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Abstract

The pre-reduction of the industrially relevant Cr¥'/SiO, Phillips catalyst by cyclohexene at room temperature
was investigated by means of operando XANES, Diffuse Reflectance UV-Vis and transmission FT-IR
spectroscopies. It was found that cyclohexene efficiently reduces the surface chromates sites (Cr"") at room
temperature to give mainly divalent chromium sites and aldehyde by-products, which are rapidly converted
in ester species. These by-products remain in strong interaction with the reduced chromium sites, defining a
complex and tunable ligand sphere, which controls the entrance of incoming molecules, including ethylene.
Unlike the Cr¥'/SiO, catalyst, the cyclohexene-reduced Cr/SiO, catalyst polymerizes ethylene already at
room temperature with no induction time. The reactivity of cyclohexene with the Cr"' species mimics that of
ethylene during the induction period on Cr''/SiO, catalyst, simplified by the absence of the further
polymerization step. Hence, the results discussed in this work are potentially useful to understand what

happens during the induction period in presence of ethylene.

1. Introduction

It has been more than sixty years since the first catalytic synthesis of polyethylene, and the importance of
polyolefins in every-day life has been growing since then. Common belief relegates polyolefins to low cost
applications, but recently these materials have demonstrated to be direct competitors to much more
expensive high performance polymers for highly advanced applications. Polyolefins are mainly produced
through catalytic polymerization, and in most of the cases by heterogeneous catalysis. The Phillips Cr/silica
catalyst, patented in 1951 [1], is the oldest catalyst still employed for the industrial production of a
significant fraction of polyethylene. It is obtained by impregnating a polymer-grade porous silica with a
chromium precursor (at loadings lower than 1 wt%), followed by calcination at temperatures higher than 500
°C. During this step the chromium ions are anchored to the silica surface as isolated hexavalent chromates
(Cr" in the following), and simultaneously the silica support is dehydroxylated [2-7]. The Cr"' species are
only the precursors of the active sites, which are obtained in presence of ethylene at temperatures from 80 to
110 °C, during a variable induction period (also called “dormant period”) without measurable activity, which

depends on the reaction conditions. Thus, ethylene operates first as reducing agent, leading to the formation
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of lower-valent Cr¥'™"

species and oxidized by-products of ethylene, and secondly as monomer in the
polymerization reaction [3, 8-10].

Although sixty years passed from the first Phillips patent [1], the structure of the active sites at the
molecular level and their oxidation state are still unresolved despite the numerous investigations also on
well-defined Cr/SiO, systems prepared with a surface organometallic approach [2-4, 11-17]. This is mainly
due to the fact that reduction of the chromate species in presence of ethylene and ethylene polymerization are
extremely difficult to differentiate. Several strategies have been attempted in order to separate the reduction
step from the polymerization one by using an external reducing agent prior ethylene injection. The most used
method involves carbon monoxide, which stoichiometrically reduces Cr"' sites to Cr" at 350 °C, resulting
into a Cr'/SiO, catalyst extremely well characterized in the past [4-7, 18-27]; this procedure removes the
induction time and decreases the ethylene reaction temperature down to room temperature. Other pre-
reducing procedures adopted in the industrial practice involve H,, methanol, alkanes, alkenes and metal
alkyls (such as AIR3, BRs, MgR,, ZnR,) [3, 28-30]. A pre-reduction step (i.e. treatment with reducing agents)
allows not only to shorten the induction time and to decrease the polymerization temperature (with important
consequences in terms of sustainability, operating efficiency and overall economics of the process), but has
also great influence on the properties of the produced polyethylene (characterized by high densities, good
stiffness, high melting points, and low melt indices) [3, 30-35]. This in turn suggests that the chromium
species active in ethylene polymerization are structurally different depending on the pre-reducing process.

