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Abstract 

Non-innocent iminopyridine chromium complexes were investigated as pre-catalysts for the 

polymerization of ethylene, using different aluminum co-catalysts and the Lewis base NEt3 as 

additive. Beyond confirming the key role of the chromium to ligand synergy to access an active 

complex, other factors that play a crucial role are: (i) the nature of the aluminum activator that 

influences the cationic ion pair generated, (ii) the presence of the additive that boosts the 

synthesis of UHMWPE with narrow and unimodal molecular weight distribution even at 40 

°C, and (iii) the polymerization temperature that affects the polymerization catalysis and the 

polymer molecular weight distribution. UV−vis−NIR and FT-IR spectroscopies have been 

applied to inspect the activation process and to understand the mode of action by which NEt3 

affects the catalytic conversion of ethylene. It is inferred that NEt3 reacts with the aluminum 

co-catalyst (rather than with the chromium complex) to form an Et3N*AlRx adduct, thus 

affecting the catalytic ion pair. 
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1. INTRODUCTION  

The polymerization of ethylene catalyzed by transition metal complexes is one of the 

most industrially relevant synthetic reactions and the development of high−performance 

catalysts continue to be a major driving force to access different polyethylene (PE) grades.1–4 

Beyond early and late transition metal catalysts,5–7 chromium catalysts are also of great interest, 

both homogeneous,8–10 and heterogeneous.11–13 The peculiarity of homogeneous 

organochromium complexes is the ability to give from linear α-olefins (selective tri- and 

tetramerization) to high−density PE (HDPE), and even ultrahigh−molecular weight PE 

(UHMWPE). The selectivity may be obtained either by tuning the steric and electronic 

properties of the ligand,8,9 or by using neutral donor molecules covalently linked to the 

organochromium complex.14,15 Generally, chromium complexes are renowned for their ability 

in the oligomerization of ethylene,16,17 while examples of chromium complexes for UHMWPE 

production are rare. These include chromium complexes bearing β−ketoimines and 

β−diketimines,18 half−metallocene Cr(III) complexes bearing a N^O ligand,19 and 

salicylaldiminate Cr(III) complexes.20 

Alternative and effective strategies to tune the catalytic performance of homogeneous 

chromium complexes (e.g. in terms of reaction rate, productivity and molecular weight of the 

resultant PEs involve the usage of external additives (or modifiers).21,22 For example, Rastogi 

et al. used 2,6-di-tert-butylphenol (BHT) to trap free−AlMe3, present in commercially 

available methylaluminoxane (MAO) and responsible of fast chain-termination, to synthesize 

UHMWPE from a hemi−metallocene chromium catalyst.21 Enders et al. demonstrated that the 

addition of a 9-borabicyclo[3.3.1]nonane enables the synthesis of UHMWPE from 

half−metallocene organochromium catalysts.22 

The modifiers are usually small organic molecules having heteroatoms (N, O, and P) 

or metal salts (e.g., ZnCl2, AlCl3, and BF3), and they can be classified as Lewis acids or Lewis 

bases. Lewis acids are used to electronically depauperate the active site, favoring olefin 

coordination and insertion, and thereby increasing the rate of polymerization and productivity. 

Lewis base additives (e.g., THF, ethyl benzoate, acetonitrile, PPh3) coordinate to the most 
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acidic species over the course of the polymerization, namely the complex in its activated form 

and/or the Al−cocatalyst (i.e., MAO or AlR3). By steric shielding or electron density 

modification, the Lewis base additives modify the ratio between the rate constants of chain-

propagation and chain-termination. Most of these modifiers have been previously reported to 

afford enhancements in the oligomerization and polymerization of ethylene catalyzed by 

zirconium,23–25 cobalt,26,27 vanadium,28 tungsten,29 and late transition metal based catalysts.30–

32 Despite the important beneficial effects in the use of additives to design competitive 

catalysts, the full potential of additives in selective polymerization of ethylene has not been 

investigated as well as their “activation” path remains elusive in many cases. 

In this context, we recently reported the polymerization of ethylene catalyzed by simple 

and readily accessible iminopyridine chromium complexes in the formal oxidation state +2 

(Cr1−Cr3) and +3 (Cr4) (Chart 1).33 The chromium complexes differ in the nature of the 

substituents at the iminic carbon and at the ortho−aryl positions. We demonstrated that a 

concerted Cr−to−ligand electron transfer, coupled with a good stability of the [(L•)CrIII]− 

intermediate with the ligand in the monoanionic radical form (L•)−, is mandatory for providing 

an unexpected utility in the polymerization of ethylene. The obtained result was rather 

counterintuitive since iminopyridines were expected to give a poorly efficient shielding to 

stabilize the chromium active species, and thereby they were believed to have the right 

“structural” motif to generate catalysts for the oligomerization of ethylene but not for its 

polymerization.34 Based on these results, herein, we expand our previous study to investigate 

and understand at a molecular level the effects of different aluminum activators, and of NEt3 

additive on the polymerization of ethylene mediated by Cr1. The new findings will be 

described as follows: at first, we will present the results of the catalytic tests, which confirm 

the key role of the chromium to non-innocent iminopyridine synergy and, more important, 

highlight that NEt3 has a beneficial effect toward the synthesis of UHMWPE even at 

temperature as high as 40 °C. Then, we will discuss the results obtained by applying FT-IR and 

UV-Vis-NIR spectroscopies, which allow understanding the mode of action by which NEt3 

affects the catalytic conversion of ethylene. 
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Chart 1. Iminopyridine chromium pre-catalysts Cr1−Cr4. 

