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ABSTRACT: The ability to control polyethylene branching density is of great
interest as a means by which a polymer’s thermomechanical properties may be
tailored. One particularly interesting way in which this can be achieved is by
altering the electronic characteristics of Pd- and Ni-based α-diimine catalysts
through the inclusion of electron-withdrawing or electron-donating substituents
onto the ligand scaffold; however, a few critical fundamental studies are absent
from the literature. These include a systematic examination of electronic
perturbations of Ni-based α-diimine catalysts, as well as how placement of
donating or withdrawing substituents on the backbone versus N-aryl moieties of the α-diimine ligand framework impact polymer
topology. In addition, no method currently exists by which the polymer topology may be predicted based on an intrinsic
characteristic of the (pre)catalyst or ligand without requiring extensive polymerization studies. Herein, we use both experimental and
computational methods to understand how the placement of electron-donating or electron-withdrawing substituents on Ni α-
diimine catalysts affects PE branching density, and compare those results to the analogous unsubstituted catalyst. We will show that
inclusion of electron-withdrawing substituents decreases resultant PE branching density, whereas electron-donating substituents
exhibit little to no change in PE branching density. Finally, we will show that as the placement and identity of donating or
withdrawing substituents are varied, so too is the redox half-wave potential (E1/2) of the precatalysts, which can be used to generate a
predictive curve by which PE branching density may be estimated for other substituted Ni-based α-diimine catalysts without the
need for extensive polymerization studies.
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■ INTRODUCTION

The production of consumer-based plastics is largely
dominated by synthetic, petroleum-based polymers that are
produced on the scale of billions of pounds annually.1 Pre-
eminent examples include polyolefins whose widespread usage
stems from their remarkable low cost and exceptional
thermomechanical properties that may be fine-tuned via
precise control over polymeric microstructure and topology.
Such attributes ensure that polyolefin-based materials are
attractive candidates for a plethora of applications.2−11

A polyolefin of particular interest to this study is
polyethylene (PE), which is routinely synthesized using
heterogeneous or homogeneous transition metal catalysts via
a coordination−insertion polymerization mechanism. When
early transition-metal-based heterogeneous or homogeneous
catalysts are used, such as those containing Ti, Zr, or Hf, the
microstructure and thermomechanical properties of the
resultant PE may be altered via copolymerization of ethylene
and higher α-olefins. However, reports by Brookhart and co-
workers demonstrated that Ni- and Pd-based α-diimine
catalysts can produce high-molecular-weight, branched PE
using ethylene as the sole monomeric feedstock.12,13 Therein,
PE branching occurs due to the propensity of these Ni- and

Pd-based catalysts to migrate along the growing polymer chain
via a process known as “chain walking.”14,15

Following these seminal reports of Ni- and Pd-based α-
diimine catalysts, multiple methods to modulate PE topology
have since been reported.12,15−17 For example, Guan and co-
workers found that PE branching could be modulated as a
function of ethylene pressure when using Pd-based α-diimine
catalysts. Therein, polymerizations conducted under high
ethylene feed pressures resulted in more linear PE, whereas
low ethylene pressures resulted in more highly branched
materials. This difference in branching was attributed to the
relative rates of ethylene coordination and insertion to that of
β-hydride elimination and reinsertion (chain walking).15

Alternatively, Brookhart and co-workers found that changes
in polymerization temperature could similarly modulate
branching density, wherein elevated reaction temperatures
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were found to produce PE with increased branching density
relative to analogous polymerizations performed at lower
temperatures.16

