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A Mechanistic Study of Microstructure Modulation in Olefin 
Polymerizations using a Redox-Active Ni(II) -Diimine Catalyst 
Robert C. Chapleski Jr.,a Jesse L. Kern,†b W. Curtis Anderson Jr.,†a Brian K. Long,a and Sharani Roy a*

Polyolefins are among the world’s most widely produced and utilized classes of polymers, serving as synthetic alternatives 
to traditional materials such as wood, glass, and metal. While numerous prior research efforts have focused on the 
development of faster, more efficient, and less expensive catalysts, recent studies have demonstrated that redox-active 
olefin polymerization catalysts may also be employed to modulate catalytic activity, reactivity, and selectivity in situ. One 
example of these efforts is the modulation of polyolefin microstructure and comonomer incorporation via the use of a redox-
switchable Ni(II) α-diimine catalyst. Though this capability is intriguing, neither the mechanisms that lead to this behavior 
nor the structures of the active reduced catalyst species are completely understood. Herein, we report a computational 
study based on density functional theory designed to better understand the structure and underlying olefin polymerization 
mechanisms of the active catalytic species in two distinct redox states. These findings are further supported through 
experimental evidence and suggest that upon activation of the reduced catalyst species, the added electron density of the 
catalyst is transferred from the active metal center to the α-diimine ligand. Consequently, the observed decrease in 
polyethylene branching that results from catalyst reduction is believed to stem from changes in the subtle balance of steric, 
electronic, and entropic effects, primarily perturbing the coordination of subsequent monomer units. This perturbation is 
expressed not only in the monomer-inserted-product energy differences but also in the catalysts’ deviation from square 
planarity about the Ni center. Through these studies, we can better understand how the addition of an electron to a Ni(II) 
α-diimine  catalyst perturbs its catalytic behavior, which may influence the design of future generations of redox-active 
olefin polymerization catalysts.

Introduction
Advances in late-transition-metal olefin polymerization 
catalysts have enabled the synthesis of polyolefins with varying 
microstructures using a limited number of monomeric 
feedstocks.1-10 Because of the industrial importance of 
polyolefins, it is imperative that researchers develop a deep 
fundamental understanding of how structural and/or electronic 
modifications of a given ligand/catalyst system influence the 
microstructure of a resultant polyolefin. Through such studies, 
we may gain insight into catalytic structure-property 
relationships and enable the development of catalysts with 
precise and/or tailored polymerization control.

One particular methodology that has garnered significant 
attention due to its unique ability to facilitate catalytic control, 
is the use of redox-active catalysts.11-23 Redox-active catalysts 
are species that undergo oxidation or reduction at the active 
metal center or its surrounding ligand. This change in oxidation 
state perturbs the electronic environment at the catalytically 
active center and may alter the rates of initiation, propagation, 

chain transfer, and termination processes. Recently, 
independent reports by Chen and Long demonstrated the first 
examples of redox-active olefin polymerization catalysts, which 
used either a ferrocenyl-substituted Pd-based catalyst or α-
diimine-ligated Ni catalyst, respectively.14, 21

Of particular interest to this study, the Ni-based α-diimine 
precatalyst, (1,2-bis[(2,6-
diisopropylphenyl)imino]acenaphthene) NiBr2, or dipp-
BIANNiBr2, (1), was recently shown to be a competent redox-
active catalyst,21 which is capable of producing multiple 
polyethylene (PE) microstructures as a function of added 

Figure 1. Investigation of the modulation of polyethylene 
microstructure by redox-active olefin polymerization catalyst 1.
reductant (Figure 1). Therein, Long and coworkers showed that 
the branching content of PE produced by 1 could be decreased 
by >20% when one equivalent of the reducing agent 
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cobaltocene (CoCp2) was added to 1 before activation by 
methylaluminoxane (MAO) and subsequent addition of 
ethylene. In a related study, they demonstrated that the relative 
uptake of hexene in ethylene-hexene copolymerizations using 
precatalyst 1 was decreased when one equivalent of 
cobaltocene was added to 1 prior to the addition of MAO and 
monomers.24 Therefore, it has been shown that microstructures 
of both PE and ethylene-hexene copolymers can be effectively 
modulated by switching the redox state of precatalyst 1. 