2. MATERIALS AND METHODS 

2.1 General Procedures and Materials. Manipulations of air- and/or moisture-sensitive 

materials were carried out under an inert atmosphere using a dual vacuum/nitrogen line and 

standard Schlenk-line techniques with oven-dried glassware. Nitrogen and ethylene were 

purified by passage over columns of CaCl2, molecular sieves, and BTS catalysts. Toluene 

(Aldrich >99.5%) was refluxed over Na for 8 h and then distilled and stored over molecular 

sieves. Dichloromethane (Aldrich, ≥99.8%) was dried by stirring over CaH2 in inert 

atmosphere for 8 hours, distilled, and stored over 5Å molecular sieves away from bright light. 

Chloroform (Aldrich, ≥99%) was degassed with freeze-pump-thaw cycling and dried over 

Na2SO4. MAO (Aldrich, 10 %wt solution in toluene), diethylaluminum chloride (DEAC, 

Aldrich, 97%), triethylaluminum (TEAl, Aldrich, 93%), triisobutylaluminum (TIBA, Aldrich, 

99%), diisobutylaluminum hydride (DIBALH, Aldrich, 99%), triethylamine (NEt3, Aldrich, 

>99%), and deuterated solvent for NMR measurements (C2D2Cl4) (Aldrich, >99.5% atom D) 

were used as received. TMA–depleted MAO (dMAO; TMA stands for AlMe3) was prepared 

removing toluene and free AlMe3 from commercially available MAO 10 %wt solution in 

toluene. 

2.2 Synthesis of Chromium Complexes. All of the chromium complexes were synthesized 

following the method reported in our previous article.33 Cr1–Cr3 were synthesized by reaction 

of CrCl2 with a stoichiometric amount of the corresponding ligand in THF at room temperature, 

while Cr4 was prepared starting from CrCl3(THF)3.  

2.3 Polymerization Procedures. Polymerization of ethylene was carried out in a 50 mL round-

bottomed Schlenk flask. Prior to the start of polymerization, the reactor was heated to 110 °C 

under vacuum for 1 h and backfilled with nitrogen. For ethylene polymerization, the reactor 

was charged at room temperature with toluene and the cocatalyst in that order. After thermal 
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equilibration at the desired temperature, the solution was degassed, and ethylene was added 

until saturation. When a precontact between the additive and the complex was required, the 

two components were premixed in a 25 mL Schlenk for 1 minute. Polymerization was started 

by adding a dichlorometane solution (2 mg mL−1) of the chromium complex via syringe under 

a continuous flow of ethylene. Polymerizations were stopped with methanol containing a small 

amount of hydrochloric acid; the precipitated polymers were collected by filtration, repeatedly 

washed with fresh methanol, and finally dried under vacuum at room temperature to constant 

weight.  

In all of the reactions investigated, no polymerization activity was observed in the absence of 

the chromium source.  

2.4 Characterization Methods.  

2.4.1. Polymer Characterization  

Molecular weight (Mw) and molecular weight distribution (Mw/Mn) were obtained by a 

high-temperature Waters GPCV2000 size exclusion chromatography (SEC) system using an 

online refractometer detector. The experimental conditions consisted of three PL Gel Olexis 

columns, o-dichlorobenzene as the mobile phase, 0.8 mL min-1 flow rate, and 145 °C 

temperature. The calibration of the SEC system was constructed using 18 narrow Mw/Mn PS 

standards with Mw values ranging from 162 to 5.6 × 106 g mol-1. For SEC analysis, about 12 

mg of polymer was dissolved in 5 mL of o-dichlorobenzene. The calorimetric measurements 

were performed with a Mettler-DSC822 operating in N2 atmosphere. The sample, typically 5 

mg, was placed in a sealed aluminum pan, and the measurement was carried out from −70 to 

180 °C using a heating and cooling rate of 10 °C min−1. Tm and ΔHm values were recorded 

during the second heating. The X-ray powder diffraction profiles of the as-prepared samples 

were obtained with Ni filtered Cu Kα radiation (wavelength λ=0.15418 nm) by using an 

Empyrean diffractometer by Panalytical operating in the reflection geometry. FT-IR spectra 

were acquired using a Perkin–Elmer Spectrum Two in attenuated total reflectance mode in the 

spectral range of 4000–500 cm−1. 

2.4.2. Characterization of the pre-catalysts and catalysts 

FT-IR and UV-Vis-NIR spectra of the organometallic compounds were measured in 

transmission mode, by dissolving the complexes in chloroform (10-3 mol L-1), adding when 

necessary the Al-alkylators and the NEt3 additive in stoichiometric amount (Al/Cr = 10 and 

N/Cr = 20, respectively). FT-IR spectra were collected in the spectral range of 7000−400 cm−1, 
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containing the solution in a Specac Omni cell with KBr windows, and using a Bruker Alpha 

spectrophotometer that was placed inside the glovebox to avoid sample contamination. 