In this work we investigate the reduction of the Cr¥'/SiO, catalyst by cyclohexene. In the patent literature
[36], cyclohexene is claimed to reduce Cr' sites, leading to a modified-catalyst displaying: i) short induction
times for ethylene polymerization and ii) ability in polymerizing a-olefins to obtain poly-1-alkenes.
However, the mechanism of Cr"' reduction by cyclohexene is unknown, as well as the reaction by-products;
consequently, also the properties of the reduced chromium sites at a molecular level are not clear. Herein we
applied XANES spectroscopy in operando and in situ DR UV-Vis spectroscopy to monitor the reduction of
Cr'/SiO, by cyclohexene at room temperature; in addition, in situ FT-IR spectroscopy was used to get
information on the nature of the cyclohexene oxidation by-products. The data discussed in this work
represent a first attempt to define the properties of the chromium sites formed during reduction of a Cr¥'/SiO,
catalyst in presence of a non polymerizing olefin and are potentially useful to understand what happens

during the induction period in presence of ethylene.

2. Experimental
2.1 Materials

Two Cr/SiO, samples were prepared by impregnating SiO, (aerosil, surface area ca. 360 m°g™) with
aqueous solutions of CrO; having chromium loadings of 0.5 wt% (for DR UV-Vis and EPR measurements)
and 1.0 wt% (for IR and XAS measurements), respectively. The chromium loading was low enough to avoid
segregation of CrO, during the activation treatments, but sufficiently high to guarantee a good sensitivity

with all the techniques [4]. The Cr¥'/SiO, catalyst was obtained by activating the impregnated sample in
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presence of oxygen at 650 °C. This procedure was carried out in static conditions (two cycles of 30 minutes
in pure oxygen, equilibrium pressure 100 mbar) for DR UV-Vis and FT-IR measurements, or in dynamic
conditions (10% O, in He, total flow 10 ml/min) for XAS measurements. Reduction of Cr"'/SiO, by means
of cyclohexene was achieved by dosing the vapor pressure of cyclohexene in the reaction cell, either in
vacuum or by stripping the liquid with helium (depending on the operating conditions). Finally, ethylene
polymerization experiments were performed with pure ethylene at room temperature, either in static

(equilibrium pressure of 100 mbar) or in dynamic conditions (total flow 10 ml/min).

2.2 Methods

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,
harmonic rejection was performed by using silicon mirrors (4 mrad). The intensity of the incident beam was
monitored by an ionization chamber. Due to chromium dilution, EXAFS spectra were collected in
fluorescence mode, by means of a 12 elements germanium detector. The beam was vertically focused to a
few micron. The samples were measured in the form of powder inside a quartz capillary 1.5 mm in diameter,
placed in between two small regions of quartz wool. The capillary was connected to a line which allowed
fluxing different gas mixtures, and inserted inside an oven, allowing treating the sample up to 650 °C, in
presence of different reagents.

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™ in order to allow an easy normalization. Each XANES spectrum required an acquisition time of
about 12 minutes as compromise between fast acquisition and quality of the spectra. The XANES spectra
were normalized using the Athena program [37]. The adopted experimental set-up (beam vertically focused
in order to fit the 1.5 mm capillary, only 4 mm of sample accessible to the X-ray beam) did not allow to
collect EXAFS spectra with a satisfactory signal-to-noise ratio. For this reason the EXAFS spectra of
CrV'/Si0, and of the same sample after reaction with cyclohexene were collected on samples prepared ad hoc
inside the same 1.5 mm capillaries, but mounted in a different configuration. In particular, a longer part of
the capillary was filled with the powder and was accessible to the beam (up to 10-14 mm). This allowed the
collection of EXAFS spectra with a good signal-to-noise ratio. The EXAFS spectra were collected up to 13
A with a variable sampling step in energy, resulting in Ak = 0.05 A™, and an integration time that linearly
increases as a function of k from 5 to 20 s/point to account for the low signal-to-noise ratio at high k values.
Three equivalent EXAFS spectra were acquired and averaged before the data analysis. The extraction of the
x(k) functions was performed using Athena program. [37] Once extracted, the k®-weighted y(k) functions
were Fourier transformed in the Ak = 1.0-3.0 A range. The fits were performed in R-space in a variable AR
range, using the Arthemis program [37]. Phase and amplitudes were calculated by FEFF6.0 code [38], using
as input the small clusters indicated in the next sections.