The redox activity of 1 was proposed to arise due to the ability 
of the α-diimine, or 1,2-bis(arylimino)-acenaphthene 
(BIAN)ligand, to accept an electron from the added chemical 
reductant. This hypothesis was based upon the knowledge that 
BIAN-type ligands have been shown to facilitate multiple 
reductions, up to the −4 oxidation state, due to their extended 
π backbone and diimine structure.25, 26  Furthermore, these 
redox-active ligands have been used for a variety of other redox-
active complexes that employ metal centers such as Ni,27 Mg,28 
Ca,26 Zn,29 Ga,30 Al,31 and Co.32 

Based upon EPR evidence, it was proposed that reduction of 
precatalyst 1 using cobaltocene initially reduces the Ni(II) center 
to Ni(I), but that this added electron is then transferred to the 
BIAN ligand upon methylation and activation by MAO.21 It was 
also noted that adding trimethylaluminum (TMA), a common 
contaminant in MAO, also appears to facilitate metal-to-ligand 
electron transfer, but that the resulting system was inactive for 
polymerization unless MAO was added. This observation is 
supported by the work of Gao and co-workers, who also 
proposed reduction of the Ni center prior to intramolecular 
electron transfer to the BIAN ligand.27

The current understanding of the structure and function of 
redox-active precatalyst 1 is depicted in Figure 1, in which the 
MAO-activated form of the precatalyst, labeled as A1, is 
generally considered to be well understood.1, 6, 33-36 However, as 
highlighted by Figure 1, there remain a number of significant 
questions such as: (1) What is the structure of precatalyst 1red, 
[dipp-BIANNiBr2]-, which is formed by the treatment of 
precatalyst 1 with cobaltocene? (Henceforth, the subscript 
“red” in a label indicates that the species results from the 
reduced precatalyst.) (2) What is the structure of the MAO-
activated form of the reduced catalyst (A1red)? Lastly, (3) what 
chemical and mechanistic differences between A1 and A1red 
give rise to the observed microstructural differences in ethylene 
homopolymerization and ethylene-hexene copolymerization? 

In this paper, we address these questions through a 
systematic computational study based on density functional 
theory (DFT) that is compared to previously reported and new 
experimental evidence. As a note, previous computational 
studies of precatalyst 1 have used QM/MM methods to 
investigate the non-reduced form of the catalyst. Specifically, 
Woo and Ziegler37 studied the effect of different backbone 
substituents on ethylene capture using a QM/MM method 
comprised of the BP86 functional and an augmented AMBER95 
force field. More recently, Meneghetti and coworkers38 studied 
polymer growth up to the pentyl chain using a QM/MM method 
comprised of the B3LYP functional and the Universal force field 
(UFF). Herein, we extend these studies to now consider the 
reduced form of the catalyst 1 using a fully quantum-mechanical 
approach. Based on these computational studies and supported 
by experimental evidence, we are able to offer a potential 
explanation as to how a change in the redox state of this Ni(II) 
α-diimine catalyst is able to produce varying polymer 
microstructures in both ethylene homopolymerizations and 

ethylene-hexene copolymerizations. Similar computational 
studies have been conducted for other redox-active systems.39-

43

Methods
General Experimental Methods and Materials. All reactions 
were performed under an inert nitrogen atmosphere using an 
MBraun UniLab glovebox or using standard Schlenk techniques, 
unless otherwise noted. All solvents were dried using an 
Innovative Technologies PureSolv Solvent Purification System 
and degassed via three freeze-pump-thaw cycles. Precatalyst 1 
was prepared according to literature.2 CD2Cl2 was dried over 
activated molecular sieves (4 Å) and degassed by three freeze-
pump-thaw cycles prior to use. PMAO-IP was obtained from 
Akzo Nobel as a 2.3 M solution in toluene and used as received. 
All other reagents were purchased from commercial vendors 
and used without further purification. Polyethylene 1H spectra 
were recorded at 20°C using a Varian 500-MHz NMR 
spectrometer in CDCl3 or using a Bruker 400-MHz NMR 
spectrometer in C2D2Cl4. Evans Method experiments were 
performed according to literature procedures.44 EPR 
measurements were obtained using a Bruker EMX (X-band) EPR 
spectrometer. The MATLAB package EasySpin was used to 
generate simulated EPR spectra.

General Polymerization Procedure.   To a Fisher-Porter bottle 
was added precatalyst 1 (10 μmol) dissolved in 
dichloromethane (DCM) (2 mL), toluene (50 mL), and a magnetic 
stir bar. The bottle was sealed and placed in a water bath at the 
desired temperature. The vessel was pressurized with ethylene 
(75 psi) and allowed to equilibrate under constant pressure for 
10 min with stirring. Either trimethylaluminum (TMA) solution 
(1.0 M in toluene) or PMAO-IP (2.3 M in toluene) was injected 
to initiate polymerization and was stirred continuously for the 
desired time. The polymerization was quenched by addition of 
MeOH (10 mL) and the polymer was precipitated by adding 
excess acidic MeOH (5% HCl in MeOH). The polymer was stirred 
in acidic methanol overnight before being filtered and dried in a 
vacuum oven to constant weight. 