In addition to changes in reaction parameters (e.g., ethylene
feed pressure and reaction temperature), changes in α-diimine
ligand structure are also known to influence PE branching.
Changes in α-diimine ligand design that have been shown to
alter PE branching include α-diimine backbone struc-
ture,12,17,18 steric parameters,5,12,17,19−23 and electronic ef-
fects.5,12,17,21,24−42 Salient examples include studies by Guan
and co-workers, who showed that placement of electron-
withdrawing (EW) substituents on the N-aryl moieties of Pd-
based α-diimines produced higher degrees of PE branching,
whereas catalysts bearing electron-donating (ED) substituents
produce more linear PE under identical polymerization
conditions.34 They hypothesized that this change in branching
content arises due to changes in the σ-donating ability of the
ligand, which, in turn, alters the Lewis acidity of the active
metal center and the rate of chain walking relative to that of
coordination and insertion.28,29,34,43 Chen and co-workers
showed that the placement of ED methoxy (−OMe)
substituents on the acenaphthene backbone moiety of Pd-
and Ni-based α-diimine catalysts may also influence PE
branching. More specifically, Ni-based catalysts bearing ED
methoxy substituents produced PE with increased branching
density, compared to their unsubstituted analogue, under
identical polymerization conditions. Conversely, analogous Pd-
based catalysts bearing methoxy substituents produced only a
negligible decrease in PE branching density, compared to the
unsubstituted analogue.42

Although the above-mentioned reports provide tremendous
insight into the relationship between ligand-based electronic
perturbations and polymerization behavior, several fundamen-
tal gaps remain. First, comprehensive studies designed to
elucidate the relationship between ligand-based electronic
modifications of Ni-based α-diimine catalysts (both EW and
ED substituents) and PE branching density have not been
reported. Second, systematic studies comparing placement of
EW and ED substituents on the acenaphthene-based backbone
versus placement of those same substituents on the N-aryl
moieties of α-diimine ligands are absent from the literature.
Lastly, we noted that the trends observed in most prior
studies5,18,21,27,30,34−36,38,39,41,42 were determined experimen-
tally, requiring the iterative synthesis of multiple discrete
catalyst and ligand species, as well as extensive polymerization
studies. We envisioned that if PE branching density could be
predicted based on catalyst structure or intrinsic catalyst and/
or ligand characteristics, without requiring extensive polymer-
ization studies and/or catalyst syntheses, that the selection and
design of future catalytic species may be greatly accelerated.
To address these issues, we herein experimentally and

computationally elucidate the relationship between PE
branching density and placement of EW or ED substituents
about the (a) acenaphthene backbone, (b) N-aryl moieties,
and (c) both acenaphthene backbone and N-aryl moieties of
Ni-based α-diimine catalysts. These results were compared to
those obtained using the prototypical unsubstituted Ni α-
diimine catalyst 1 (Figure 1). We will demonstrate that as
ligand substituent placement and identity are varied, so too is
the redox potential (E1/2) of the precatalyst, revealing a linear
relationship between catalyst E1/2 and PE branching density.
These experimental results agree well with computational
results obtained in parallel and were used to generate a

calibration curve relating PE branching to catalyst E1/2. Finally,
we demonstrate that this calibration curve can be used to
predict PE branching density produced for other unique,
substituted Ni-based α-diimine catalysts without the need to
conduct iterative polymerizations.

■ RESULTS AND DISCUSSION
Unsubstituted and substituted acenaphthoquinone and aniline
synthons were either purchased from commercial sources or
synthesized according to modified literature proce-
dures.42,44−49 Unexpectedly, the nitration of acenaphthoqui-
none using HNO3 in H2SO4 yielded an isomeric mixture of 5-
nitroacenaphthoquinone and 4-nitroacenaphthoquinone,
though prior reports did not discuss the formation or
separation of such isomers.46−49 However, the two nitrated
isomers were readily separated via silica gel flash column
chromatography to yield pure 5-nitroacenaphthoquinone,
which was targeted for our subsequent studies. Ligands L1−
L7 were either obtained via condensation of substituted
anilines with corresponding acenaphthoquinone derivatives
using either formic acid in methanol (L1, L2, L5, L7), or by
refluxing in toluene with catalytic p-toluene sulfonic acid in a
Soxhlet extractor containing 4 Å molecular sieves (L3, L4, L6)
(see Scheme 1).13,46−49