UV−Vis−NIR absorption spectra were collected using a Cary5000 spectrophotometer, the 

solutions were measured inside homemade cells equipped with windows in optical quartz 

(Suprasil), filled inside the glovebox and closed with Teflon plugs. For both techniques, the 

spectrum of the solvent was measured under the same conditions and subtracted from those of 

the samples. 

3. RESULTS and DISCUSSION 

3.1 Catalytic screening 

3.1.1 The selection of the Al−activator 

  A baseline catalytic behavior of Cr1 activated with various aluminoxanes and 

aluminum alkyls was first established. The selected Al−activators were MAO, dMAO, DEAC, 

TIBA and DIBALH. The polymerizations were performed in toluene at an ethylene pressure 

of 1 atm, room temperature, and 250 equiv. of Al to Cr. Low chromium catalyst loading and 

short reaction time were employed to easily keep constant the temperature throughout the 

polymerization without cooling in the early stages, to maintain homogeneous physical 

conditions and to avoid side reactions caused by gel effect and high mixture viscosities.  

The use of different Al−cocatalysts had a considerable effect on the catalytic behavior. 

The only productive run was obtained with MAO (Table S1), whereas dMAO and all the 

aluminum alkyls entirely stop the catalysis, resulting in a loss of activity for Cr1. We 

hypothesized that the positive effect of MAO relies on its ability of generating large 

counterions around the active species (sharply simplified with the formula LnMtMe+ ∙∙∙ 

ClMAO–), less coordinating than the R3AlCl– anions, generated with the other 

Al−cocatalysts.35–37 It can be inferred that the formation of a looser ion pair, as the one formed 

with Cr1/MAO, is fundamental to exhibit ethylene polymerization activity. Conversely, the 

formation of a tight ion pair in the presence of DEAC, TIBA, and DIBALH may inhibit 

subsequent insertions of ethylene or somehow facilitates a faster chain-termination over chain-

propagation. This is in line with earlier results reported by Nomura and Zhang, who described 

a high tendency for β−hydride elimination and subsequent chain-termination for vanadium 

complexes with aluminum alkyls.38 Alternatively, modification of the Cr1 ligand skeleton may 

also be an alternative scenario to explain the lack of activity of Cr1/AlR3. For instance, a 
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reduction of the iminic C=N bond in phenoxyimine Group 4 complexes by DIBALH and TIBA 

is documented.39,40 

Meanwhile, we were puzzled by the inactivity of Cr1 when dMAO was employed as 

cocatalyst, since it is well established and documented that oligomeric (AlOMe)n cages possess 

intrinsic alkylating capabilities and likely play a prominent role over TMA.41,42 In such an 

event, we therefore speculate that the presence of free−TMA in commercial MAO solution is 

somehow essential for polymerization activity. Given the monoanionic radical (L•)− state of 

the ligand in Cr1 (Chart 1) and the high sensitivity of chromium, it can be inferred that the 

TMA plays a fundamental role by acting as oxygen and impurities scavenger that otherwise 

would poison the catalytic system. 

3.1.2 The effect of Lewis base NEt3 additive on the catalytic performance 

Subsequently, we investigated the effect of the addition of NEt3 on the catalytic 

behavior of Cr1/MAO. A solution of Cr1 was treated with NEt3 prior to activation with MAO 

and ethylene injection. A first screening was performed at room temperature, at atmospheric 

ethylene pressure and by varying the NEt3 concentration while the Cr-complex concentration 

was maintained constant. Polymerization conditions and results are summarized in Table 1. 

Cr2–Cr4 (Chart 1) were also investigated for comparison. 

Table 1. Polymerization of ethylene by Cr1−Cr4/MAO and with the addition of NEt3.
a 

entry Cr 
NEt3 NEt3 yield 

activityb 
Mw

c 
Mw/Mn

c 
Tm

d ΔHm
d 

(μmol) (equiv. to Cr) (mg) (g mol-1) (°C) (J g-1) 

1 Cr1 
 

 183 2290 1.0×105 4.8 131.9 252 

2 Cr1 2.5 1 156 2076 2.3×105 6.9 137.0 205 

3 Cr1 12.5 5 186 2475 2.9×105 7.1 139.2 184 

4 Cr1 25 10 192 2400 4.5×105 10.4 134.4 230 

5 Cr1 37.5 15 234 2925 1.2×106 7.5 137.0 204 

6 Cr1 50 20 235 2940 > 2×106 5.3 137.6 159 

7 Cr1 125 50 115 1440 > 2×106 6.1 139.7 167 

8 Cr2 50 20 −      

9 Cr3 50 20 −      

10 Cr4 50 20 −      

a polymerization conditions: ethylene pressure, 1.01 bar; total volume, 25 mL (toluene); Cr complex, 2.4 μmol, 

complex solution in dry dichloromethane; Al/Cr = 250, Al = MAO; time, 2 min; temperature, 20 °C. b activity in 

kgpol molCr
-1

 h-1; c determined by SEC; d determined by DSC. NEt3 was stirred with the solution of pre-catalyst for 

1 min before they were charged in the reaction flask. 