Polymerizations requiring the reduced catalyst form were 
performed using identical conditions, except cobaltocene (10 
µmol, 1 equiv.) was added to the precatalyst 1/DCM solution 
prior to PMAO-IP injection.
Computational Methods.  The computational study was 
performed using DFT within the Gaussian09 quantum-chemistry 
software package.45 Precatalyst 1 has a total of 81 atoms, 
including 5 atoms heavier than carbon, and a total of 368 
electrons. All electrons of the catalysts, reactants, reactive 
intermediates, and transition states were treated explicitly in 
the calculations. The TPSSh exchange-correlation functional46 
was used in conjunction with the Dunning cc-pVTZ basis set.47, 

48 TPSSh was chosen due to its accurate description of geometric 
and electronic properties of precatalysts 1 and 1red, as well as its 
overall good performance for organometallic complexes.49-60 
Further, TPSSh has recently been shown to be effective in 
estimating the contribution of metal atoms to frontier 
molecular orbitals61 in redox-switching systems62 as well as 
predicting hyperfine coupling constants integral to EPR 
spectra.63 The functional was corrected for dispersion using 
Grimme's D3 empirical dispersion scheme64 with Becke-Johnson 
damping parameters.65 Precatalyst 1red was modeled by adding 
an electron to precatalyst 1. Similarly, the MAO-activated form 
of 1red (i.e., A1red) was modeled by adding an electron to the 
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proposed MAO-activated form of 1 (A1). All calculations were 
performed in the presence of a solvent environment of toluene, 
described using the implicit polarizable continuum model 
(PCM).66 The stability of wavefunctions was checked and 
corrected when necessary. Free energies of all species were 
calculated at 298 K. Barring two structures in Figure S5 of the 
Supporting Information (SI), all calculated vibrational 
frequencies of catalysts, reactants, and reactive intermediates 
reported in this work are real, and each transition state contains 
a single imaginary vibrational frequency along the reaction 
coordinate. The evaluation and validation of the functional, 
basis set, integration grid, and solvent model are presented in 
the Supporting Information (SI). 

Results and Discussion
Our study is comprised of four parts. First, we calculate the 
geometries and spin densities of precatalysts 1 and 1red, and 
compare our results to measured EPR spectra of the two 
species. Second, we model the activation of precatalysts 1 and 
1red by MAO and propose structures of the catalytically active 
forms, A1 and A1red. In the third and fourth parts of the study, 
we use these active forms to model the mechanistic pathways 
that lead to differentiation between 1 and 1red for ethylene 
homopolymerization and ethylene-hexene copolymerization.
Characterization of Precatalysts 1 and 1red. Reduction of 
precatalyst 1 with 1 equivalent of cobaltocene yields precatalyst 
1red as previously reported.21 Figure 2 shows the molecular 
structures, DFT-optimized geometries, and spin densities of 
precatalysts 1 and 1red. These results suggest that both 1 and 
1red are tetrahedral complexes that differ in one critical way: 
while precatalyst 1 contains Ni in an oxidation state of +2, 
precatalyst 1red contains Ni in an oxidation state of +1. This 
indicates a formal reduction at the metal center rather than the 
ligand itself, and also agrees with previous experimental 
findings.21, 27 The spin density, i.e., unpaired-electron density, of 
1 is concentrated in the d orbitals of Ni, indicating a d8 triplet 
spin-state of the metal center, while the spin density of 1red is 
also concentrated on Ni, indicating a d9 doublet spin-state of the 
metal center. 
This change in Ni oxidation state upon catalyst reduction affects 
the immediate geometric environment of the metal center, as 
detailed in the Supporting Information (Figures S6 & S7). The 
Ni—N and Ni—Br bond lengths of complex 1 were calculated to 
be 2.03 Å and 2.35 Å, respectively, and 1.99 Å and 2.40 Å, 
respectively, for complex 1red. Furthermore, the N—Ni—N, Br—
Ni—Br, and Br—Ni—N bond angles were calculated to be 82.9°, 
130.6°, and 108.3°, respectively, for complex 1, and 82.8°, 
108.8°, and 110.4°, respectively for complex 1red. The computed 
structure of 1 could not be directly compared to its known 
crystal structure as precatalyst 1 exists as a dimer in the solid, 
crystal state. However, the calculated geometry at the Ni center 
compares well to that of crystal structures of related catalysts, 
as shown in the SI (Table S2). 

Figure 2. DFT-optimized geometries and spin densities of 
precatalysts 1 (left pane) and 1red (right pane). Mulliken spin 
densities (α > β, blue; α < β, red) are shown with an isosurface 
of 0.015 electrons/Bohr−3 for metal-centered spin densities. 
Atom colors are: C = grey; N = blue; Ni = green; Br = red. 
Hydrogen atoms are omitted for clarity.