Ligands L1−L7 were metalated using Ni(DME)Br2 to
produce precatalysts 1−7, respectively, following previous
literature procedures.24 Precatalysts 1−7 were characterized
using standard analytical techniques and the structures of
complexes 2, 5, and 7 were confirmed by single-crystal X-ray
diffraction. Crystallographic quality crystals of 2 and 7 were
produced via slow vapor diffusion of pentane into a saturated
DCM solution, whereas complex 5 was crystallized by layering
DCM with pentane. X-ray analysis revealed that precatalysts 2
and 7 were dimeric in the solid state, as has been observed for
other α-diimine precatalysts.13,24 Conversely, 5 was mono-
meric in the solid state and adopts a tetrahedral geometry
about the Ni-center (Figures S66−S68 in the Supporting
Information). Numerous attempts were made to produce X-
ray crystallographic quality crystals of precatalysts 3−4 and 6,
although we were unsuccessful.

Figure 1. Unsubstituted Ni-based α-diimine precatalyst 1, compared
to Ni-based α-diimine derivatives bearing EW/ED substituents on
either the acenaphthene backbone, the N-aryl moieties, or on both the
acenaphthene backbone and N-aryl moieties.
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The ethylene polymerization activities of precatalysts 1−7
were evaluated under a constant ethylene feed pressure (15 psi
relative to atmospheric pressure) using PMAO-IP as an
activator (Table 1). All catalysts were active for the

polymerization of ethylene, yielding 1.1−2.6 g of PE with
molecular weights ranging from Mn = 104−239 kg/mol and
dispersities ranging from Đ = 1.32−2.81. Furthermore, all
polymerizations remained homogeneous prior to quenching
(no precipitation of polymer was observed), which might have
otherwise adversely impacted our results. PE branching
densities were measured via 1H NMR spectroscopy,50 wherein
prototypical unsubstituted catalyst 1 yielded PE with 106 ± 2
branches/1000 carbons. In contrast, catalyst 2, which
incorporates an EW nitro substituent onto the acenaphthene
backbone, produced PE with 66 ± 2 branches/1000 carbons.
Placement of EW nitro substituents on the N-aryl moieties (3)
and both the acenaphthene backbone and the N-aryl moieties
(4) further decreased the PE branching density to 43 ± 3 and
49 ± 2 branches/1000 carbons, respectively.
The significant decrease in PE branching density observed

for nitro-substituted catalysts 2−4, compared to unsubstituted
catalyst 1, suggests that inclusion of EW substituents onto the
α-diimine ligand scaffold generally decreases the catalyst’s

propensity to undergo chain walking prior to subsequent
ethylene coordination and insertion. We hypothesized that this
difference may arise from the EW nature of nitro substituents
that decreases the overall electron density of the active metal
center, thereby promoting subsequent ethylene coordination.
These results also suggest that the placement of EW nitro
substituents on the N-aryl moieties of the Ni-based α-diimine
catalysts has a stronger effect on PE branching than
monosubstitution on the acenaphthene backbone, which may
either be due to their placement about the ligand framework or
due to the presence of two nitro substituents on catalyst 3 and
compared to one nitro on catalyst 2.
Incorporation of electron ED methoxy substituents onto the

acenaphthene backbone of catalyst 5 and onto both the
backbone and N-aryl moieties of catalyst 7 marginally
increased PE branching density to 109 ± 1 and 115 ± 1
branches/1000 carbons, respectively. Catalyst 6, which features
methoxy-substituted N-aryl moieties produced slightly fewer
branches (102 ± 3 branches/1000 carbons) than 1. Although
these branching densities fall outside of our experimentally
determined error for unsubstituted catalyst 1, they suggest that
the electron density around the active Ni-center and therefore
the rate of β-hydride elimination, relative to the overall rate of
ethylene coordination and insertion, is similar for catalysts 1, 5,
and 6 and is only slightly increased for 7.
This trend is consistent with that observed by Chen and