The data in Table 1 reveal that the addition of NEt3 leads to significant changes in the 

catalysis employing Cr1. As a matter of fact, the catalytic activities for Cr1, in the presence of 
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the basic additive, are all very high and for 15 and 20 equiv. of NEt3 added even higher than in 

the absence of the additive. The test with a large excess of the additive (50 equiv. to Cr, entry 

7) is an exception. At N/Cr = 50 the activity strongly decreases, suggesting that a higher 

concentration of NEt3 may interfere with the ethylene coordination/insertion and/or in any case 

poison the chromium pre-catalyst, resulting in a significant reduction in activity. 

An even more interesting result is the molecular weight of the obtained polymers. The 

addition of NEt3 leads to an increase of the PE molecular weight, while keeping the molecular 

weight distribution rather narrow and unimodal (5.3 < Mw/Mn < 10.4). Addition of 1 equiv. of 

NEt3 led to a doubling in molecular weight, while addition of 10 equiv. of NEt3 gave rise to a 

four-fold increase of the molecular weight. The increase in the polymer molecular weight is 

especially significant when 20 or more equivalents of NEt3 were employed: in those cases, the 

obtained polymers are UHMWPEs, where the number-average molar mass determined by GPC 

exceeds 2×106 g mol-1 and even up to 5×106 g mol-1 that cannot be conclusively ascertained 

with the size exclusion chromatography technique. Indeed, for polymers having molar mass 

above 106 g mol-1 the application of the existing chromatography technique becomes 

challenging to provide the desired information.43 Melt rheometry may be successfully utilized 

to measure the molar mass and polydispersity of the obtained UHMWPEs, but such analysis is 

beyond the scope of this article. Nonetheless, the obtained findings are of high relevance 

because they show that it is possible to tune the PE molecular weight over a broad range by 

using Cr1 and different amounts of NEt3, without changing the reaction conditions and/or the 

ligand set. 

Overall, the addition of the NEt3 has a positive influence on both the catalytic activity 

and on the polymer molecular weight. This effect is correlated to the amount of NEt3 added, 

the optimal conditions identified being at NEt3/Cr1 = 20. It is likely to expect that when 20 

equiv. of the amine are added, all the active species are homogeneously influenced, as indicated 

also by the narrower molecular weight distribution at increasing NEt3/Cr1 ratio. A further 

increase to NEt3/Cr1 = 50 is detrimental. This might be due to: (i) a sort of drowning of the 

catalytically active species by the additive, resulting in inhibition of monomer coordination, 

and (ii) a possible “degradation” of MAO through adduct formation which disrupts dative Al∙

∙∙O bonding. This last scenario has been documented for pyridine and bipyridine,44 hence it is 

plausible that NEt3 behaves analogously. 
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The molecular weight strongly affects the thermal properties of the obtained PEs. DSC 

second heating scans reported in Figure 1 indicate that all samples present a single melting 

temperature (Tm) with a melting peak that increases with increasing molecular weight.45 In 

particular, the melting temperature ranges from 131.9 °C (entry 1 in the absence of the additive) 

to 139.7°C (entry 7 at NEt3/Cr = 50). 

 

Figure 1. DSC second heating scans recorded at 10 °C min-1 of entries 1 (in the absence of NEt3) and 4, 6 and 7. 

Finally, Cr2–Cr4, not active in the absence of the additive,33 show no activity even in 

the presence of NEt3 (Table 1, entries 8–10). It is therefore reasonable to assume that the 

additive has no effect on the “activation” path of Cr2–Cr4 and to ascertain definitively that 

the nature of the iminopyridine substituents plays a fundamental role in the catalytic 

transformation of ethylene regardless of the presence of the additive: necessary conditions for 

ethylene polymerization are the Cr–to–ligand synergy (i.e., the tendency of chromium to 

undergo one-electron transfer to the ligand) and the good stability of the active intermediate in 

the presence of the Al−activator, both conditions fulfilled only by Cr1.33  

3.1.3 Polymerization of Ethylene by Cr1/MAO/NEt3 at different temperature  

A series of polymerization were performed at different temperature with a feed of 250 

equiv. of MAO and 20 equiv. of NEt3. The same tests in the absence of NEt3 were performed 

for comparison. Polymerization conditions and results are summarized in Table 2. 

Generally, when the temperature was enhanced, a smooth decrease in the activity was 

observed, both without and with the additive. While a decrease in ethylene solubility at elevated 
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temperatures may play a key role, the major effect of the temperature on the activity should be 

attributed to an increased instability of the Cr−alkyl bond in the active species and subsequent 

catalyst decay, which both correlate with a dominant chain-transfer.46  

Table 2. Polymerization of ethylene catalyzed by Cr1/MAO and with the addition of NEt3.
a 

entry 
NEt3 T yield activityb Mw

c Mw/Mn
c Tm

d ΔHm
d 

(equiv. to Cr) (°C) (mg)  (g mol-1)  (°C) (J g-1) 

1  20 183 2288 1.0×105 4.8 131.9 252 

11  40 160 2000 7.7×104 13.0 130.8 223 

12  60 167 2090 1.2×105 17.4 130.1 219 

6 20 20 235 2940 > 2×106 5.3 137.6 159 

13 20 40 192 2400 1.4×106 1.6 137.9 165 

14 20 60 189 2360 6.6×104 4.4 131.6 250 

a polymerization conditions: ethylene pressure, 1.01 bar; total volume, 25 mL (toluene); Cr complex, 2.4 μmol, 

complex solution in dry dichloromethane; Al/Cr = 250, Al = MAO; time, 2 min. b activity in kgpol molCr
-1

 h-1; c 

determined by SEC; d determined by DSC. In entries 6, 13 and 14, NEt3 (50 μmol) was stirred with the solution 

of pre-catalyst for 1 min before they were charged in the reaction flask. 

