: the former is ascribed to
327 methylformate ligated through the C=O moiety, whereas
328 the latter is due to methylformate ligated in a bidentate
329 fashion. The similarity of spectrum 3 to spectrum 1 in this
330 spectral region suggests that also in this case methylformate is
331 one of the byproducts of chromate reduction. As already
332 discussed for the thermally induced ethylene polymerization,
333 methylformate originates from the disproportion of two
334 formaldehyde molecules formed at the same Cr site.”” On
335 the other hand, spectrum 2 was obtained by dosing a limited
336 amount of O, on a Cr"/SiO, catalyst at the very beginning of
337 the ethylene polymerization. This spectrum, which is
338 characterized by quite intense absorption bands in the
339 3050—2800 cm™' region (Figure 4a) but shows negligible
340 features at lower wavenumbers (Figure 4b), was assigned to
341 ethylene oxide adsorbed on partially oxidized Cr'V(=0)/
342 $i0,.”" The close similarity of spectrum 1 to spectrum 3 in the
343 U(CH,,) region indicates that a second reaction is taking place
344 during the UV—vis irradiation of Cr''/SiO, in ethylene,
345 involving the formation of ethylene oxide.

346 In summary, the FT-IR data shown in Figures 3 and 4
347 indicate the formation of two different oxidized byproducts
348 during the initial steps of photoinduced ethylene polymer-
349 ization on Cr"'/SiO, at room temperature: ethylene oxide and
350 methylformate. Interestingly, the absorption bands associated
351 with methylformate keep on growing also during ethylene
352 polymerization (Figure 3d, orange and green circles), although
353 with a different relative intensity. In particular, the band at ca.
354 1585 cm™' (green circles) grows faster than that at ca. 1650
355 cm™! (orange circles) and becomes the dominant one at longer
356 irradiation/reaction time. This behavior suggests a slow
357 conversion of the methylformate species ligated to the Cr
358 sites through the C=O0 moiety into the most stable bidentate
359 species. In contrast, the absorption bands associated with
360 ethylene oxide apparently do not increase in intensity during
361 ethylene polymerization. This is evident by looking to the band
362 at ca. 3030 cm ™' (Figure 3d, gray diamond), which does not
363 overlap with any bands due to the growing polyethylene. As a
364 final comment, the evolution of the FT-IR spectra reported in
365 Figure 3 clearly indicates that (1) ethylene polymerization is
366 photoinitiated on Cr"/SiO, in the presence of a substantial
367 amount of Cr"" sites which are slower to be reduced, as already
368 reported for the thermally induced ethylene polymerization,®
369 and (2) ethylene polymerization starts and proceeds in the
370 presence of both types of oxidized byproducts, that evidently
371 remain adsorbed at the catalyst surface during the initiation of
372 the reaction, contributing to define the ligands sphere around
373 the active Cr sites.

—
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4. CONCLUSIONS

In this work we have presented two examples of photoinduced 374
reactions on the Cr""/SiO, Phillips catalyst. At first, we found 375
that irradiation of Cr""/SiO, with UV—vis light in the presence 376
of CO leads to its partial reduction already at room 377
temperature, first to a Cr'V(=O) intermediate, and then 37s
further to Cr", in good agreement with the pioneering work of 379
Kohler and Ekerdt.”> Although the photoreduction is less 30
efficient than the thermal one (i.e., a lower fraction of Cr"" sites 381
is reduced), notably it brings about the formation of a larger 3s2
amount of highly uncoordinated Cr" sites able to form 3s3
multicarbonyls in the presence of CO. This finding highlights 384
the role of the strain at the silica surface in affecting the 385
properties of the Cr sites and might have important 386
consequences in terms of catalytic performances. 387

Second, we demonstrated the novel observation that UV— 388
vis light efficiently triggers the ethylene polymerization on the 38
Cr"!/Si0, catalyst already at room temperature. By means of 390
DR UV—vis—NIR and FT-IR spectroscopies, we have been 391
able to discriminate between the two fundamental steps 392
involved in the initiation of the reaction, namely, the Cr"" 303
reduction by ethylene and the successive polymerization. With 394
respect to the thermally induced ethylene polymerization, the 395
induction time is drastically reduced. Moreover, two types of 396
oxidized byproducts derived from the oxidation of ethylene by 397
chromates have been detected: methylformate and ethylene 398
oxide. While the former was found also during the thermally 399
induced ethylene polymerization, the latter was never 400
observed. The reason might be due to the specific photo- 401
activation mechanism for Cr"" that, according to the literature, 402
involves a single oxygen per time passing through the 403
formation of a Cr'(=0)(07)* excited state. Alternatively, 404
we might consider the possibility that ethylene oxide is formed 405
also during the thermally induced ethylene polymerization but 406
not detected because it desorbs from the Cr sites at the 407
reaction temperature. This different polymerization mecha- 408
nism with respect to the thermally induced process could also 409
result in a polymer with peculiar characteristics. However, the 410
limited amount of polyethylene produced in our setup 411
prevented at the moment a more thorough ex situ character- 412
ization of the products by differential scanning calorimetry or 413
size exclusion chromatography, which will be the object of a 414

future study. 415
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ABSTRACT: A study of reactions among CrCl,, CrCl,(THF),; and
iminopyridine ligands differing in the nature of the substituents at the
iminic carbon and at the ortho positions of the aryl ring (2,6-R',C;H;N=

insertion polymerization of
ethylene, cyclic olefins and 1,3-butadiene
catalyzed by

CR}(C{H,N) (R'=R*=H (L1); R' = iPr, R> = H (12); R' = H, R> = CH, [IAIbE

(L3)) but featuring close electron-accepting properties has provided a new
example of the redox chemistry of chromium complexes. The reactions of
unsubstituted aniline L1 and of L3 with CrCl, give rise to [(L1°)-
Cr"'CL(THF)]~ (Crl) and [(L3*)Cr™'CL(THF)]~ (Cr3) complexes,
respectively, containing chromium in the physical trivalent oxidation state
and the ligand in the monoanionic radical state (L*)” as a result of a one-
electron transfer from the metal to the ligand. In contrast, the reactions of
CrCl, with the ortho-substituted L2 and of CrCly(THF),; with the

7
[T

formal oxidation state +2 I o
physical oxidation state +3 Rz =H, n=3[Cri(L)]

Ry ='Pr,n=2[Crl(L)]°

unsubstituted L1 give rise to [(L2)Cr"CL(THF)]° (Cr2) and [(L1)-

Cr"'Cly(THF)]° (Cr4) having the chromium in the divalent and trivalent oxidation states, respectively, and the unperturbed
ligand in the neutral state. All four complexes were used, in combination with methylaluminoxane (MAO), as catalyst
precursors for the polymerization of ethylene, cyclic olefins (i.e., norbornene and dicyclopentadiene), and 1,3-butadiene. A
chromium to ligand synergy, coupled with a good stability of the active intermediate in the presence of the Al activator, proven
particularly effective in the polymerization of ethylene, especially for Crl, giving high molecular weight linear poly(ethylene)s.
The formalism in the metal oxidation state does not affect the reactivity toward the cyclic olefins and 1,3-butadiene, while ligand
steric effects emerge clearly. The use of bulky ortho substituents shuts down the activity in the polymerization of cyclic olefins,
particularly for the bulkier dicyclopentadiene, and reverses the catalyst chemoselectivity in the polymerization of 1,3-butadiene.

1. INTRODUCTION

Poly(olefin)s are an integral part of everyday life, and the
insertion polymerization of olefins is one of the most
industrially relevant synthetic reactions.'”® Chromium cata-
lysts play a key role in this field, prompted by the extensive use
of Phillips” and Union Carbide® catalysts for the synthesis of
more than one-third of the high-density poly(ethylene)
(HDPE) produced worldwide.”'® Moreover, from the year
2000 onward, several molecular chromium complexes have
been developed and used for the selective oligomerization and
polymerization of ethylene.''~'* Most of the recently reported
chromium complexes are enveloped by non-cyclopentadienyl
ligands,"® namely multidentate ligands with phosphine, amine,
ether, and thioether donors, because of their easy tuning of
steric and electronic properties.' Notable examples are
chromium complexes ligated by tetradentate N,P,,'” tridentate
SANS,'17 PANAP,*® O’N”N,*! and N”N”N,”*"*° and
bidentate N*N ligands.”*™*° Generally, these complexes
involve trivalent chromium, with a few exceptions.”’

