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Group 12 and 13 Metal-Alkenyl Promoted Generation of Long-Chain Branching in Metallocene-Based Polyethylene

In situ synthesis of topologically modified linear polyethylenes (PEs) using singlesite polymerization catalysis is a challenging task that enables the production of advanced materials with tailored properties. We describe here our investigations aimed at an efficient generation of long-chain branches (LCB) in linear PEs using discrete B-, Al-and Zn-alkenyl co-reagents in combination with homogeneous rac-{EBTHI}ZrCl 2 (1)/ or (nBuCp)ZrCl 2

(2)/MAO catalytic systems. As corroborated by extensive rheological studies and 13 C NMR spectroscopy, Al-and Zn-based reagents promote LCB formation via a two-step mechanism involving both vinylic group insertion and MZr transmetallation steps. In striking contrast, the B-alkenyl species was found to form hydrolytically stable B-centred cross-linked PE structures. The Mg-based reagent appeared to be reluctant towards MgZr transmetallation reaction, providing only the products of vinylic group insertion, which after hydrolysis afforded short-chain branched (SCB) PEs. The experimental observations were rationalized by DFT computations.

Introduction

The production of polyethylene (PE) with high molecular weight and narrow polydispersity has been largely enabled thanks to the development of single-site catalyst technology. [START_REF] Alt | Effect of the Nature of Metallocene Complexes of Group IV Metals on Their Performance in Catalytic Ethylene and Propylene Polymerization[END_REF] Although these characteristics confer excellent mechanical properties, such polymers suffer from poor processability due to their low elasticity and melt viscosity. Since the processing behaviour of PE is strongly dependent on its intrinsic properties such as molecular weight (M w ), polydispersity (M w /M n ) and, more generally, its molecular architecture (linear, branched or cross-linked), it can be improved by introducing long-chain branching (LCB) to the linear PE structures. [START_REF] Lai | Elastic substantially linear olefin polymers[END_REF][START_REF] Brant | M Long chain branched polymers and a process to make long chain branched polymers[END_REF][START_REF] Kim | Melt rheological and thermodynamic properties of polyethylene homopolymers and poly(ethylene/α-olefin) copolymers with respect to molecular composition and structure[END_REF] Several post-reactor technologies have been reported to produce LCBpolymers: high-energy electron beam irradiation, [START_REF] Rätzsch | Reaction mechanism to Long-Chain Branched PP[END_REF] peroxide curing [START_REF] Parent | Structure-rheology relationships of long-chain branched polypropylene: Comparative analysis of acrylic and allylic coagent chemistry[END_REF][START_REF] Wang | Chemical modification of polypropylene with peroxide/pentaerythritol triacrylate by reactive extrusion[END_REF][START_REF] Tian | The preparation and rheology characterization of long chain branching polypropylene[END_REF] and grafting. [START_REF] Lu | Synthesis of Long Chain Branched Polypropylene with Relatively Well-Defined Molecular Structure[END_REF] However, due to the radical mechanisms involved in these treatments, ample control over LCB formation appeared to be impossible, and polymers exhibiting complex structures are obtained in those cases. Also, in-reactor technologies have been developed including copolymerization of ethylene with either in situ-formed or previously isolated macromonomers [START_REF] Chum | Materials Properties Derived from INSITE Metallocene Catalysts[END_REF][START_REF] Weng | Synthesis of Long-Chain Branched Propylene Polymers via Macromonomer Incorporation[END_REF] or with a non-conjugated α,ω-diene. [START_REF] Kokko | Long-chain-branched polyethene by the copolymerization of ethene and nonconjugated α,ω-dienes[END_REF][START_REF] Pietikäinem | Copolymerization of ethylene and nonconjugated dienes with Cp 2 ZrCl 2 /MAO catalyst system[END_REF][START_REF] Pietikäinem | Copolymerization of ethylene and non-conjugated dienes with Cp 2 ZrCl 2 /MAO catalyst system: effect of polymerization temperature on the copolymer structure[END_REF][START_REF] Naga | Copolymerization of Ethylene and 1,7-Octadiene, 1,9-Decadiene with Zirconocene Catalysts[END_REF][START_REF] Williamson | Alternating Copolymers of Ethylene and Diolefins Containing Pendent Functional Groups[END_REF] For copolymerization techniques, only a limited number of catalysts have been found to efficiently generate and incorporate macromonomers. The second approach is limited by the rather scarce availability of α,ω-dienes and by the uneven distribution of LCB in the resulting polymers [START_REF] Das | Controlled Synthesis, Characterization, and Flow Properties of Ethylene-Diene Copolymers[END_REF].