colleagues for similar Ni-based α-diimine precatalysts bearing
one or more −OMe substituents about the acenaphthene
backbone.42 Therein, they found that their precatalysts
(activated with MAO) were also highly active for ethylene
polymerization and yielded 2.34−2.88 g of PE with molecular
weights ranging from 800 to 1120 kg/mol and dispersities
ranging from Đ = 2.0−2.8, albeit being conducted under
different polymerization conditions than those used in this
study (polymerization conditions: Trxn = 20 °C, trxn = 10 min,
and 9 atm of ethylene pressure). More importantly, however,
they found that, when precatalyst 1 (no −OMe substituents)
produced PE with a branching density of 79 branches/1000
carbons, whereas precatalysts incorporating one or more ED
−OMe substituents produced PE with increased branching
density of 80−91 branches/1000 carbons. Although the overall
branching densities observed in this prior report are lower than
those reported herein, which can be specifically attributed to
the significantly higher ethylene feed pressures used (9 atm),
this observed increase in branching density upon incorporation
of the ED substituents onto the ligand scaffold observed by
Chen is consistent with the change in branching density
observed in this work.
Conversely, when our results are compared to those

obtained by Guan and co-workers for Pd-based α-diimine
catalysts bearing either ED or EW substituents in the para
position of their N-aryl moieties, an opposite trend is
observed.34 Guan and co-workers reported that an unsub-
stituted Pd-based precatalyst produced PE with a branching
density of 95 branches/1000 carbons when tested at 25 °C for
20 h, 1 atm of ethylene feed pressure, and activated using
NaBArF. However, when EW substituents were appended on
the ligand scaffold, the branching density increased slightly to
98−100 branches/1000 carbons. This trend in branching
density upon incorporation of EW substituents is opposite that
which was observed for the Ni-based α-diimine precatalysts
bearing EW substituents (2−4) described in this study,
wherein a decrease in branching density was observed upon

Scheme 1. Synthesis of Precatalysts 2−7a

a(i) formic acid, MeOH, Δ; (ii) p-toluene sulfonic acid, toluene, Δ;
(iii) Ni(DME)Br2, DCM (see the Supporting Information).

Table 1. Polymerization of Ethylene using Catalysts 1−7a

catalyst yield (g) Mn
b (kg/mol) Đb Bc

1 2.6 104 1.91 106 (± 2)
2 2.2 168 2.81 66 (± 2)
3 1.4 239 2.59 43 (± 3)
4 1.1 239 2.76 49 (± 2)
5 1.6 211 1.32 109 (± 1)
6 2.2 239 1.68 102 (± 3)
7 1.6 189 1.70 115 (± 1)

aPolymerization conditions: 15 psi (relative to atmospheric pressure)
ethylene, 0.01 mmol precatalyst, 0.92 mmol PMAO-IP, 148 mL
toluene, 2 mL DCM, 30 min with a constant ethylene feed pressure,
no precipitation of polymer was observed during the polymerization.
bDetermined using triple detection gel permeation chromatography at
140 °C in 1,2,4-trichlorobenzene. cB = branches/1000 carbons,
determined by 1H NMR at 100 °C in C2D2Cl4,

50 values are reported
as averages over multiple polymerization trials and error is reported as
one standard deviation.
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incorporation of EW substituents. While we cannot yet explain
why these trends appear to be different, we hypothesize that
differential orbital interactions between the respective ligands
and either a period 4 Ni-based metal center or a period 5 Pd-
based metal center may play a pivotal role, suggesting that
future computational investigations may be required.
Having established general trends relating ED/EW group

placement to PE branching density, we then sought to
determine if an intrinsic catalyst characteristic could be
leveraged so as to predict PE branching density without
requiring extensive polymerization studies. For example, the
effects of EW and ED substituents on the reactivity or
selectivity of aromatic compounds are commonly expressed
using quantitative structure−activity relationships, such as the
Hammett equation.51 When PE branching densities obtained
using catalysts 1−7 were plotted as a function of Hammett
substituent parameters (Figure S64 in the Supporting
Information), a general trend was observed. Therein, EW
nitro-substituted catalysts (2−4) have positive Hammett
substituent parameters and produce lower PE branching
densities than unsubstituted catalyst 1, whereas catalysts
bearing ED methoxy substituents (5−7) have negative
Hammett parameters and produce higher PE branching
densities than unsubstituted catalyst 1. However, these
empirical parameters were unable to capture the effects of
three important factors in our study: electron donation or
withdrawal via resonance versus induction, the simultaneous
presence of two or more ED or EW substituents, and differing
placement of substituents about the ligand scaffold. Therefore,
we sought another metric by which the electronic nature of
each catalyst could be quickly measured, but that would also
more accurately represent the often subtle variations in PE
branching density obtained when using each catalyst.
Because placement and nature of EW and ED substituents