Diffuse reflectance (DR) UV-Vis spectra were recorded on a Varian Cary5000 instrument on samples in

the form of thick self-supported pellets (surface density ca. 60 mg cm™), placed inside a cell equipped with a
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guartz suprasil window. Sample treatments were performed directly in the UV-Vis cell, in static conditions.
The spectra were collected in reflectance mode, and successively converted in Kubelka-Munk units.

The EPR measurements were performed at liquid nitrogen temperature (77 K) and run on a X-band CW-
EPR Bruker EMX spectrometer equipped with a cylindrical cavity operating at 100 kHz field modulation.

Transmission FT-IR spectra were collected at 2 cm™ resolution on a Bruker Vertex70 instrument, on
samples in the form of thin self-supported pellets (surface density ca. 10 mg cm™), placed inside a quartz cell
equipped with two KBr windows. Sample treatments were performed directly in the IR measurement cell in
static conditions.

3. Results and Discussion
3.1 The potential of cyclohexene as reducing agent

At first, the effect of cyclohexene on the Cr'/SiO, catalyst was investigated by means of XANES and
DR UV-Vis spectroscopies, which are extremely effective techniques to get information on the electronic
properties of supported metal species, also when they are highly diluted as in the present case [4, 39]. Figure
1 shows the Cr K-edge XANES spectrum of Cr''/SiO, (black) and its time evolution in presence of
cyclohexene at room temperature (light grey); the last spectrum was collected after about 1 hour of
interaction (dark grey). The spectrum of Cr'/SiO, is characterized by an intense pre-edge peak centered at
5993.5 eV, having a shoulder around 5991.3 eV (Figure 1b), and an edge at 6006.7 eV (evaluated at the
maximum of the derivative curve, shown in Figure 1c) with a shoulder at 6001.0 eV. All these features are
characteristic of Cr"' species in a tetrahedral-like symmetry [4-7, 23, 40-45]. As soon as Cr"'/SiO, interacts
with cyclohexene at room temperature, the XANES spectrum greatly changes. In particular: i) the edge shifts
at lower energy (from 6006.7 to 6003.0 eV); ii) the intense pre-edge peak decreases in intensity and is
gradually substituted by two weak components at 5990.9 and 5992.4 eV, accounting for a total intensity of
about 0.2 (in normalized absorption units); iii) in the white-line region the maximum around 6032 eV is
replaced by a minimum and a new broad feature appears around 6020 eV. The shift in the edge witnesses a
reduction of the chromium sites. In principle, the energy position of the absorption threshold might give a
rough indication on the oxidation state of the Cr ions [46-48], although it is well known that many factors,
such as the coordination geometry and the type of the ligands, can influence the edge position [49]. The low
intensity of the pre-edge peak indicates that the reduced chromium sites are characterized by a coordination
geometry that possesses an inversion centre. Finally, the changes in the white line region are indicative of a
modification of the local structure around the chromium sites. In conclusion, the final XANES spectrum

indicates that cyclohexene reduces the chromium sites and affects their coordination geometry [40].
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Figure 1: Part a) Time evolution of the normalized Cr K-edge XANES spectra of the Cr''/SiO, catalyst (black) during
reaction with cyclohexene at room temperature (dark grey). Reaction conditions: vapor tension of cyclohexene in He,
total flux = 10 ml/min. Each spectrum was collected in about 12 minutes; the last spectrum was collected after 1 hour of
reaction. Part b) Magnification of the pre-edge region. Part ¢) Derivative of the same spectra in the pre-edge region.

Similar information was obtained by means of DR UV-Vis spectroscopy. Figure 2 shows the UV-Vis
spectra of the Cr¥'/SiO, catalyst before (black) and after the reaction with cyclohexene (dark grey). The UV-
Vis spectrum of Cr¥'/SiO, is characterized by three intense bands at 39500, 29000 and 21500 cm™ due to
O—Cr charge-transfer transitions of surface chromates [4, 5, 7, 19, 21-24]. Upon reaction with cyclohexene,
the UV-Vis spectrum greatly changes, revealing a substantial modification in the electronic configuration of
the chromium sites. In particular: i) the band at 21500 cm™, which is assigned to an O—Cr charge-transfer
transition strongly localized on the double-bonded oxygen of the chromate species, disappears; ii) the two
charge transfer bands at 29000 and 39500 cm™ change their relative intensity; iii) two bands appear at 10000
cm™ and 16500 cm™, which are assigned to d-d transitions of reduced chromium sites [4-7, 18-22, 50].