-4 ACS Publications  © xxxx American Chemical Society

However, some unsolved issues in all of the chromium systems
(either homogeneous or heterogeneous) and related catalytic
mechanism remain, for which scientists have not yet come to a
consensus.”*** As recently reported by Sydora, Caruthers, and
Abu-Omar,*® these include (i) the oxidation state of
intermediates and active sites, (ii) the kinetic order of the
reaction in ethylene, (iii) the elementary mechanistic steps,
and (iv) the polymerization mechanism of ethylene. One of the
main inconsistences is the chromium oxidation state
responsible for either polymerization or oligomerization of
ethylene, which has been the subject of a long debate in the
past’”*® and has recently gained renewed attention in high-
level specialized literature, fostering a great number of
experimental®®**~** and theoretical studies.™* ™"’

In the present work, we aim at increasing the knowledge of
chromium-catalyzed (di)olefin polymerization and related
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mechanistic aspects by focusing our attention on iminopyr-
idine chromium complexes. Iminopyridines have recently
received particular consideration as ancillary ligands in
coordination chemistry by virtue of their low cost, easy
preparation, and fine-tunability of their steric and electronic
properties.ﬂ'g’49 Iminopyridines generate interesting chemistry
when they are bound to a variety of metal ions: iron, cobalt,
palladium, and nickel complexes with iminopyridines have
been extensively employed as catalyst precursors for the
oligomerization and polymerization of olefins and conjugated
dienes.**~>* Iminopyridines belong to the family of redox-
active ligands, among which diimines are perhaps the most
famous analogues. Redox-active ligands are those that
participate in redox chemistry with a metal, rather than
existing as spectators. They have gone from being of marginal
concern to the forefront of inorganic and organometallic
chemistry.>*® These ligands serve as electron reservoirs
working in concert with metal ions and providing an
unexpected utility in a wide range of catalytic molecular
conversions. Generally, diimine complexes of a certain metal
(Mt) can be classified in terms of their electronic structures as
IMt"(L)]°, [Mt*}(L*)]” and [Mt**2(L*%)]*~ (Scheme 1).

Scheme 1. Different Redox States of a Diimine Ligand and
Possible Electronic Structures of Their Complexes”

N// \\N 2\ / \
RN N-R R-N_° N-R R-N_ - N-R
Mt Mt Mt"+2

[Mtn(l_)]o [Mtn”(L')]' [Mt"*z(L'e")]z'

“Mt = metal; R = usually a different o- and p-aryl-substituted group.

Among them, [Mt"(L)]° is the most common: the ligand is
neutral and is structurally unperturbed.** Transfer of one
electron from the metal to the ligand gives rise to the
monoanion radical (L*)~, while transfer of a second electron
gives the doubly reduced dianion (L™%)*~. To the best of our
knowledge, iminopyridine complexes have been much less
investigated than their diimine analogues, and metal complexes
ligated by (L°)~ and (L"™%)*~ iminopyridines are rare.
Herein, we report the synthesis and characterization of a
series of iminopyridine chromium complexes with chromium
in the oxidation states of +2 by reaction of CrCl, with three
ligands of the type 2,6-R',C4H;N=CR*(C;H;N) (R' = R* =
H (L1); R! = iPr, R* = H (L2); R' = H, R* = CH; (L3))
(Cr1—Cr3) and +3 by reaction of CrCly(THF); with L1
(Cr4). The iminopyridines differ in the nature of substituents
at the iminic carbon and at the ortho positions of the aryl ring
(Scheme 2) but feature close electron-accepting properties.
Upon activation with MAO, Cr1—Cr4 were evaluated as
catalyst precursors for the polymerization of ethylene, the
cyclic olefins norbornene (NB) and dicyclopentadiene
(DCPD), and 1,3-butadiene. We disclose the role of the
ligand and the effects of the monomer type and of some

Scheme 2. Structure and Numbering of the Iminopyridine
Ligands Employed in This Work

| (\j\fN |
o ARG
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polymerization conditions on the overall productivity,
selectivity, and polymer properties. Furthermore, since the
redox-active ligands impart additional complexity to the
electronic structures of the complexes, UV—vis—NIR spec-
troscopy has been applied to discriminate between the formal
and the physical (or spectroscopic) chromium oxidation state.””
Although some questions remain unresolved, this study (i)
expands the range of electronically characterized chromium
complexes of non-innocent ligands, (ii) demonstrates that
iminopyridine chromium complexes are efficient and versatile
catalysts, and (iii) suggests a relationship between the
electronic/steric properties of these complexes and their
catalytic behavior, which is at the basis of a future rational
design of chromium catalysts for (di)olefin conversion.

2. RESULTS AND DISCUSSION

2.1. Synthesis and Characterization of Chromium
Complexes. The iminopyridine ligands L1—L3 (Scheme 2)
were synthesized according to the literature.*” Cr1—Cr3 were
synthesized by the reaction of CrCl, with a stoichiometric
amount of the corresponding L1-L3 ligand in THF at room
temperature. The complexes formed immediately and rapidly
precipitated from an initially clear solution. By this procedure,
the solids were isolated in high yield, ranging from 70 to 94%.
Cr4 was prepared by the reaction of CrCl;(THF); with the
stoichiometric amount of L1 in THF at room temperature.
The complex was isolated as a green powder in good yield
(77%). All of the complexes were highly air and moisture
sensitive, thus requiring characterization under strictly inert
conditions. Each complex was characterized by elemental
analysis, attenuated total reflection (ATR) FT-IR, and 'H
NMR spectroscopy, the elemental analysis being consistent
with the formation of complexes of (L)CrCl,(THF)
composition (n = 2, Cr1—Cr3; n = 3, Cr4). The electronic
properties of all the investigated complexes were determined
by UV—vis—NIR spectroscopy, which has been demonstrated
to be a sensitive tool for discriminating between neutral and
charged redox ligands,”**’ the latter being characterized by
extremely intense electronic transitions in the visible range.

As expected, isolation of single crystals of Cr1—Cr4, suitable
for X-ray diffraction, proved problematic. The use of
CrCL(THF); was crucial to the successful isolation of a
microcrystalline, characterizable product. Single crystals,
suitable for X-ray diffraction, were obtained only for Cr4
from a concentrated dichloromethane solution cooled to —18
°C for days. The crystal structure of Cr4 is provided in Figure
1, along with a selection of its main structural details (bond
lengths (A) and angles (deg)). Table S1 gives the main crystal
data and structural refinement statistics.

The X-ray diffraction analysis of Cr4 shows that the Cr atom
is six-coordinated and that a hydroxide anion completes the
octahedral coordination sphere of the metal by binding to the
chromium atom trans to the N1 atom of the L1 ligand (Crl—
Ol = 2.014(8) A, Cr1-N1 = 2.07(1) A, O1-Cr1-N1 =
172.9(4)°). Traces of adventitious water during the workup for
the single-crystal growth are the likely source of the formation
of the unexpected coordination of oxygen, whose binding to
the chromium atom likely occurs with the simultaneous
dissociation of a coordinated THF molecule. Consistent with
this hypothesis, the ATR-IR spectrum of pristine solid Cr4 did
not show any band associable to the presence of a hydroxide
anion (Figure S1), while it shows bands due to THF (vide
infra Figure 2a’). The Cr4-OH complex crystallizes in the
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Figure 1. X-ray crystal structure view of Cr4-OH (thermal ellipsoids
set at S0% probability). Hydrogen atoms have been omitted for
clarity. Selected bond lengths (A) and angles (deg): Cr1-N1,
2.07(1); Cr1—N2, 2.09(1); Cr1—-CI2, 2.283(4); Nil—CS, 1.34(2);
Ni2—C6, 1.28(2); C5—C6, 1.42(3) Cl1-Cr1—CI2, 93.2(1); Cl1—
Cr1—ClI3, 172.8(1); Cl1-Cr1-N1, 91.2(3); Cl1—Cr1—N2, 86.6(3);
CI2—Cr1-Cl3, 93.9(1); CI2—Cr1-N1, 95.6(3); Cl2—Cr1—N2,
173.4(3); CI3—Cr1-N1, 88.6(3); CI3—Cr1—-N2, 86.4(3); N1—
Cr1—-N2, 77.8(4).

orthorhombic P2,2,2; space group. L1 chelates the Cr atom,
forming a nearly planar five-membered ring, with an angle of
0.43° between the plane passing through the N1-Cr1-N2
atoms and the mean plane passing through the five atoms of
the ring. The distances to the metal of the two Cl atoms that
are trans to each other are 2.331(4) and 2.316(4) A, with
Cl1-Cr1—CI3 = 172.8(1)°. The third Cl atom is trans to the
N2 atom of the chelating ligand (Cr1—Cl2 = 2.283(4) A,
Crl-N2 = 2.09(1) A, C2—Cr1-N2 = 173.4(3)°). In the
structure, the angle between the planes of the two aromatic
rings of L1 is 51.63°.