In recent studies, the Al-alkenyl compound iBuAl(oct-7-en-1-yl) 2 (Al-1) [START_REF] Holtcamp | Aluminum alkyls with pendant olefins for polyolefin reactions[END_REF] has been successfully used as an LCB-promoter in the polymerization of ethylene catalyzed by homogeneous rac-{EBTHI}ZrCl 2 (Zr-1)/MAO and (nBuCp) 2 ZrCl 2 (Zr-2)/MAO or their heterogeneous MAO on silica-supported-Zr-1 or Zr-2/TIBAL versions (EBTHI = ethylenebis(tetrahydroindenyl)). [START_REF] Santoro | Long-Chain Branched Polyethylene via Coordinative Tandem Insertion and Chain-Transfer Polymerization Using rac-{EBTHI}ZrCl 2 /MAO/Al-alkenyl Combinations: An Experimental and Theoretical Study[END_REF][START_REF] Santoro | Alkenyl-Induced Formation of Long-Chain Branched Polyethylene via Coordinative Tandem Insertion and Chain-Transfer Polymerization Using (nBuCp) 2 ZrCl 2 /MAO Systems: An Experimental and Theoretical Study[END_REF] Both experimental and computational techniques have identified the crucial role of Al-1 co-reagent in the generation of LCB. In particular, it has been corroborated that the two-step mechanism involves (1,2-) insertion of a pending oct-7-enyl moiety into the ZrC Polymeryl bond, followed by AlZr transmetallation, eventually generating a growing polymer side-chain (Scheme 1). On the contrary, (incidental or final) protonolysis of the intermediate species would lead to the formation of n-hexyl short-chain branches (SCB). Although the discrimination between LCB and SCB in the final polymer could not be performed by means of 13 C NMR spectroscopy, [START_REF] Stadler | Influence of Type and Content of Various Comonomers on Long-Chain Branching of Ethene/α-Olefin Copolymers[END_REF][START_REF] Stadler | Detecting very low levels of long-chain branching in metallocenecatalyzed polyethylenes[END_REF][START_REF] Takeh | Analytical Rheology of Metallocene-Catalyzed Polyethylenes[END_REF] the use of this Alvinyl transfer agent (AVTA) resulted in a marked change in the rheological behavior of the PEs, unambiguously consistent with LCB generation. Scheme 1. Proposed pathway involving transmetallation and vinylic insertion steps, and 13 C NMR spectroscopic characterisation of short-(SCB) and long-chain branching (LCB) obtained in the presence of Malkenyl co-reactants. [START_REF] Santoro | Long-Chain Branched Polyethylene via Coordinative Tandem Insertion and Chain-Transfer Polymerization Using rac-{EBTHI}ZrCl 2 /MAO/Al-alkenyl Combinations: An Experimental and Theoretical Study[END_REF] To the best of our knowledge, this methodology remains widely unexplored and the reports in the open literature concerning the use of either Al-based reagents or other Malkenyl compounds remain very scarce. [START_REF] Lee | Synthesis of Long-Chain Branched Polyolefins by Coordinative Chain Transfer Polymerization[END_REF][START_REF] López-Barrón | One-Pot Synthesis of High-Melt-Strength Isotactic Polypropylene Ionomers[END_REF] Herein, we report on the synthesis of LCB-PEs mediated by discrete B-, Al-, Mg-and Zn-alkenyl co-reagents, namely B(pent-4-enyl) 3 (B-2), Al(pent-4-enyl) 3 (Al-2), Mg(pent-4-enyl) 2 (Mg-2) and Zn(oct-7-enyl) 2 (Zn-1). The shorter alkenyl group (pent-4-enyl) was selected to allow for the unambiguous detection of LCB by 13 C NMR spectroscopy. In fact, the resonance for the tertiary carbon at the branching point of LCB and those of the pendant alkyl groups arising from the insertion/protonolysis of the co-reagents could be hence easily discriminated, which was not possible in prior investigations. Additional information concerning the level of branching/cross-linking of the PE samples was achieved by means of melt rheology analysis. In turn, B-2 proved to have a tremendous impact on the flow properties of the corresponding polymers.

