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Abstract.  In situ synthesis of topologically modified linear polyethylenes (PEs) using single-

site 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}ZrCl2 (1)/ or (nBuCp)ZrCl2 

(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 MZr 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 MgZr 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.   
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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.[1] 

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 

(Mw), polydispersity (Mw/Mn) 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.[2,3,4] Several post-reactor technologies have been reported to produce LCB-

polymers: high-energy electron beam irradiation,[5] peroxide curing [6,7,8]
 
and grafting.[9] 

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 [10,11] or with a non-conjugated α,ω-diene.[12,13,14,15,16] 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 [17].  

In recent studies, the Al-alkenyl compound iBuAl(oct-7-en-1-yl)2 (Al-1) [18] has been 

successfully used as an LCB-promoter in the polymerization of ethylene catalyzed by 

homogeneous rac-{EBTHI}ZrCl2 (Zr-1)/MAO and (nBuCp)2ZrCl2 (Zr-2)/MAO or their 

heterogeneous MAO on silica-supported-Zr-1 or Zr-2/TIBAL versions (EBTHI = 

ethylenebis(tetrahydroindenyl)).[19,20] Both experimental and computational techniques 

have identified the crucial role of Al-1 co-reagent in the generation of LCB. In particular, it 
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has been corroborated that the two-step mechanism involves (1,2-) insertion of a pending oct-

7-enyl moiety into the ZrCPolymeryl bond, followed by AlZr 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,
 
[21,22,23] the use of this 

Alvinyl 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 Malkenyl co-reactants.[19] 

 

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 

Malkenyl compounds remain very scarce.[24,25] 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 
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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.[26] Mg(pent-4-enyl)2 (Mg-2) and B(pent-4-

enyl)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.[27,28] Al(pent-4-enyl)3 (Al-2) was obtained by chain-transfer from the parent 

B-2 onto trimethylaluminum.[29,30]  

 

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).[2729] 
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Polymerization of ethylene catalyzed by homogeneous rac-{EBTHI}ZrCl2 and 

(nBuCp)2ZrCl2/MAO/M-alkenyl systems. Table 1 summarizes the ethylene polymerization 

experiments carried out using metallocene/MAO systems in the presence of the M-alkenyl co-

reagents. 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-butyl-

cyclopentadienyl)zirconium dichloride (Zr-2), were employed in order to make a direct 

comparison with our previous works.[19] 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 [31]. 

 

Chart 1. Structures of rac-{EBTHI}ZrCl2 (Zr-1) and (nBuCp)2ZrCl2 (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.[19] 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 
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productivity was observed (Table 1, entries 2022). In all cases, the polymers showed lower 

melting temperatures and broader molecular weight distributions compared to the reference 

materials PE1 and PE12.[32, 33]  

In order to assess the possible formation of LCB, the samples produced with Al-2 

(PE8 and PE19) were analysed by 
13

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 (Figures S1‒S3). For PE samples prepared with B-2 

(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 CH2 fragments at the - and -

position of the LCB branching point were clearly observed (Figures S4 and S5, respectively). 

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

Entry 
Sample  

ID 
Complex 

M-alkenyl 

[M/Zr, mol/mol] 
Productivity 

[kgpol/kgcat] 
Tm

b
  

[°C] 

Tc
b
 

[°C] 

Mw
c
 

[10
3

] 
Mw/Mn

c
 LCB

d Crystallinity 
e
 

[wt.%] 