Interpretation of this spectrum can be done on the basis of previous literature on Cr'"/SiO, and of
comparison with the UV-Vis spectra of reference compounds. The UV-Vis spectrum of Cr'/SiO, (where the
chromium ions have a +2 oxidation state and a 4-coordinate pseudo-tetrahedral coordination) is well known
in literature and shows two narrow d-d bands at 7500 and 12000 cm™. It is also known that the same system
is able to expand its ligand field (up to a distorted 6-fold coordination) by coordinating ligands such as CO,
simultaneously keeping constant the +2 oxidation state [4, 5]. This causes an upward shift of the two d-d
bands in the UV-Vis spectrum in perfect agreement with the ligand field theory. Indeed, Cr" symmetric
octahedral complexes show one d-d band corresponding to the °E, — *To, transition, typically at 14000 cm™
(i.e. Cr(H,0)2"), however a distortion of the octahedral geometry causes a band splitting, thus two separate
d-d bands. There are other examples of coordinating ligands which affect the UV-Vis spectrum of Cr(ll) in a
similar way (e.g. N,O). In contrast, the UV-Vis of Cr'" species in a 6-fold coordination are largely different

and characterized by a pair of equally intense bands at higher wavenumbers, usually in the 15000-17000 cm™
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and 25000-20000 cm™ regions [7, 18, 51]. This is observed for Cr" salts, both in the solid state and in
solution [7, 52]. On these bases, the DR UV-Vis spectrum of cyclohexene-reduced Cr¥'/SiO, catalyst (d-d
bands at 10000 cm™ and 16500 cm™) is interpreted in terms of Cr" sites in a 6-fold coordination.

Hence, DR UV-Vis measurements indicate that cyclohexene reduced Cr"' sites mainly to Cr". However,

it cannot exclude the presence of a minor amount of Cr™ species, below the sensitivity of the technique. For

this reason, we performed also EPR measurements. EPR technique is extremely sensitive to paramagnetic

species, such as Cr'"', whereas it is silent towards Cr" (if performed at low frequencies as in the majority of

the cases). Indeed, the EPR data (displayed in Figure S1 and discussed in Section S1) revealed the presence

of isolated Cr" species. Comparison with EPR data reported in literature for similar systems [53] indicates

that the amount of Cr species is below 0.5% of the total chromium sites, hence not detectable neither by

DR UV-Vis nor by XANES spectroscopy.

Kubelka-Munk

T T r
30000 20000 10000
Wavenumber (cm™)

T
40000

Figure 2: Diffuse Reflectance UV-Vis spectra of the Cr"'/SiO, catalyst before (black) and after reaction with
cyclohexene, where the excess of cyclohexene is degassed at room temperature (grey).

In conclusion, XANES and DR UV-Vis data demonstrate that cyclohexene completely reduces the Cr""
sites already at room temperature, to mainly divalent chromium species characterized by a distorted 6-fold
coordination, originated by the presence of additional ligands in the coordination sphere. EPR data reveals
also the presence of minor amounts of trivalent chromium species upon cyclohexene reduction, which are
not detectable neither by DR UV-Vis nor by XANES techniques. However, all these techniques do not give
information on the reaction by-products; consequently, it is not possible to formulate any hypothesis on the
mechanism of reaction between cyclohexene and Cr¥'/SiO, and hence on the properties of the reduced sites
at a molecular level. For this reason, we followed cyclohexene reaction with crV'/sio, by FT-IR

spectroscopy.
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3.2 ldentification of cyclohexene oxidation by-products