Results and discussion

Synthesis of M-alkenyl reagents. Mg-, B-and Al-alkenyl reagents were prepared using modified literature protocols (Scheme 2). Zn(oct-7-enyl) 2 (Zn-1) was synthesised by chain-transfer from its parent boron analogue. [START_REF] Chen | Synthesis of bis(7-octenyl)zinc via heterogeneous Ni catalysts[END_REF] Mg(pent-4-enyl) 2 (Mg-2) and B(pent-4enyl) 3 (B-2) were synthesised from the corresponding Grignard reagent by displacement of the Schlenk equilibrium with excess 1,4-dioxane and Mg-to-B transmetallation, respectively. [START_REF] Belaid | Dialkenylmagnesium Compounds in Coordinative Chain Transfer Polymerization of Ethylene. Reversible Chain Transfer Agents and Tools To Probe Catalyst Selectivities toward Ring Formation[END_REF][START_REF] Lyle | The Preparation and Properties of a Series of Ethereal and Unsaturated Boranes[END_REF] Al(pent-4-enyl) 3 (Al-2) was obtained by chain-transfer from the parent B-2 onto trimethylaluminum. [START_REF] Koster | Organic Aluminum Heterocycles[END_REF][START_REF] Dolzine | Intramolecular Metal-Double Bond Interactions. VI. Metal--Electron Interactions Observed in Trialkenylaluminum and -Gallium Derivatives[END_REF] Scheme 2. Synthesis of putative LCB-promoting co-reagents B(pent-4-enyl) 3 (B-2), Al(pent-4-enyl) 3 (Al-2), Mg(pent-4-enyl) 2 (Mg-2) and Zn(oct-7-enyl) 2 (Zn-1).[2729]

Polymerization of ethylene catalyzed by homogeneous rac-{EBTHI}ZrCl 2 and

(nBuCp) 2 ZrCl 2 /MAO/M-alkenyl systems. Table 1 summarizes the ethylene polymerization experiments carried out using metallocene/MAO systems in the presence of the M-alkenyl coreagents. The Zr-based pre-catalysts reported in Chart 1, namely rac-ethylenebis (4,5,6,7-tetrahydro-1-indenyl)]zirconium dichloride (Zr-1) and bis(n-butylcyclopentadienyl)zirconium dichloride (Zr-2), were employed in order to make a direct comparison with our previous works. [START_REF] Santoro | Long-Chain Branched Polyethylene via Coordinative Tandem Insertion and Chain-Transfer Polymerization Using rac-{EBTHI}ZrCl 2 /MAO/Al-alkenyl Combinations: An Experimental and Theoretical Study[END_REF] Such metallocenes were selected due to their opposite behaviour towards LCB formation. In fact, while Zr-1 proved more prone to afford branched PEs by macromonomer insertion, Zr-2 is known to lead mainly to purely linear polymers [START_REF] Kokko | Influence of the catalyst and polymerization conditions on the long-chain branching of metallocenecatalyzed polyethenes[END_REF].

Chart 1. Structures of rac-{EBTHI}ZrCl 2 (Zr-1) and (nBuCp) 2 ZrCl 2 (Zr-2).

