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Abstract

Looking to the past, heading to the future. In this contribution we explain the reasons why the
Cr/Al,O3 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 several types of reduced Cr sites are stabilized by the Al,Os3 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,03 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,0s: 1) the higher ionic
character of the Cr-O-Al bond with respect to the Cr-O-Si one; 2) the nature 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/SiO,).

Keywords: chromium, alumina, ethylene polymerization, ancillary ligands, FT-IR spectroscopy, UV-

Vis-NIR spectroscopy


https://core.ac.uk/display/302266179?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

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 polyethylene (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 polymerization. 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,O3) was tested, but the resulting
Cr/Al,O3 catalyst was left aside due to its tendency to fast deactivation, providing only 10-20% of
the polymerization 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,O3
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. rapid development of polymerization upon
ethylene addition); 2) a lower tendency to B-hydride elimination (the polyethylene produced 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 molecular 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,05; 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,05 in ethylene polymerization. The literature on the spectroscopic properties of
Cr®/Al,05 is wide, since this is one of the most used catalysts for propene dehydrogenation [10-25].
Opposite to the case of Cr®/si0o,, for which the aggregation state and the structure of the grafted
Cr® sites is still debated [5, 7-9, 20, 22-24, 26-35], there is a general consensus on that Cr® on AlL,O;
exists primarily as (tetrahedrally coordinated) monochromate species [9, 19-24, 36]. Much less was
done on reduced Cr/Al,O3, and the reference works remain those of Weckhuysen et al. dating back
to the middle of 1990s [9, 19-24, 36]. More recently, Airaksinen et al. [25] studied the reduction of

alumina-supported chromia containing 13 wt.% chromium, by X-ray photoelectron and absorption
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spectroscopies, in situ temperature-programmed Raman and diffuse reflectance FT-IR
spectroscopies, combined with mass spectrometry. According 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,03 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 indicated by the literature [5].
Transmission FT-IR and Diffuse Reflectance 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
mz/g, and CrOs (Sigma-Aldrich) as Cr precursor, according to the procedure already adopted for the
synthesis of Cr/SiO, [8]. Two Cr/Al,O3 samples differing in the Cr loading (1 wt% and 0.5 wt%,
hereafter referred to as 0.5Cr/Al,O3 and 1.0Cr/Al,Os, respectively) were prepared: the former was
used for the FT-IR measurement 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 properties 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 presence of CO or H, at 350 °C, followed by removal of the
gaseous phase at the same temperature; iv) cooling down at room temperature. 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 polymerisation was studied by
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sending 200 mbar of ethylene at room temperature over 0.5 grams 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
atmosphere 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 reflectance 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 reflectance (%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,0;

The spectroscopic properties of Cr® on AlLO; 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,O5 [9, 19-24, 36] (the corresponding DR UV-Vis-
NIR spectrum is shown in Figure Sla). Temperature-programmed reduction measurements have
demonstrated that Cr®" on Al,O; are more reducible than Cr® on SiO, (i.e. their reduction is
achieved at lower temperature), both in CO and in H, [5, 37]. DR UV-Vis-NIR spectroscopy has been
traditionally used to determine the final valence state of the reduced Cr sites in Cr/Al,0s, Cr/SiO,
and variant thereof [8, 9, 19-24, 36-41]. 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
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composition and treatment. For this reason, we started our investigation by collecting the DR UV-
Vis-NIR spectra of Cr/Al,03 reduced in CO and in H, at 350 °C (Figure 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, 19-24, 36, 42] 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, 19-24, 36, 43, 44]. 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 coordination 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 H,-reduced catalyst displays more defined bands centred at 26000, 16000 and 10500 cmt
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 geometries. It is worth noticing that the spectrum of the CO-reduced catalyst
is comparable to those previously reported by Weckhuysen et al. for similar systems [9, 19-24, 36],

which are unanimously considered as the reference spectra in this field.
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Figure 1 Part a) DR UV-Vis-NIR of the 0.5Cr/Al,O; 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.

The assignment of the d-d bands is straightforward on the basis of the specialized literature

[9, 19-24, 36]. The UV-Vis spectra of 6-fold coordinated crt species (Cr3+6c) are expected to show



two equally intense d-d bands centred at around 17000 cm™ (*Ayg — “To, transition) and 25000 cm™
(4A2g — 4Tlg transition) and a third one, rather weak, at 37000 cm™ (which is however always
masked by the intense charge-transfer band at high energy) [20, 23, 45]. On the other hand, the
spectra of undistorted 6-fold coordinated Cr** ions (Cr**e.) in high-spin 3d* complexes are known to
show a single d-d band centred between ca. 10000 and 20000 cm™, which is ascribed to the °E, —
STZg transition [45]. For example, the hexa-aquo Cr2+(HZO)6 complex shows a single transition
around ca. 14000 cm* [45]. The DR UV-Vis-NIR spectra of the two reduced Cr/Al,Os catalysts are
characterized by bands around 26000 and 16000 cm™, which are compatible with the presence of
both Cr‘°’+6C and Cr2+6C 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 10000 cm™ have been reported since 1960s for several distorted
tetrahedral complexes of Cr** [46-48], and are commonly observed in the UV-Vis spectra of the CO-
reduced Cr/SiO, catalysts, where 4-fold (pseudo-tetrahedral) coordinated Cr** sites (Cr**y) are
cleanly and selectively obtained.

