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Abstract 

In contrast to most of the other olefin polymerization catalysts, the Cr/SiO2 Phillips catalyst 

does not need any activator to develop its activity. However, it is known that the addition of 

small amount of metal-alkyls has drastic effects on the catalyst performances and it is one of 

the strategies involved in the industrial practice to tailor the properties of the produced 

polyethylene. In this work, we conducted a systematic investigation on the effect of 

triethylaluminum (TEAl) on the Cr(VI)/SiO2 catalyst, with the ultimate goal to determine the 

properties of the Cr sites at a molecular level and to correlate them to the properties of the 

produced polyethylene. To this aim we coupled kinetic tests during the polymerization of 

ethylene, spectroscopic methods (DR UV-Vis-NIR, EPR, FT-IR of probe molecules) and the 

polymer characterization. We found that, at an Al:Cr ratio of 2:1, only ca. 50% of the original 

Cr(VI) sites are reduced, to a variety of species comprising: 1) Cr(IV) bis-alkyl sites, which are 

probed by CO and are the major actors in the polymerization of ethylene, explaining the faster 

polymerization initiation rate; 2) 6-fold coordinated Cr(III) sites, which are not accessible by 

probes and whose amount does not correlate with the catalyst activity; 3) two types of mono-

grafted Cr(II) sites, all deriving from the over-reduction of the Cr(IV) bis-alkyl sites, having 

respectively weak and strong Lewis acid character, the former responsible for in situ α-olefin 

generation (and hence contributing with the enchainment of short polymer branching), and the 

latter accounting for the formation of the high Mw polymer fraction.  

Overall, our results demonstrate that the catalytic performances of the Cr sites depend 

not only on the oxidation state, but rather on a combination of molecular structure, acidic 

character and nature of the ancillary ligands. Hence, by tuning the structure and the acid 

character of the Cr sites, it is possible to move from a system that essentially affords oligomers 

from ethylene to one that affords high Mw polymers.  
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1. Introduction  

Since its discovery in 1951,1 the Cr/SiO2 Phillips catalyst has a primary role in the production of 

High Density Polyethylene (HDPE) thanks to its versatility, and the possibility to tailor the 

polyethylene (PE) properties by slightly changing the catalyst formulation, the activation 

treatment and/or the polymerization conditions.2-8 Most of the breakthroughs in this field have 

been the results of many years of practice in the industrial laboratories, but sometimes also of 

serendipitous discoveries. This is the case for Lewis acids such as metal-alkyls (e.g. AlR3, BR3, 

MgR2, ZnR2 LiR, where R is an alkyl group),2 whose effect was discovered as a consequence of 

an accidental contamination in an industrial plant from a polymerization line running Ziegler-

Natta catalysts.9 Indeed, in contrast to the latter that necessitate a co-catalyst for polymerizing 

olefins, the Phillips catalyst does not need any activator for developing its activity. However, 

very small amounts of metal-alkyls have drastic effects on the catalyst performance, lowering 

the induction time necessary to develop the polymerization rate, increasing the activity, 

improving the H2 sensitivity for molecular weight (Mw) regulation, promoting the in situ 

branching, and modifying the active sites distribution.2 For these reasons, metal-alkyls are 

nowadays commonly employed in the industrial practice to tailor the catalyst performances. 

Some of the effects of metal-alkyls are clear, but their “interaction” at the molecular 

level with the Cr sites is still unknown, and only some hypotheses have been proposed in the 

literature, which however still need to be confirmed experimentally.  

1) At first, metal-alkyl co-catalysts act as reducing and alkylating agents, and this explains the 

shortening of the induction time and the improved activity. In fact, the reduction and the 

alkylation of the initial Cr(VI) precursor are considered as the two fundamental and rate-

determining steps for developing activity and, in the absence of a co-catalyst, both steps 

are slowly accomplished by ethylene itself through a still unknown mechanism.2,10,11 The 

nature of the active sites initiating the polymerization of ethylene is still under debate and, 

depending on the catalyst history and the reaction conditions, Cr(II), Cr(III) and Cr(IV) 

species2,10,12-23 have been proposed. Similarly, the nature of the Cr sites modified by metal-

alkyls is not clarified yet. However, it is generally accepted that they must be reduced and 

alkylated, so that ethylene can easily undergo insertion into the chromium–alkyl 

bond.9,16,24-28  

2) Besides their function as reducing/alkylating agents, the metal-alkyls are known to modify 

also the silica surface by reacting with silanol and/or siloxane groups,29-33 and as such they 

can have an indirect impact on the Cr sites, becoming part of the environment of the sites 

and thus influencing their behavior.2 However, direct experimental evidence of the 

proximity of the Cr sites to the Al-containing moieties are very scarce.34  

3) Moreover, the presence of a metal-alkyl co-catalyst affects the polymer properties, 

broadening the molecular weight distribution (Mw/Mn), and increasing the branching 

degree.2,35-37 According to McDaniel, this influence can be explained primarily by a change 

in the active site distribution.2 Some sites become active more rapidly in the presence of a 

co-catalyst, thus increasing their contribution to the polymer Mw/Mn. Still other sites can 

be activated only in the presence of a co-catalyst, and McDaniel claims that these 

particular sites produce higher-Mw polymer chains.2,6 Therefore, the addition of a co-
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catalyst often tends to introduce a high-Mw tail in the Mw/Mn. It has been also proposed2 

and demonstrated38,39 that the metal-alkyls can attack the Cr-support bond, thus 

converting the initially bis-grafted Cr species into mono-grafted ones, that are known to be 

responsible for in situ α-olefin generation. However, there are not direct experimental 

evidences for the existence of these species.  

4) Finally, the metal-alkyls are also known to work as scavengers, reacting with and removing 

any poison present at trace levels in the feed streams, particularly oxygen, water, and 

redox by-products.  

The various metal-alkyls probably act in each of these ways to different extent. 

Moreover, also the co-catalyst stoichiometry has an influence, and it is known that there is an 

optimal ratio (expressed as the metal co-catalyst-to-Cr mole ratio), different for each co-

catalyst, that gives the highest activity. Beyond the optimal co-catalyst concentration, the 

metal-alkyl can slow down the polymerization rate and even destroy the catalyst. It has been 

proposed that catalyst destruction occurs through a double attack to the Cr-support bonds, so 

that the Cr sites are completely detached from the silica surface with the consequent loss in 

activity.2   

It is thus clear that, by changing the metal-alkyl and its concentration, it is possible to 

fine tune the catalyst properties, opening the route to many diversified polymers. 

Understanding how the metal-alkyl affects the properties of the Cr sites at a molecular level 

would represent a step further in the design of chromium-based heterogeneous catalysts. The 

scientific research in this field is still at its infancy. To the best of our knowledge there are only 

very few works reporting a molecular level investigation of the Cr sites modified by metal-

alkyls,9,16,24-28 and most of them are focused on a single technique that, even when extremely 

sensitive, may miss other important details. The most recent works are those of Cicmil et 

al.,9,27,28 who studied the effect of triethylaluminum (TEAl) on a Cr/SiO2-TiO2 catalyst, focusing 

on the catalyst particle architecture, without however offering a picture of the structure of the 

modified sites. 