For each catalytic system, reference reactions in the absence of M-alkenyl co-reactants (Table 1, entries 1 and 12) and in the presence of the previously investigated Al-1 (Table 1, entries 2 and 13) were reported. [START_REF] Santoro | Long-Chain Branched Polyethylene via Coordinative Tandem Insertion and Chain-Transfer Polymerization Using rac-{EBTHI}ZrCl 2 /MAO/Al-alkenyl Combinations: An Experimental and Theoretical Study[END_REF] Compared to these benchmark runs, a positive effect on the polymerization productivity was observed upon introducing Zn-1, Mg-2 and Al-2. With the Zr-1/MAO system, a slight improvement of productivity was observed also in the case of B-2 for B/Zr molar ratios of 50 and 200 (Table 1, entries 9 and 10); contrastingly, a significant drop was occurred when 500 equiv of co-reagent were employed (Table 1, entry 11). We assume that such a decrease could be due to monomer diffusion issues arising from the gelation of the reaction medium in the presence of high concentration of the co-reagent.

On the other hand, when B-2 was used in combination with Zr-2/MAO, no variation of productivity was observed (Table 1, entries 2022). In all cases, the polymers showed lower melting temperatures and broader molecular weight distributions compared to the reference materials PE1 and PE12. [START_REF] Van Meurs | Polyethylene Chain Growth on Zinc Catalyzed by Olefin Polymerization Catalysts: A Comparative Investigation of Highly Active Catalyst Systems across the Transition Series[END_REF][START_REF]L. R. Aufbaureaktion Redux: Scalable Production of Precision Hydrocarbons from AlR 3 (R=Et or iBu) by Dialkyl Zinc Mediated Ternary Living Coordinative Chain-Transfer Polymerization[END_REF] In order to assess the possible formation of LCB, the samples produced with Al-2 (PE8 and PE19) were analysed by 13 The LCB content calculated from the area of those signals was found to be 1.9 and 2.5/10,000C for PE10 and PE22, respectively. Several other unassigned signals, probably corresponding to more complex branched structures involving B-alkyl linkers, were also detected (vide infra). , where ΔH m is the heat of fusion of the sample (in J/g) determined by DSC and ΔH 0 m is the theoretical heat of fusion for 100% crystalline PE (293 J/g); [START_REF] Wang | Liquid-liquid phase separation in a polyethylene blend monitored by crystallization kinetics and crystal-decorated phase morphologies[END_REF] f Data from ref. [START_REF] Santoro | Long-Chain Branched Polyethylene via Coordinative Tandem Insertion and Chain-Transfer Polymerization Using rac-{EBTHI}ZrCl 2 /MAO/Al-alkenyl Combinations: An Experimental and Theoretical Study[END_REF]; g Only n-propyl branches were detected; h Potential LCB calculated from area of the CH 2 () and CH 2 () signals; i Data from ref. [START_REF] Santoro | Alkenyl-Induced Formation of Long-Chain Branched Polyethylene via Coordinative Tandem Insertion and Chain-Transfer Polymerization Using (nBuCp) 2 ZrCl 2 /MAO Systems: An Experimental and Theoretical Study[END_REF] .
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The effect of the M-alkenyl co-reactants on the rheological properties of the PEs was next investigated. The van Gurp-Palmen plots of the samples prepared with the Zr-1/MAO system were all indicative of LCB-PEs (Figure 1). In fact, all curves tend (at low |G*|) to phase angles (δ) lower than 90 °, that is the values found for purely linear polymers. [START_REF] Trinkle | Van Gurp-Palmen-plot: a way to characterize polydispersity of linear polymers[END_REF][START_REF] Trinkle | Van Gurp-Palmen Plot IIclassification of long chain branched polymers by their topology[END_REF][START_REF] Ahmadi | Complex interplay of short-and long-chain branching on thermal and rheological properties of ethylene/α-olefin copolymers made by metallocene catalysts with oscillating ligand structure[END_REF] PE3, isolated in the presence of 50 equiv of Zn-1, described a curve almost superimposable to that of PE2, the benchmark sample obtained with a greater concentration of Al-1 (500 equiv).