1
f 

PE1 

Zr-1 

none 8,750 136 118 141.2 3.3 0.3 48 

2
f
 PE2 

Al-1 

(500) 
7,670 128 116 94.0 3.6 nd 37 

3 PE3 
Zn-1 

(50) 
13,830 133 119 191.3 5.5 nd 55 

4 PE4 
Zn-1 

(200) 
11,000 132 118 99.9 3.8 nd 49 

5 PE5 
Zn-1 

(500) 
8,330 128 114 55.6 4.1 nd 46 

6 PE6 
Mg-2 

(50) 
12,835 133 118 215.5 5.1 nd 58 

7 PE7 
Mg-2 

(200) 
8,335 133 116 255.7 3.0 nd 43 

8 PE8 
Al-2 

(500) 
11,610 130 117 146.7 3.5 0.0

g 
45 

9 PE9 
B-2 

(50) 
10,670 132 117 169.2 4.3 nd 46 

10 PE10 
B-2 

(200) 
9,850 130 116 144.8 4.3 1.9

h
 44 

11 PE11 
B-2 

(500) 
2,340 

128 

120 

118 

107 
Insoluble nd 32 

12
i 

PE12 

Zr-2 

none 10,500 134 119 108.7 3.6 0.5 41 

13
i
 PE13 

Al-1 

(500) 
10,800 129 115 116.0 4.1 nd 37 

14 PE14 
Zn-1 

(50) 
10,500 133 118 106.5 4.7 nd 50 

15 PE15 
Zn-1 

(200) 
14,470 133 118 114.9 3.5 nd 45 

16 PE16 
Zn-1 

(500) 
15,000 132 118 80.4 4.0 nd 52 
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17 PE17 
Mg-2 

(50) 
10,000 134 118 161.7 2.9 nd 49 

18 PE18 
Mg-2 

(200) 
11,335 133 118 122.7 2.9 nd 49 

19 PE19 
Al-2 

(500) 
14,835 132 117 112.1 3.0 0.0

g
 50 

20 PE20 
B-2 
(50) 

10,200 134 119 127.9 3.6 nd 48 

21 PE21 
B-2 

(200) 
10,500 133 118 175.8 4.4 nd 43 

22 PE22 
B-2 

(500) 
11,200 132 118 133.0 6.1 2.5

h 
52 

a
 Reaction conditions: [Zr] = 10 μM, AlMAO/Zr = 5,000, T = 60 °C, 15 min, Toluene = 150 mL, Pethylene = 4 barg; 

b
 Determined 

by Differential Scanning Calorimetry (DSC); 
c
 Determined by Size Exclusion Chromatography (SEC); 

d
 Determined by 

13
C 

NMR spectroscopy calculated form the area of the signal from the CH group at the branching point, unless otherwise stated; 
e
 

Calculated from [(ΔHm/ΔH
0

m) × 100], where ΔHm 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);[34] 
f
 Data from ref. [19]; 

g 
Only n-propyl branches were detected; 

h 

Potential LCB calculated from area of the CH2 () and CH2 () signals; 
i
 Data from ref. [20] 

. 
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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.[35,36,37] 

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).[38] PE6 and PE7, prepared with Mg-2, exhibited the same rheological 

behavior as the reference sample PE1, indicating no effect of such co-reagent as LCB-

promoter. The samples produced with Al-1 and Al-2 (PE2 and PE8, respectively) displayed 

an almost identical rheological response, suggesting no effect of the length of the alkenyl 

chain on the extent of LCB. Remarkably, a drastic drop of phase angle  consistent with the 

amount of B-alkenyl employed and accountable to LCB/crosslinking was observed for the 

PEs synthesized in the presence of B-2 (PE9 and PE10). Similar rheological fingerprints were 

detected for the samples obtained with the Zr-2/MAO catalytic system in combination with 

Al-2, Mg-2 and B-2, while no effect of Zn-1 was observed (Figure 2). Interestingly, for all 

curves, inflection points (minimum), further indicative of LCB/crosslinked structures, were 

observed at lower |G*| values.[39,40] 
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Figure 1. Van Gurp-Palmen plots for the PEs synthesised in the presence of M-alkenyl co-

reactants 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, N2 atmosphere. 

 

Notably, for both catalytic systems, a significant deviation from the linear behaviour 

was obtained even for a [B-2]/[Zr] ratio of 50 (cf. PE1/PE9 and PE12/PE20). For the sake of 

completeness, it is noteworthy that the drop of phase angle observed on the van Gurp-Palmen 
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plots could also be caused by the broadening of the molecular weight distribution. However, 

the presence of LCB was confirmed by the higher viscosities at low frequency (from 0.19 to 

11 MPa·s and from 0.090 to 0.8 MPa·s for PE1/PE9 and PE12/PE20, respectively) and 

pronounced shear thinning observed on the |η*|=f(ω) curves (Figures S6 and S7, 

respectively). Hence, the change of rheological behaviour could be imputed confidently to a 

combination of LCB and Mw/Mn broadening effects.  
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Figure 2. Van Gurp-Palmen plots for the PEs prepared in the presence of M-alkenyl co-

reagents 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, N2 atmosphere.  