The ambitious goal of our work was to investigate the properties at a molecular level of 

the Cr sites in the Cr(VI)/SiO2 Phillips catalyst after the reaction with TEAl, and to correlate them 

with the properties of the produced PE. This investigation tuned out to be challenging, because 

the modifications induced by TEAl further increased the complexity of the catalyst, creating a 

variety of Cr sites with different oxidation state and the local structure. To this end, we adopted 

a multi-technique approach, comprising EPR, DR UV-Vis-NIR and FT-IR spectroscopies (the latter 

also in the presence of probe molecules), since these techniques have been demonstrated to 

be extremely sensitive, and able to discriminate among Cr sites of different valence state and 

coordination geometry. Our spectroscopic investigation allowed us to get information, for the 

first time, on the structure of the Cr sites modified by TEAl at a molecular level. Finally, we tried 

to correlate each Cr site to a specific function in ethylene conversion, finding a justification for 

the Mw/Mn of the obtained PE.   



5 
 

2. Experimental 

 

2.1. Catalyst synthesis, activation and modification by TEAl  

The Phillips catalysts were prepared by wet-impregnation of the silica support (aerosil, surface 

area 380 m2/g) with an aqueous solution of chromic anhydride. It is worth noticing that aerosil 

is a non-porous, not fragmenting, highly pyrogenic SiO2 with optimum scattering properties 

that makes it very suitable for optical spectroscopies. Two different batches of samples with 

chromium loadings of 0.5 wt% and 1.0 wt were synthetized. The former was used for the DR-

UV-Vis-NIR measurements and the latter for FT-IR and EPR spectroscopies and for the kinetics 

experiments. The choice was done to optimize the spectral quality. Cross-checking experiments 

demonstrated that, when the activation is properly conducted, the spectroscopic properties are 

the same irrespective of the Cr loading, as already stated in the past.10  

The Phillips catalyst was activated according to a procedure optimized during more than 

15 years of research in the Torino’s group,10 which involves the following steps: i) evacuation at 

650°C (dynamic vacuum, equilibrium pressure below 10-4 mbar) followed by calcination in O2 at 

the same temperature for 1 hour; ii) evacuation at 350 °C for 30 minutes; and iii) cooling down 

to room temperature in dynamic vacuum. It was previously demonstrated that step i) provides 

Cr(VI) sites with preferential mono-chromate structure.10,11,40 In the following we will call this 

catalyst as Cr(VI)/SiO2.  

The modification with TEAl was achieved by impregnating the activated samples (either 

in the form of pellet or in the powder form, depending on the type of measurement) directly in 

the glove-box with a stoichiometric amount of TEAl diluted in anhydrous hexane, corresponding 

to an Al:Cr ratio of 2:1, as suggested in the literature.2,9,16,27,28 In a few cases, the effect of an 

excess of TEAl was also explored, corresponding to an Al:Cr ratio of 4:1. The resulting catalysts 

are labelled Cr(VI)/SiO2+TEAl(2:1) and Cr(VI)/SiO2+TEAl(4:1), respectively, where the numbers in 

parenthesis indicate the TEAl concentration expressed as the Al:Cr ratio.  

 

2.2 Spectroscopic methods 

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 

form of thick self-supported pellets (surface density of ca. 200 mg/cm2), placed inside a cell 

equipped with an optical quartz (suprasil) window that allows performing thermal treatments 

and measurements in the presence of gases. For identifying changes of the Cr sites during 

ethylene polymerization, DR UV-Vis-NIR spectra were collected prior and after dosing 200 mbar 

of ethylene at room temperature for a few minutes. In all the cases, the spectra were collected 

in reflectance (R%), and the reflectance signal was later converted into Kubelka-Munk values. 

Transmission FT-IR spectra were collected at 2 cm-1 resolution 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 of ca. 30 mg/cm2), 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 thickness 
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of the pellet (evaluated from the intensity of the absorption bands due to the silica support), in 

order to allow quantitative comparisons to be done.  

For probing the accessible Cr sites after modification with TEAl, FT-IR experiments of 

adsorbed carbon monoxide (CO) and d-acetonitrile (CD3CN) were performed. CO was dosed in 

the gas phase (equilibrium pressure PCO = 100 mbar) at room temperature. CD3CN was dosed in 

the vapor phase (from the liquid vapor tension, equilibrium pressure PCD3CN = 20 mbar) at room 

temperature. A FT-IR spectrum was collected at the maximum CO (or CD3CN) coverage, 

followed by systematic expansions of the gas in the vacuum line to diminish the equilibrium 

pressure in a controlled way. FT-IR spectra were collected at each expansion, until no more 

changes were observed (irreversibly adsorbed fraction).  

EPR spectra were recorded on a Bruker EMX CW-micro X-band EPR spectrometer equipped 

with an ER4119HS high-sensitivity resonator, with a microwave power of Ca 6.9 mW and 

modulation frequency and amplitude of 100 kHz and up to 5 G, respectively. The EPR 

spectrometer was equipped with a temperature controller and liquid N2 cryostat for low 

temperature measurements. The hν =gβB0 equation was used to calculate g values with ν and 

B0 being the frequency and resonance field, respectively. g values Calibration was performed 

using 2,2-Diphenyl-1-picrylhydrazyl as a standard (g = 2.0036 ± 0.0004). 

Generally for the EPR measurements, about 50 mg of the calcined Cr/SiO2 catalyst was 

placed in a special homemade EPR tube, calcined again in situ at 650 °C in O2 and evacuated 

before EPR measurements. The TEAl-modified Cr(VI)/SiO2 catalyst was prepared by 

impregnation of the Cr/SiO2 catalyst inside the EPR tube with a solution of TEAl in heptane, 

under Ar atmosphere inside a glove box, followed by evacuation prior the EPR measurement. 

To investigate the changes of the Cr sites during ethylene polymerization, the catalyst was in 

situ exposed to ethylene (100 mbar) at room temperature for a few minutes, followed by 

evacuation. The EPR spectra were recorded after ethylene polymerization at 100 and 293 K.  

 

2.3 Polymerization tests and analysis of the polymer 

The kinetics of gas-phase ethylene polymerization were evaluated in mild conditions, by 

sending 200 mbar of ethylene at room temperature over 0.3 g of catalyst (both without and 

with modification by TEAl) inside a quartz reactor of known volume, and recording the ethylene 

pressure as a function of time, as reported elsewhere.41 The kinetic constant 𝑘 was determined 

considering the first order kinetic law 𝑑𝑃(𝐶2𝐻4) 𝑑𝑡⁄ = 𝑘𝑃(𝐶2𝐻4)𝑛𝐶𝑟, where 𝑘 is the kinetic 

constant (in molCr
-1s-1) and 𝑛𝐶𝑟 is the number of Cr moles in the catalyst. By integrating the 

previous equation it turns out that 𝑙𝑛𝑃(𝐶2𝐻4) = 𝑘𝑛𝐶𝑟𝑡. Hence, by plotting 𝑙𝑛𝑃(𝐶2𝐻4) as a 

function of time t, it is possible to determine 𝑘 as the slope of the obtained line, once that 𝑛𝐶𝑟 

is known.  