A significant drop of phase angle, indicative of higher LCB-density, was also observed with PE4 (200 equiv of Zn-1). However, the extent of branching drastically dropped for higher Zn-1/Zr ratios (PE5). (that occurs during final hydrolytic workup), BC cleavage does not readily occur under acidic conditions. [START_REF] Smith | Hydroboration of C=C and CC[END_REF][START_REF] Snyder | Organoboron Compounds, and the Study of Reaction Mechanisms. Primary Aliphatic Boronic Acids[END_REF][START_REF] Mirviss | It has to be noted that BC bonds, although hydrolytically stable, proved reactive towards atmospheric oxygen[END_REF] In order to corroborate this last hypothesis, PE10 sample, synthesized with Zr-1/MAO system in the presence of 200 equiv. of B-2 (Table 1, entry 10), was treated with an aqueous base under harsh conditions in attempting to promote effective hydrolysis of BC polymeryl bonds allegedly present in the PE structure (see the Supporting Information).

Scheme 3. Hypothetic pathway towards LCB-PEs containing B-alkyl moieties.

Compared to the parent material, higher melting and crystallization temperature values were obtained (133 vs 130 °C and 119 vs 116 °C, respectively). In addition, an interesting change in the rheological behaviour was also observed. In fact, the curve on the van Gurp-Palmen plot for the base-treated PE tends to a higher phase angle than that of the starting polymer (45 ° and 25 °, respectively) and similar to that of PE2, prepared with 500 equiv of Al-1 (Figure 3). Moreover, the alkali-treated polymer exhibited lower viscosity al low frequency and lesser pronounced shear thinning than the parent sample (Figure S8). These observations are compatible with the drop of LCB-content caused by the base-treatment of the polymer and reinforce the hypothesis of the presence of branched or even cross-linked structures involving Balkyl linkers. S1). The focus of the DFT study is separated into three main aspects that allow insight into the nature of the bonding between co-reagent and catalyst systems: the coordination affinities to the catalyst system, the ability of this to influence subsequent ethylene insertions, and the possible insertion pathways generated by introduction of such co-reagents.

DFT studies on the LCB formation with

Previous investigations reported have eluded the way in which an Al-alkenyl moiety (Al-1) coordinates to catalyst systems [Zr-1,2R] + (derived either from the neutral Zr-1 or Zr-2), and the subsequent influences on the mechanisms of insertion by presenting a competitive coordination environment. [START_REF] Santoro | Long-Chain Branched Polyethylene via Coordinative Tandem Insertion and Chain-Transfer Polymerization Using rac-{EBTHI}ZrCl 2 /MAO/Al-alkenyl Combinations: An Experimental and Theoretical Study[END_REF] The following study thus began by examining the coordination affinities when computed M-alkenyl bridged heterobimetallic complexes are formed. This is compared initially with the coordination of ethylene monomer and both B-2, Mg(oct-7-enyl) 2 (Mg-1), and Zn-1 species to the [Zr-1R] + catalyst system (Table 2). The coordination energies reported demonstrate two key points: Experimentally, an Zr-1/MAO/M(Al and Zn)-alkenyl environment appeared to promote LCB formation via the proposed insertion/transmetallation mechanism. [START_REF] Santoro | Long-Chain Branched Polyethylene via Coordinative Tandem Insertion and Chain-Transfer Polymerization Using rac-{EBTHI}ZrCl 2 /MAO/Al-alkenyl Combinations: An Experimental and Theoretical Study[END_REF] Computationally we observed a clear agreement with our reference Zr-1/MAO/Al-1 polymerization condition, which has been reported as a beneficial mixture for LCB. [START_REF] Santoro | Long-Chain Branched Polyethylene via Coordinative Tandem Insertion and Chain-Transfer Polymerization Using rac-{EBTHI}ZrCl 2 /MAO/Al-alkenyl Combinations: An Experimental and Theoretical Study[END_REF][START_REF] Santoro | Alkenyl-Induced Formation of Long-Chain Branched Polyethylene via Coordinative Tandem Insertion and Chain-Transfer Polymerization Using (nBuCp) 2 ZrCl 2 /MAO Systems: An Experimental and Theoretical Study[END_REF] The two Zn-1 and B-2 co-reagents may promote the formation of LCB but, via the aforementioned investigations into their coordination affinity with the [Zr-1R] + system, this may highlight a difference in the action to which a branched structure is formed. The Zn-1 coreagent follows a similar coordination trend to that of the reference Al-1 co-reagent studied previously, highlighting a competitive coordination environment for either Zn-1 or ethylene monomer about the [Zr-1R] + catalyst. In contrast, the B-2 co-reagent offers no initial competition to the monomer through an alkenyl-bridged coordination, suggesting an 'exclusive' preference to coordinate and insert a terminally located vinyl group on the cocatalyst ligand chain. This step would indicate a competition directly to form a branched polymer.