All the obtained PEs are fully saturated, semicrystalline polymers. The formation of 

saturated PEs can be accounted for by a chain-termination path involving chain-transfer to the 

aluminum. In the absence of the additive, the properties of the resultant PEs resemble those of 

PEs by heterogeneous chromium−silica catalysts with Mw/Mn in the range 4.8−17.4 (Mw of 

about 1.0×105 g mol-1). Increasing the reaction temperature, the chain-transfer becomes 

predominant, the shape of the SEC curves strongly depending on the polymerization 

temperature (Figure 2a-c, black curves). Particularly at 60 °C the SEC curve is dominated by 

two components with a low-MW and a high-MW fraction centered at 7000 and 1×105 g mol-1, 

respectively (Figure 2a, black curve). This uniquely indicates the presence of several active 

species under certain polymerization conditions. On the opposite, the catalytic system 

Cr1/MAO/NEt3 matches a good performance in terms of selectivity toward nearly 

monodisperse UHMWPE even at 40 °C (Figure 2b, green curve). Indeed, a net effect of the 

additive is that Cr1/MAO/NEt3 produces more polymer chains of comparable molecular 

weight (1.6 < Mw/Mn < 5.3) than Cr1/MAO.  
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Figure 2. (a) SEC traces (refractive index plots) of PEs obtained by Cr1/MAO (black) and Cr1/MAO/NEt3 (blue) 

at 60°C (Mp is the peak molecular weight as g mol-1); (b) SEC traces (refractive index plots) of PEs obtained by 

Cr1/MAO (black) and Cr1/MAO/NEt3 (green) at 40°C; (c) SEC traces (refractive index plots) of PEs obtained 

by Cr1/MAO (black) and Cr1/MAO/NEt3 (pink) at 20°C;  (d)  DSC second heating scans recorded at 10 °C min-

1 of PEs obtained by Cr1/MAO (black) and PEs obtained by Cr1/MAO/NEt3 (colored lines). 

Differences in polydispersity and/or molecular weight of the obtained PEs are reflected 

in their thermal properties. The DSC heating curves of the PEs crystallized from the melt are 

reported in Figure 2d (Tm and ΔHm in Table 2). DSC experiments confirm the previously 

observed relationship between molecular weight and melting temperature. In addition, it is 

worth noting that sample 11 and 12, synthesized in the absence of the additive and at 40 and 

60 °C, respectively, and presenting broad molecular weight distribution (13 < Mw/Mn < 17) and 

a bimodal character, show a shoulder in the DSC endotherms at temperatures lower than that 

of the main peak (marked with an asterisk). This may be likely due to the melting of PE crystals 

originated from low-MW PE fractions, which, on the other hand, are not formed in the presence 

of the additive. WAXS patterns performed on samples of Table 1 and Table 2 show the 

presence of PE crystals in the orthorhombic form with a small amount of monoclinic form 

(Figure S1). 

To sum up the experimental results presented so far, we observed that the presence of 

NEt3 has a remarkable and beneficial effect, mitigating chain-transfer and favoring the growth 
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of the macromolecular chain over the side reactions that bring to chain “release”. The action 

mode of the additive will be the object of investigation in the following paragraphs. 

3.2 What is the role of NEt3? A spectroscopic study 

To sum up the experimental results presented so far, the presence of NEt3 has a remarkable and 

beneficial effect on the polymerization of ethylene by Cr1 in the presence of Al-cocatalysts, 

mitigating the chain-transfer and favoring the growth of the macromolecular chain over the 

side reactions that bring to chain “release”. To formulate some mechanistic hypothesis, 

however, it is necessary to understand how NEt3 interacts with all the components in the 

system. Considering that NEt3 is a Lewis base, it can potentially interact with all the inorganic 

and organometallic compounds in the system that have a Lewis acidic character, namely the 

Al−cocatalyst, the chromium complex, and the cationic active species generated by the 

interaction of Cr1 with the aluminum cocatalyst. All these interactions are expected to be weak 

coulomb interactions rather than covalent bonding, but which interaction(s) actually take place 

is not known a priori. In order to answer to this question, we performed a series of experiments 

by UV-Vis-NIR and FT-IR spectroscopies, whose use in the field of Cr-based catalysts for 

olefin polymerization is well assessed.[Groppo et al. Chem. Rev. 2005, 105, 115-183; Catal. 