In order to give insight into the catalytic process and properties, all the polymers 

obtained were fully characterized with the aid of different techniques, to determine the 

polymer properties. The molecular weight average (Mw) and the molecular weight distribution 

(Mw/Mn) of the polymers were determined by a high temperature Waters GPCV2000 size 

exclusion chromatography (SEC) system equipped with a refractometer detector. The 

experimental conditions consisted of three PL Gel Olexis columns, ortho-dichlorobenzene as the 
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mobile phase, 0.8 mL min-1 flow rate, and 145 °C temperature. The calibration of the SEC 

system was constructed using eighteen narrow Mw/Mn poly(styrene) standards with molar 

weights ranging from 162 to 5.6×106 g mol-1. For SEC analysis, about 12 mg of polymer was 

dissolved in 5 mL of ortho-dichlorobenzene with 0.05% of BHT as antioxidant.  

Differential scanning calorimetry (DSC) scans were carried out on a Perkin-Elmer DSC 

8000 instrument equipped with a liquid sub-ambient device under nitrogen atmosphere. The 

sample, typically 5 mg, was placed in a sealed aluminum pan, and the measurement was carried 

out from −30 to 180 °C using heating and cooling rate of 20 °C min-1. Tm and Hm values were 

recorded during the second heating. Crystallinity (X) was calculated from the DSC scans as 

follows: XDSC = (Hf/H0)×100, where Hf is the enthalpy associated with the melting of the 

sample and H0 is the melting enthalpy of a 100% crystalline poly(ethylene) taken equal to 290 

J g-1. 

Wide-angle X-ray diffraction (XRD) experiments were performed at 25°C under nitrogen 

flux, using Siemens D-500 diffractometer equipped with Soller slits (2°) placed before sample, 

0.3° aperture and divergence windows, and VORTEX detector with extreme energy resolution 

specific for thinner films. CuK radiation with, power used 40 KV x 40 mA was adopted, each 

spectrum was carried out with steps of 0.05 °2θ, and 6s measure time.   
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3. Results  

 

3.1. Effect of TEAl on ethylene polymerization and properties of the obtained polyethylene 

The performances of Cr(VI)/SiO2+TEAl(2:1) in gas-phase ethylene polymerization were initially 

evaluated under mild conditions. Figure 1a shows the decrease of ethylene pressure over time 

for TEAl-modified Cr(VI)/SiO2 catalyst at room temperature, compared to bare Cr(VI)/SiO2 at 

150 °C.42 It is evident that TEAl dramatically influences the ethylene polymerization kinetic, 

eliminating the induction time and rising the polymerization rate. The polymerization rate was 

evaluated in the approximation of a first order reaction,43 taking into account only the first 

minute of reaction (as described in the Experimental section). The rate constant k for the TEAl-

modified catalyst was estimated to be ca. 140 s-1mol Cr-1, that is ca. 20 times higher than that of 

the parent Cr(VI)/SiO2 evaluated in similar conditions (ca. 8 s-1mol Cr-1). It is worth noticing that 

the rate constant does not significantly change when the double of TEAl is used (Al:Cr = 4:1, k of 

ca. 150 s-1molCr-1) (Figure S1), in good agreement with the literature data.2 In both cases, the 

reaction rate decreases after the first minutes of reaction, denoting a progressive catalyst 

deactivation, likely associated to the absence of fragmentation in pyrogenic silica, and the 

consequent limitation in diffusional ethylene mobility.  

 
Figure 1. Part a): Kinetics of the gas-phase ethylene polymerization on the Cr(VI)/SiO2 catalyst in comparison to 

that on Cr(VI)/SiO2+TEAl(2:1). Part b) SEC trace of the PE obtained over Cr(VI)/SiO2 and Cr(VI)/SiO2+TEAl(2:1) and 

their difference. Part c) DSC profile of the PE obtained over Cr(VI)/SiO2+TEAl(2:1).  

 

The obtained PE was analyzed by SEC (Figure 1b), DSC (Figure 1c), and XRD (Figure S2). 

In Figure 1b, the SEC trace of PE obtained with TEAl-modified Cr(VI)/SiO2 is shown together with 

that of PE from unmodified Cr(VI)/SiO2. The average Mw (7.75×105 g mol-1) of PE obtained with 

TEAl-modified Cr(VI)/SiO2 is remarkably higher than that of PE from unmodified Cr(VI)/SiO2 

(typically 3.0×105 g mol-1). In addition, the SEC curve exhibits an asymmetric shape with a 

pronounced shoulder at high Mw and a low-Mw tail in the molecular weight distribution 

respectively. Therefore, the addition of the Al-cocatalyst introduce a high- and a low-Mw 

contribution in the polymer Mw distribution. This accounts for the rise in the Mw/Mn (Mw/Mn = 

30) compared to the PE obtained with unmodified Cr(VI)/SiO2 (Mw/Mn ≈ 10).2,3 The broad 

Mw/Mn is a clear indication that the catalyst contains a large variety of active sites, some of 

them responsible for the low-Mw fraction, and some others for the high-Mw fraction. The fact 

that the Mw/Mn is broader for PE obtained using TEAl is a further indication that the active 
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species involved in the polymerization may be even more (and different from each other), and 

thus their “description” even more complex.  

The heating DSC trace shows a relative sharp melting event followed by a wide tail that 

spans the temperature range up to 80 °C. The melting temperature (Tm) taken at the maximum 

peak is 132 °C, while the enthalpy of fusion (Hm) is 155 J g-1, corresponding to a bulk 

crystallinity of about 53%, in good agreement with the crystallinity calculated by XRD (50%, 

Figure S2). The cooling DSC trace shows a sharp crystallization exotherm, suggesting that the PE 

lamellae are homogeneously packed, with a maximum at about 115 °C. Moreover, from these 

data we can rule out the presence of some short chain branches, contributing to the bulk 

reduced crystallinity and to the relatively low melting temperature despite the polymer has a 

high Mw. It is worth noting that a more detailed microstructure determination to establish the 

degree and type of branches via NMR spectroscopy was unfeasible because of the low solubility 

of the polymer. 

 

3.2. Spectroscopic investigation of Cr(VI)/SiO2 modified by TEAl  

The reaction of Cr(VI)/SiO2 with TEAl was initially monitored by FT-IR spectroscopy (Figure 2a). 