are anticipated to alter the electronic nature of the catalyst, we
hypothesized that electrochemical redox half-wave potential
(E1/2) might provide a direct correlation to branching density.
To test this hypothesis, cyclic voltammetry (CV) studies were
conducted for precatalysts 2−7, using dichloromethane as the
solvent, [nBu4N][PF6] (0.2 M) as the supporting electrolyte,
and a scan rate of 100 mV s−1, and referenced to a Fc/Fc+

standard (see Figures S52, S53, and S55−S58, and Table S1, in
the Supporting Information). The measured E1/2 values of
precatalysts 2−7 were then compared to unsubstituted
precatalyst 1, which exhibited a E1/2 = −0.90 V (vs Fc/Fc+)
(Table S1). We found that when EW nitro substituents were
introduced to the ligand scaffold (2 and 3), their E1/2 values
were −0.64 and −0.61 V (vs Fc/Fc+), respectively. Conversely,
when ED methoxy substituents were appended onto the ligand
scaffold (5−7), their E1/2 values are −0.94, −0.86, and −0.99
V (vs Fc/Fc+), respectively, which are similar or slightly more
reducing (negative) than that of unsubstituted precatalyst 1.
Attempts to measure the E1/2 of complex 4 revealed multiple,
overlapping signals of varying intensity, making determination
of a single, reliable E1/2 value difficult (Figure S55), and,
therefore, this precatalyst was not included in subsequent
investigations.
Plots of PE branching density as a function of measured E1/2

for precatalysts 1−3 and 5−7 revealed a clear trend in which
catalysts with more negative E1/2 values produce more
branches/1000 carbons (5−7) and catalysts with less negative
E1/2 produce less branches/1000 carbons (2 and 3), compared
to unsubstituted catalyst 1 (Figure 2). In addition to a

qualitative trend, Figure 2 shows that experimentally obtained
PE branching density versus catalyst E1/2 values can be
represented by a linear function:

= +B m E c( )1/2

where B is the number of branches per 1000 carbons, m is the
slope, and c is the intercept. The slope of the linear fit shows
that an increase in E1/2 of the precatalyst by 0.1 V decreases the
branching content of PE by ∼18 branches/1000 carbons. This
clear, yet simple quantitative structure-branching relationship
presents the opportunity to apply this linear function as a
calibration curve by which the branching density of PE that
would be produced using other Ni-based α-diimine (pre)-
catalysts can be readily predicted by experimentally measuring
precatalyst E1/2 values, but without the need to perform
extensive polymerization trials.
To better understand the mechanistic details underlying the

observed trends in PE branching, as a function of added EW
and ED substituents, theoretical branching densities were
calculated using density functional theory (DFT) as
implemented within the Gaussian 16 software.52 The geo-
metries and vibrational frequencies of the intermediates,
transition states, and ethylene in the reaction pathways
(Scheme 2) for catalysts 1−7 and 12 were optimized using
the dispersion-corrected and range-separated hybrid exchange-
correlation functional, ωB97XD,53 in conjunction with the
Ahlrichs def2svp basis set.54 The ωB97XD functional is
designed to model systems with long-range charge transfer
more accurately and was chosen to appropriately describe
electron transfer between the ligand substituents and the nickel
center of the catalysts in our study. Initial or “guess” structures
for the geometry optimizations were obtained from our
previous computation of Scheme 2 for catalyst 1.43