A typical transmission Mid-IR spectrum of the Cr'/SiO, catalyst is shown in Figure 3a (black). The
spectrum is entirely dominated by the vibrational fingerprints of highly dehydroxilated silica. In particular: i)
the sharp absorption band at 3745 cm™ is ascribed to free silanols; ii) the three bands at 1980, 1870 and 1640
cm™ are due to the overtones of the silica framework modes; iii) the out-of-scale bands in the 1350-975 cm™
and 850-800 cm™ regions are ascribed to the bulk Si-O vibrations. The only direct vibrational manifestation
of the grafted chromate species is a weak absorption band centered at 1980 cm™ (Figure 3b), which is
assigned to the first overtones of vgym(CrO;) and vaym(CrO,) vibrational modes [5, 42, 52, 54], the
corresponding fundamental modes being obscured in the IR, but detected at 982 — 990 cm™ by Raman
spectroscopy [52-58]. An indirect evidence of the chromate species is the intense absorption band at 910 cm’
! (Figure 3c, well evident in a region of transparency of the spectrum), which is assigned to the vibrational
modes of silica perturbed by the presence of the chromates [4, 42, 54, 55, 59].

Upon contact of Cr¥'/SiO, with an excess of cyclohexene, the FT-IR spectrum gradually changes (from
light grey to bold light grey). Very intense absorption bands characteristic of liquid cyclohexene grow in
intensity in the 3000-2700 cm™ (v(C-H)) and 1500-1350 cm™ regions (8(C-H)), and the IR absorption band
characteristic of the free silanols shifts from 3745 cm™ to 3700-3500 cm™, testifying that at least a fraction of
cyclohexene is physisorbed on silica. The IR absorption bands ascribed to the grafted chromate species at
1980 cm™ (Figure 3b) and 910 cm™ (Figure 3d) gradually decrease in intensity, attesting the occurrence of a
reduction process. Simultaneously, a group of IR absorption bands grows in the 1675-1550 cm™ region with
maxima at 1612, 1594 and 1569 cm™ (Figure 3c). We assigned these bands to the cyclohexene oxidation by-
products, as discussed below.

In the adopted experimental conditions the reduction of surface chromates is almost completed after 15
minutes of contact. At that point, the excess of cyclohexene was removed from the IR measurement cell. The
corresponding IR spectrum (dark grey in Figure 3) does not show anymore the IR absorption bands of
physisorbed cyclohexene, although some residual bands in the 3000-2700 cm™ and 1500-1350 cm™ regions
remain, likely due to the v(C-H) and 6(C-H) vibrational modes of the reaction by-products. Indeed, the IR
bands in the 1675-1550 cm™ region attributed to the oxidation by-products of cyclohexene do not disappear
upon removal of cyclohexene, but only shift, from 1612 to 1617 cm™ and from 1594 to 1602 cm™ (Figure
3c). The shift of these IR bands is significant and testifies a rearrangement of the cyclohexene by-products
on the surface of the catalyst upon removal of cyclohexene. In turns, this observation reveals that non-
reacted cyclohexene was in interaction with the reduced chromium sites coordinated by the oxidation by-
products. Hence, reduced chromium sites have potentially an additional unsaturation despite the presence of

oxidation by-products in their coordination sphere.
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Figure 3: FT-IR spectra of the Cr¥'/SiO, catalyst before (black), during (thin light grey) and after (bold light grey)
reaction with cyclohexene at room temperature, and upon prolonged degassing at the same temperature (dark grey). Part
a) shows the spectra in the whole 4000-800 cm™ wavenumber region; parts b) and d) show magnifications in the
spectral regions where the absorption bands characteristic of chromates give a contribution; part ¢) reports a
magnification of the region where intense absorption bands due to reduction by-products appear.

We did some attempts to extract the by-products of cyclohexene oxidation with different solvents,
including the hydrolysis method reported in literature [30], and to analyze them by GC-MS (Section S2.1).
However, we found that the extraction procedure of the by-products is not straightforward due to the
reactivity of the cyclohexene reduced Phillips catalyst, which catalyzes the reaction between the solvent and
the residual cyclohexene and presumably also with the by-products themselves. Additional tentative to
desorb the organic by-products by heating the reacted catalyst under vacuum failed. For this reason, we
turned our attention to a careful analysis of the FT-IR spectra shown in Figure 3, in order to define the nature
of the cyclohexene oxidation by-products, and hence the mechanism of chromates reduction by cyclohexene.
Although the molecular identification of the by-products from their IR fingerprints is not straightforward
(also because they are likely in interaction with both silica and reduced chromium sites), FT-IR spectroscopy
applied in-situ and in controlled atmosphere has the great advantage to allow the observation of the by-
products while they are formed (also if these species are intermediates), and without further manipulation.