As previously described, when precatalyst 1red is activated by 
MAO (resulting in A1red), the polyethylene product displays 
significantly decreased branching content in comparison to 
polymers made using A1.21 Before computing the catalytic 
pathways of A1 and A1red to investigate the mechanistic 
rationale behind this behavior, it was necessary to verify that 
the calculated electronic states of 1 and 1red correctly describe 
their corresponding redox states. Magnetic susceptibility 
measurements were performed following the Evans Method 
revealing that complex 1 displays a magnetic susceptibility of 
3.2 μB, which suggests a tetrahedral Ni(II) center with two 
unpaired electrons,21 and that is in agreement with calculated 
results. This complex was also found to be EPR-silent, 
corroborating the calculated triplet spin state of the metal 
center.21 Magnetic susceptibility measurements of reduced 
complex 1red revealed a magnetic susceptibility  of 2.5 μB, 
strongly supporting the presence of a Ni(I) center with only one 
unpaired electron,21 also in agreement with calculated results. 
The EPR spectrum of 1red measured in toluene (Figure 3) exhibits 
a signal at g = 2.32 at 77 K and at g = 2.35 at 298 K, both of which 
indicate the reduction of the Ni(II)-center to yield Ni(I).21 Our 
DFT-calculated g-value of 2.31 for reduced precatalyst 1red is in 
good agreement with experiment, providing strong evidence 
that 1red indeed exists as a metal-centered radical formed 
following treatment of 1 with cobaltocene. 

The magnetic susceptibility measurements and EPR spectra 
provide key evidence that the calculated species 1 and 1red, 
wherein 1 has undergone a one-electron reduction at Ni to form 
1red, correctly represent the unreduced and reduced 
precatalysts, respectively. However, one could also envision 
that the reduction of precatalyst 1 might lead to other different, 
yet related species. Therefore, we computationally investigated 
the potential process in which the addition of an electron to 
precatalyst 1 dissociates one of the Ni—Br bonds, subsequently 
forming an overall neutral, solvent-coordinated species. This 
species could then dimerize to produce a different form of the 
reduced catalyst, as shown in the Supporting Information. As a 
note, these reduced structures are Ni(I) species, and therefore 
could potentially give rise to the observed g-value of 2.32 in its 
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Figure 3. Experimental EPR spectrum (black) of complex 1red in 
toluene at 77 K, and the corresponding EasySpin fit (red) reveal 
a transition at g = 2.32, which is indicative of a metal-centered 
radical. This g-value strongly suggests that reduction of 1 by 
cobaltocene results in the formation of a Ni(I) species.

experimental EPR spectrum. Several alpha-diimine-ligated Ni(I) 
complexes have been previously reported in the literature; 
however, the exact role of those species in the polymerization 
has yet to be understood.10, 27, 67-71 Based on our DFT-calculated 
free-energy pathway (SI, Figure S5), we conclude that 1red 
(Figure 2) is the most stable form of the reduced catalyst and 
will be used for computations throughout the remainder of this 
work. 
Activation of Precatalysts 1 and 1red by MAO. The activation of 
precatalyst 1 by MAO is believed to occur via a series of halide 
abstractions and methylations. This process ultimately yields a 
Ni(II) species with a single methyl group and open coordination 
site to which ethylene or other olefinic monomer can 
coordinate.1, 6, 33 The currently accepted structure of activated 
precatalyst 1 (i.e., A1) is shown in Figure 1, and though we have 
drawn this species with a fully open coordination site, it is also 
likely that this species may exist either as an activator-bound or 
solvent-bound complex. The polymerization reaction begins 
when an ethylene molecule coordinates to the now-activated 
Ni(II) center of A1 and undergoes migratory insertion into the 
Ni—C bond of the bound methyl group. To examine the 
electronic nature of A1, and to determine whether the 
analogous reduced active species A1red is in fact structurally or 
energetically distinct from A1, we computationally studied both 
the methylation and methyl-abstraction steps of the activation 
of 1 and 1red by MAO.

Figure 4 shows the DFT-optimized geometries and spin 
densities for 1 and 1red as the bromide ligands are successively 
substituted by methyl groups. Results show that methylation 
switches the geometry of both 1 and 1red from tetrahedral to 
square-planar. As the geometry of precatalyst 1 changes to 
square-planar, the +2 oxidation state of Ni is retained, but the 
spin state of the Ni(II) center changes from triplet to singlet, as 
demonstrated by the spin density going to zero. In contrast, as 
the geometry of precatalyst 1red changes to square planar, the 
added electron in 1red might be expected to remain localized on 
the Ni(I) center by occupying the high energy x2−y2 d orbital; 
however, spin densities obtained from DFT calculations show 
that this is not the case. Instead, a significant fraction of the 
electron density is transferred from Ni to the dipp-BIAN ligand, 
transforming the reduced catalyst from a metal-centered 
radical to a primarily ligand-centered radical. The ratio of spin 
densities of Ni:dipp-BIAN changes from 2.48 in 1red to 0.28 upon 
substitution of the bromide ligands by methyl ligands. These 
results demonstrate that methylation has the same geometric 
effect but different electronic effects on the active Ni centers of 

1 and 1red. While the oxidation state of Ni in 1 remains at +2 
upon activation/methylation, the Ni center of complex 1red is re-
oxidized from +1 to +2. 