 

Overall, the NMR and rheological data shown above clearly suggests that B-2 could 

be considered as the best LCB-promoter (or cross-linking agent, vide infra) of the series. In 

the first place, we hypothesized that chain transfer from B to Zr could be more favoured 

compared to the other MZr (M = Mg, Al, Zn) transmetallation, eventually leading to higher 

LCB densities. Nevertheless, the formation of B-containing branched/crosslinked 

architectures cannot be ruled out to account for the observed change in rheological behavior ( 

Scheme 3); indeed, in contrast to the well-known ready protonolysis of AlC bonds 

(that occurs during final hydrolytic workup), BC cleavage does not readily occur under 

acidic conditions.[41,42,43] 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), 
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was treated with an aqueous base under harsh conditions in attempting to promote effective 

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

after the alkaline treatment). Shear strain (γ) 10%, angular frequencies (ω) from 0.1 to 250 

rad⋅s-1
, T = 190 °C, N2 atmosphere. 

 

Attempts to corroborate this supposition by 
11

B NMR spectroscopy (both in solution 

and in the solid state) were unfortunately unsuccessful (see the Supporting Information, 

Figures S9S11). On the other hand, Ion Beam analyses (IBA) confirmed the presence of 

boron in PE10 and PE22 and indicated a significant drop of the B-content as the result of the 

alkaline treatment of the former sample (see the Supporting Information, Figure S12 and 

Table S1).  

DFT studies on the LCB formation with Zr-1 system in the presence of M-1,2 co-

reagents. 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-catalyst – catalyst 

species and examine the change in structure as subsequent insertions of ethylene continue. 
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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.  

Previous investigations reported have eluded the way in which an Al-alkenyl moiety 

(Al-1) coordinates to catalyst systems [Zr-1,2R]
+
 (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.[19] 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-1R]
+
 catalyst system (Table 2). 

 

Table 2. The various coordination affinities of the co-reagents to the [Zr-1R]
+
 catalyst 

resulting in heterobimetallic Zr/M species.  

[Zr-1R]
+
 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 

 

The coordination energies reported demonstrate two key points: (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 Malkenyl and [Zr-1R]
+
 

catalyst provides key insights toward the ability of these co-reagents to influence the possible 
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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.  

Experimentally, an Zr-1/MAO/M(Al and Zn)-alkenyl environment appeared to 

promote LCB formation via the proposed insertion/transmetallation mechanism.[19] 

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.[19,20] 

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-1R]
+
 system, this 

may highlight a difference in the action to which a branched structure is formed. The Zn-1 co-

reagent 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-1R]
+
 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 co-

catalyst 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-1R]
+
 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-1pentyl]
+
 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 
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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.  

 

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. 

 

 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 
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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 also 

demonstrated that the Zn-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. 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). 

 

 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 
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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 

ZrCalkenyl 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 co-

reagent, 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.  

 

Figure 6. The coordination of Mg-1 to [Zr-1Me]
+
, followed by the first insertion of 

ethylene via either cleavage of the MgCalkenyl or MgCalkyl 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.  
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 LCB PE is thought to be produced via a vinyl group coordination and insertion from 

the co-reagent present in the reaction medium. Table 3 summarizes the coordination energies 

for the vinyl group on the various co-reagent systems toward the [Zr-1R]
+
 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. 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 co-

reagents, these are relative to the heterobimetallic species.   

[Zr-1R]
+
 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 

 

Conclusions 

Discrete B-, Al-, Mg- and Zn-alkenyls have been synthesized and employed as LCB-

promoters 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 B-

derived branched PEs are in agreement with cross-linked structures incorporating 

hydrolytically stable B-centered branches, whose presence could be corroborated by 
13

C 

NMR spectroscopy.  

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 
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appeared to be completely ineffective in combination with the given catalytic systems, likely 

due to the inability to promote the transmetallation step.  

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 BZr 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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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:  
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