Unfortunately, despite numerous attempts, single crystals of
Cr1—Cr3 suitable for X-ray diffraction analysis were not
obtained, thus preventing their structural characterization. In
addition, the paramagnetism of the complexes made uncertain
any structural characterization via NMR. The difficulties
encountered in obtaining single crystals for Cr1—Cr3 could

be due to their unsaturated coordination and electronic
structures. Indeed, on the basis of elemental analysis and by
analogy with Cr4, we speculate that Crl1—Cr3 have a five-
coordinate structure with a bidentate chelating ligand, one
THEF, and two chloride ions binding to the chromium atom.
Nonetheless, the question regarding the metal oxidation state
remains open also by virtue of the redox properties of
iminopyridines. In addition, it is well established that a Cr(1I)
complex may be reoxidized to Cr(III) by disproportionation.*®
All of these arguments imply that the exact assignment of the
chromium oxidation state is highly desirable and useful also
because the metal oxidation state is expected to play a
fundamental role in determining the selectivity toward the
polymerization or oligomerization of ethylene. Keeping this in
mind, in an effort to access the ligand electronic structure and
the associated chromium oxidation state, we collected UV—
vis—NIR absorption spectra for Cr1—Cr4 and pristine L1-L3
(Figure 2a—c).

The UV—vis—NIR spectra of all the chromium complexes
are dominated by the m—z™* transitions characteristic of the
ligand above 24000—28000 cm™'. In addition, very weak
absorption bands (¢ ~ § X 10> M~'cm™) were observed at
22000 and 16500 cm™" for Cr4 (red in Figure 2a) and at about
15400 cm™ for Cr2 (red in Figure 2c). The position and the
intensity of these bands are those expected for d—d transitions
of highly coordinated Cr(III) and Cr(II) ions, respectively,*”®"
consistent with the expected complex stoichiometry.

The ATR-IR spectra of Cr4 and Cr2 (red in Figure 2a’,c/,
respectively) closely resemble those of the corresponding
ligands (L1 and L2, respectively) except for the absorption
bands associated with the vibrations localized around the C=
N iminic bond, which shift and/or split into multiple
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Figure 2. UV—vis—NIR absorption spectra and ATR-IR spectra of Crl and Cr4 (blue and red in (a) and (a’)), Cr3 (blue in (b) and (b’)), and
Cr2 (red in (c) and (c’)), in comparison to those of the corresponding ligands (gray). All of the UV—vis—NIR spectra have been measured in
chloroform and reported after subtraction of the spectrum of the solvent. The ATR-IR spectra have been collected on the samples in the powder

form.
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components due to the coordination of the chromium ion. For
example, the v(C=N) band observed at 1623 and 1632 cm™
for L1 and L2, respectively, splits into two components at
about 1655 and 1600 cm™' in the spectrum of Cr4 and at
about 1654 and 1620 cm™" in the spectrum of Cr2. Moreover,
in both cases, additional bands are observed around 1010 and
850 cm™!, which are assigned to the asymmetric and
symmetric ¥(C—O—C) modes of coordinated THF, in
agreement with the expected composition.

In contrast to Cr2 and Cr4, the UV—vis—NIR spectra of
Crl (blue in Figure 2a) and Cr3 (blue in Figure 2b) are
characterized by much more intense absorption bands in the
21000—4000 cm ™' region (maxima observed at about 20000,
16500, 14000, 10500, and 5050 cm™!), which are too intense
(e ~ 10°~10* M~ cm™) to be classified as d—d transitions
associated with the Cr(Il) ions. The first four bands are very
similar to those observed in the spectra of z-radical
monoanionic ligands of the type (bpy*)~ or (tpy*)~ (bpy =
bipyridine, tpy = terpyridine).”~** For example, intense (~10
M™! cm™") bands have been reported at 22220, 16130, 14200,
and 10640 cm ™" for (tpy®)~ and assigned to intraligand 7—z*
transitions.”® The presence of these bands in the spectra of Crl
and Cr3 clearly indicates that L1 and L3 are redox-
noninnocent ligands®*®” and that Crl and Cr3 should be
formulated as [(L1°)Cr'™CL,(THF)]~ and [(L3*)-
Cr"'CL(THF)]™ species, rather than (L1)Cr"CL,(THF) and
(L3)Cr"Cl,(THF). In other words, Crl and Cr3 are only
formally divalent chromium complexes, while the metal is
better described as adopting the trivalent oxidation state
(Scheme 3).

Scheme 3. Synthesis of Crl and Cr3 and Formalism in the
Chromium Oxidation State As Determined by UV—Vis—
NIR Spectroscopy
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This is a quite common phenomenon for chromium
complexes of N-, S-, and O-donor ligands, due to the low
covalence of their bonding and the high stability of the high-
spin Cr(II) ion. Indeed, it has been reported that several
formally low spin Cr(II) complexes actually contain Cr(III)
antiferromagnetically coupled to a z-radical anion and that
their redox chemistry is entirely ligand centered.®”**~"° This
picture is confirmed by the ATR-IR spectra of Crl and Cr3
(blue in Figure 2a’,b"), which are sensibly different from those
of the corresponding L1 and L3 ligands, respectively. In
particular, most of the absorption bands in the 1400—800 cm™"
region are enhanced in intensity and broadened, a fact that is
well documented for radical anions of conjugated mole-
cules.””’

The origin of the intense band centered at 5050 cm™" that
can be observed both in the UV—vis—NIR spectra and in the
ATR-IR spectra of Crl and Cr3 is less straightforward. An
electronic absorption band in the near-infrared region has been
often reported for ligand mixed-valent species and assigned as a

ligand to ligand intervalence charge transfer (LLIVCT) band,
diagnostic of the copresence of two equal ligands in a different
redox state.””"** However, this assignment is not compatible
with our situation, because it implies a Cr:L = 1:2 ratio, which
does not match with the expected stoichiometry. On the other
hand, a few examples can be found in the literature about bpy
complexes of the type [Mt"(bpy)]°, where the transition of an
electron from the metal to the ligand to give [Mt""(bpy®)]~
originates a similar band in the NIR region.”” Hence, in our
case, we can tentatively ascribe the band at 5050 cm™ to the
specular electronic transition from the [(L1°*)Cr"'CL,(THF)]~
and [(L3*)Cr™CL(THF)]™ ground states to the respective
(L1)Cr"*ClL,(THF) and (L3)Cr"ClL,(THF) excited states.

In summary, the UV—vis—NIR and ATR-IR spectra shown
in Figure 2 clearly reveal that Cr1 and Cr3 differ from Cr4 and
Cr2, in that the former have a marked tendency to undergo an
electron transfer from the metal to the ligand (either L1 or
L3), while such electron transfer does not take place in Cr4 or
in Cr2. The reason for the inhibition of chromium to L1
electron transfer in Cr4 may be due to the fact that the
oxidation of a Cr(IIl) ion to Cr(IV) is thermodynamically
unfavorable, but also to a lower chance of a close approach
between the metal and the ligand as a consequence of the
metal ion size decrease in the case of a Cr(IIl)/Cr(IV)
oxidation. Similarly, the reticence of Cr2 to undergo chromium
to L2 electron transfer is proposed to be a consequence of the
steric demand of the o-isopropyl substituents, which weakens
the chromium—ligand interaction and prevents an efficient
electronic delocalization. As a whole, Cr4 and Cr2 can be
formulated as [(L1)Cr™CI;(THF)]® and [(L2)-
Cr'"CL,(THF)]® species, respectively, with the ligand in the
neutral state (Scheme 4).

Scheme 4. Synthesis of Cr2 and Cr4 and Formalism in the
Chromium Oxidation State As Determined by UV—Vis—
NIR Spectroscopy
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The interpretation that emerged from the UV—vis—NIR
absorption spectrum of Cr4 is in good agreement with the X-
ray diffraction data (Figure 1). In the ligand N—C—C—-N
backbone for Cr4, the C—C, C—Njy,,, and C—N, 4, bond
lengths are 1.42(3), 1.28(2), and 1.34(2) A, respectively.
These metric parameters are consistent with those expected for
the ligand in the neutral state. The bond lengths fall in a close
range of those formerly reported for related compounds
coordinated by a neutral iminopyridine ligand.”” With respect
to the ligand electronic structures and oxidation state
formalism, the UV—vis—NIR and X-ray diffraction studies
both corroborate our hypothesis that Cr4 should be
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Table 1. Polymerization of Ethylene Catalyzed by Cr1—Cr4”

entry Cr Al/Cr aging time” (min) PE yield (g) activity® (X10°%) M, (x10%) M,/M, T,.°(°C)
1 Crl 250 1.86 5.58 131.6 35.6 103/113/127
2 Cr2 250 none
3 Cr3 250 none
4 Cr4 250 none
S Crl 250 1 0.45 1.35 26.7 184 89/103/123
6 Crl 250 3 0.40 1.21 18.6 11.3 105/124
7 Cr4 1000 0.10 0.30 68.4 3.8 130
8 CrCl, 250 none
9 CrCly(THF), 250 0.17 0.51 f f
10 CrCL(THF), 1000 traces
11 Cr(acac); 250 none

“Polymerization condltlons ethylene pressure, 1.01 bar; total volume, 20 mL (toluene); Cr, 10 pumol; MAO as cocatalyst; time, 20 min;
temperature, 20 °C. “Precontact between Cr1 and MAO (Al/Cr = 200). ThlS treatment acts in two ways: it helps to solubilize the poorly soluble
complex, and it preforms the active species. “Activity in g of PE molc,~ h™". Average molecular weight (M,,) and molecular weight distribution
(M,,/M,) by SEC. “Melting temperature at the maximum (T,,) by DSC (second heating). /Not determined.

formulated as [(L1)Cr™Cl,(THE)]® with trivalent chromium
ligated by the iminopyridine ligand in the neutral state. As
described below, all of these electronic features have significant
consequences on the course of the ethylene polymerization.

2.2. Polymerization of Ethylene. 2.2.1. Rationalizing
the Important Parameters for Cr—Iminopyridines To
Polymerize Ethylene. Most active ethylene polymerization
catalysts contain multidentate ligands,**™** while a large range
of N*N bidentate ligands, in combination with various
chromium sources, have been reported to be active for
ethylene trimerization and tetramerization.'* In comparison to
the well-known tridentate N*N"N ligands,”' ~** iminopyridines
were expected to provide a less efficient shielding to stabilize
the chromium active species and suppress chain transfer in the
polymerization of olefins. Nonetheless, quite surprisingly, Crl,
in combination with MAO (250 equiv with respect to Cr),
afforded a highly active catalyst for the polymerization of
ethylene under mild conditions. A solid PE, on the order of
grams, was obtained (Table 1, entry 1, activity = 5.58 X 10° g
of PE molc, ' h™'). In contrast, Cr2—Cr4 did not exhibit any
polymerization activity under the same conditions (Table 1,
entries 2—4). The lack of polymerization activity by Cr2—Cr4
may likely be due to faster ethylene displacement or faster
termination paths involving either f-H elimination or transfer
to monomer and subsequent chain transfer rather than chain
propagation. The latter reductive elimination paths are
commonly observed for insertion ethylene (or growing
chain) intermediates, their relative stability determining the
selectivity toward oligomerization or polymerization products.
It is worth noting that the formation of liquid oligomers is
intentionally not factored in Table 1.

Before discussing in detail the performance of the
iminopyridine chromium complexes, we should also mention
that the polymerization of ethylene catalyzed by naked CrCl,,
CrCl;(THF);, and Cr(acac); was also investigated for
comparison (naked because it is assumed that the metal is
only surrounded by the growing polymer chain, the new
incoming monomer, and the weakly coordinating anion, with
no ancillary ligands) (Table 1, entries 8—11). Under our
polymerization conditions, a small amount of PE was obtained
only with CrCl;(THF);/MAO at Al/Cr = 250 (entry 9).
Given the inclination of trivalent chromium complexes toward
reduction upon the addition of the Al activator,”® it can be
inferred that reduction takes place at chromium, forming

divalent chromium, which is active to afford solid PE.
Nonetheless, with an increase in Al/Cr up to 1000, only
traces of polymer were recovered, suggesting that
CrCly(THF); decomposes in the presence of an excess of
MAO (entry 10). At the moment we are not able to
confidently explain this behavior. A possibility that could be
taken into consideration is the formation of lower valent
chromium species in this latter case as well as in the case of
CrCl,. In comparison with these results, the L1 ligand strongly
increased the overall PE productivity.

Given the structural similarity between Crl and Cr4, which
are both ligated by L1, the activity exhibited by Cr1 is ascribed
to the pristine radical anion (L1*)” ligand state, while in the
case of Cr4 the same ligand is neutral and essentially
unperturbed. It can be inferred that the presence of an
intermediate akin to [(L*)Cr™]™ is the necessary condition for
iminopyridine chromium complexes to exhibit ethylene
polymerization activity.

As far as Cr2 is concerned, in addition to the absence of the
necessary [(L*)Cr'™]" intermediate, we must also consider that
the sterically demanding isopropyl substituents at the ortho
positions of the aniline, perpendicular to the coordination
plane, might hinder olefin binding and insertion at the metal,
accelerating chain transfer over the chain propagation.””*"*’
Related arguments have been invoked by Sun et al. to
rationalize the unique behavior of chromium complexes, where
sterically demanding alkyl substituents at the ligand weaken the
interaction between the metal and the 7 electrons of ethylene,
increasing the nucleophilicity of the metal and simultaneously
decreasing the rate of monomer insertion.*’

However, the presence of an intermediate of the type
[(L*)Cr™]™ is not sufficient, as demonstrated by the lack of
activity of Cr3 (entry 3), which is also of the type [(L*)Cr™]~
as Crl (Scheme 3). The different catalytic behavior exhibited
by Crl and Cr3 indicates that the physical oxidation state of
chromium and the redox state of the ligand in the precursor are
not the only factors influencing their reactivity, which probably
depends also on further transformations undergone in the
presence of MAO, including further metal reduction or
different deactivation paths. A possibility is the rearrangement
of ketimine L3, where the lability of hydrogen atoms of methyl
groups attached to the imine moiety is well established.**

To provide insight into the unusual features of Crl and Cr3,
UV—vis—NIR absorption spectra were acquired upon the
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Figure 3. (a) UV—vis—NIR absorption spectra of Crl in chloroform before (black) and after addition of TEA (from blue to green). (b) UV—vis—
NIR absorption spectra of the Crl complex in chloroform before (black) and after addition of MAO (from dark red to yellow). The spectrum of
chloroform has been subtracted to all the spectra. (c, d) As in (a) and (b) for Cr3. (e, f) As in (a) and (b) for Cr4.

addition of the Al activator (Figure 3a—d). To keep the
conditions as close as possible to those employed for the
polymerization tests, both triethylaluminum (TEA),* and
MAO were evaluated. Due to the available experimental setup,
the first spectra were collected a few minutes after the addition
of the activator and in the absence of the monomer; hence,
they are representative of the phenomena occurring during the
aging of the chromium complexes in the presence of the
activator rather than of the activation process itself. The
spectra of the two complexes greatly change after the addition
of TEA and MAO. In all of the cases, the absorption bands
characteristic of the initial complexes, diagnostic for the
presence of z-radical monoanionic (L*)” ligands, disappear.
This evidence univocally indicates that, at the end of the aging
process, L1 and L3 are no longer z-radicals. Moreover, the
following comments can be made.

(i) The transformation is very fast for Cr3, for which the
first spectra collected after the precontact with TEA or MAO
no longer contain the fingerprints of the m-radical (L3°)~
(Figure 3¢,3d). In contrast, the spectral evolution is much
slower for Crl, suggesting a slower rearrangement of this
complex in the presence of both of the Al activators (Figure
3a,b).

(il) The spectra collected at the end of the aging process are
different for the four complex—activator combinations. This
indicates that the final oxidation states/coordination geo-
metries of the two chromium complexes are different.
However, more detailed information is required to untangle
the effect of the symmetry from that of the oxidation state,
which is far beyond the scope of this work.

Once Crl in the presence of MAO is transformed into a
formal and physical Cr(II) complex with neutral L1, the
polymerization of ethylene is strongly inhibited. This is evident
by looking at entries S and 6 in Table 1. In these two
experiments, Crl was previously dissolved and preactivated
with MAO at different times. We observed that the activities
were more than 4 times lower with respect to the same run
without the precontact between Crl and MAO (entry 1).
Altogether, the spectroscopic data discussed in Figure 3a—d
and the catalytic studies indicate that the active species (or
intermediates) involved in the polymerization of ethylene, of

the type [(L*)Cr'™]", are not very robust in the presence of
MAO and are even less robust in the absence of the monomer.
These species are rapidly transformed into new species with
neutral ligands, no longer active in the ethylene conversion to
high-M,, PE. Whether the catalyst deactivation involves
instability of the Cr-alkyl moiety or further chromium
reduction with or without ligand involvement cannot be
established at this moment.

In addition, it is interesting to note that traces of solid PE
were recovered with Cr4 by increasing the amount of MAO up
to Al/Cr = 1000 (entry 7). This intriguing behavior was
investigated following the evolution of the UV—vis—NIR
spectra of Cr4 in the presence of TEA and MAO (Figure 3e,f).
The addition of an excess of TEA causes the appearance of the
absorption bands characteristic of the (L1°)” radical anion
(Figure 3e). This suggests that TEA has the capability to
reduce Cr4, the reduction being ligand centered. However, the
reduced complex has only a transient character, and the
successive evolution of the spectra is the same as for Crl
(Figure 3a,b). The same phenomenon was not observed in the
presence of MAO (Figure 3f), likely due to the low Al/Cr ratio
used for the spectroscopic experiments and to the fact that
MAO is a mild reducing and alkylating agent in comparison to
TEA. Nonetheless, the close similarity of the UV—vis—NIR
spectra of pristine Crl with those of Cr4 upon the addition of
the Al activator substantiates our hypothesis that the
polymerization of ethylene might be mediated by [(L*)Cr™']~
species or, in any case, takes place through this intermediate.