Sci. Technol., 2013, 3, 858; Groppo et al. ACS Catal. 2018, 8, 10846−10863] 

Figure 3a shows the UV-Vis-NIR spectra of the Cr1 complex and of the 

Cr1/NEt3/MAO system. The spectrum of Cr1 is characterized by well-defined bands at 30200, 

20000, 16500, 14000, 10500 and 5500 cm-1, that were previously assigned to the π-π* 

transitions of the ligand in the π-radical monoanionic (L•)- form (being the spectrum of the 

neutral ligand L characterized only by bands above 24000 cm-1).33 After the contact with NEt3 

and MAO, the band at 30200 cm-1 decreases in intensity and slightly downward shifts, while 

all the others disappear. The same behavior was observed upon contacting Cr1 with NEt3 and 

TEAl, as shown in Figure 3b. In both cases, a much weaker band seems to appear at ~23000 

cm-1, more evident for TEAl than for MAO. These results indicate that after the contact with 

NEt3 and the aluminum activator, the electronic properties of Cr1 dramatically change. In 

particular, the disappearance of the bands diagnostic for the (L•)- ligand univocally indicates 

that the ligand goes back to its neutral (L) form. This is independent from the type of aluminum 

activator, corroborating the hypothesis that all the aluminum cocatalysts generate chromium 

active sites with the same electronic properties, even though only MAO activates Cr1 for 
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ethylene polymerization. For this reason, we decided to perform the spectroscopic study by 

using TEAl as cocatalyst, since its spectroscopic features are much simpler than those of MAO.  

 

Figure 3. UV-Vis-NIR spectra of Cr1 and Cr1/NEt3/MAO (part a) and Cr1/NEt3/TEAl (part b) 

(Cr = 10-3 M in CHCl3, Al/Cr = 10, N/Cr = 20). 

 

The interpretation of the UV-Vis spectra of the ternary Cr1/NEt3/TEAl system (and 

even more of the IR spectra) is not straightforward, and requires to know not only which are 

the spectroscopic fingerprints of each component alone, but also which are the spectroscopic 

manifestation of all the possible binary systems, namely Cr1/NEt3, Cr1/TEAl and NEt3/TEAl.  

3.2.1 Cr1/NEt3 

Figure 4 shows the UV-Vis-NIR and FT-IR spectra of Cr1, NEt3 and their mixture. The UV-

Vis spectrum of Cr1 was already commented above, that of NEt3 does not show any absorption 

band in the investigated spectral range, and that of Cr1/NEt3 is almost the same as that of Cr1. 

The FT-IR spectrum of Cr1/NEt3 is the bare sum of those of Cr1 and NEt3. Both evidences 

univocally indicate that NEt3 does not interact with Cr1, even though there are a few cases in 

the literature reporting interactions between metallocene pre-catalysts and Lewis bases.24,25,47 
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Figure 4. UV-Vis-NIR (part a) and FT-IR (part b) spectra of Cr1, NEt3 and Cr1/NEt3 in chloroform  

(Cr = 10-3 M in CHCl3, N/Cr = 20).   

3.2.2 Cr1/TEAl 

A different spectral behavior is observed when contacting Cr1 with TEAl, as reported in Figure 

5. The UV-Vis-NIR spectrum of Cr1/TEAl (Figure 5a) is very similar to that of the 

Cr1/TEAl/NEt3 discussed above (Figure 3b). Upon interaction of Cr1 with TEAl, the 

absorption bands due to the π–π* transitions of the ligand in its (L•)- radical form disappear, 

indicating that, upon Cr1 activation, the ligand goes back to its neutral L form.33 
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Figure 5. UV-Vis-NIR (part a) and FT-IR (part b) spectra of Cr1, TEAl and Cr1/TEAl  

(Cr = 10-3 M in CHCl3, Al/Cr = 10). The inset in part b) shows a magnification of the 1430 – 1360 cm-1 region, 

which contains the absorption bands due to the (CH2) and sym(CH3) vibrational modes. The dashed arrows 

indicate the shifts of the bands of Cr1 after interaction with TEAl.  

 

FT-IR spectroscopy (Figure 5b) confirms that Cr1 and TEAl interact together. The IR 

spectrum of Cr1 shows a series of absorption bands in the 1700−900 cm-1 region, which are 

due to the vibrations of the (L•)- radical anionic ligand. These bands are still visible in the 

spectrum of Cr1/TEAl, but shifted in different positions and much less intense, as expected if 

(L•)- is transformed into neutral L. Indeed, the absorption bands due to the vibrations of the 

radical anion of a conjugated molecule are strongly enhanced in intensity in comparison to the 

corresponding neutral form. For example, the band at 1597 cm-1 in the spectrum of Cr1 is 

observed at 1618 cm-1 in the spectrum of Cr1/TEAl, while the doublet at 1135−1098 cm-1 

shifts at 1062−1035 cm-1. As far as the spectrum of TEAl is concerned, characteristic bands 

are observed in the ranges 3000−2800 cm-1 (CHx stretching modes), 1500−1300 cm-1 (CHx 

bending modes) and 1000−900 cm-1 (C-C stretching modes). All these bands are observed in 

the spectrum of Cr1/TEAl but shifted. The most informative region is the 1430–1360 cm-1 one, 

which contains the absorption bands due to the (CH2) and sym(CH3) vibrational modes. The 

spectrum of TEAl shows four bands at 1410, 1397, 1385 and 1375 cm-1, which are specific for 
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TEAl in the dimeric form.48 This explains why both the (CH2) and sym(CH3) vibrational 

modes are split in two bands: the ethyl groups bridging the two Al cations behave differently 

from the others, and are responsible for the two bands at 1397 cm-1, (CH2), and 1385 cm-1, 

sym(CH3). The spectrum of Cr1/TEAl is much simpler in this region, where only two bands 

are observed at 1406 and 1377 cm-1, which are attributed to the (CH2) and sym(CH3) 

vibrational modes of TEAl in its monomeric form. This observation indicates that most of the 

TEAl dimers are dissociated upon reaction with Cr1.  