Furthermore, the charge and spin multiplicity of each cationic,
square-planar intermediate or transition state in the reaction
pathway was set to +1 and singlet, respectively, based on the
computational results of our previous work.43 The success of a
geometry optimization was verified by ensuring that all
resulting vibrational frequencies were real, except for transition
states, in which the single vibrational frequency along the
reaction coordinate was imaginary. Following optimization, the
electronic energies of the relaxed geometries were computed
using the ωB97XD functional and the Ahlrichs def2svp basis

Figure 2. Plot of experimental PE branching density vs experimental
E1/2 (V) for catalysts 1−3 and 5−7. Note: error bars are included for
each data point but may not be fully visible due to data point size.
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set,54 in a polarized continuum model of the toluene solvent.55

In the next step, the free-energy correction to the electronic
energy was computed for the standard conditions of 1 atm and
298 K using the same level of theory as the geometry
optimizations, i.e., ωB97XD/def2svp. Ultimately, the standard
free energy of an intermediate or transition state was calculated
as the sum of its electronic energy and free-energy correction.
All electronic wave functions were checked for stability and
vibrational frequencies of <50 cm−1 were not included in the
calculation of free energies.
The PE branching density produced by a specific catalyst

was determined from its equilibrium constant for isomerization
of the square-planar catalytic intermediate (I-3n‑pr, Scheme 2)
containing a bound ethylene ligand and an n-propyl ligand to
the analogous complex containing an iso-propyl ligand (I-3i‑pr,
Scheme 2) that results after a single chain-walking event. The
equilibrium constant was derived from the standard free energy
of isomerization calculated from the DFT-computed standard-
free-energy difference between I-3i‑pr and I-3n‑pr, as shown in
eqs 1 and 2 in the Supporting Information. This isomerization
equilibrium was hypothesized to dictate branching density
based on the results of our previous computations of ethylene
homopolymerization using Ni α-diimine catalysts.43 To further
test this hypothesis, we compared the branching densities that
would result as a function of either thermodynamic or kinetic
driving forces, and found that the observed variations in
branching content were more strongly aligned with those
based on thermodynamic parameters than those expected due
to kinetic differences. The equations used to calculate
thermodynamic branching densities, kinetic branching den-
sities, and a comparison between both computed values are
provided in eqs 1−7 and Tables S3−S5 in the Supporting
Information.
Figure 3 shows the theoretical PE branching densities

produced by catalysts 1−3 and 5−7, as a function of
experimentally determined E1/2. The branching densities are
presented in Table S3 in the Supporting Information. These

results support the trend observed experimentally (Figure 2) in
which catalysts with more negative E1/2 values (1, 5−7) are
predicted to produce greater branching densities, whereas
catalysts with less negative E1/2 values (2 and 3) are predicted
to produce lower branching densities. The theoretical PE
branching density can also be fit to a linear function with a
slope (m) that differs from the experimental slope by a factor
of <3.
A structural analysis of the DFT results (Table S4 in the

Supporting Information) reveals that EW substituents shift the
isomerization equilibrium between I-3n‑pr and I-3i‑pr toward I-
3n‑pr by strengthening the Ni-ethylene and Ni-propyl
interaction in I-3n‑pr while concurrently weakening the Ni-
propyl β-agostic interaction in I-3i‑pr. The Ni-ethylene
interaction in I-3i‑pr is unable to be strengthened by EW
substituents, because of strong steric repulsion from the iso-
propyl ligand, which significantly distorts the square planar
geometry of I-3i‑pr and prevents ethylene from approaching
closer to Ni. Because of this repulsion, the planar angle about
the Ni center in I-3i‑pr is 47°, compared to 0° in a perfectly
square planar complex. Overall, these geometric effects support
the hypothesis that EW substituents favor ethylene coordina-
tion more than β-hydride elimination, relative to unsubstituted
catalyst 1. As shown in Table S4, ED substituents have a
negligible effect on Ni-ethylene and Ni-propyl distances in I-
3n‑pr and, consequently, have a small effect on branching
density. Furthermore, our free-energy analysis shows that
changes in branching density for catalysts 5−7, relative to 1,
occur partly due to the entropic penalty of binding an n-propyl
ligand compared to an iso-propyl ligand.
Having established a correlation between PE branching and