A few possible molecular structures of the cyclohexene by-products are shown in Scheme 1: structures
a)-c) may derive from the reaction of cyclohexene with a single oxygen of a chromate sites, whereas
structure d) may originate from reaction of cyclohexene with both oxygen atoms of a chromate site. An
hypothesis on the nature of the by-products has been attempted by comparing the IR absorption bands
assigned to the cyclohexene oxidation by-products (Figure 3c) with those of simple ketones

(cyclohexanone), aldehydes (5-pentanal, C,H,CHO, as a simple model for 5-hexanal) and epoxides (7-

9
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oxabicyclo[4.1.0]heptane) in interaction with both highly dehydroxylated silica and CO-reduced Cr"/SiO,
catalyst (Section S2.2). On the basis of this analysis, the following conclusions can be drawn:

i) The IR bands at 1617, 1594 and 1569 cm™ are not compatible with cyclohexene epoxide, whose
main contributions are expected at a much lower frequency (1270-1245cm™) [60, 61]. Thus, the
by-products of reaction cannot be ascribed to 7-oxabicyclo[4.1.0]heptane (structure b).

i) The same bands might be compatible with v(C=0) stretching vibrations of ketones or aldehydes
(main contributions expected in the 1800-1700 cm™ region) [60, 62], perturbed by interaction
with silica and/or reduced chromium sites. However, the data shown in Figure S1 demonstrate
that aldehydes adsorbed on Cr" sites display a lower v(C=0) stretching frequency (~1670 cm™)
with respect to ketons (~1710 cm™). Moreover, aldehydes rapidly react with Cr'"/SiO, and are
converted to ester species probably following a Tishchenko reaction [63-68] (since the v(C=0)
stretching frequency shifts to lower wavenumbers -1630-1615 cm™- and esters are characterized
by a C-O bond having a partial double bond and a partial single bond character), which remain in
interaction with the Cr" species. Hence, the IR bands at 1617, 1594 and 1569 cm™ can be
ascribed to a mixture of aldehydes and ester species adsorbed on reduced chromium sites. This
means that aldehydes (most probably structures c) and d)) are the main products of reaction
between cyclohexene and Cr¥'/SiO, and that they are rapidly converted in esters, remaining in
interaction with the reduced chromium sites.

iii) Finally, in the v(CH,) region the observation of an IR absorption band at 3040 cm™ is indicative
of the presence of a C=C double bond. This confirms that one of the aldehyde by-products should

be similar to structure c).
a) Q b) @ C);—>
/
/
O O O

cyclohexanone cyclohexene 5-hexenal

epoxide
d) ;—:
/ \

O O

hexanedial

Scheme 1: Possible by-products of cyclohexene oxidation on Cr¥'/SiO,. Structures a)-c) might be obtained during
reaction of cyclohexene with one oxygen atom of surface chromate species; structure d) might be obtained from
reaction of cyclohexene with both oxygen atoms of the chromate species.

In conclusion, the whole set of FT-IR data shown in Figure 3 and comparison with the FT-IR spectra of
simple ketones and aldehydes in interaction with dehydroxylated silica and Cr"/SiO, samples (Figure S2)
allowed us to conclude that at least two different types of aldehydes might be formed during reaction of

cyclohexene with Cr¥'/SiO,: 5-hexenal (structure ¢ in Scheme 1) and hexanedial (structure d in Scheme 1).