The spectrum of the oxidized catalyst (spectrum 1) is dominated by the features of a highly 

dehydroxylated silica, with the characteristic band of free silanols at 3748 cm-1 (Figure 2a’), the 

silica framework modes below 1250 cm-1, and their overtones in the 2100-1500 cm-1 range. The 

presence of the chromates at the silica surface is revealed by the very weak band at 1980 cm-1 

(Figure 2a’’), which was attributed to the first overtone of the v(Cr=O) vibrational 

mode.10,40,41,44,45 

 
Figure 2. FT-IR (part a), DR UV-Vis-NIR (part b) and X-band EPR (part c) spectra of Cr(VI)/SiO2 (spectra 1) and of 

Cr(VI)/SiO2+TEAl(2:1) (spectra 2). The insets show a magnification of: a’) the ν(Si-OH) vibrational region; a’’) the 

vibrational region characteristic of monochromates (first overtone of the v(Cr=O) vibrational mode); b’) the NIR 

region, where the overtones and combination of the v(CHx) appear; c’) and c’’) mid- and low-field regions in EPR 

spectra. In inset a’’) the spectrum of SiO2 activated in the same conditions is shown for comparison (dotted).  
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The reaction of Cr(VI)/SiO2 with TEAl (spectrum 2) is demonstrated by the appearance of 

several absorption bands in the 3000-2800 cm-1 and 1500-1300 cm-1 regions, which are due to 

the typical stretching and bending modes of the CHx moieties in Al-alkyl compounds.46 At the 

same time, the absorption band at ca. 3750 cm-1, due to the surface OH groups, is slightly 

affected in intensity (Figure 2a’), demonstrating that TEAl reacts with a fraction of the silanol 

groups. According to the literature,29-33 the reaction leads to the formation of mono-grafted 

≡SiO-AlR2 species and the release of RH (path 1 in Scheme S1). It has been demonstrated29-33 

that TEAl reacts also with the siloxane bridges present at the surface of highly dehydroxylated 

silica (paths 2 and 3 in Scheme S1), leading to the formation of mono grafted ≡SiO-AlR2 species 

(path 2) that, upon further reaction with a vicinal siloxane group (path 3), would lead to the 

formation of a bis-grafted (≡SiO)2-AlR species. All these surface species contribute to the FT-IR 

spectrum in the CHx vibrational modes, but they are not distinguishable. Finally, TEAl reacts also 

with chromates, as testified by the decrease of the band at 1980 cm-1 (Figure 2a’’). By roughly 

evaluating the integrated area of this band, we can estimate that ca. 50% of the original 

chromates are reduced (and likely alkylated) in these conditions, with the concomitant 

production of Al(OR)xRy by-products. This value is in good agreement with the XPS results 

reported by Liu et al.,16 who found that ca. 55% of the chromates remain unreduced in similar 

conditions, and is also consistent with previous observations that TEAl does not go deep inside 

the catalyst particle.47 However, FT-IR spectroscopy does not allow to characterize neither the 

reaction by-products nor the modified Cr sites. For this reason, we turned our attention to two 

complementary techniques that are sensitive to the electronic and magnetic properties of the 

Cr sites, namely DR UV-Vis-NIR and EPR spectroscopies.  

Previous works demonstrated that after the oxidative treatment at 650 °C, most of the Cr 

sites are in the form of monochromates.10,11,40,48 These species have a characteristic DR UV-Vis 

spectrum (spectrum 1 in Figure 2b), with intense bands at about 39500, 29000 and 21200 cm-1, 

which are assigned to O → Cr(VI) charge-transfer transitions.10,11,40,48-51 Cr(VI) sites, which have 

a d0 electronic configuration, are diamagnetic, and hence EPR silent. Nevertheless, a pseudo 

axial resonance in the 1.895-1.979 g region is observed in the X-band EPR spectrum of 

Cr(VI)/SiO2 (spectrum 1 in Figure 2c), which is due to a small amount of Cr(V) species, detected 

in the X-band EPR spectra of Cr(VI)/SiO2 since the early 1990s48,52-57 and usually considered as 

spectators. The amount of Cr(V) is typically lower than 2% of the total Cr sites.56  

After reaction with TEAl, the EPR signal of Cr(V) becomes sharper and slightly shifts to g = 

1.978 (spectrum 2 in Figure 2c’’), likely as a consequence of the proximity of TEAl (or its 

reaction by-products) to the Cr(V) sites, that causes a modification of their symmetry. However, 

we cannot completely rule out that part of the Cr(VI) are reduced to Cr(V) by TEAl. No 

additional bands are observed in the EPR spectrum, but only an extremely weak signal at g = 

4.3 (spectrum 2 in Figure 2c’), which indicates the presence of a tiny amount of isolated, 

strongly distorted, Cr(III) sites, in good agreement with the XPS data reported by Liu et al.,16 

who estimated ca. 2% of Cr(III) sites in similar conditions. This suggests that the majority of the 

Cr(VI) sites is reduced by TEAl to Cr species which are EPR silent, either Cr(IV) or Cr(II). It is 

worth noticing that the EPR signal related to the isolated Cr(III) sites increases when twice the 
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amount of TEAl is used (Figure S3), while the catalytic activity is almost unaffected (Figure S1). 

This suggests that the presence of Cr(III) sites does not correlate with the catalytic activity.  

On the other hand, upon interaction of Cr(VI)/SiO2 with TEAl the color of the catalyst 

changes from orange-yellow to brown-greenish. Correspondingly, the intense bands at 21200, 

29000 and 39500 cm-1 in the DR UV-Vis-NIR spectrum decrease in intensity (spectrum 2 in 

Figure 2b), accompanied by the appearance of i) a broad and weak band covering the whole 

8000-20000 cm-1 range, i.e. the region of d-d transitions for reduced chromium species, and ii) a 

complex envelope of bands in the NIR region, assigned to the overtones and the combinations 

of the ν(CHx) and δ(CHx) vibrational modes of the alkyl groups deriving from TEAl. Going into 

more detail, the band at 21200 cm-1 (attributed to the monochromates) decreases in intensity 

by ca. 30% (i.e. less than expected on the basis of the FT-IR results, which suggested that ca. 

50% of the original chromates are reduced by TEAl), slightly shifts to lower wavenumber (at 

about 20600 cm-1) and becomes broader. To better appreciate the shift, the same spectra are 

reported in terms of second derivative in Figure S4. These observations might suggest that a 

fraction of Cr(VI) sites has been reduced and alkylated to Cr(IV)−(CH2CH3)2 sites, which are 

among the possible Cr species proposed by McDaniel to be present after modification with 

TEAl.2 Indeed, the UV-Vis spectrum of Cr(IV)-alkyls typically has two bands around 18000 and 

20500 cm-1,58 that converge into a broad band centered right around 21000 cm-1 after grafting 

onto a dehydroxylated silica.59 As far as the assignment of the broad d-d band is concerned, 

both Cr(II) and Cr(III) species with different geometry might contribute to this spectral range. 