catalyst E1/2, we sought to examine the predictive capabilities
of this method. To do this, we synthesized five additional
precatalysts (8−12; see Figure 4) with expected E1/2 values
within the range of our experimentally determined calibration
curve (Figure 2). As previously discussed, synthesis of
nitroacenaphthoquinone yielded two isomers, but only one
of which was used for the aforementioned studies. Having also
isolated pure 4-nitroacenaphthoquinone, this synthon was used
to access precatalyst 8, which enabled us to simultaneously
investigate the effect that EW nitro substituent placement on
the acenaphthene backbone has on PE branching density.
Precatalysts bearing halide substituents (9−11) were also
chosen as they were expected to exhibit E1/2 values between
those measured for complexes 2 and 3 and 5−7; however, they

Scheme 2. Catalytic Reaction Pathways for Ethylene
Homopolymerization Using Ni-Based α-Diimine Catalysts

Figure 3. Plot of theoretical PE branching density versus experimental
E1/2 (V) for catalysts 1−3 and 5−7.
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would also enable us to apply our predictive curve to
substituents that are inductively EW but that may also donate
electron density via the ligands π-system. Lastly, a precatalyst
bearing methyl substituents (12) was chosen as it is also
expected to be slightly ED and fall within the E1/2 range of
precatalysts 1 and 5−7. Precatalysts 8−12 were synthesized
following synthetic routes similar to those for 2−7 (see
Supporting Information) and were all characterized using
standard analytical techniques.
The E1/2 of precatalysts 8−12 were measured using CV

under identical conditions as 1−7 (see Figures S59−S63, and
Table S2, in the Supporting Information). As expected, the
redox potential (E1/2) for precatalyst 8 was similar to the other
nitro-substituted precatalysts (E1/2 = −0.69 V (vs Fc/Fc+)),
precatalysts 9−11 were between those of the nitro-substituted
precatalysts and the methoxy-substituted precatalysts (E1/2 =
−0.80, −0.78, and −0.79 V (vs Fc/Fc+), respectively), and
precatalyst 12 was within the range of the methoxy substituted
precatalysts (E1/2 = −0.87 V (vs Fc/Fc+)). Using the measured
E1/2 values of precatalysts 8−12, the PE branching density was
then predicted using the fitting function generated by the
experimental calibration curve (Figure 5, triangles), prior to
performing any polymerization trials. The predicted PE
branching densities were 67, 86, 83, 84, and 98 branches/
1000 carbons for precatalysts 8−12, respectively (see Table
S2).
The ethylene polymerization activity of precatalysts 8−12

was then evaluated under a constant ethylene feed pressure (15
psi, relative to atmospheric pressure) using PMAO-IP as an
activator (see Table S2 in the Supporting Information). Similar
to the results observed when using precatalysts 1−7, all
polymerizations using precatalysts 8−12 remained homoge-
neous prior to quenching with methanol. The experimentally
determined branching density (Figure 5, circles) when using
catalysts 8 and 10 (64 ± 2 and 82 ± 1 branches/1000 carbons,
respectively) were in very close agreement with predicted
values. Catalysts 9 and 11 produced PE with 103 ± 4 and 79 ±
1 branches/1000 carbons, respectively, and were also within
reasonable agreement with the predicted values. However, the
experimental branching density obtained using catalyst 12 was
significantly lower than predicted, yielding a PE with only 71 ±
3 branches/1000 carbons (versus predicted value of 98
branches/1000 carbons), and surprisingly close to the
experimentally determined PE branching density obtained
using catalyst 2 (66 branches/1000 carbons) that contains an
EW nitro substituent on the acenaphthene backbone.