In agreement with experimental results, the ability of the B-2 co-reagent to infer some competition toward a monomer coordination remains true regardless of increasing chain length on the [Zr-1R] + catalyst. To examine how this affects the various mechanisms of insertions, a comparison can therefore be investigated through the insertion of a monomeric species to favour a linear chain growth vs. the insertion of a vinyl group on the B-2 co-reagent which may allow the generation of LCB (Figure 4). The reactivity profile demonstrates the preference of the B-2 system to coordinate through the vinyl group species (stabilizing the [Zr-1pentyl] + catalyst by 4.2 kcal•mol 1 ) rather than an alkenyl bridge (+15.8 kcal•mol 1 ).

This profile then nicely demonstrates the kinetic ability of this B-2 co-reagent to generate a competitive insertion environment about the catalyst to form a B-cross-linked PE product.

Note that the transition states calculated between both co-reagent and monomer are almost identical (6.0 and 6.1 kcal•mol 1 , respectively). The formation of cross-links in this B-2/Zr-1 environment is therefore considered highly plausible computationally. Recalling Figure 2 and samples PE13/PE20, the presence of the B-2 co-reagent promotes the presence of branched or even cross-linked structures involving B-alkyl linkers. Through our DFT analysis, the formation of a stabilizing adduct at longer chain lengths, as well as a competitive insertion barrier with ethylene monomer, strongly supports the notion that the B-2 co-reagent is capable of promoting branched or even cross-linked structures through aggregated vinyl group coordination and insertion steps in Zr-1-catalyzed environments. The same analysis, conducted on a Zn-1 co-reagent system, presents the same observable trends: a stabilizing adduct and competitive insertion barrier to that of a monomer insertion (Figure 5). Thus, computationally, it is evident that this co-catalyst system would induce LCB formations. Recalling the rheology patterns observed in Figure 1 The Mg-1 compound offers a stabilizing coordination interaction to the Zr-1 catalyst compared to ethylene monomer (2.4 (monomer) vs 17.9 kcal•mol 1 ). The stability of this coordination originates from the fact that the coordination itself is not a 'four-centered' heterobimetallic complex as we have previously observed in the other Zr/M-alkenyl systems.

Instead, the Mg-1 donates an oct-7-en-1-yl chain to the catalyst. The extent to which this coordination influences subsequent propagations was thus investigated considering a 20 transmetallation step and compared to a more general monomer coordination and insertion (Figure 6). The stability of the alkylation was considered via a monomer insertion into a ZrC alkenyl bond, presenting a kinetic barrier of 24.9 kcal•mol 1 . This highlights the ability of propagation to continue at longer chain lengths after one step. The figure presented compares both an insertion pathway after a transmetallation event or dissociation of the Mg-1 coreagent, demonstrating the competitive kinetic environment between either insertion pathway or product formed. Interestingly, the insertion product after a transmetalation step seems to be thermodynamically favorable. This may offer an insight toward the reduced effects of LCB promotions: recalling samples PE6 and PE7 compared to that of the reference PE1 (Table 1), whereby a Mg-1 co-reagent has no effect on LCB rheologies; without hindering ethylene polymerization. LCB PE is thought to be produced via a vinyl group coordination and insertion from the co-reagent present in the reaction medium. For the PEs obtained in the presence of Zn-1, the extent of branching appeared to be reduced drastically at higher Zn/Zr-1 ratios. On the other hand, Mg-based co-reagents appeared to be completely ineffective in combination with the given catalytic systems, likely due to the inability to promote the transmetallation step.