The tendency of chromium to undergo one-electron transfer
to the iminopyridine ligands is claimed to be fundamental in
the catalytic transformation of ethylene to high-M,, PE. Both
Crl and Cr4 in the formal oxidation states +2 and +3,
respectively, contain the ligand in the (L*)~ form as a result of
a formal one-electron oxidation of the chromium ion along
with ligand reduction to the radical anionic state. However, for
the formal and physical trivalent Cr4, this transformation
occurs only when the Al activator is added. Given the
inclination of trivalent chromium complexes toward reduction
upon the addition of the Al activator,”® we speculate that the
reduction initially takes place at the chromium, forming
divalent chromium, followed by a further rapid transfer of one
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Table 2. Polymerization of Ethylene Catalyzed by Cr1/MAO“

entry solvent T (°C) Al/Cr  PE yield (g) activityb (x10%)
v PhMe 20 250 1.86 5.58
12 PhMe 20 1000 141 4.23
13 PhMe 20 50 1.20 3.60
14 PhMe 0 250 0.39 1.16
15 PhMe 40 250 0.86 2.57
16 CHCL 20 1000 177 536

M, (x10%)  MJ/M," "M (x10°)  PM (x10%) T,° (°C)
131.6 35.6 broad tail 2.4 103/113/127
22 1S 93/103/119
569.5 18.7 648.1 447 134
2753 20.7 57.8¢ 3.5 135
3.6 1.8 105/113/123
59.3 10.1 662 4.7 130

“Polymerization conditions: ethylene pressure, 1.01 bar; total volume, 20 mL; Cr, 10 gmol; MAO as cocatalyst; time, 20 min. bActivity in g of PE
molc, "' h™". “Average molecular weight (M,,) and molecular weight distribution (M,,/M,) by SEC. dHFMP and LFMP are the peak molecular weights
of the high-M,, and low-M,, fractions, respectively. “Melting temperature at the maximum (T,,) by DSC (second heating)./First reported in Table
1. #The HFMP peak broadened to its high-molecular-weight side (see Figure 4b).

electron from the metal to the ligand, forming the ligand
radical anion. For the physical trivalent Crl and Cr3, which
contain the ligand in the radical anion state from the
beginning, the important parameter that discriminates their
catalytic behavior in the polymerization of ethylene is the
stability of the complex in the presence of the Al activator.

On the whole, although these results provide a reasonably
realistic picture of the complexity of what happens in the
polymerization of ethylene mediated by Cr1—Cr4, they cannot
be generalized at such an early stage. However, new and
attractive hypotheses for the design of iminopyridine
chromium complexes emerge.

2.2.2. Effects of Polymerization Conditions on the
Catalytic Behavior of Cr1/MAO and Properties of PE. The
effect of some different polymerization conditions (i.e., Al/Cr
ratio, temperature, and solvent) were explored in detail for
Crl. The results are summarized in Table 2.

Generally, all of the obtained PEs are fully saturated,
semicrystalline polymers with a low amount of branching (i.e.,
an average of 10 branches/1000 carbon atoms as determined
by the '"H NMR) (Figures S2 and S3). The formation of
saturated PEs can be accounted for by a termination path
involving chain transfer to the aluminum. Their general
properties resemble those of PEs by heterogeneous chromium
catalysts” and some pyridinebis(imino)®* and bis-
(pyridylmethyl)amine chromium complexes.”’ Crl/MAO
produces PEs with molecular weights (M,,) ranging from
569500 to 2000 g/mol and molecular weight distributions
(M,/M,) in the range 1.5—35.6 with the shape depending on
the polymerization conditions. This clearly indicates the
presence of several active species under certain polymerization
conditions. Multicomponent M,,/M, values cannot be mean-
ingfully described by the average molecular weight value only;
most of the SEC curves are dominated by two components: a
low-molecular-weight and a high-molecular-weight fraction.
The peak molecular weight (M,) for each of these two
fractions (i.e., Ll:MP and HFMP, respectively) are also reported
in Table 2.

A series of polymerizations with Cr1/MAO were performed
over the range of Al/Cr from 50 to 1000. A low excess of MAO
(Al/Cr = 50) was sufficient for exhibiting activity as high as
3.60 X 10° g of PE mol, ' h™ (Table 2, entry 13), whereas
the maximum value of 5.58 X 10° g of PE mol;, ™" h™" was
reached at Al/Cr = 250 (entry 1). The Al/Cr ratio significantly
affects both the polymer molecular weight and the molecular
weight distribution. First, as the Al/Cr value increases, the
molecular weight of the resulting PEs drops from 569500 to
2200 g/mol, likely due to the chain transfer of the growing
polymer chain to the free AlMe; present in MAO. Second, the

relative amounts of the low-M, (**M,) and the high-M,,
("*M,) fractions significantly change. The SEC traces in
Figure 4a clearly show a dramatic increase in the high-M,, PE

AlCr M\ avcr
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—— :
2 3 4 2
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Figure 4. SEC traces (refractive index plots) for the PEs obtained by
Cr1/MAO at different Al/Cr ratios (a) and polymerization
temperatures (b) and with different solvents (c).

fraction as the Al/Cr ratio decreases. This result is
reminiscenct of the well-known behavior of Fe(II)-based
catalysts®® and Cr(II) and Cr(Ill) complexes bearing
tridentate pyridine ligands.>”

With a feed of 250 equiv of MAO, a series of polymer-
izations were carried out at different temperatures from 0 to 40
°C (Table 2, entries 1, 14, and 15). When the polymerization
temperature was increased from 0 to 20 °C, the activity
strongly increased from 1.16 to 5.58 X 10° g of PE mol, ' h™"
(entries 14 and 1, respectively). A further increase to 40 °C
leads to a decreased activity while a high level of productivity is
maintained (entry 15). This may be due to the increased
instability of the Cr—alkyl bond and the lower solubility of
ethylene in the reaction medium at higher temperatures. The
same trend was also encountered for chromium complexes
bearing 2-benzimidazolyl-N-phenylquinoline-8-carboxamide®’
and 2-benzimidazolyl-6-aryliminopyridine ligands,®” which
exhibited the best productivity at room temperature. This
strong reduction in activity with an increase in the polymer-
ization temperature correlates with the dominant chain
transfer.*” The molecular weight of the resulting PEs decreases
from 275300 to 3600 g/mol with an increase in the
polymerization temperature, an effect that is common to
most metallocene and post-metallocene catalysts as well.*>*’
This effect may be likely due to the higher tendency to give S-
H elimination at a last enchained ethylene unit followed by
chain transfer, and it is explained by a lower activation energy
of f-H elimination in comparison to that for chain propagation
with an increase in the reaction temperature. Moreover, the
relative amounts of the low-M,, and the high-M, fractions
change significantly. The SEC traces in Figure 4b clearly show
a dramatic increase in the high-M,, PE fraction as the
polymerization temperature is decreased.
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We have also attempted to utilize dichloromethane as a
solvent, since toluene is known to occasionally have a
poisoning effect (Table 2, entry 16).>*°° The choice of
medium solvent does not dramatically affect the activity (entry
16 vs entry 12). In contrast, the use of dichloromethane has a
strong effect on the polymer molecular weight and molecular
weight distribution. The SEC trace of the polymer generated in
dichloromethane clearly shows a bimodal character, with the
low-M,, and high-M,, components centered at 4670 and 66210
g/mol, respectively (Figure 4c, gray line). In contrast, for the
polymer generated in toluene under the same conditions, a
large fraction of the molecular weight distribution can be
described by a single component with a low molecular weight
(M,, = 2200, M,, = 1700, and M,,/M,, = 1.5) and the peak was
only slightly broadened at its low-molecular-weight side
(Figure 4c, black line).

The heterogeneous composition of the obtained polymers is
reflected in their thermal properties. The DSC heating curves
of the PEs crystallized from the melt at 20 °C/min are
reported in Figure 5. The PEs with higher molecular weight,

endo >

20 10 40 70 100 130 160
temperature (°C)

Figure S. DSC profile of selected PEs obtained with Cr1/MAO.

regardless of their molecular weight distribution, show a single
melting event with a maximum at about 135 °C (Table 2,
entries 13 and 14). In contrast, the PEs with a low molecular
weight, and even more those with a broad molecular weight
distribution, exhibit multiple endotherms upon heating
(entries 1, S, and 6 in Table 1, and entries 12 and 15 in
Table 2). The enthalpy of fusion, which ranges from 210 to
230 J/g, denotes a bulk crystallinity higher than 70%, in
agreement with the crystallinity determined by XRD (Figure
S4).

2.3. Polymerization of Norbornene and Dicyclopen-
tadiene. We investigated the ability of Cr1—-Cr4 to
polymerize the two different cyclic olefins NB and DCPD.
Unlike ethylene, the insertion of these cyclic olefins at the Cr—
alkyl bond prevents f-H elimination for stereoelectronic
reasons, avoiding the alignment in a syn coplanar arrangement
of the metal-C, and C4—H bonds, according to Bredt’s rule.
The results are summarized in Table 3.