10
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Moreover, these aldehydes most probably undergo a second reaction leading to ester species, which in turn
are in strong interaction with the reduced chromium sites. As a proof that the reduced chromium sites
originated in presence of cyclohexene are partially hindered by ester species, their coordinative unsaturation
was investigated by means of FT-IR spectroscopy of carbon monoxide and nitric oxide as probe molecules,
following a well established method in the characterization of surface species [4, 5, 69-73]. The results are
shown in Section S3 and reveal that the reduced chromium sites do not have coordination vacancies
available for CO (Figure S3), but only form a few nitrosyls in presence of NO (Figure S3), accompanied by a
partial displacement of the oxidation by-products. The presence in the coordination sphere of the
cyclohexene - reduced chromium sites of a number of ligands in average larger than those present around
cr'" in Cr'/SiO, was finally confirmed by EXAFS data analysis (Section S4). It is expected that the
persistence of the cyclohexene oxidation by-products in the coordination sphere of the chromium sites might
affect the insertion of ethylene, with important consequences on their catalytic performances.

It is worth noticing that an observation similar to our was done by Bensalem et al. [74] for Cr¥'/SiO,
catalyst reduced in CO at different temperature. The authors observed by in-situ FT-IR the formation of
inorganic carbonate/carboxylate species stabilized by reduced chromium sites in the initial phase of the
reduction process. However, in that case the carbonate/carboxylate species are not stable when the catalyst is
purged at the reduction temperature, and easily decompose to CO,. As a result, the CO-reduced Cr/SiO,
catalyst does not show any carbonate/carboxylate at the surface. This differentiates the much more
investigated CO-reduced Cr/SiO, catalyst from the here presented cyclohexene-reduced catalyst, where the
organic by-products formed during the reduction step cannot be removed. The persistence of the organic by-
products in the coordination sphere of the reduced chromium sites may explain the shortening of the

induction period reported for the cyclohexene-reduced Cr/SiO, catalyst.

3.3 Ethylene polymerization on the Cr"'/SiO, reduced by cyclohexene

As summarized in the introduction, according to patent literature [36] a Cr¥'/SiO, Phillips catalyst pre-
reduced by cyclohexene displays activity in ethylene polymerization at a lower temperature and with a much
shorter induction time with respect to the same catalyst not pre-reduced. Both properties are interesting for
applications requiring a high density polyethylene produced at low temperature. In the last part of this work
we evaluated by means of spectroscopic methods the catalytic performances of CrY'/SiO, pre-reduced by
cyclohexene, with the aim to identify the reaction products and the properties of the chromium active
species.

Figure 4a shows the time-resolved FT-IR spectra collected within the first five minutes of ethylene
polymerization reaction at room temperature on cyclohexene-reduced Cr'/SiO, (from bold black to bold
grey). The spectra are shown in the 3050-2750 cm™ region, where the v(CH,) of polyethylene are expected.
Two absorption bands at 2920 and 2852 cm™ constantly grow, which are ascribed to the Vagymm(CH2) and
veymm(CH>) of polyethylene, revealing that ethylene polymerization occurs already at room temperature. The

position, evolution and intensity ratio of the CH, bands in the whole spectra are typical of HDPE and are
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similar to those observed for polyethylene growing on the CO-reduced Phillips catalyst (see Section S5) [4,
5, 17, 53, 75]. In the adopted experimental conditions (room temperature, Pcoys=100 mbar) we did not
observe other reaction products rather than HDPE.

To go further into the characterization of the active species, DR UV-Vis and XANES spectra of the
catalyst before (black) and after (grey) ethylene polymerization are compared in Figure 4b,c. The occurrence
of ethylene polymerization during both the DR UV-Vis and XANES measurements was testified by the
change in sample color, which turned from blue to white due to polymer formation. Nevertheless, in both
cases the spectra after ethylene polymerization reaction do not substantially differ from those of the catalyst
before reaction. In the DR UV-Vis spectrum (Figure 4b) the most noticeable variation is the growth of two
groups of absorption bands in the Near-IR region (at 5780 - 5671 cm™ and in the 4420 - 4000 cm™ region,
inset of Figure 4b), ascribed to the first overtones of the v(CHy) vibrational modes of polyethylene and to the
combination of the bending and stretching modes of CH, moieties of polyethylene, respectively. In the UV-
Visible region the spectra of the catalyst before and after ethylene polymerization are the same, except for a
lower intensity of the overall spectrum after polyethylene formation. This phenomenon can be explained in
terms of loss of scattering due to the presence of polyethylene. The XANES spectrum (Figure 4c) does not
show any variation upon ethylene polymerization: the positions of the pre-edge peaks, of the edge and of the
white line are unchanged and their intensities are practically constant.