On these basis, the DR UV-Vis-NIR spectra in Figure 1 allow concluding that the reduction of
Cr /A0, catalyst leads to the formation 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, 19-24, 36]. The relative concentration of the Cr**s., Cr¥'sc and Cr¥*e
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, 16000
and 26000 cm™ (Figure 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) [45, 49]. We found that reduction in H, at 350 °C leads to the preferential formation of
Cr¥'ec sites (ca. 98 %), with a small amount of Cr**s. species (ca. 2 %). Whereas reduction in CO at
the same temperature leads to a larger heterogeneity of sites, with Crfe., Cri'e., Cr’'y. sites
accounting for about 70%, 22% and 8% of the total, respectively.

The preferential formation of cr¥fe. species differentiates Cr/Al,O3 from Cr/SiO,, where mainly
Cr¥ e species are formed upon reduction in CO and only a small amount of Crite. species are
obtained after reduction in H, [8, 33, 50]. 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 [51] — means that it is less susceptible to electron
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fluctuations [52]. Silica is “softer” and this facilitates the reduction of Cr®" in Cr**, whereas alumina
is “harder” and retards the reduction (leading to crt formation) [9]. Moreover, the so formed crt
species are quite stable on the alumina surface because of the similarity in size and charge with AI**
(r(Cr¥*on) = 0.615 A and r(AP*o) = 0.53 A) [53], that makes relatively easy to diffuse into vacant
octahedral AP* sites. The Cr** sites occupying the octahedral interstices in the Al,O3 lattice are
clearly not accessible to incoming molecules. A similar structure is believed for Cr2+6C, whose
formation implies a slight distortion of the crystalline structure 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 analogy to the Cr/SiO, catalyst.

The FT-IR spectra of the reduced Cr/Al,O3 catalysts (Figure 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 3800-3500 cm™ 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 [54-62] in contrast with the presence of isolated,
well-defined, silanol groups at the SiO, surface, is a direct consequence of the Lewis acidity of Al,03
[54, 55]. The higher intensity of the v(OH) bands in the spectrum 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, 56, 63-66]. The presence of these species is
a direct consequence of the tendency of some metal oxides (including alumina) to reactively adsorb
CO, on their basic surface sites with the consequent formation of different kinds of carbonates [67].
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®*/si0, in CO (66, 68], 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,O3 is treated in
the same conditions (Figure 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 formation

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, 69]. Figure 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 Figure 2ac) mainly in the d-d region. In particular, the absorption bands attributed to Cr¥ e
originally at around 10000 cm™ drastically decreases in intensity, while simultaneously a new band
appears around 15000 cm™? typical of Cr2+6Cspecies. The phenomenon is more evident when looking
to the difference spectra (Figure S4). The presence of an isosbestic point at ca. 13000 cm™ indicates
that the Cr**y species are converted into Cr2+6C 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 involving 6-fold coordinated sites [45]. Upon degassing CO, the original spectra are
restored, indicating that CO adsorption on Cr¥*,c sites is a reversible process. On the other hand, the
bands attributed to Cr**e. and Cr¥'s. sites are not influenced by the presence of CO, unequivocally
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 presence
of O, (Figure S5) verified that all the reduced Cr sites are re-oxidized to cr®, thus excluding that
Cri*sc and Cr*'g. are completely buried in the Al,Os lattice. It is worth noticing that the spectroscopic

behaviour is the same whether or not carbonates are present at the catalyst surface.
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Figure 2: Part a) DR UV-Vis-NIR spectra in the d-d region of the CO-reduced 0.5Cr/Al,O; catalyst (spectrum 1), and of the
same sample in the presence of CO (P¢o = 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,O; catalyst as a function of Py coverage,
from P¢o = 100 mbar (spectrum 2) to zero (spectrum 1). Parts b) and d): as part a) and c) for H,-reduced 0.5Cr/Al,0; and

1.0Cr/Al, 05, respectively.