The only message that can be safely extracted comes from the rather weak intensity of this 

band, which suggests that the reduced Cr sites should have prevalently a 6-fold coordination 

irrespective of their oxidation state. Indeed, d-d transitions are formally Laporte forbidden for 

transition metals in octahedral symmetry.  

Summarizing, the whole series of spectroscopic data reported in Figure 2 indicate that 

TEAl reduces ca. 50% of chromates to a variety of reduced Cr sites, possibly including Cr(IV)-

alkyls and 6-fold coordinated Cr(III) and Cr(II) species. The coordination sphere of the reduced 

Cr sites is at least partially defined by the ≡SiO-Al(CH2CH3)2 (and similar) moieties which derive 

from the reaction of TEAl with the silica surface.  

3.3 The accessibility of the Cr sites modified by TEAl.  

Successively, the accessibility of the reduced Cr sites in Cr(VI)/SiO2+TEAl(2:1) was investigated 

by means of FT-IR spectroscopy of adsorbed probe molecules. CO and CD3CN were selected as 

suitable probes since they interact in different ways with the metal sites, thus giving 

complementary information. In particular, FT-IR spectroscopy of adsorbed CO has been used 

since decades to characterize the Phillips catalysts,10,11,40,60 and it has been demonstrated to be 

one of the most sensitive techniques to the local geometry of the Cr(II) sites. CD3CN has been 

often used as a probe for the characterization of acid or basic sites on the surface of different 

metal oxides,61-67 but it has never been employed for investigating the Phillips catalyst until our 

recent work.34  
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3.3.1 Probing the Cr sites with CO  

Figure 3a shows the FT-IR spectrum, in the 2040 – 1850 cm-1 region, of CO adsorbed at room 

temperature on Cr(VI)/SiO2+TEAl(2:1) (spectrum 1). The spectrum is dominated by a main 

absorption band centered at about 1988 cm-1, with a shoulder at 2024 cm-1. Interestingly, the 

shape and the position of these bands are very similar to those observed in the spectrum of CO 

adsorbed on Cr(II)/SiO2 modified with other co-catalysts, such as triethylsilane (TES)38,39 or 

diethylaluminoethoxide (DEALE),34 two systems recently studied by our group, where the role 

of the co-catalyst was to change the local geometry of the Cr(II) sites but not their oxidation 

state. No bands are detected in the spectral region where we should observe the ν(CO) bands 

of carbonyls formed on highly uncoordinated Cr(II)10,11,40,60 and Cr(III)19 sites bis- or tris-grafted 

on silica (2200 – 2150 cm-1, not shown for clarity), while a couple of very weak bands is 

detected at 1743 and 1665 cm-1 (Figure 3b).  

Starting the discussion from the most intense bands (Figure 3a), the interactions of CO 

with a transition metal site is dominated by either a σ-donation or a π-back-donation 

contribution, depending on the type, coordination and oxidation state of the metal site.60 The 

predominance of the σ-dative contribution causes a blue-shift of ν(CO) with respect to the 

frequency of the free gas (2143 cm-1), while the π-back-donation causes a red-shift of ν(CO). We 

have already demonstrated that ν(CO) bands in the 2050 – 1950 cm-1 range have to be 

attributed to CO adsorbed on mono-grafted ≡Si-O-Cr(II)-L species,11 where the ligand L depends 

on the type of system. For example, for Cr(II)/SiO2 modified by TES, L = -OSiR3,39 while for Cr(II) 

modified by DEALE, L = alkyl or alkoxy groups.34 These mono-grafted Cr(II) sites have been 

proposed to be formed as a consequence of the co-catalyst attack to one of the Cr-O-Si 

anchoring links and have been advocated as responsible for the in situ α-olefins generation.2 

Hence, the FT-IR spectrum reported in Figure 3a demonstrates that a fraction of the reduced Cr 

sites in Cr(VI)/SiO2+TEAl(2:1) is in the form of mono-grafted Cr(II) species, likely stabilized by the 

≡SiO-AlR2 (or similar) species which are present at the silica surface.  

We performed an analogous experiment with a 1:1 isotopic mixture of 12CO:13CO, and 

with pure 13CO. The use of isotopic mixtures is a widely employed method for assigning 

complex IR spectra, since it allows to decouple two or more CO molecules adsorbed on the 

same site.68 When 13CO is used instead of 12CO (spectrum 3 in Figure 3), the two absorption 

bands at 2024 and 1988 cm-1 are isotopically red-shifted by the theoretical 0.9777 factor based 

on the Hooke law (ν(13CO) = 1975 and 1945 cm-1). A weak absorption band at 1913 cm-1 is also 

present and assigned to 12C18O traces in the 13CO feed. The IR spectrum of the 12CO:13CO 

mixture (spectrum 2 in Figure 3) can be deconvoluted in terms of six components: i) the 

doublet observed for carbonyl species of pure 12CO (2024-1988 cm-1); ii) the doublet observed 

for carbonyl species of pure 13CO (1975-1945 cm-1); iii) two singlets at 2009 and 1960 cm-1 that 

fall exactly in the barycenter of the two aforementioned doublets. This IR absorption pattern is 

typical of di-carbonyl species. In fact, in a di-carbonyl of pure 12CO (or 13CO) the two CO 

molecules behave as coupled oscillators and the corresponding FT-IR spectrum is characterized 

by a doublet due to the asymmetric and symmetric vibrations. In the mixed (12CO)(13CO) di-

carbonyl the two CO molecules behave as two decoupled mono-carbonyls, giving rise to two 

distinct bands approximately at the barycenter of the previously discussed doublets.39,68 Hence, 
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the FT-IR experiment performed with the 12CO:13CO isotopic mixture demonstrates that the 

mono-grafted Cr(II) sites are able to form a di-carbonyl species at room temperature, meaning 

that they have at least vacant coordination sites available. In this respect, it must be noticed 

that coordination of CO might occur to the expenses of weaker ligands, such as the ≡SiO-AlR2 

(or similar) species nearby.  

We also tried to quantify the relative amount of mono-grafted Cr(II) sites with respect to 

the total Cr sites. In this respect, we compared the integrated intensity of the ν(CO) band for CO 

on Cr(VI)/SiO2+TEAl(2:1) to that obtained for Cr(II)/SiO2+TES, where we previously 

demonstrated that ca. 85% of the original Cr(II) sites were converted from bis-grafted to mono-

grafted.39 This method allows concluding that ca. 28% of the total Cr(VI) sites were converted 

by TEAl to mono-grafted Cr(II) sites. This fraction increased to ca. 60% when the amount of TEAl 

was doubled (Figure S5a). 

 
Figure 3. FT-IR spectra of Cr(VI)/SiO2+TEAl(2:1) in interaction with: i) 12CO (spectrum 1); ii) a 1:1 isotopic mixture of 
12CO:13CO (spectrum 2); and iii) 13CO (spectrum 3). The spectra are normalized for the thickness of the pellet 

(evaluated from the intensity of the bands due to the silica support) and for the CO equilibrium pressure, hence 

the absolute intensities are comparable. The spectra are vertically shifted for clarity. Part a) shows the ν(C≡O) 

region of CO coordinated to reduced Cr sites, while part b) shows the to ν(C=O) region of Cr η1-acyl complexes, 

which are formed by insertion of CO into a Cr-alkyl bond. 