All in all, UV-Vis-NIR and FT-IR spectroscopies allow us to formulate a mechanistic 

hypothesis for the interaction between Cr1 and dimeric TEAl, as sketched in Scheme 1: 1) a 

Cl- ligand is substituted by an alkyl group, with the consequent release of AlR2Cl; 2) a second 

Cl- ligand is removed by coordinated AlR3 with the subsequent creation of the coordination 

vacancy and the generation of an ion-pair between the cationic chromium complex and the 

anionic Al-alkyl moiety; 3) a further electronic rearrangement occurs, whereby the unpaired 

electron of the (L•)- ligand drains onto the chromium ion, leading to a cationic Cr(II) complex, 

which has all the elements to be potentially active in ethylene polymerization, i.e. an alkyl 

ligand, a coordination vacancy and an effective positive charge, in agreement with the mostly 

accepted theory for homogeneous polymerization catalysis.  

Scheme 1. Mechanistic hypothesis for the interaction between Cr1 and TEAl,  

as derived from the spectroscopic data.  

3.2.3 NEt3/TEAl 

The interaction between aluminum compounds and amines is well accepted in the literature. In 

the field of olefin polymerization, the complexation of free−TMA in commercial MAO 

solution with aromatic amines (namely pyridine and bipyridine) is one of the possible strategies 

for determining its amount.44,49,50 Spectroscopy may help in understanding the kind of 

interaction. In this case, UV-Vis-NIR spectroscopy is not useful, since both TEAl and NEt3 

have no absorptions in the investigated region. In contrast, FT-IR spectroscopy does help. 
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Figure 6 shows the FT-IR spectra of NEt3/TEAl and of the two compounds alone. The 

spectrum of NEt3 shows absorption bands in three main ranges: in the 3000−2800 cm-1 (ν(CHx) 

modes), in the 1500−1300 cm-1 ((CH2) and (CH3)), and in the 1100-1000 cm-1 (ν(C-N) and 

ν(C-C)). In particular, the band of ν(C-N) at 1067 cm-1 is the most sensitive to the interaction 

of NEt3 with Lewis acids. In the spectrum of NEt3/TEAl this band shifts down to 1046 cm-1, 

indicating that the two compounds combine together. An analogous shift was observed for the 

interaction between the tertiary amine NMe3 in adduct with the Lewis acid BH3.
51 Even more 

informative is the 1430−1360 cm-1 region, which is highlighted in the inset of Figure 6. The 

spectrum of NEt3 shows only two bands at 1385 and 1374 cm-1, which are assigned to (CH2) 

and (CH3) modes, opposite to the case of TEAl where four bands are observed due to its 

dimeric form (vide supra). Interestingly, the spectrum of NEt3/TEAl is characterized by two 

very intense bands at 1395 and 1385 cm-1, which are specific for the bending modes of bridging 

ethyl groups. These bands are remarkably more intense than in the spectrum of TEAl and 

indicate that a strong interaction is taking place between NEt3 and TEAl. This is in agreement 

with the literature reporting that many Lewis bases (B) reversibly interact with aluminum 

alkyls,52 cleaving the alkyl-bridged dimers to form new adducts, according to the equation 

Al2R6+ 2B ⇌ 2(B*AlR3).
49 The number of bridging ethyl groups increases from the two of 

TEAl dimer (left side of equation) to four (two groups per two NEt3*TEAl adducts, right side 

of equation), as detailed in Scheme S1. Hence the total amount of bridging ethyl groups roughly 

doubles. 

 

Figure 6. FT-IR spectra of NEt3, TEAl and NEt3/TEAl (in CHCl3). The inset shows a magnification of the 1430 

– 1360 cm-1 region, which contains the absorption bands due to the (CH2) and sym(CH3) vibrational modes. The 

dashed arrow indicates the shift of the ν(C-N) band of NEt3 after interaction with TEAl. 
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3.2.4 Cr1/NEt3/TEAl 

When all the three actors are mixed, the situation is more complex and requires the 

complementarity of the characterization techniques to get a unified picture. From the electronic 

point of view (Figure 7a), the effect of the activation of Cr1/NEt3 by TEAl on the UV–Vis 

spectrum is analogous to that observed upon the activation of Cr1 alone. The spectroscopic 

manifestations of the ligand in its radical anionic form disappear. FT–IR spectroscopy indicates 

the presence of NEt3*TEAl adducts, as revealed by the ν(C-N) band at 1046 cm-1 and the two 

intense bands at 1395 and 1385 cm-1 due to the (CH2) and (CH3) modes of bridging ethyl 

groups. 

 

Figure 7. Part a): UV-Vis-NIR spectra of Cr1/NEt3, Cr1/TEAl, and Cr1/NEt3/TEAl (Cr = 10-3 M in CHCl3, 

Al/Cr = 10, N/Cr = 20). Part b) FT-IR spectra of Cr1/NEt3, NEt3/TEAl and Cr1/NEt3/TEAl (Cr = 10-3 mol L-1 in 

CHCl3, Al/Cr = 10, N/Cr = 20). The inset in part b) shows a magnification of the 1430–1360 cm-1 region, which 

contains the absorption bands due to the (CH2) and sym(CH3) vibrational modes. Grey arrows indicate the ν(C-

N) band of NEt3 in interaction with TEAl.  