We tested this computational result by experimentally 
measuring the EPR spectrum of 1red treated with five 
equivalents of the methylating agent TMA. As observed in 
Figure 5, methylation of 1red changes its room-temperature EPR 
g value from 2.31 to 2.006, strongly indicating the presence of 
an organic ligand-based radical that results from the transfer of 
the added electron from the Ni center to the aromatic dipp-
BIAN ligand upon methylation and concomitant geometry 
change to square-planar.21 

Figure 4. DFT-optimized geometries and spin densities at 
successive stages of methylation of 1 and 1red. Mulliken spin 
densities (α > β, blue; α < β, red) are shown with an isosurface 
of 0.015 electrons/Bohr−3. Colors of atoms are the same as in 
Figure 2. Non-methyl hydrogen atoms are omitted for clarity, 
and methyl hydrogens are shown in white.

300 350
Field (mT)

Experimental
Simulated

1.822.22.4
g

gexp = 2.00

Figure 5. Experimental EPR spectrum (black) of complex 1red in 
toluene at room temperature treated with five equivalents of 
TMA., and the corresponding EasySpin fit (red) reveal a 
transition at g = 2.00, which is indicative of a ligand-centered 
radical. This g-value strongly suggests that reduction and 
methylation of 1 by TMA results in the formation of a Ni(II) 
species. 

Page 4 of 11Catalysis Science & Technology



Journal Name  ARTICLE

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 5

Please do not adjust margins

Please do not adjust margins

Figure 6. DFT-optimized structures of proposed catalytically 
active species A1 formed from 1, and A1red formed from 1red. 
Colors of atoms and Mulliken spin densities of A1 (spin singlet) 
and A1red (spin doublet) are shown as in Figure 4.

Figure 6 shows the DFT-optimized geometries and spin 
densities for active species A1 and A1red, which were obtained 
by abstraction of one methyl group and subsequent 
coordination of an explicit toluene solvent molecule. The key 
difference between these species is that A1 features a cationic 
Ni center, whereas A1red is neutral. We note that, with such a 
neutral charge, A1red is not expected to be coordinated to a 
cobaltocenium counterion. Both active metal centers are in the 
+2 oxidation state and retain the square-planar geometries 
formed during methylation. 
Consequently, A1 has zero spin density, whereas reduced 
species A1red clearly shows that its added electron is primarily 
delocalized on the N—C—C—N fragment of the dipp-BIAN 
ligand, with a small fraction on Ni (Figure 6). The ratio of spin 
densities of Ni:dipp-BIAN in A1red is 0.05. This primary 
delocalization of the added electron density on the ligand 
agrees well with the calculated g-value of A1red, which was 
found to be 2.01, and that is in good agreement with the 
experimental g-value of 2.006 for 1red+TMA. Furthermore, 
though the additional electron in A1red primarily resides on the 
ligand, the slight additional electron density on Ni modulates 
the electronic nature of the metal center by reducing its 
electrophilicity. This indirect electronic effect was also observed 
by Kim and coworkers, who synthesized a series of sterically and 
electronically modulated α-diimine ligands and classified the 
electrophilicity of their Ni(II) complexes by cyclic voltammetry.72 
The effects of the reduced electrophilicity of A1red on 
polymerization are described in the following two sections.
Ethylene Capture and Polymer Branching by Precatalysts 1 and 
1red. The catalytic polymerization of ethylene by 1 and 1red 
follows a coordination-insertion polymerization mechanism, as 
shown in Scheme 1. First, ethylene binds to the catalytically 
active species (A1 or A1red), which then undergoes migratory 
insertion into the nearby Ni—carbon bond to extend the 
growing polymer chain. These two steps can continuously 
repeat to form a linear polymer chain until a chain termination 
step occurs. However, branching may occur along the polymer 
chain through a competitive process known as chain walking. 
Scheme 1.  Coordination Polymerization Mechanism 

Chain walking occurs when the propagating metal center 
undergoes β-hydride elimination followed by 2,1-insertion of 
the coordinated olefin into the metal-hydride. This process may 
happen one or more times prior to subsequent ethylene 
coordination and insertion, thereby leading to polyethylenes 
containing methyl or longer-chain branches, respectively 
(Scheme 1). To understand how reduction of catalyst 1 
decreases branching of polyethylene, we have examined the 
ethylene coordination, migratory insertion, β-hydride 
elimination, and 2,1-insertion steps for A1 and A1red. As a note, 
the active species was modeled with an open coordination site 
in this portion of our study. 

In order to understand the mechanistic differences between 
MAO-activated polymerization using catalysts A1 and A1red, we 
first present experimental results for the two cases. Table 1 
shows that polymerizations using A1 (1/MAO) (entries 1 and 2) 
produces polyethylene with a branching content of 98 
branches/1000 carbon atoms. In contrast, polymerizations 
using the reduced catalyst system A1red (1/CoCp2/MAO) result 
in a similar polyethylene yields but with a decreased branch 
content of 66 branches/1000 carbon atoms (Table 1, entries 3 
and 4). This more than 30% decrease in polymer branching 
when using the reduced-catalyst system 1red/MAO system 
suggests that the chain-walking process is considerably 
suppressed in A1red as compared to A1, which we hypothesized 
is due to the lower electrophilicity of the Ni atom in the reduced 
active species.