All of the complexes, upon activatation with MAO, proved
to be active, affording solid NB and DCPD oligomers with
molecular weights from 970 to 6590 g/mol. In particular, Crl
and Cr4, both ligated by the aldimine L1, were highly and
almost equally active. In contrast, the ketimine L3 shuts down
the activity of Cr3, particularly for DCPD. Likewise, a
detrimental effect on the activity was observed for Cr2 ligated
by the aldimine L2 having bulky substituents at the aniline. We
speculate that steric effects play a fundamental role because of

Table 3. Polymerization of NB and DCPD Catalyzed by
Cr1-Cr4”

entry Cr monomer yield (g) yield (%) M, M, /M,"

17 Crl NB 1.14 84 970 1.2

18 DCPD 1.10 46 1600 1.1
19 Cr2 NB 0.45 33 6590 3.9
20 DCPD 0.10 10 c c

21 Cr3 NB 0.58 42 1270 1.5
22 DCPD traces

23 Cr4 NB 1.10 81 1410 1.1
24 DCPD 0.99 43 1400 1.1

“Polymerization conditions: NB, 1.35 g; DCPD, 2.36 g; total volume,
18 mL (toluene); Cr, 10 umol; MAO as cocatalyst; Al/Cr = 1000;
time, 24 h. bAverage molecular weight (M,,) and molecular weight
distribution (M,,/M,) by SEC. “Not determined.

enhanced repulsion between the increased bulkiness of the
ortho substituents and the monomer, particularly for bulkier
DCPD, reducing the propagation rate.*>7?

Overall, regardless of the ligand electronic structure and the
chromium oxidation state, all the complexes are, albeit to a
different extent, active for the polymerization of NB and
DCPD, while Cr2—Cr4 were not active in the polymerization
of ethylene (Table 1). This nicely corroborates the hypothesis
about the poor stability of the catalytically active intermediate
upon the ethylene insertion for Cr2—Cr4. As also illustrated in
Figure 3c¢,d, in the case of Cr3 this may be the consequence of
the rapid transformation (or ligand rearrangement) of
[(L3*)CrCL(THF)]~ species when it reacts with MAO,
which seems to favor faster chain termination over chain
propagation. Otherwise, in the case of Cr2 and Cr4 the lack of
communication between chromium and the ligand may
disadvantage the polymer chain growth and may facilitate
ethylene displacement or faster termination paths involving j-
H elimination, which is prohibited in the case of cyclic olefin
polymerization.

The FT-IR spectra of NB oligomers show characteristic
absorption bands at 2942 (s), 2865 (m), 1451 (m), 1294 (w),
1110 (w), and 891 (w) cm™" (Figure S5). The absence of any
band at 1680—1620 cm™’, characteristic of the unsaturated NB
ring, demonstrates that the oligomerization of NB occurs by a
2,3-vinyl type addition (Scheme 5).”> The FT-IR spectra of

Scheme S. Vinyl-Type Addition Polymerization of NB and

DCPD
a [% Cr1-Cr4/MAO
_—>»
toluene, 20°C

NB
DCPD

cis 2,3-exo vinyl addition

DCPD oligomers show characteristic absorption bands at 3038
(s), 2933—2865 (s), 1613 (w), 1457 (m), 942 (m), 737 (s),
and 696 (s) cm™" (Figure S6). The presence of bands at 3038
and 1613 cm™' and the absence of any band at about 1580
cm™ indicate that all of the bicycloheptene double bonds were
consumed during the 011gomerization.94 The remaining
unsaturations are entirely due to the cyclopentene double
bond: the bands at 3038 and 1613 cm™ are characteristic of
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Table 4. Polymerization of 1,3-Butadiene Catalyzed by Cr1—Cr4”

entry Cr yield (g) yield (%) Mwb (x10%)
25 Crl 137 98 4289
26 Cr2 1.40 100 323.0
27¢ Cr3 0.13 10 248.7
28" Cr4 1.20 90 503.8

M,/M,? microstructure (%) cis-1,4/trans-1,4/1,2 ng (°C)
2.0 52/12/36 —8S
1.5 2/66/32 —64
2.0 16/17/67 -56
1.9 54/13/33 -85

“Polymerization condltlons unless specified otherwise: 1,3-butadiene, 1.4 g; total volume, 18 mL (toluene); Cr, 10 ymol; MAO as cocatalyst; Al/
Cr = 1000; tlme, 2 h. Average molecular weight (M,,) and molecular weight distribution (M,,/M,,) by SEC. “By "*C NMR and ATR-IR in the case
of entry 27. “Glass transition temperature (T,) by DSC. “Polymerization time 4.5 h. fPolymerlzatlon time 1 h.

the olefinic =C—H and C=C stretching vibrations,
respectively. The absorption band at 942 cm™" is assigned to
the bending of the C—H bonds in the ring system of NB, thus
confirming that also the oligomerization of DCPD occurs
through a 2,3-addition rather than via ROMP (Scheme 5).”

The obtained products were characterized by thermal
analysis. DSC scans carried out from —40 to 200 °C did not
show any thermal event. TGA performed under inert
atmosphere evidenced that NB and DCPD oligomers are
thermally stable up to about 220 °C (Figure S7).

2.4. Polymerization of 1,3-Butadiene. We also
attempted to use 1,3-butadiene as a monomer for the catalytic
run. The results are summarized in Table 4. Despite the
different ligand redox states and structures, Cr1, Cr2, and Cr4,
ligated by the aldimine L1 and L2, gave an almost quantitative
conversion in less than 2 h, affording high-molecular-weight
poly(1,3-butadiene)s with a mixed 1,4/1,2 structure. It can be
inferred that such a different behavior among the polymer-
izations of 1,3-butadiene and ethylene for Crl (the only
catalyst active in the polymerization of ethylene), Cr2, and Cr4
is reasonably ascribed to the enhanced stability of chromium—
monomer (or growing chain) interactions, which are of the
allylic type in the case of the more electron rich 1,3-butadiene
while of the o type in the case of ethylene.

Crl and Cr4, bearing the same ligand L1, produced
polymers with almost the same microstructure, the 1,4/1,2
ratios being in the range from 64/36 to 67/33 (Table 4, entries
25 and 28, respectively) ('H and "C NMR spectra are
reported in Figure S8). This suggests that the different ligand
redox states found for these two complexes did not
significantly affect the chemoselectivity: i.e., the formation of
1,4- or 1,2-units. Interestingly, for the aniline-substituted Cr2,
a strong inversion in cis-1,4/trans-1,4 selectivity was observed,
the trans-1,4 content increasing with respect to the substituent-
free Cr1 and Cr4. This intriguing behavior could be attributed
to a preferred trans-n*> coordination of 1,3-butadiene in the
presence of the bulky L2, with the consequent formation of a
syn allylic unit, giving rise to a trans-1,4- or 1,2-unit, depending
on the insertion of the monomer at C1 or C3 of the allylic unit,
respectively (Scheme 6).°° A faster anti—syn isomerization of
the last polymerized unit, with respect to the insertion of the
new incoming monomer on the allylic group, could be also
responsible for the preferred formation of trans-1,4 units.
Generally, the anti—syn isomerization occurs with a significant
decrease in the polymerization rate, as reported, for instance,
for the polymerization of isoprene by V(acac);/MAO.”” In our
case we do not observe such a reduction, and that is why we
tend to favor the first hypothesis.

In contrast, for Cr3, ligated by the substituent-free methyl-
ketimine L3, the reactivity strongly decreased with respect to
the analogous aldimine compounds (Table 4, entry 27). The
substitution of hydrogen by a methyl group at the imine

Scheme 6. Simplified Scheme for the Formation of a cis- or
trans-1,4 Monomeric Unit”
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“P = polymer chain.

moiety shuts down the activity. This different behavior
exhibited by aldimine and ketimine compounds in the
polymerization of 1,3-butadiene was not surprising; Bai and
Hu have previously attributed this poisoning effect of ketimine
ligands to a dlfferent ligand reorganization in the presence of
the Al activator.”® Moreover, it is tempting to attribute this
result to the evolution product of Cr3 in the presence of MAO,
as shown by UV—vis—NIR spectroscopy (Figure 3c,d).

Glass transition temperatures (Tg values) of the obtained
polymers varied from —85 to —56 °C, depending on their
microstructure. Samples in Table 4, entries 25 and 28, with the
highest content of cis-1,4 units show the lowest T, value, while
the sample in entry 27, the polymer richest in 1,2-units, has the
highest value (Figure S9).