 

As far as the weak bands in the 1750 – 1600 cm-1 range are concerned (Figure 3b), they 

are tentatively ascribed to ν(C=O) of Cr η1-acyl complexes, which are formed by insertion of CO 

into a Cr-alkyl bond. In fact, it is known that η1-ligands like CO have the tendency to insert into a 

metal-carbon bond and the acyl ν(C=O) frequencies typically range from 1700 to 1600 cm-1.69-72 

The assignment is corroborated by the observed isotopic shift in the presence of 13CO. Hence, 

the presence of the two bands at 1743 and 1665 cm-1 in the spectrum of CO adsorbed on 

Cr(VI)/SiO2+TEA(2:1) indirectly demonstrates that a fraction of the Cr(VI) sites are alkylated by 

TEAl. Most probably, these are the Cr(IV)−(CH2CH3)2 bisalkyl species that have been 
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hypothesized on the basis of DR UV-Vis spectroscopy, although we cannot exclude that the few 

Cr(III) species detected by EPR are also alkylated. Notably, the intensity of these bands slightly 

increases for CO adsorbed on Cr(VI)/SiO2+TEA(4:1) (Figure S5b), although they do not double, 

as observed for the band at 1988 cm-1. This indicates that an Al:Cr ratio higher than 2 generates 

mostly mono-grafted Cr(II) sites.  

3.3.2 Probing the Cr sites with CD3CN  

CD3CN has a basic character stronger than CO, hence it is more sensible to the acidic strength of 

the adsorption sites. Since both Cr and Al 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. Because of this interaction, the ν(CN) vibration is expected to increase with 

respect to the free molecule (2267 cm-1) 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.61  

The spectra of CD3CN adsorbed at room temperature on Cr(VI)/SiO2+TEAl(2:1) are 

shown in Figure 4. They are characterized by a complex series of bands that behave differently 

as a function of the CD3CN coverage. The two bands at 2276 and 2265 cm-1, which decrease 

quickly upon degassing, are assigned to CD3CN adsorbed on the hydroxyls present on the silica 

surface, and to physisorbed CD3CN, respectively.62-65 These bands are the only ones observed 

for CD3CN adsorbed on silica dehydroxylated at high temperature,34 and also for CD3CN 

adsorbed on Cr(VI)/SiO2 (Figure S6a). A second set of bands centered at ca. 2317 cm-1 is almost 

irreversible upon degassing at room temperature, denoting CD3CN strongly adsorbed to 

different Lewis acid (LA) sites. At lower CD3CN coverage, this band is clearly asymmetric, with a 

maximum at 2317 cm-1 and a shoulder at 2305 cm-1. Both Al(III) and Cr(II) sites might contribute 

to this band. As a matter of fact, when the same experiment is performed on a silica treated 

with the same amount of TEAl as in Cr(VI)/SiO2+TEAl(2:1), a very intense and symmetric band is 

observed at 2317 cm-1 (Figure S6b). In contrast, when the same experiment is performed on 

Cr(II)/SiO2 (where bis-grafted Cr(II) sites are present), a single band is observed at 2305 cm-1 

(Figure S6c). Both bands were observed for CD3CN on Cr(II)/SiO2+DEALE(2:1), and ascribed to 

CD3CN adsorbed on unmodified Cr(II) sites (2305 cm-1) and on Cr(II) sites modified by DEALE 

and in close proximity of an acidic Al(III) site (2317 cm-1).34 Hence, Al(III) sites are stronger LA 

sites than highly uncoordinated Cr(II) species (i.e. the shift of ν(C≡N) is larger with respect to 

the gas phase), but there might be also modified Cr sites characterized by a similar acidity.  

We also repeated the same experiment on a Cr(II)/SiO2 modified by TES (Figure S6d), 

where 85% of the originally bis-grafted Cr(II) sites are transformed into mono-grafted ≡Si-O-

Cr(II)-L species.39 Curiously, a symmetric band centered at 2305 cm-1 is observed also in this 

case. This means that CD3CN is not able to discriminate between bis-grafted Cr(II) sites and 

mono-grafted ≡Si-O-Cr(II)-L sites, which appear both as LA sites with the same strength. This 

differentiates CD3CN from CO, which in contrast is sensitive to the Cr(II) molecular structure. 

The is due to the different type of interaction between Cr(II) and the two probe molecules. For 

CD3CN, the interaction is mainly of acid-base type. CD3CN is an electron donor and its donation 

ability rises with the tendency of the adsorbing site to accept electrons, that is with its LA 

strength. Hence, CD3CN discriminates the adsorbing sites in terms of their acidity. In contrast, 
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the interaction of CO with Cr(II) sites is driven by the overlap of its frontier molecular orbitals 

with specific atomic orbitals of Cr having the right geometry and electronic occupancy. Since 

atomic orbitals of an adsorption site depend on its local structure and their electronic 

occupancy is a function of the oxidation state, CO is highly sensitive to both parameters.   

Finally, a broad band is observed at ca. 2250 cm-1, which is more visible at low CD3CN 

coverage. The low frequency of the ν(C≡N) band suggests a bridging coordination mode for 

CD3CN, in analogy to what observed for other ligands.60 Hence, this band is tentatively ascribed 

to CD3CN bridged in between Cr(II) and Al(III), indicating the presence of Cr(II)···Al(III) bimetallic 

species simultaneously probed by the same CD3CN molecule. It is worth noticing that these 

sites are likely the most acidic, since they originate from the cooperation of two strong LA sites, 

and that the low frequency of the corresponding ν(C≡N) band is due to the bridging 

coordination mode.  

 
Figure 4. Evolution of the FT-IR spectra, in the ν̃(CN) region, for CD3CN adsorbed at room temperature on 

Cr(VI)/SiO2+TEAl(2:1) catalyst as a function of the CD3CN coverage (blue: maximum coverage, dark grey: 

irreversible fraction of CD3CN, light grey: intermediate coverages).  

 

In summary, CD3CN probes three different types of acid sites on Cr(VI)/SiO2+TEAl(2:1): i) 

weak LA sites (W-LA) (band at 2305 cm-1), which are likely the same mono-grafted ≡Si-O-Cr(II)-L 

sites probed by CO at 1988 cm-1; ii) strong LA sites (band at 2317 cm-1), which are coordinatively 

unsaturated Al(III) sites belonging to the –OAlRx moieties at the silica surface, but can also be a 

fraction of mono-grafted ≡Si-O-Cr(II)-L sites in close proximity to an Al(III), which however are 

not able to bridge the CD3CN probe; and iii) Cr(II)···Al(III) couples (band at 2250 cm-1) at 

sufficiently close proximity to bind the same CD3CN molecule in a bridge fashion, that behave as 

very strong LA sites. It is worth noticing that both the Al(III) sites and the Cr(II)-Al(III) couples 

were not detected by CD3CN for Cr(II)/SiO2 modified by DEALE.34 We explain this difference on 

account of the presence of an –OR group in DEALE, that probably promotes the formation of 

aluminoxane clusters at the silica surface (hence the Al(III) sites are not accessible), and that 

will interpose between the Cr(II) and the Al(III) sites in the Cr(II)-Al(III) couples (thus hampering 
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CD3CN to bind in a bridged fashion). In that case, two types of mono-grafted Cr(II) sites were 

detected, characterized by a different acid strength, the stronger LA sites being those in 

proximity of an Al(III) site.  