Figure 7 shows our DFT-computed free-energy diagram for 
the binding of ethylene to A1 (blue trace) and A1red (red trace), 
followed by ethylene insertion to form an n-propyl group, and 
subsequent binding of a second ethylene molecule to the open 

Table 1.  Polymer characterization for the 1/MAO and 
1/CoCp2/MAO reactions. 

Entry
Catalytic 
System

Yield 
(g)

Branches 
/ 1000 Cc Ref.

1a 1/MAO 1.75 114 Previous 
work21

2b 1/MAO 2.9 98 This work

3a 1/CoCp2/MAO 1.78 88 Previous 
work21

4b 1/CoCp2/MAO 2.5 66 This work

aPolymerization conditions: [1] = 10.0 μmol, 148 mL of toluene, 
2 mL of DCM, 20 °C, 15 psi ethylene, 30 min, and 92 equiv of 
PMAO-IP. bPolymerization conditions: [1] = 10.0 μmol, 48 mL of 
toluene, 2 mL of DCM, 20 °C, 75 psi ethylene, 15 min, and 500 
equiv of MAO. cBranches per 1000 total carbon atoms 
determined by 1H NMR
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Figure 7. Free energy profile in kcal/mol of the initial ethylene 
binding, migratory insertion, and second-ethylene binding steps 
of polymer growth using A1 (blue) and A1red (red). For ball-and-
stick structures of stationary points, atom colors are the same 
as in Figure 2, with the additional highlighting of propyl and 
ethylene carbons in brown. Hydrogen atoms on the dipp-BIAN 
ligand are omitted for clarity.

coordination site. Results show that ethylene binds more 
weakly to A1red (ΔGbind = -10.9 kcal/mol) than to A1 (ΔGbind = -
18.2 kcal/mol). This provides evidence that the electrophilicity 
of A1red is indeed lower than that of A1. The migratory insertion 
of this ethylene to form an n-propyl chain (see Figure 7) is more 
favorable for A1 (ΔGinsertion = -7.1 kcal/mol) than for A1red 
(ΔGinsertion = -5.1 kcal/mol) due to the stronger β-agostic 
interaction73 between Ni and an n-propyl β-hydrogen at the 
open-coordination site of A1 compared to A1red. Again, this is 
likely due to the more electrophilic nature of Ni in A1(and I-1n-

pr) than in A1red (and (I-1n-pr)red). As calculated from a natural-
bond-order analysis,74 a decrease in the atomic charge of the Ni 
atom upon reduction supports the decreased electrophilicity of 
the reduced system (+0.782 |e| for A1 and +0.769 |e| for A1red; 
+0.499 |e| for I-1n-pr and +0.457 |e| for (I-1n-pr)red). As a result 
of the stronger β-agostic interaction in I-2n-pr as compared to (I-
2n-pr)red, the coordination of a second ethylene is less favorable 
to I-2n-pr  (ΔGbind = -0.7 kcal/mol) relative to (I-2n-pr)red (ΔGbind = -
3.4 kcal/mol). Excluding thermochemical corrections, our 
calculated second-ethylene binding energy of ΔEbind = -14.1 
kcal/mol for A1 compares well with results of QM/MM 
calculations performed by Woo and Ziegler, who calculated a 
second-ethylene binding energy of ΔEbind = -14.0 kcal/mol for A1 
when fully considering steric and electronic effects.37

 To further investigate the differences in the catalytic 
mechanism between A1 and A1red, DFT calculations were 
performed to study the isomerization of the n-propyl ligand, 
which leads to a linear polymer, to an iso-propyl ligand, which 
leads to a polymer branch, prior to the second ethylene 

coordination. Figure 8 compares the free-energy pathways for 
isomerization of the propyl ligand in complex I-2n-pr (A1-derived 
pathway) to isomerization of the propyl ligand in complex (I-2n-

pr)red (A1red-derived pathway), followed by binding of a second 
ethylene molecule. Free energies are plotted relative to the π-
propylene coordinated Ni(II) hydride α-diimine complex (I-4) 
and its reduced analogue ((I-4)red), which are each formed 
following β-hydride elimination of intermediates I-2n-pr or (I-2n-

pr)red, respectively. The reaction pathways leading to the iso-
propyl (branched) species are shown on the left, whereas 
reaction pathways leading to the n-propyl (linear) species are 
shown to the right of Figure 8. 

Figure 8 shows that complex I-4 (or (I-4)red in the case of A1red) 
can undergo 1,2-insertion to produce the n-propyl- ligated 
species I-2n-pr (or (I-2n-pr)red in the case of A1red) followed by 
coordination by ethylene to form species I-3n-pr (or (I-3n-pr)red in 
the case of A1red). Alternatively, complex I-4 or (I-4)red can 
undergo 2,1-insertion to form an iso-propyl ligand I-2i-pr or (I-2i-

pr)red followed by coordination of ethylene to produce complex 
I-3i-pr or (I-3i-pr)red, which is shown on the left side of the 
pathway.