  

Therefore, all together these data suggest that, among all the possible equilibria of NEt3 

in the reaction mixture (as described in the previous paragraph), the only one that is actually 

photographed by UV–Vis−NIR and FT–IR spectroscopy is that involving the Al−activator, and 

this is likely the reason behind the great influence of NEt3 on the ethylene polymerization 
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catalysis. In Scheme 2 a sketched hypothesis for the active chromium site is depicted as 

emerging from the spectroscopic analysis. 

 

Scheme 2. Active species resulting from the activation of Cr1 by AlR3 in the presence of NEt3. 

3.3 NEt3 and its role behind the scenes 

The spectroscopic data discussed so far suggest that the nature of the active chromium 

species does not change significantly in terms of oxidation state and coordination environment 

whether it has been activated by TEAl or by MAO (both alone, as reported in our previous 

work,33 and in the presence of NEt3, as shown in Figure 3). Hence the different behavior of the 

two catalysts, namely Cr1/TEAl and Cr1/MAO (as discussed in paragraph 3.1.1), can be 

ascribed to the different influences of the respective counterions on the olefin 

coordination/insertion path.35–37 Moreover, MAO and TEAl behave in the same manner with 

respect to the presence or absence of NEt3, confirming the general relevance of the 

spectroscopic insights achieved on the Cr1/TEAl/NEt3 system. 

Therefore, even if the structural complexity of MAO and its variable content of free 

TMA prevent drawing of an univocal picture for the NEt3 influence on the catalytic process 

(we cannot even incontrovertibly discriminate between NEt3 interacting with either [AlOMe]n, 

structural−TMA or free−TMA), contrarily to what has been obtained for the TEAl−activated 

Cr1/NEt3 catalyst, some hypotheses can be sketched and are presented hereafter. 

The first possibility is that NEt3 coordinates only with free−TMA: as reported above, 

aromatic amines can be used to trap it, analogously to what BHT does.44,53 This would explain 

the increase in the molecular weight of the resulting PE, since the chain-transfer to the 

Al−compound is one of the main chain-termination path (molecular weight decreased 

increasing the Al/Cr ratio).33 An analogous increase in the molecular weight of PE by trapping 

the free−TMA with different molecules (namely, BHT and 9-BBN) is documented.21,22 

Moreover, TMA can form heterodinuclear adducts with the metal complexes interposing in the 
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ionic pair (as LnMt(Me)2Al(Me)2
+ ∙∙∙ ClMAO–), a situation that is considered as dormant 

species toward olefin polymerization and connected with several decomposition or chain-

termination pathways.54 In this regard, trapping the free−TMA would explain also the increase 

in the overall catalytic activity. 

The second possibility is that NEt3 interacts with the other Al species of the cocatalyst, 

namely oligomeric MAO or the structural−TMA present, helping the stabilization of the 

negative charge by delocalization once the active species is formed. Whether NEt3 interacts 

with structural−TMA or with MAO itself, the effect would be the same of increasing the steric 

hindrance of the anion and helping the charge dissipation in the ion pair. Both these 

modifications bring to the generation of weakly or less coordinating anions, which allow for 

an easier “approach” of the incoming monomer to the active site, facilitating its 

polymerization.36,37,55,56 The importance of having a large anion (and hence a looser ion pair) 

for Cr1 to be active in the polymerization of ethylene has been already proved by the fact that 

all the other Al−alkyls, that generate a tighter ion pair, are ineffective and stop the catalysis 

(Table S1). 

 At this point is hard to state which one of the two hypotheses takes place, and it might 

also be that both situations coexist at the same time. Additional insights are expected in the 

future by investigating the action mode of different Lewis base additives. 

 

CONCLUSIONS 

Herein we investigate the catalytic conversion of ethylene mediated by the iminopyridine Cr1 

complex in the presence of a series of Al−activators and with the addition of NEt3. The results 

demonstrate that the choice of the proper aluminum alkyl is crucial for the complex to be active, 

and that the addition of NEt3 in variable amounts allows the formation of PE with modular 

molecular weight, from high to ultra-high, and narrow and unimodal Mw/Mn even at 

temperature as high as 40 °C. This is rather unusual for molecular chromium complexes that 

are generally intended for ethylene oligo-, tri- or tetramerization. To define the precise 

mechanism of action of the amine additive we have performed a systematic FT-IR and UV–

Vis–NIR spectroscopic study. The spectroscopic data demonstrate the occurrence of an 

interaction between NEt3 and the Lewis acidic Al−activator, which brings to the formation of 

a looser ion pair and, consequently, is beneficial to boost the synthesis of UHMWPE. 
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 In conclusion, this work demonstrates  how the thoughtful introduction in the catalytic 

process of a simple and cheap additive as NEt3 may largely improve the value-chain of the 

resulting product. UHMWPE is an engineering and smart polymer: it has high wear-resistance, 

toughness, durability, and biocompatibility that make it useful in many fields such as chemical, 

machinery, joint replacements, and other fields. 
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