 

3.4. Identification of the Cr sites involved in ethylene polymerization  

Finally, the polymerization of ethylene under mild conditions by Cr(VI)/SiO2+TEAl(2:1) at the 

initial stage was monitored by means of DR UV-Vis and EPR spectroscopies (Figure 5). Upon 

ethylene dosage, the DR UV-Vis-NIR spectra immediately change (Figure 5a). The band at 21060 

cm-1 is the most affected, while the broad band in the d-d transition region remains almost 

unaltered. The polymerization of ethylene is demonstrated by the appearance of weak and 

narrow bands in the 4500-4000 cm-1 region, which are due to the overtones and combinations 

of the stretching and bending vibrational modes of PE (Figure 5a’). According to the discussion 

above, the band at 21060 cm-1 might be due to residual Cr(VI) sites not reduced by TEAl, or to 

alkylated Cr(IV) sites. The rapid decrease of this band during the polymerization of ethylene 

supports the second hypothesis. Indeed, ethylene does not reduce the Cr(VI) sites at room 

temperature. Moreover, we have previously demonstrated that the formation of PE during the 

first stages of the reaction causes the rapid decrease of the UV-Vis spectroscopic fingerprints of 

the active sites, while the bands due to spectators (or to Cr sites that initiate the polymerization 

more slowly) remain unaltered.12 This is due to the fact that PE forms a white coating around 

the catalyst particles, which diffuses the incident light and shields the Cr sites involved in the 

ethylene polymerization from the DR UV-Vis measurements. Hence, the DR UV-Vis data seem 

to suggest that alkylated Cr(IV) sites are those mostly involved in ethylene polymerization.  

 
Figure 5. Part a) Evolution of the DR UV-Vis-NIR spectra upon ethylene reaction at room temperature on the 

Cr(VI)/SiO2+TEAl(2:1) 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)/SiO2+TEAl(2:1) before (spectrum blue) and after reaction with 

ethylene at room temperature (spectrum green).  

 

The same experiment was followed by EPR spectroscopy (Figure 5b). Ethylene was 

admitted on the catalyst at room temperature and the polymerization reaction was quenched 

after two minutes with liquid nitrogen, followed by collection of the EPR spectrum at 100 K. The 

polymerization of ethylene was confirmed a posteriori by collecting the ATR spectrum of the 
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powder, which shows the distinctive bands due to PE. The EPR spectrum of 

Cr(VI)/SiO2+TEAl(2:1) catalyst is almost unperturbed after ethylene polymerization. In 

particular, the weak signal at g = 4.3 (Figure 5b’), assigned to a tiny amount of isolated Cr(III) 

species, does not change. This behavior indicates that in our experimental condition the Cr(III) 

sites are not involved in the polymerization of ethylene, as suggested by DR UV-Vis 

spectroscopy and in good agreement with the observation that the amount of Cr(III) species 

does not correlate with the polymerization activity (Figure S1 and Figure S3).  

 

4. Discussion  

A systematic investigation on the effect of TEAl on the Cr(VI)/SiO2 Phillips catalyst was carried 

out by combining the results of kinetic tests during the polymerization of ethylene, 

spectroscopic techniques (DR UV-Vis-NIR, EPR, FT-IR of probe molecules) aimed at elucidating 

the properties of the modified Cr sites, and the polymer characterization. We proved that TEAl 

eliminates the induction time and greatly accelerates the initiation rate of ethylene 

polymerization, in good agreement with the previous observations.2 This suggests that TEAl 

reduces (and probably alkylates) at least a fraction of the Cr(VI) sites, which become rapidly 

reactive toward the polymerization of ethylene, thus making ethylene self-alkylation 

dispensable. Moreover, the obtained PE differs from that produced with an unmodified 

Cr(VI)/SiO2 catalyst, especially in terms of Mw (which is higher) and Mw/Mn (which is broader 

and shows a visible tail also at low-Mw). These results clearly indicate that TEAl generates a 

large variety of modified Cr sites, each one responsible for the production of polymer chains 

with different molecular weight.  

Elucidating the properties of the modified Cr sites at a molecular level was the next and 

very challenging target. According to FT-IR, DR UV-Vis-NIR and EPR spectroscopies, only ca. 50% 

of the original Cr(VI) sites are reduced at an Al:Cr ratio of 2:1. Highly coordinated Cr(II) and 

Cr(III) sites are both present in the modified catalyst, as previously suggested by Cicmil et 

al.9,27,28 The 6-fold coordination of these sites is largely justified by the presence of –OAlR2 

moieties at the silica surface (from reaction of TEAl with silanols and siloxane groups), as well as 

by the presence of Al(OR)xRy by-products. All these Al-containing species are detected by FT-IR 

spectroscopy, although they cannot be distinguished, and a fraction of them is coordinatively 

unsaturated and can be probed by CD3CN, which is an excellent probe for Lewis acid sites. 

Besides Cr(II) and Cr(III) sites, however, we also claim the presence of a substantial fraction of 

alkylated Cr(IV) sites, which are EPR silent but observable by DR UV-Vis-NIR, although they 

cannot be quantified since their contribution overlaps with that of the remaining mono-

chromates. The existence of Cr(IV) bis-alkylated sites, formed through steps 1 and 2 in Scheme 

1, have been previously discussed by Mc Daniel 2   

As far as the accessibility of the Cr sites is concerned, we tested it by using CO and 

CD3CN as probe molecules, the former being very sensitive to the molecular site structure, and 

the latter to their acidic character. The Cr(III) sites seem not accessible, probably because they 

are largely covered by the Al-containing fragments. The Cr(IV) bis-alkyl sites are probed by CO, 

which inserts into the Cr-C bond to give Cr-acyl complexes. Finally, the Cr(II) sites are accessible 
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to both CO and CD3CN. CO incontrovertibly indicates that the Cr(II) sites are not bis-grafted (as 

for the CO-reduced Phillips catalyst), but rather mono-grafted as ≡Si-O-Cr(II)-L sites (where L = 

alkyl). They likely derive from the over-reduction of the Cr(IV) bis-alkyl species, following step 3 

in Scheme 1, and they are stabilized by flexible ligands nearby, such as ≡Si-OAlR2 (or similar) 

moieties, and this is the reason why they appear as highly coordinated in the UV-Vis spectra. 