Figure 2bd 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, centered at 2199 cm* for CO-reduced Cr/Al,03 and at
2191 cm™ for Hy-reduced Cr/Al,O5 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 Cr2+/Si02, where a fraction of very low-coordinated Cr’* sites are able
to adsorb up to two CO molecule in the same experimental conditions [8]. In principle, both Cr"™
and surface AI** sites could be available for CO adsorption. CO adsorbed on unsaturated Al** sites
has been reported to contribute in this wavenumber region, but with very weak bands at room
temperature [56, 70], opposite to what observed herein. Hence, both bands observed in Figure 2bd

are ascribed to mono-carbonyl adducts formed on reduced Cr sites. The shift of the v(CO) bands at
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higher frequencies upon decreasing the CO coverage, observed in both cases, reveals the
occurrence of inter-molecular interactions between CO molecules adsorbed nearby. This
phenomenon is typically observed on ordered surfaces [69-73]. 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 AlI** 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?*/Si0,, which account for v(CO) bands around 2180 cm™ [8].
The much higher v(CO) values observed for CO adsorbed on Cr/Al,O3 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. [74] 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 Cr¥ e
sites are accessible to CO at room temperature. Hence, the absorption band in Figure 2bd is
attributed to mono-carbonyl adducts formed on Cr**4. 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 [54, 55, 58], semi-metal oxides, such as silicas, are constituted by essentially
covalent network structures (i.e. the Si-O 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
Al-O 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 silica, 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 Cr2+4C sites in CO- and Hy-reduced Cr/Al,Os. Indeed, in the H,-
reduced sample a fraction of the Cr**, sites might be partially in interaction with surface —OH
groups, which are by far more abundant than in the CO-reduced sample (Figure 1b). In the CO-
reduced sample, at least a fraction of the Cr**, sites are in proximity of surface carbonates (Figure
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 [75]. In this respect, it is worth noticing that CO
adsorption on CO-reduced Cr/Al,O3 causes a perturbation of the absorption bands associated to
surface carbonates-like species (Figure S6), which is largely reversible upon decreasing the CO

pressure.
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Summarizing, in contrast to the Cr’*,. 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 H,- reduced Cr/Al,O3 catalysts display accessible surface Cr’',. 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,O5 catalysts towards ethylene.

3.3 Ethylene polymerisation

Kinetic experiments were performed on both the CO- and H,-reduced Cr/Al,05 catalysts to evaluate
the ethylene polymerization rate in comparison with the CO-reduced Cr**/SiO, catalyst [76, 77].
Figure 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,O3 catalyst is almost 15 times faster than the cr’/sio, catalyst and even 350
times faster than the H,-reduced Cr/Al,O5 catalyst. The ethylene polymerization rate observed for
the Cr/Al,O3 catalyst reduced in CO is in good agreement with the “fast kinetics” of the chromia
alumina reported by McDaniel [5]. By plotting the InP(C,H4) 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 reaction conditions [78].

In situ time-resolved FT-IR spectroscopy is in qualitative agreement with the kinetic
experiments. Figures 3bc show the time-resolved FT-IR spectra collected during ethylene
polymerization (Pcons = 100 mbar) at room temperature on both the CO- and Hj-reduced Cr/Al,O3
catalysts. The occurrence of ethylene polymerization is indicated by the growth of the IR absorption
bands characteristic of polyethylene, in both v(CH,) and &(CH;) vibrational ranges (at 3000-2800
and 1500-1350 cm™, respectively). The much faster ethylene polymerization rate of CO-reduced
Cr/Al,O3 is demonstrated by the rapid saturation of the v(CH,) absorption bands (after 35 seconds
only), while the same bands reach a lower intensity even after 30 minutes 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 Figure
3bc: 1) the formed polyethylene is highly crystalline also at short polymerization time, as evidenced
by the intensity ratio between the two 8§(CH,) bands at 1472 and 1463 cm™ [79]; 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 Figure 3b). The effect is similar to
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that observed in the presence of CO, validating the previous conclusion on the close proximity of
carbonates to a fraction of the reduced Cr®'s sites; 3) at long polymerization time, i.e. for high

polyethylene content, also the v(OH) bands are perturbed, as a consequence of the interaction with

the polyethylene chains [8].
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Figure 3 Part a) Kinetics of ethylene polymerisation on CO- and H,-reduced 1.0Cr/Al,O5 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, polymerization at room temperature on the 1.0Cr/Al,O; catalyst reduced in CO
after 35 seconds of polymerization (spectrum 3) and on the same catalyst reduced in H, after 30 minutes 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.

In order to understand which reduced Cr site is active in ethylene polymerization, we
followed the reaction at room temperature by means of DR UV-Vis-NIR spectroscopy on both the
CO- and Hj-reduced Cr/Al,03 catalysts. The resulting spectra are shown in Figure 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 Cr**,. sites are gradually eroded (see arrows in Figure 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 Figure 4). These
results provide a strong evidence that the Cr¥,c sites are those mainly involved in ethylene

polymerization, whereas the other reduced chromium species (Cr**e. and to Cr*'e. sites) are mostly
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inactive, because inaccessible to ethylene (as for CO, Figure 2). Interestingly, the disappearance of
the spectroscopic fingerprints of Cr¥ . 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 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 scattered by the sample. As soon as a coating of
polyethylene is formed around the Cr/Al,O5 particles, their size rapidly approaches the nanometer
range, and they become strong light scatterers, thus preventing 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,Os (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 combination polyethylene + catalyst particles. In these conditions,
no information on the active Cr sites can be obtained anymore. However, collecting the UV-Vis
spectra in the early stages of ethylene polymerization allows following the process. The first
spectroscopic manifestation of Cr/Al,O5 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 [76, 80-82]. This is in agreement with a part of the specialized literature (citing Max
McDaniel, Cr(ll) is at least an active precursor, but whether the chromium remains divalent during
olefin polymerization is doubtful [5]). This statement does not exclude that also Cr** sites may be
active in ethylene polymerization to some extent, as for ad-hoc synthesized catalytic systems
reported in recent literature [74, 83, 84].

Once determined which are the Cr sites mainly involved in the ethylene polymerization
reaction (Cr**,) and knowing their approximate 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’
1[mo|(Cr2+4c)]'1 have been obtained for H,- and CO-reduced Cr/Al,Os, to be compared with 15 s
Ymolcr? of Cr/sio, (since the totality of Cr sites in Cr/SiO; are Cr2+4c). Although approximated, these
values clearly indicate that Cr2+4C sites on Al,O3 are intrinsically more active than the same sites on

SiO,, (effect of the support). Moreover, the Cr’*,. sites on CO-reduced Cr/Al,Os are ca. two orders of
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magnitude more active than those on Hj-reduced Cr/Al,Os; (effect of the ancillary ligands). It
emerges that both the electronic 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 controversy 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.

|0.0
a !

4500 4350 4200 4050

Kubelka-Munk (KM)

0.1

—

40000 30000 20000 10000 40000 30000 20000 10000
Wavenumber (cmrl) Wavenumber (cm'l)

Figure 4 Part a): DR UV-Vis-NIR spectrum of 0.5Cr/Al,O3 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,05 reduced in H, at 350°C.

4. Conclusions

In this work we thoroughly investigated the physical-chemical properties of the Cr/Al,O5 catalyst,
aiming to understand the reasons behind its incredibly fast kinetic profile in ethylene
polymerization. We demonstrated that a heterogeneity of Cr reduced sites are formed when
Cr®/Al,03 is reduced either in CO or in H,, differing 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 spectators, being almost inaccessible to the incoming
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molecules. The Cr?*,. sites are relatively more abundant in the CO-reduced Cr/Al,O3 (accounting for
about 8% of the total) than in the Hj,-reduced Cr/Al,O3 (ca. 2% of the total), and they are the
dominating species in Cr2+/SiOZ. Nevertheless, the CO-reduced Cr/Al,O5 catalyst is 15 times faster in
ethylene polymerization than the cr¥/sio, catalyst. The estimated reaction rates indicate that the
Cr**,. sites on CO-reduced Cr/Al,O5 are two order of magnitude more active than the same sites on
SiO, or on Hy-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,05 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 accessible Cr sites. As a consequence, the Cr¥,c 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 Cr®*y sites. Beside the strained Al-O-Al bridges,
carbonates are found in the CO-reduced Cr/Al,O3 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 interaction
with the Cr®*, sites (i.e. they are more or less displaceable by the incoming ethylene monomer) and
exert a different electronic influence. It is reasonable to assume that the same two reasons might
explain also the other peculiar features of Cr/Al,Osz in ethylene polymerization (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 indicate a strategy for the
development of Cr-based catalysts with improved efficiency, which relies on the increase of the
support ionicity 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 [85-87].
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Figure S1 DR UV-Vis (part a) and FT-IR (part b) spectra of the Cr®/AL0; catalyst calcined at 650 °C.

Figure S1 shows the DR UV-Vis (part a) and FT-IR (part b) spectra of Cr®"/Al,05. Starting from the
UV-Vis measurements, two intense absorption bands at about 27000 em™ 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,05 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].
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Figure S2 DR UV-Vis-NIR spectra of CO-reduced Cr/Al,O; (part a) and H,-reduced Cr/Al,0; and spectral deconvolution to

determine the relative concentration of Cr**,. (light grey), Cre. (intermediate grey) and e, (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,03 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,O; 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 Cr2+4c, we tried to understand whether the other Cr2+6c and Cr3+6c sites were not
available because buried into the Al,03 lattice. We thus performed a supplementary experiment in
which Cr®*/Al,05 (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¥'s. and Cr’*e.
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,O5 (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 H,-reduced Cr/Al,0O3 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?*, 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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