Results show that the difference between free energies of 
activation for addition of the hydrogen atom to C2 versus C1 of 
the bound propylene monomer are similar for I-4 (∆∆G‡ = 2.7 – 
1.3 = 1.4 kcal/mol) and (I-4)red (∆∆G‡ = 5.4 – 3.8 = 1.6 kcal). 
Further, the difference between free energies of activation for 
second-ethylene addition to I-2i-pr versus to I-2n-pr (∆∆G‡ = 12.8 
– 9.5 = 3.3 kcal/mol) is similar to the analogous difference 
between (I-2i-pr)red and (I-2n-pr)red (∆∆G‡ = 15.4 – 11.7 = 3.7 
kcal/mol). However, whereas the free energy of complex I-3n-pr 
is lower than that of I-3i-pr by 0.9 kcal/mol, the free energy of 
complex (I-3n-pr)red is lower than that of (I-3i-pr)red by 5.1 
kcal/mol. Based upon this data, we can conclude that the 
difference in the branching content of PE obtained from the 
reduced versus non-reduced forms of the catalyst arises 
primarily from thermodynamic, rather than kinetic, differences 
in the calculated reaction pathways.

The thermodynamic preference for a less-branched polymer 
in the reduced system as shown by the difference in free 
energies of (I-3n-pr)red and (I-3i-pr)red, compared to the analogous 
difference between I-3n-pr and I-3i-pr, arises from a competitive 
interplay between steric and electronic effects in these 
intermediate species. To understand this interplay, we 
examined the square planarity of these complexes by defining a 
planar angle between the N—Ni—N plane and the plane 
containing the C=Cethylene bond center, the Ni atom, and the C 
atom of the propyl substituent that is bound to Ni. According to 
this convention, a square-planar complex would have a planar 
angle of 0°, whereas a tetrahedral complex would have a planar 
angle of 90°. 

Our calculations revealed that complex I-3n-pr has a planar 
angle of 23°, whereas complex I-3i-pr has a planar angle of 49°, 
indicating a stronger steric repulsion between the iso-propyl 
ligand and the dipp-BIAN ligand relative to the n-propyl ligand. 
In the isomerization pathway derived from A1red (Figure 8), the 
added electron density residing primarily on the dipp-BIAN 
ligand makes it a more strongly donating ligand, thereby 
increasing the ligand-field splitting of the d orbitals of Ni(II) (SI, 
Figure S8 & S9), and consequently increasing the square 
planarity of both (I-3n-pr)red (planar angle = 6°) and (I-3i-pr)red 
(planar angle = 37°). However, the greater steric repulsion 

Page 6 of 11Catalysis Science & Technology



Journal Name  ARTICLE

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 7

Please do not adjust margins

Please do not adjust margins

Figure 8. Structures and relative free energies of intermediates and transition states in the catalytic reaction pathway to isomerize the propyl 
group and bind the second ethylene molecule during polymerization. Free energies are reported in kcal/mol and set relative to complex I-4 
for the A1-derived pathway (blue) and complex (I-4)red for the A1red-derived pathway (red). TS indicates a transition state. Same color scheme 
for ball-and-stick structures as in Figure 7.

between the iso-propyl group and diisopropylphenyl group 
destabilizes its free energy relative to that of (I-3n-pr)red by 5.1 
kcal/mol. 

Despite a planar-angle difference of 26° between I-3i-pr and I-3n-

pr, the difference in free energies of the two complexes is only 0.9 
kcal/mol due to a favorable agostic interaction between the β-
hydrogen of the iso-propyl branch with the Ni center in I-3i-pr. Such a 
β-agostic interaction does not form in (I-3i-pr)red due to the reduced 
electrophilicity of Ni, and does not form in either I-3n-pr or (I-3n-pr)red 
due to the longer distance between the β-hydrogen atom and the Ni 
center. DFT-optimized geometries, interatomic distances, and 
atomic charges related to the β-agostic interaction are shown in 
Figures S11-S13 and Tables S4-S6 (see SI). Consequently, in the A1-
derived pathway, the additional β-agostic interaction compensates 
for distortion from square planarity and steric repulsion of I-3i-pr, 
making it energetically very close to I-3n-pr. The loss of the favorable 
β-agostic interaction in the A1red-derived pathway due to the lower 
electrophilicity of Ni creates a larger free-energy gap between (I-3i-

pr)red and (I-3n-pr)red and decreases branching in the polyethylene 
product. 

Ethylene-Hexene Copolymerization by Precatalysts 1 and 1red. 
Previous reports have shown that copolymerizations of ethylene and 
1-hexene using the reduced catalyst A1red consume less 1-hexene 
than identical copolymerizations performed using A1, albeit with 
virtually identical ethylene consumption.24 To understand the 
reasoning for this differentiation in 1-hexene consumption upon 
reduction of catalyst 1, we computationally compared the 
coordination of ethylene versus hexene to the propyl-ligated 
complex I-2n-pr in the A1-derived pathway, as well as to complex (I-
2n-pr)red in the A1red-derived pathway.