Using DFT analysis, the theoretical branching density
produced by 12 (18 branches/1000 carbons) was similarly
found to be close to the theoretical branching density obtained
using 2 (24 branches/1000 carbons), which differs from that
which was predicted based on experimentally determined
trends (Figure 2). Geometric analysis of the DFT results
revealed that similar to the effects of EW nitro substituents, the
ED methyl substituent shortens the Ni-ethylene interaction of
I-3n‑pr while weakening the β-agostic interaction between Ni
and the iso-propyl ligand in I-3i‑pr, thereby shifting the
isomerization equilibrium between I-3n‑pr and I-3i‑pr toward
I-3n‑pr. We hypothesize that the discrepancy between PE
branching densities predicted when using catalyst 12 (based on
trends derived in Figure 2) and those that were experimentally
measured and predicted based on DFT analysis, stems from
available modes of intramolecular electron density transfer for
each species. More specifically, for ED methyl substituents
(i.e., catalyst 12), this electron density transfer occurs primarily
via σ-donation, whereas ED methoxy substituents transfer
electron density via both σ-withdrawing and π-donation effects.

■ CONCLUSION
In summary, we have systematically examined how placement
of EW and ED substituents on either the acenaphthene-
derived backbone, N-aryl moieties, or both impact the degree
of PE branching obtained when using Ni-based α-diimine
olefin polymerization catalysts. Our results demonstrate that
catalysts bearing EW nitro substituents (2−4) produce PE
with decreased branching density, relative to unsubstituted
catalyst 1. In contrast, catalysts bearing ED methoxy
substituents (5−7) produce PE with little to no change in
PE branching density, when compared to unsubstituted 1
under identical polymerization conditions.
We also demonstrated that as the electronic nature of these

Ni α-diimine catalysts are varied as a function of substituent
identity (EW vs ED), number (1 vs 2 vs 3), and position
(backbone vs N-aryl moiety), so too is the redox half-
wavepotential (E1/2) of those precatalysts. A plot of PE

Figure 4. Structures of precatalysts 8−12.

Figure 5. Experimental calibration curve with predicted (triangles)
and experimental (circles) branching density (branches/1000
carbons) for 8 (pink), 9 (green), 10 (red), 11 (blue), and 12
(purple). Predicted values determined using the fit generated with the
experimental calibration curve. Notes: (a) error bars are included for
each experimentally measured data point, but may not be fully visible
due to data point size; and (b) predicted and experimental markers
for 10 coalesce.
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branching density as a function of each precatalyst’s E1/2 value
revealed a linear trend in which catalysts with more negative
E1/2 values (1, 5−7) produce PE with higher branching
densities, whereas catalysts with more positive E1/2 values (2
and 3) produce PE with lower branching densities.
DFT was then used to better understand the mechanistic

details behind the observed modulation of PE branching
density as a function of EW and ED group incorporation. The
computed branching densities support our experimentally
observed trend in which the incorporation of π-EW
substituents decreases PE branching and incorporation of ED
substituents increases PE branching. Geometric analysis of the
two key intermediates in the isomerization pathway show that
π-EW substituents strengthen Ni-ethylene coordination along
the linear polymerization route whereas π-ED substituents
have a negligible effect on Ni-ethylene coordination.
Lastly, we examined the predictive powers of the observed

relationship between precatalyst E1/2 and PE branching density
through the synthesis of five additional Ni-based α-diimine
catalysts (8−12). The experimental PE branching densities of
catalysts 8−11 were found to be within good agreement of the
predicted values; however, the experimentally measured PE
branching density when using catalyst 12 exhibited a much
lower branching density than predicted. This result was
corroborated by computation, which found that the ED
methyl substituents in 12 had a qualitatively similar effect on
the isomerization equilibrium as the EW nitro substituents in
2−4. Although we anticipate that the predictive method
established herein may be used to strategically design future Ni
α-diimine-based catalysts for tailored PE branching, without
the need for exhaustive polymerization studies, the observed
difference between predicted and experimentally measured
branching densities obtained using catalyst 12 highlights a
possible limitation of our predictive model. We hypothesize
that the discrepancy between PE branching densities predicted
for catalyst 12 (based upon trends derived in Figure 2) and
those that were experimentally measured and predicted based
on DFT analysis, stems from available modes of intramolecular
electron density transfer for each species.
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