Correspondingly, CD3CN reveals the presence of a certain fraction of Cr(II)···Al(III) bi-metallic 

couples in sufficient close proximity to bind a CD3CN molecule in a bridge fashion, which behave 

as strong Lewis acid sites.  

 
Scheme 1. Representation of the structure at a molecular level of the Cr species detected by spectroscopic 

methods on Cr(VI)/SiO2+TEAl(2:1). To these species we should add 6-fold coordinated Cr(III), which have been 

detected by EPR and DR UV-Vis, but we have no additional indication helping in the definition of their structure. 

The main spectroscopic fingerprints and the contribution of each Cr species to the obtained PE are also reported. 

WLA = weak Lewis acid; SLA = strong Lewis acid. The dotted circle indicates a close proximity between the mono-

grafted Cr(II) species and the Al-containing moiety.  

 

Scheme 1 schematically shows the main Cr species assumed so far to be formed starting 

from Cr(VI)/SiO2 + TEAl. Their main spectroscopic fingerprints have been determined in this 

work. Additionally, isolated Cr(III) sites have been detected by EPR and DR UV-Vis, which, 

however, probably do not participate in the reaction. Plausibly, all of these sites could play a 

role in the polymerization of ethylene. However, the bis-grafted Cr(IV) bis-alkyl species seem to 

be the major actors (as demonstrated by UV-Vis performed during the early stages of ethylene 

polymerization), since alkylation made them already prone to insert ethylene. Their presence 

explains the faster polymerization initiation rate. On the basis of previous literature,2,38,39 we 

can advocate the mono-grafted Cr(II) sites with weak Lewis acid properties (WLA) as 

responsible for in situ α-olefin generation. Hence, they contribute with the enchainment of 

short polymer branches, concurring to the reduced PE crystallinity and the relatively low 

melting temperature. The presence of a certain amount of mono-grafted Cr(II) sites with a 

strong Lewis acidic character (SLA) probably accounts for the formation of the high-Mw polymer 

fraction, since it has been already demonstrated that Cr(II) sites with increased acidity afford a 

PE with a higher molecular weight.73 Finally, as far as the polymer fraction with low molecular 
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weight is concerned, this might be due to the occurrence of a chain-termination through an 

alkyl exchange between the growing polymer chains and the Al-alkyl excess,2 contributing to 

broaden the Mw/Mn to the low-MW side. Another possible explanation to account for the low-

Mw fraction formed with Cr(VI)/SiO2 + TEAl is that higher polymerization initiation rate, the 

more the polymerization will be exothermic, determining the catalyst particle to initially 

overheat and hence producing the low-Mw polymer fraction. 

 

Conclusions 

All in all, combining the whole set of spectroscopic data collected in this work with the 

polymerization tests and the characterization of the obtained PE, we did a step forward in the 

understanding of the role of Al-alkyls in modifying the Phillips catalyst. On one side, our data 

validate some of the hypothesis postulated in the past exclusively on the basis of the 

observation of the polymer. On the other side, they introduce innovative concepts that can be 

useful to improve the design of the Phillips catalyst on rational basis. In particular, we 

demonstrated that the catalytic performance of the Cr sites depend not only on the oxidation 

state, but rather on a combination of molecular structure, acidic character and nature of the 

ancillary ligands. The dominant role of Cr(IV) bis-alkylated sites in ethylene polymerization has 

strong mechanistic implications and suggests that similar species might be actually the active 

sites in unmodified Cr(II)/SiO2 involved in the polymerization of ethylene. A self-alkylation 

mechanism involving the formation of Cr(IV) bis-alkyl sites starting from Cr(II) is also supported 

by the very recent work of McDaniel74 and would be compatible with our recent experimental 

observations.57 Indeed, we were not able to detect any EPR active species after the 

polymerization of ethylene over a Cr(II)/SiO2 catalyst, a fact which seems to strengthen the role 

of partially reduced but non-paramagnetic Cr sites in the polymerization.  

Finally, we confirmed once more that mono-grafted Cr sites are involved in the 

oligomerization of ethylene, as suggested by Mc Daniel,2 but we also found that this is not 

sufficient. The mono-grafted Cr sites must also behave as weak Lewis acid sites. On the other 

hand, Cr sites with a strong Lewis acid character likely produce PE with a very high molecular 

weight, 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 that essentially affords 

oligomers from ethylene to one that affords high Mw polymers. Overall, these conclusions can 

be useful in designing Cr-based catalysts not only for ethylene polymerization but also for 

ethylene oligomerization.  
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Figure S1. Kinetics of the gas-phase ethylene polymerization on the Cr(VI)/SiO2 catalyst (grey) in comparison to 

that on Cr(VI)/SiO2+TEAl(2:1) (blue), and on Cr(VI)/SiO2+TEAl(4:1) (red). The rate constants k, evaluated during the 

first minute of reaction, are also indicated.  

 

 

 
Figure S2. XRD pattern of the PE obtained over the Cr(VI)/SiO2+TEAl(2:1) catalyst.  
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Figure S3. X-band EPR spectra (collected at 100 K) of Cr(VI)/SiO2+TEAl(2:1) (curve 2) and Cr(VI)/SiO2+TEAl(4:1) 

(curve 3).  

 

 

 
Figure S4. Part a): DR UV-Vis-NIR spectra of Cr(VI)/SiO2 (spectra 1) and of Cr(VI)/SiO2+TEAl(2:1) (spectra 2). Part b) 

the same spectra as part a) reported in terms of the second derivative in a magnified spectral region, in order to 

better highlight the shift of the band centered at ca. 21000 cm-1.A maximum in the original spectrum becomes a 

minimum in the second derivative.  
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Figure S5. FT-IR spectra of CO adsorbed at room temperature on Cr(VI)/SiO2+TEAl(2:1) (curve 1) and on 

Cr(VI)/SiO2+TEAl(4:1) (curve 2). The spectra are normalized for the optical thickness of the pellet and for the CO 

equilibrium pressure, hence the absolute intensities are comparable. The spectra are vertically translated for 

clarity. Part a) shows the ν(C≡O) region of CO coordinated to reduced Cr sites, while part b) shows the to ν(C=O) 

region of Cr η1-acyl complexes, which are formed by insertion of CO into a Cr-alkyl bond. 

 

 

 
Figure S6. Evolution of the FT-IR spectra, in the ν̃(CN) region, for CD3CN adsorbed at room temperature on 

Cr(VI)/SiO2 (part a), SiO2+TEAl(2:1) (part b), Cr(II)/SiO2 (part c), and Cr(II)/SiO2+TES (part d), as a function of the 

CD3CN coverage (blue: maximum coverage, dark grey: irreversible fraction of CD3CN, light grey: intermediate 

coverages). 
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Scheme S1. Some of the surface structures that can be formed upon reaction of monomeric TEAl with the SiO2 

surface.  

 

 

 

 