Figure 9 shows a free-energy diagram for the binding of an 
ethylene molecule to I-2n-pr to form I-3n-pr (left pathway), or a hexene 
molecule to I-2n-pr to form I-5n-pr (right pathway), as well as the 
corresponding A1red-derived pathways. Complex I-5n-pr has 
approximately the same free energy as complex I-2n-pr, whereas the 
free energy of activation to bind hexene to I-2n-pr (∆G‡ = 6.8 kcal/mol) 
is lower than the free energy of activation to bind ethylene to I-2n-pr 

(∆G‡ = 9.4 kcal/mol). In contrast, the A1red-derived pathway shows 
that the free energy of (I-3n-pr)red is lower than that of (I-5n-pr)red by 
1.7 kcal/mol. The free energy of activation to bind hexene (∆G‡ = 11.2 
kcal/mol) to (I-2n-pr)red is notably similar to the free energy of 
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activation to bind ethylene (∆G‡ = 11.7 kcal/mol). Therefore, the 
consumption of hexene in ethylene-hexene copolymerization is 
decreased both thermodynamically and kinetically by reduction of 
precatalyst 1 to precatalyst 1red.
A decomposition of the free-energy gap between (I-5n-pr)red and  (I-
3n-pr)red (∆G = 1.7 kcal/mol) into its enthalpic (∆H = -1.4 kcal/mol) and 
entropic component (T∆S = -3.3 kcal/mol) (at room temperature, 
Table S7) reveals that the free-energy difference results primarily 
from a larger entropic penalty of binding hexene compared to 
ethylene upon catalyst reduction.  In contrast, the free-energy gap of 
∆G = 5.1 kcal/mol between (I-3i-pr)red and  (I-3n-pr)red (Figure 8, Table 
S7) results primarily from an enthalpic difference of ∆H = 3.2 
kcal/mol, compared to an entropic contribution of -1.0 kcal/mol. 
Thus, whereas steric repulsion and breaking of β-agostic interactions 
play a larger role in suppressing branch formation in ethylene 
homopolymerizations, entropic effects appear to play an important 
role in modulating ethylene-hexene copolymerizations. This result is 
reminiscent of a recent study by Ehm and co-workers, who studied 
the relative contributions of enthalpy and entropy to ethylene/-
olefin copolymerizations using group 4 olefin polymerization 
catalysts.75

Figure 9. Structures and relative free energies of intermediates and 
transition states for ethylene binding versus hexene binding in the 
catalytic copolymerization of ethylene and hexene. Free energies are 
reported in kcal/mol and set relative to complex I-2n-pr for the A1-
derived pathway (blue) and complex (I-2n-pr)red for the A1red-derived 
pathway (red). TS indicates a transition state. Same color scheme for 
ball-and-stick structures as in Figure 7.

Conclusions
In sum, we performed a multifaceted computational and 

experimental study combining DFT, EPR measurements, and 
magnetic susceptibility measurements to better understand the 
mechanisms underlying polyolefin microstructure modulation by a 
redox-switchable Ni(II) -diimine catalyst. Though the structure and 
electronic nature of the native catalyst are well known in the 
literature, that of the reduced form had yet to be fully described. 

Our studies revealed that the geometry around the Ni center of 
precatalyst 1red remains tetrahedral upon reduction, but that the 
oxidation state of Ni decreases from +2 to +1.  However, upon 
methylation and activation, the geometries of the native and 
reduced complexes transition from tetrahedral to square-planar, and 
the added electron of precatalyst A1red transfers from the Ni center 
to the dipp-BIAN ligand, reverting the oxidation state of Ni in the 
reduced complex from +1 to +2. Though the added electron is 
primarily concentrated on the organic ligand framework, the small 
fraction of excess electron density at the metal center weakens the 
binding of ethylene to the reduced active species. It also 
compromises the favorable -agostic interaction between the 
branched alkyl ligand and the Ni center in the reaction intermediates 
of the reduced catalyst species A1red. Due to the weakening of this -
agostic interaction, which is important for chain-walking and branch 
formation, selectivity is dictated by steric repulsion between the alkyl 
ligand and the dipp-BIAN ligand on the reduced intermediate 
complexes, thereby driving formation of a more linear polymer 
chain. 

Our results also show that the decreased uptake of hexene in 
ethylene-hexene copolymerizations using reduced catalyst A1red 
primarily results from a greater entropic penalty of binding a longer-
chain alkene to the Ni center of the reduced reaction intermediates. 
We hope that the insights into the individual roles of steric, 
electronic, and entropic effects described here will inform the 
development of future generations of redox-switchable olefin 
polymerization catalysts and enable new methods for tuning 
polyolefin microstructures.
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