3. CONCLUSIONS

In this paper, we report the synthesis and the characterization
of a series of chromium-iminopyridine complexes with the
metal in the formal oxidation states +2 by reaction of CrCl,
with ligands of the type 2,6-R',CqH;N=CR*(C;H;N) (R! =
R?*=H (L1); R' = iPr, R”* = H (L2); R = H, R? = CH, (L3))
and +3 by reaction of CrCly(THF),; with L1. The
iminopyridines differ in the nature of substituents at the
iminic carbon and at the ortho positions of the aryl ring, but
feature similar electron-accepting properties. UV—vis—NIR
absorption spectroscopy showed that a redistribution of the
electron density from the chromium ion to the ligand takes
place through a concerted one-electron transfer. This
phenomenon occurs for CrCl, ligated by unsubstituted
aldimine L1 (Crl) and ketimine L3 (Cr3) and gives rise to
the formation of physical trivalent chromium complexes with
the ligand in the monoanionic radical (L*)™ state. In contrast,
metal to ligand electron transfer does not occur with CrCl,
ligated by the ortho-substituted aldimine L2 (Cr2), because
bulky isopropyl substituents prevent an efficient electronic
delocalization, nor with CrCl;(THF); ligated by L1 (Cr4).
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The redox-active ligand and the chromium to ligand synergy
have a significant influence on the reactivity of chromium-
iminopyridine complexes (Scheme 7). The occurrence of a

Scheme 7. Simplified Scheme Summarizing the Results from
the Polymerization of Ethylene Catalyzed by Cr1—Cr4/
MAO*“

MAO MAO [(L2)Cr'
L1Crl
4\ [(L1)Cr™] M 4 [(L1)CrIII]O no PE
N PE N
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high activity
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Tmupto135°C at higher Al/Cr

A

MAO
L3-)Cr' [(L1)er'y
PAESCL W or
N Cr3 low activity
1,0 M,, = 68.4 kg/mol
[(L3)Cr] Tm =130 °C

“Crl and Cr4 are both ligated by L1.

concerted chromium to ligand electron transfer, coupled with a
good stability of the [(L*)Cr™]~ species in the presence of the
Al activator—both investigable by UV—vis—NIR spectrosco-
py—were proved to be two essential conditions in facilitating
the polymerization of ethylene. Both conditions are fulfilled
only by Crl. For Cr3, only the first condition is fulfilled, while
the [(L3*)Cr™]™ intermediate is too unstable in the presence
of the aluminum alkyl and is quickly deactivated. Cr2 and Cr4
do not satisfy the first requirement, although Cr4 displays a
low activity with an increase in the Al/Cr ratio, which has been
associated with its reduction to the transient [(L1°*)Cr™]~
“active” intermediate. The ability of Crl to give high-M,, PEs
was completely unexpected, since iminopyridine ligands were
believed to have the right “structural” motif to generate
complexes for the oligomerization of ethylene but not for its
polymerization."*

The concerted cooperation between the metal and the
ligand has proven to be particularly fruitful in the polymer-
ization of ethylene, while the chromium to ligand synergy does
not affect the reactivity toward cyclic olefins and 1,3-butadiene.
This is explainable by considering that (i) unlike the case for
ethylene, the cyclic olefin insertion prevents f-H elimination
for stereoelectronic reasons and (ii) the chromium—monomer
(or growing chain) interactions have different natures, of the ¢
type in the case of ethylene but of the allylic type in the case of
1,3-butadiene. In contrast, steric ligand effects play a key role:
the presence of bulky ortho substituents shuts down the
activity, particularly for the bulkier DCPD, and reverses the
catalyst chemoselectivity in the polymerization of 1,3-
butadiene.

In conclusion, the tendency of chromium to foster one-
electron transfer to the iminopyridine ligand and the ligand/
monomer steric factors are claimed to be central in the
polymerization of (di)olefins. The great versatility of the
iminopyridine chromium complexes in terms of structure of
the ligands and electronic properties of the metal centers
makes them a powerful tool for tuning the polymer properties,
depending on the specific application. Furthermore, with these
starting compounds and data about their electronic structures
in hand, we plan to extend our study to other chromium
derivatives and to employ a variety of computational and

experimental techniques. These would be introduced in the
future.

4. EXPERIMENTAL SECTION

4.1. General Procedures and Materials. Manipulations of air-
and/or moisture-sensitive materials were carried out under an inert
atmosphere using a dual vacuum/nitrogen line and standard Schlenk-
line techniques with oven-dried glassware. Nitrogen and ethylene
were purified by passage over columns of CaCl,, molecular sieves, and
BTS catalysts. THF (Aldrich >99.9%) was refluxed over Na/
benzophenone alloy for 8 h and then distilled and stored over
molecular sieves. Toluene (Aldrich >99.5%) was refluxed over Na for
8 h and then distilled and stored over molecular sieves. Pentane
(Aldrich >99%) was refluxed over Na/K alloy for 8 h and then
distilled and stored over molecular sieves. Diethyl ether (Aldrich
>99.8%) was refluxed over Na for 8 h and then distilled.
Dichloromethane (Aldrich >99.9%) was degassed under vacuum
and then by bubbling nitrogen, kept over molecular sieves, and used
without any further purification. NB (Sigma-Aldrich 99% pure) was
stirred over molten potassium at 80 °C under nitrogen for 4 h and
then distilled. A stock solution was prepared by dissolving 50 g of
freshly distilled NB in 86.2 mL of toluene. DCPD (Aldrich 95% pure)
was dried over CaH, at 60 °C under nitrogen for 4 h and then
distilled under reduced pressure. 1,3-Butadiene (Aldrich >99%) was
evaporated from the container prior to each run, dried by passing
through a column packed with molecular sieves, and condensed into
the reactor which had been precooled to —20 °C. MAO (Aldrich, 10
wt % solution in toluene), CrCl, (Aldrich 99.99%), Cr(acac); (acac =
acetylacetonate, Aldrich 99.99%), and deuterated solvent for NMR
measurements (C,D,Cl,) (Aldrich, >99.5% atom D) were used as
received. CrCl;(THF); was prepared through the Soxhlet extraction
of anhydrous CrCl; with boiling THF and the aid of Zn dust. The
iminopyridine ligands were synthesized following a methodology
previously reported.*®

4.2. Synthesis of Chromium Complexes. All of the chromium
complexes were synthesized following the method reported in the
literature for analogous compounds.”* The general procedure is
reported for Crl.

4.2.1. Dichloro(N-(pyridin-2-ylmethylene)aniline)chromium—
THF (Cr1). To a stirred suspension of CrCl, (0.24 g, 2.0 mmol) in
25 mL of THF at room temperature was added L1 ligand (0.44 g, 2.4
mmol). The suspension was stirred for 24 h and then filtered. The
residue on the filter was thoroughly washed with pentane (3 X 2§
mL), dried under vacuum, and stored under nitrogen in a Schlenk
tube. The dark brown solid Crl was dried overnight in vacuo. Yield
(based on CrCl,): 92%. FT-IR v (cm™): 1592 (w), 1485 (m), 1433
(w), 1366 (s), 1246 (w), 1174 (m), 1126 (s), 1087 (s), 971 (s), 887
(s), 864 (s), 761 (s), 692 (m), 666 (m), 640 (m), 564 (s), 545 (s).
Anal. Caled for C;(H;5CL,CrN,O: C, 50.94; H, 4.81; N, 7.43. Found:
C, 49.68; H, 4.17; N, 7.25. The differences between C, H found and
C, H calculated values are likely due to the volatile THF and the
incomplete combustion that can cause inaccurate results. Such
deviation from the calculated values has been reported for many other
chromium complexes.*>**

4.2.2. Dichloro(2,6-diisopropyl-N-(pyridin-2-ylmethylene)-
aniline)chromium—THF (Cr2). Dark green solid, yield 70%. FTIR v
(em™): 1592 (m), 1465 (m), 1365 (m), 1294 (m), 1230 (w), 1171
(w), 1110 (w), 1057 (m), 1012 (m), 913 (m), 865 (s), 813 (s), 777
(vs), 767 (m), 654 (w), 541 (w), 509 (m). Anal. Calcd for
C,,H;,CLCrN,0: C, 57.27; H, 6.55; N, 6.07. Found: C, 57.0; H,
6.20; N, 6.35.

4.2.3. Dichloro(N-(1-(pyridin-2-ylethylidene)aniline)chromium—
THF (Cr3). Dark gray solid, yield 94%. FT-IR v (cm_l)L 1592 (m),
1486 (m), 1437 (m), 1387 (m), 1377 (m), 1351 (w), 1290 (m), 1213
(s), 1140 (s), 1075 (s), 932 (s), 909 (vs), 814 (vs), 789 (s), 732 (s),
700 (s), 666 (m), 636 (s), 616 (m), 551 (m), 522 (m). Anal. Calcd
for C,,H,,CL,CtN,O: C, 52.19; H, 5.15; N, 7.16. Found: C, 52.26; H,
S.15; N, 7.1S.

4.2.4. Trichloro(N-(pyridin-2-yImethylene)aniline)chromium—
THF (Cr4). The same complexation procedure as for Crl was
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employed for Cr4 but using a CrCl;(THF); source. After drying, a
light green solid was isolated. Yield (based on CrCl;(THF),): 77%.
FT-IR v (cm™): 1595 (m), 1481 (m), 1448 (m), 1361 (m), 1296
(w), 1272 (w), 1235 (w), 1200 (m), 110S (w), 1072 (w), 1010 (m),
931 (w), 908 (w), 861 (s), 782 (vs), 770 (s), 745 (w), 699 (s), 653
(w), 574 (w), 554 (m), 503 (m). Anal. Calcd for C;H;3Cl,CrN,O:
C, 46.57; H, 4.40; N, 6.79. Found: C, 46.25; H, 4.35; N, 6.90. 'H
NMR (C,D,Cl,) broad peaks § (ppm): $.211 (1H), 3.142 (2H),
1.299 (2H).