Conclusions

From a theoretical point of view, the observed trends computed are in agreement with the existence of a stabilizing interaction through the coordination of the co-reagent and monomer along with a kinetic insertion barrier that possibly could influence a monomer insertion (moving away from a classic linear polymer formation). The computations also highlighted the fact that changing the nature of the co-reagent indeed influences the mechanisms of insertion. M-alkenyl co-reagents generate LCB products through the initial formation of heterobimetallic adducts between the catalyst and co-reagent. Such an interaction allows the formation of a competitive environment about the catalyst, making an otherwise facile monomer insertion more dependent on the co-reagent presence and thus changing the propagative behavior. The B-2 species both experimentally and computationally appears to promote B-centered cross-linked rather than LCB structures. This could be accounted to the failure of the BZr transmetallation due to the instability of the corresponding heterobimetallic B/Zr adducts.

Further synthetic and computational studies are currently under way to understand and use the potential of such co-reagents for the preparation of various tailor-made polymer architectures.
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 2 C NMR spectroscopy. No signals compatible with LCB were detected but a significant amount of n-propyl branches (11.0 and 5.3 /10,000C for PE8 and PE19, respectively) was found (FiguresS1-S3). For PE samples prepared with B-PE10 and PE22),13 C NMR spectroscopy analysis could not allow unambiguous identification of the signal from the CH group at the branching point (overlapping with other minor signals), but rather intense resonances assignable to the CH 2 fragments at the and position of the LCB branching point were clearly observed (Figures S4 and S5, respectively).

Figure 1 .

 1 Figure 1. Van Gurp-Palmen plots for the PEs synthesised in the presence of M-alkenyl coreactants with the catalytic system Zr-1/MAO (PE1 and PE2 reference samples).[19] Shear strain (γ) 10%, angular frequencies (ω) from 0.1 to 250 rad⋅s -1 , T = 190 °C, N 2 atmosphere.

Figure 2 .

 2 Figure 2. Van Gurp-Palmen plots for the PEs prepared in the presence of M-alkenyl coreagents with the catalytic system Zr-2/MAO (PE12 and PE13 reference samples).[19] Shear strain (γ) 10%, angular frequencies (ω) from 0.1 to 250 rad⋅s -1 , T = 190 °C, N 2 atmosphere.

Figure 3 .

 3 Figure 3. Comparison between the van Gurp-Palmen plots of PE1, PE2 and PE5 (before and

Zr- 1

 1 system in the presence of M-1,2 coreagents. We next aimed at rationalizing the mechanism of formation of long-chain branches during polymerization of ethylene with Zr-1 system, in the presence of M-alkenyl compounds (M = Al, B, Zn and Mg), by theoretical computations of the first, second and third insertion steps. The purpose of this study was to analyze the various coordinated co-catalystcatalyst species and examine the change in structure as subsequent insertions of ethylene continue.

( 1 )

 1 the addition of the M-alkenyl (M = Al or Zn) species tends to introduce a competitive coordination environment to the monomer (notice 2.4 vs. 4.8 and 1.7 kcal•mol 1 ); (2) the B-2 co-reagent seems to be destabilizing in the sense a heterobimetallic coordination through an alkenyl bridge and is unlikely here, contrasted by the strong stability offered by the Mg-1 co-catalyst (17.9 kcal•mol 1 ). Understanding the coordination affinity between Malkenyl and [Zr-1R] + catalyst provides key insights toward the ability of these co-reagents to influence the possible mechanisms of propagation. To clarify the extent to which either Al-1, Zn-1 or B-2 moieties impact the polymerization, investigations into the insertion mechanisms were next conducted.