The invariance of both DR UV-Vis and XANES spectra upon ethylene polymerization might be
explained by invoking that a very small fraction of the chromium sites are active in ethylene polymerization,
as frequently reported in the specialized literature [3]. Although DR UV-Vis and XANES spectroscopies are
extremely sensitive techniques, the possibility that a fraction of active chromium sites is below the sensitivity
of both techniques cannot be definitely discarded and somebody might also invoke that the active sites are
the few Cr"' species detected by EPR only. Alternatively, the data shown in Figure 4 might suggest that the
reduced chromium sites derived from Cr¥'/SiO, after pre-reduction by cyclohexene are already in the right
electronic and geometric configuration to efficiently polymerize ethylene. The fact that a clear variation of
the spectrum upon polymerization is not observable can be an indication that the measurements are slower
than the kinetics of the polymerization reaction; hence, they necessarily reveal the kinetically more stable

chemical configuration (i.e. chromium sites not carrying the polymer chain).
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Figure 4: Part a): Time-resolved FT-IR spectra in the 3025-2775 cm™ region collected during the first five minutes of
reaction of the cyclohexene-reduced CrV'/SiO, catalyst with ethylene (from bold black to bold grey). All the spectra
have been subtracted from the spectrum of the cyclohexene-reduced Cr¥'/SiO, catalyst. Parts b) and c): DR UV-Vis and
normalized XANES spectra of the cyclohexene-reduced Cr'/SiO, catalyst before (bold black) and after the reaction
with ethylene (bold grey). The inset in part b) shows a magnification of the 6000-4000 cm™ region.

4. Conclusions

Pre-reducing agents are commonly adopted in the industrial practice to shorten the induction time in
ethylene polymerization over Cr''/SiO, catalyst. In this work we investigated the reactivity of the Cr"'/SiO,
Phillips catalyst towards cyclohexene at room temperature, by combining vibrational and electronic
spectroscopies applied in operando conditions. The whole set of experimental data demonstrate that
cyclohexene efficiently reduces the surface chromate species already at room temperature to give mainly
divalent chromium sites and aldehyde by-products, which are rapidly converted to adsorbed ester species,
although also a fraction of trivalent chromium species are detected by EPR spectroscopy. The oxygenated
by-products remain in strong interaction with the reduced chromium sites, and define a complex ligand
sphere which participates to the reactivity of the chromium sites, allowing the controlled entrance of
incoming molecules (included ethylene) through a balanced rearrangement of the surrounding ligands.
Unlike CrV'/SiO,, the cyclohexene-reduced Cr/SiO, catalyst polymerizes ethylene already at room
temperature without any induction time, in good agreement with literature results, giving a polyethylene
spectroscopically similar to the HDPE formed on the CO-reduced Cr'"/SiO, catalyst.

In our prospect, the reactivity of cyclohexene with the Cr"' species should simulate that of ethylene
during the induction period on Cr¥'/SiO, catalyst, simplified by the absence of the further polymerization
step. Hence, the results discussed in this work are potentially useful to understand what happens during the
induction period in presence of ethylene. It is worth noticing that formaldehyde has been claimed in the past
as by-product formed during the induction period of ethylene polymerization on Cr¥'/SiO, catalyst [3, 10,
76-78]. However, so far there are not yet experimental evidences at the molecular level for formaldehyde
staying in the coordination sphere of the ethylene-reduced chromium sites. In this work we have

demonstrated that aldehydes (less reactive than formaldehyde) are not only adsorbed on the reduced
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chromium sites, but rapidly react with them to give ester species, which remain in strong interaction with the
reduced chromium sites. This means that if formaldehyde is formed during the induction period in ethylene
polymerization it would be likely converted to formate species, which would remain in the coordination
sphere of reduced chromium sites. If this would be the case, the active chromium sites originated from
reduction of Cr''/SiO, by means of ethylene would be characterized by the presence of a tunable ligand
sphere, which resembles the coordination of ancillary ligands in homogeneous polymerization catalysts.
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