4.3. Polymerization Procedures. Polymerization of ethylene
was carried out in a 50 mL round-bottomed Schlenk flask, while the
polymerization of NB, DCPD, and 1,3-butadiene was carried out in a
25 mL Schlenk tube. Prior to the start of polymerization, the reactor
was heated to 110 °C under vacuum for 1 h and back-filled with
nitrogen. For the ethylene polymerization, the reactor was charged at
room temperature with toluene and MAO in that order. After thermal
equilibration at the desired temperature, the solution was degassed,
and ethylene was added until saturation. Polymerization was started
by adding a fine toluene slurry (2 mg mL™') of the chromium
complex via syringe under a continuous flow of ethylene. For the
polymerization of NB, DCPD, and 1,3-butadiene, the monomer and
toluene were transferred into the reactor, the solution was brought to
the desired polymerization temperature, and then MAO and a toluene
solution (2 mg mL™") of the chromium complex were added in that
order. In the case of 1,3-butadiene, it was first condensed into the 25
mL Schlenk tube kept at —20 °C. Polymerizations were stopped with
methanol containing a small amount of hydrochloric acid; the
precipitated polymers were collected by filtration, repeatedly washed
with fresh methanol, and finally dried under vacuum at room
temperature to constant weight.

In all of the reactions investigated, no polymerization activity was
observed in the absence of a chromium source.

4.4. Characterization Methods. Elemental analyses were
performed by using a Perkin-Elmer CHN Analyzer 2400 Series II
instrument.

NMR spectra were recorded on a Bruker NMR Advance 400
spectrometer equipped with a SEX 10 mm probe with automatic
matching and tuning, operating at 400 MHz ('H) and 100.58 MHz
(BC) in the PFT mode at 103 °C. Experiments were performed by
dissolving 70 mg of polymer in C,D,Cl, in a 10 mm tube and
referenced to HMDS as internal standard.

FT-IR spectra were acquired in attenuated total reflectance (ATR)
mode, in the spectral range of 7000—400 cm™, using a Bruker Alpha
spectrophotometer equipped with a diamond ATR crystal. The
instrument was placed inside the glovebox to avoid sample
contamination.

UV—vis—NIR absorption spectra were collected using a CaryS000
spectrophotometer. Both the pure ligands and the chromium
complexes were dissolved in chloroform, and the solutions were
measured inside homemade cells equipped with windows in optical
quartz (Suprasil), which were filled inside the glovebox and closed
with Teflon plugs. The spectrum of the solvent was measured under
the same conditions and subtracted from those of the samples.

Single-crystal X-ray diffraction data were recorded at room
temperature using a Bruker X8 Prospector APEX-II/CCD diffrac-
tometer equipped with a focusing mirror (Cu Ka radiation, 4 =
1.54056 A). The structures were determined using direct methods
and refined (based on F* using all independent data) by full-matrix
least-squares methods (SHELXTL 97).”*”” All non-hydrogen atoms
were located from different Fourier maps and refined with anisotropic
displacement parameters. Hydrogen atoms were added in riding
positions. Specific structure determination details are included in the
Supporting Information.

Molecular weight (M,,) and molecular weight distribution (M,,/
M,) were obtained by a high-temperature Waters GPCV2000 size
exclusion chromatography (SEC) system using an online refrac-
tometer detector. The experimental conditions consisted of three PL
Gel Olexis columns, o-dichlorobenzene as the mobile phase, 0.8 mL/
min flow rate, and 145 °C temperature. The calibration of the SEC
system was constructed using 18 narrow M, /M, PS standards with

M,, values ranging from 162 to 5.6 X 10° g/mol. For SEC analysis,
about 12 mg of polymer was dissolved in S mL of o-dichlorobenzene.

Wide-angle X-ray diffraction (XRD) experiments were performed
at 25 °C under nitrogen flux, using a Siemens D-500 diffractometer
equipped with Soller slits (2°) placed before the sample, 0.3° aperture
and divergence windows, and a VORTEX detector with extreme
energy resolution specific for thinner films. Cu Ko radiation at 40 kV
X 40 mA power was adopted; each pattern was carried out with steps
of 0.05° (20) and 6 s measurement time.

Differential scanning calorimetry (DSC) measurements were
performed on a Perkin-Elmer DSC 8000 instrument equipped with
a liquid nitrogen device. The scans were carried out from —100 to 200
°C under a nitrogen atmosphere using heating and cooling rates of 20
°C/min.

Thermogravimetric analysis (TGA) was performed on a Perkin-
Elmer TGA-7 instrument under a nitrogen atmosphere. Before the
TGA run was performed, the sample (2—3 mg) was held at 50 °C for
30 min; the scan was carried out from 50 to 700 °C at a heating rate
of 10 °C/min.
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Table S1. Summary of X-ray crystallographic data for compound Cr4.

Complex Cr4-OH
Molecular formula Ci12H11 CIsCrN20
Temperature (°K) 296(2)
Wavelength (A) 1.54178
Crystal system, space group Orthorhombic, P2(1)2(1)2(1)
a = 8.8887(9)
Unit cell dimensions (A, °) b = 9.0834(9)
c = 18.756(2)
Volume (A3) 1514.3(3)
Z, calculated density (g cm) 4, 1.568
Absorption coefficient (mm-) 11.029
F(000) 720
Crystal size (mm) 0.05 x 0.05 x 0.03
6 range 4,715 + 65.817
Reflections collected/unique 4846 / 2330
Rint[® 0.1117
Absorption correction Sadabs
Data/restraints/parameters 2330/0/173
Goodness-of-fit on F2 1.001
Final R indices [I > 24(1)](! R1=0.1071, wR2 = 0.2082
R indices (all data)t R1=0.1802, wR2 = 0.2379
Largest diff. peak and hole (e A3) 1.564 and -1.085
Completeness (%) 96.9

[a] Rint = Z|F0? — Fo?(mean)|/ZF0?; Ro = Zo(F0?)/ZFo2
[b] R1 = Z||Fo| — |Fc|/Z|Fo]; wR2 = {Z[w(Fo? — Fc?)?)/Z[w(Fo?)2}°°. GoF = {S/(n —p)}°° =
{Z[w(Fo? — Fe??J/(n — p)}°.
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Figure S1. FTIR spectra of as-prepared Cr4.
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Figure S2. ATR-IR spectra of poly(ethylene) obtained by Crl (entry 1 of Table 1 in the

manuscript).
| \
|

§ 1380/
g \ 730

=

c 1472 1462 720
(2]

C

o

)

2851
2919

| | | | |
3500 3000 2500 2000 1500 1000 500

% (cm'l)

The ATR-IR spectra in Figure S2 show three sets of peaks characteristic of poly(ethylene):
strong absorbances due to the C—H stretching (very strong peaks at 2919 and 2851 cm), C-H
bending (two strong peaks at 1472 and 1462 cm-t) and C-H rocking (two medium-strong peaks at
730 and 720 cm™). These two last bands are representative of the ethylene crystallinity and

correspond to long methylene sequences. In all the spectra a weak signal at 1380 cm was detected;

this peak is attributed to the C—H bending of a CHs group, revealing the presence of branches.
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Figure S3. H (top) and 3C NMR (bottom) spectra of poly(ethylene) obtained by Cr1l (entry 1 of

Table 1 in the manuscript).
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Consistent the ATR-IR (Figure S2), 13C NMR spectra also showed resonances attributed to
carbon atoms of alkyl branches, namely at 12.02 ppm (1Bn), 20.70 ppm (2Bn), 27.30 ppm (3Bn),
and 29.95 ppm (4Bn). However, the amount of branches is relatively low: calculations from the 'H

NMR spectrum revealed a number of methyl groups per 1000 carbon atoms which is around 10.
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Figure S4. XRD spectrum of the obtained poly(ethylene)s with complex Crl (see Table 2 in the

manuscript).
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Figure S5. FTIR spectra of NB polymer (entry 17, Table 3 in the manuscript).
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Figure S6. FTIR spectra of DCPD polymer (entry 18, Table 3 in the manuscript).
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Figure S7. TGA (A) and DTG (B) curves under nitrogen flow of: entry 17 in blue, and entry 18 in

red (see Table 3 of the manuscript).
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Figure S8. 'H (top) and 3C NMR (bottom) spectra of poly(1,3-butadiene)s (Table 4 in the
manuscript); (a) entry 25, (b) entry 26 and (c) entry 28.
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Figure S9. DSC profile of poly(1,3-butadiene)s obtained with complex Cr1-Cr4 (entry 25-28 of
Table 4 in the manuscript).
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