Figure 4 .

 4 Figure 4. A comparison between the third coordination of either (a) the co-catalyst (red), (b) ethylene monomer (blue) or (c) the vinyl group from the co-catalyst pent-4-en-1-yl chain.

also demonstrated that the Zn- 1 /

 1 Zr-1 environments almost superimposed the same rheological fingerprint as the Al-1/Zr-1 ratio at higher Al-1 loadings, which would suggest a similar action of LCB formation. The profile below thus demonstrates a similar reactivity to promote LCB formations observed in Al-1 environments.

Figure 5 .

 5 Figure 5. A comparison between the third coordination and insertion of either (a) the vinyl group from the Zn-1 co-catalyst (black) and (b) ethylene monomer (blue).

Figure 6 .

 6 Figure 6. The coordination of Mg-1 to [Zr-1Me] + , followed by the first insertion of ethylene via either cleavage of the MgC alkenyl or MgC alkyl bonds. This profile illustrates the kinetic competition that is generated by the ability of a Mg-1 co-catalyst to facilitate a transmetalation product after one insertion step.

  Discrete B-, Al-, Mg-and Zn-alkenyls have been synthesized and employed as LCBpromoters in the polymerization of ethylene catalyzed by Zr-1 or Zr-2/MAO catalytic systems. The use of Al-and B-based co-reagents induced a clear change of the rheological behavior of the PEs compatible with LCB formation. This was much more evident for the samples prepared with the Zr-1/MAO system. On the other hand, the data collected for the Bderived branched PEs are in agreement with cross-linked structures incorporating hydrolytically stable B-centered branches, whose presence could be corroborated by13 C NMR spectroscopy.

  

Table 1 .

 1 Polymerization

	Entry	Sample ID	Complex	M-alkenyl [M/Zr, mol/mol]	Productivity [kg pol /kg cat ]

of ethylene with Zr-1 or Zr-2/MAO/Al-1,2 -Mg-2, B-2 or Zn-1 systems. a

Table 2 .

 2 The various coordination affinities of the co-reagents to the [Zr-1R] + catalyst resulting in heterobimetallic Zr/M species.

	[Zr-1R] +		Coordination Energies (kcal•mol 1 )	
	R	Ethylene	Al-1	Mg-1	B-2	Zn-1
	Methyl	2.4	4.8	17.9	11.3	1.7
	Propyl	2.6	5.0	19.2	13.8	3.0
	Pentyl	1.0	3.0	7.9	15.8	1.2

  Table 3 summarizes the coordination energies for the vinyl group on the various co-reagent systems toward the [Zr-1R] + catalyst. Samples PE6 and PE7 indicate that, regardless of Mg-alkenyl concentrations, this co-reagent has little to no effect on LCB promotions. Computationally, this would rationalize an unfavored vinyl group coordination and insertion mechanism (+12.9, +13.2 and +3.4 kcal•mol 1 ).

Table 3 .

 3 The various vinyl coordination energies (in enthalpy) from an octenyl, or pentenyl chain from the co-reagent to the catalyst -R-moiety. Note that for the Mg, Al and Zn coreagents, these are relative to the heterobimetallic species.

	[Zr-1R] +		Vinyl Coordination Energies (kcal•mol -1 )	
	R	Ethylene	Al-1	Mg-1	Zn-1	B-2
	Methyl	2.4	0.2	12.9	3.0	5.1
	Propyl	2.6	0.4	13.2	2.9	6.6
	Pentyl	1.0	0.1	3.4	3.0	4.2
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Appendix A: Supplementary data

Supporting information to this article (NMR spectroscopy and rheological analyses of polymers, computational details, Cartesian coordinates) can be found online at DOI: