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A series of mononuclear (M1 and M2) and dinuclear (C1–C6) Ni α‐diimine cat-

alysts activated by modified methylaluminoxane were used in polymerization

of ethylene. Catalyst C2 bearing the optimum bulkiness showed the highest

activity (1.6 × 106 g PE (mol Ni)−1 h−1) and the lowest short‐chain branching

(32.5/1000 C) in comparison to the dinuclear and mononuclear analogues.

Although the mononuclear catalysts M1 and M2 polymerized ethylene to a

branched amorphous polymer, the dinuclear catalysts led to different branched

semicrystalline polyethylenes. Homogeneity and heterogeneity in the micro-

structure of the polyethylene samples was observed. Different trends for each

catalyst were assigned to syn and anti stereoisomers. In addition, thermal

behavior of the samples in the successive self‐nucleation and annealing tech-

nique exhibited different orders and intensities from methylene sequences

and lamellae thickness in respect of each stereoisomer behavior. Higher selec-

tivity of hexyl branches obtained by catalyst C2 showed a cooperative effect

between the centers. The results also revealed that for catalysts C5 and C6,

selectivity of methyl branches led to very high endotherms and crystalline

sequences with melting temperatures higher than that of 100% crystalline poly-

ethylene indicating ethylene/propylene copolymer analogues. For catalysts C3

and C4, more vinyl end groups were a result of the long distance between the

Ni centers. Kinetic profiles of polymerization along with a computational study

of the precatalysts and catalysts demonstrated that there is a direct relation

between rate constant, energy interval of catalyst and precatalyst, and interac-

tion energy of Et···methyl cationic active center (Et···MCC or π–Comp.). Based

on this, narrow energy interval (activation energy) of precatalyst and catalyst

leads to fast and higher activation rate (catalyst M2), and strong interaction

of ethylene and catalyst leads to high monomer uptake and productivity (cata-

lyst C2). Moreover, theoretical parameters including electron affinity, Mulliken

charge on Ni, chemical potential and hardness, and global electrophilicity

showed optimum values for C2.
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1 | INTRODUCTION

The main purposes in synthesis of multinuclear catalysts
are superior activity and selectivity.[1] In the field of mul-
tinuclear catalysts for polymerization of olefins, many
studies have been reported. In some cases, a unique poly-
mer with a distinct microstructure and narrow polydis-
persity is obtained.[2–5] However, in other cases, a broad
to bimodal molecular weight distribution has been
reported.[6–9] Higher or lower activity and selectivity of
multinuclear catalysts in comparison to mononuclear
ones can be attributed to the presence of adjacent metal
centers or the ligand structure, all of which effects could
be interpreted as steric and electronic effects.[1] Each
structural parameter has an impact on the catalyst behav-
ior. To clarify, when two centers in a dinuclear catalyst
are similar and far enough from each other, one can
observe behavior similar to that of the mononuclear ana-
logue. However, if the centers be at an effective distance
so as to have an interaction, the scenario could change.
Moreover, the interactions can be positive or negative,
giving cooperative or competitive effects.

The effective distance between two centers basically
depends on the nature of the centers and ligand structure.
The possible interactions between a monomer/polymer
chain and the second center are dependent on monomer
length and presence of weakly basic substituents such as
hydrogen or phenyl in the monomer. On the other hand,
the nature and length of the linker between the two
centers are crucial.[10–12] Whereas a rigid bridge poses
the centers at a constant distance, a flexible one could lead
to variable distance. Bridges of various structures (poly-
methylene, phenylene, silane, siloxane, rigid/flexible) in
multinuclear metallocene and constrained geometry
complex‐based catalysts have been used and reported,
although in the field of late transition metal catalysts,
there are more scarce reports.[13–16]

Based on this, there is a demand for the study of the
effect of length and nature of bridge and substituents in
multinuclear late transition metal catalysts. The impor-
tance of late transition metal catalysts especially Ni and
Pd complexes is in regard to chain walking mechanism
and their activity in the copolymerization of polar mono-
mers and production of highly branched polyolefins and
thermoplastic elastomers.[17–26] This shows the impor-
tance of catalyst structure that strongly affects the
resulting polymer microstructure.[27–35] Based on this,
dinuclearity effect can control this behavior through the
different structures. For instance, Jesús and co‐workers
reported a dendritic complex bearing low‐stericity ortho‐
aryliminopyridine ligands which were active for produc-
tion of a mixture of oily and solid polyethylene.[36] Chen
and co‐workers reported a rigid conjugated α‐diimine
backbone in dinuclear Ni and Pd catalysts, and unimodal
to bimodal molecular weight distributions of polye-
thylene were observed.[37] A series of symmetric to
unsymmetric bimetallic Ni complexes bearing aryl‐linked
iminopyridines affording mixtures of waxes and low‐
molecular‐weight solid polyethylene were reported by
Solan and co‐workers.[38] Sun and co‐workers synthesized
a series dinuclear iminopyridine Ni complexes bearing
rigid and rigid/flexible bridges giving oligomeric to
oligomeric/polymeric polyethylene.[39,40] Moreover, they
reported a series of α‐diimine dinuclear catalysts with
higher activity and the resultant polyethylene had high
molecular weight and branching density.[41] Structures
of flexible/rigid bridges reported by Luo and Schumann
were active in ethylene polymerization but microstruc-
tural properties of products were not mentioned.[42] In
addition, we reported a series of dinuclear α‐diimine
Ni‐based catalysts with structures having higher elec-
tronic and steric effects that showed higher activity,
although molecular weight distribution was broad.[43]

In addition to practical reports, there are some compu-
tational studies of catalyst structure and polymerization
that we used as inputs of our calculations.[43–48] In the
work reported herein, we computed the structures for
better understanding of relation between theoretical
parameters, interactions and catalyst behaviors. Alto-
gether, by considering all previous reports of dinuclear
Ni‐based catalysts, the structural properties of the bridges
need more investigations. Based on this, we studied the
effect of the nature and length of spacer between two Ni
centers in dinuclear α‐diimine‐based catalysts. The cata-
lyst behavior and the resultant polymers obtained in the
presence of these complexes and mononuclear analogues
using modified methylaluminoxane (MMAO) were inves-
tigated. Moreover, theoretical calculation was used to
confirm and explain the kinetic profiles and catalyst
behavior.
2 | EXPERIMENTAL

2.1 | Materials

All manipulations of air‐/water‐sensitive compounds
were conducted under argon/nitrogen atmosphere using
standard Schlenk techniques. All solvents were purified
prior to use. Toluene (purity 99.9%) was purified over
sodium wire/benzophenone, and used as polymerization
medium. Ethylene (purity 99.99%) was provided by Ban-
dar Imam Petrochemical Company (BIPC, Iran). MMAO
(7 wt% in toluene) was supplied by Sigma Aldrich
Chemicals (Steinheim, Germany).
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2.2 | Polymerization procedure

Ethylene polymerizations were conducted in a 200 ml
stainless steel Buchi reactor, using toluene as the solvent.
The reactor was purged with nitrogen at 90°C for 2 h
prior to each reaction. Dried toluene was introduced
under nitrogen atmosphere, followed by MMAO and cat-
alyst. The reactor was saturated with ethylene to the
desired total pressure and reaction proceeded for
30 min, by mixing at 800 rpm. To better study the reac-
tion coordinate, the stirrer was stopped during injection
of catalyst then stirrer and plot started, concurrently. Eth-
ylene consumption was compensated using a mass flow
meter to keep the pressure constant. Finally, the reactor
was evacuated and the product was washed with acidic
methanol (5%) and dried under reduced pressure.
2.3 | Characterization

Fourier transform infrared (FT‐IR) spectra were obtained
using Bruker AC‐400 and Thermo Nicolet AVATAR 370
spectrometers. Molecular weight distributions (MWDs)
were determined with a Polymer Char high‐temperature
gel permeation chromatography (GPC) instrument, run
at 145°C under a flow of 1,2,4‐trichlorobenzene at a rate
of 1 ml min−1. The GPC instrument was equipped with
three detectors in series (IR, light scattering and differen-
tial viscometer) and calibrated with narrow polystyrene
standards.[49] 13C NMR spectra of polyethylene were
recorded with a Bruker AC‐400 MHz instrument at
115°C in deuterated tetrachloroethane with tetrame-
thylsilane as an internal standard. Differential scanning
calorimetry (DSC) thermograms were recorded inthe sec-
ond heating cycle with a rate of 10°C min−1 using a
PerkinElmer DSC Q100 instrument. Successive self‐
nucleation and annealing (SSA) analysis was carried out
at heating and cooling rates of 10°C min−1. Samples were
first heated to 180°C, maintained for 10 min and cooled
to 25°C. Subsequently, samples were heated to the first
self‐nucleation temperature, maintained for 10 min then
cooled to 25°C. Successive self‐nucleation was achieved
by repeatedly heating to the next self‐nucleation tempera-
ture and cooling to 25°C. After covering the temperature
range between 165 and 25°C, the final heating ramp from
25 up to 190°C was applied to collect all melting
endotherms.[50]
2.4 | Ligands and complex synthesis

All the ligands and complexes were synthesized and char-
acterized as fully described in our recent papers.[51,52] The
catalysts studied were mononuclear (M1 and M2) and
dinuclear (C1–C6) Ni α‐diimine‐based catalysts.
3 | RESULTS AND DISCUSSION

3.1 | Ethylene polymerization catalyzed
by mononuclear and dinuclear catalysts

The results of ethylene polymerization showed the highest
catalyst activity of C2 among the dinuclear and mononu-
clear catalysts in the order of C2 > M2 > M1 > C4 >
C3 > C1 > C6 > C5 (Figure 1). Catalyst C2 has the optimum
bulkiness around the active center (methyl and isopropyl
on the ortho position of aryl rings) which is called the
“ortho‐aryl effect”.[53] This effect also implies the steric
and electronic impacts of ligand architecture and metal
center. The kinetic profiles of polymerization (Figure 2)
demonstrate ethylene consumption for dinuclear com-
plexes, and the structures with more electron‐rich groups
and substituents (phenyl and &bond;CH2&bond; units)
as a bridge exhibited greater activity and ethylene uptake.
The effect of backbone was observed for catalysts M2 and
C4 in comparison to M1 and C3, respectively. Higher activ-
ity of M2 than M1 is consistent on our previous results for
higher α‐olefin polymerization.[52] This suggested that
the presence of acenaphthene could make the active cen-
ter to be a better π‐acceptor. This trend along with the
ortho‐ aryl effect of catalyst C2 made it the most effective
and stable catalyst. Lower Mulliken charge on Ni atom(s)
in MCC (Figure 3b) indicated electronic effects of the
ligand structure on the active center(s). This can be
observed in comparison of M2 versus M1, C2 versus C1,
C4 versus C3 and C6 versus C5.

Activation of the complexes is fast followed by
reaching high values of ethylene uptake, propagation,
chain transfers, termination and deactivation reactions
(Figure 2).[54] It has been reported that the rate‐
determining step in polymerization of ethylene is chain
growth while for higher α‐olefins it is monomer trap-
ping.[54,55] The rate of each step depends on the catalyst
structure and polymerization conditions. Although the
steep slope at the beginning of the kinetic profile
represents a fast activation and strong monomer coordi-
nation (Equations (1)–(23)), the trend of the profile high-
lights the activity through a longer time. The chemical
equations are

C þ Al→C*Activation (1)

Pr þM→Prþ1
r ¼ 0→P0 ¼ C*Coordination

r > 0 Propagation

(
(23)



FIGURE 2 Kinetic profiles of ethylene polymerization using mononuclear (M1 and M2) and dinuclear (C1–C6) catalysts

FIGURE 1 Bar chart of activities of mononuclear (M1 and M2) and dinuclear (C1–C6) catalysts
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Pr þ T→P1 þ DrChaintransfer (4)
Pr→Cd þ Drdeactivation (5)

where C is the metal center, Al is the cocatalyst and C*
is the active center (catalyst). Pr is equivalent to C* for
the first insertion of monomer, M represents the ethyl-
ene monomer and Pr+1 is the growing polymer chain.
In the chain transfer equation, T is the chain transfer
species which can be the cocatalyst, catalyst, monomer
and chain transfer agents (such as H2). Dr is the dead
polymer and Cd is the deactivated site. Since the reac-
tions were carried out under similar conditions, the
effects of structure on polymerization kinetics revealed
that optimum bulkiness in architecture of catalyst leads
to efficient shielding of axial sites of active centers
against deactivation and chain transfer reactions (Equa-
tions (4) and (5)). As the first step in the ethylene inser-
tion process is formation of a π‐Comp. and the most



FIGURE 3 (a) Relative energy profiles for Pre‐Cat., MCC and π‐Comp. (b) Mulliken charge on Ni in mononuclear and dinuclear

structures

FIGURE 4 MWD and SCB curves of polyethylene obtained using mononuclear and dinuclear catalysts
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stable structure is found, the ethylene monomer is ori-
ented in a direction perpendicular to the MCC.[45]

Although the narrow energy interval (Figure 3)
between the precatalyst and catalyst (lower activation
energy) led to faster activation (Ka) and coordination for
catalyst M2 having lower steric and electronic effects, cat-
alyst C2 through optimum bulkiness, synergistic effect
and higher stability showed higher Kp/Ktr and Kp/Kd

rates. It was also mentioned before that the rate‐
determining step of reaction is chain growth where the
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active center reacts with the monomer. The higher energy
of monomer binding to the active metal center in the
propagation step (for C2) could lead to higher rate of
propagation/termination or chain transfer (Kp/Ktr), and
abrupt decreasing of kinetics profile for the other dinu-
clear catalysts is due to less shielding effect and lower
monomer binding energy. Although the mononuclear
catalysts showed higher monomer uptake, the activities
decreased faster at longer time in comparison to C2 which
can be attributed to the higher stability of dinuclear cata-
lyst C2 in comparison to the mononuclear catalysts, as
well. These results also are consistent with our previous
reports on polymerization of longer α‐olefins.[51]

Polymerization at higher temperature (45 and 65°C)
showed a moderate thermal stability of catalyst C2.
Moreover, increasing temperature led to an increase of
branching density and MWD and lower Tm, crystallinity
and molecular weight. These observations are due to the
enhancing of chain transfer reactions and formation of
branches where the increasing temperature could
stabilize the second stereoisomer affording the broad
MWD.[43,51,53] Higher monomer pressure at high temper-
ature of polymerization (run 11) afforded a higher yield
of polyethylene with higher molecular weight and
degree of crystallinity. Greater concentration of ethylene
leading to more insertions was the reason for these
results.[43,51]
FIGURE 5 13C NMR spectra of samples obtained using catalysts M2
3.2 | Microstructural properties

Molecular weight and MWD of mononuclear catalysts
(M1 and M2) correspond to their single‐site feature of
the center, while for dinuclear catalysts, the presence of
stereoisomers afforded different trends in polymerization
pathway and products as can be observed in the GPC and
short‐chain branching (SCB) curves (Figure 4). Ascending
or descending SCB trends as a function of molecular
weight (dinuclear catalysts except C2) showed the stereo-
isomer activities in polymerization media through differ-
ent steric and electronic effects around the active center
(Figure 4). The extent of broadening in MWD can be
related to the difference between two stereoisomers and
structural properties. To clarify, according to the compu-
tational results for C5 and C6, as the structural differences
between two stereoisomers (syn and anti) are less, varia-
tions in polymerization pathway (SCB curves) and final
product are minor, and the distributions are much
narrower in comparison to C1, C3 and C4 (Table 1).

Both branching density and distribution of the samples
obtained using mononuclear catalysts (M1 and M2) in
comparison to dinuclear catalysts are different. It can be
suggested that each stereoisomer is responsible for pro-
ducing low‐ or high‐molecular‐weight fraction of polymer
and particular microstructure. Increasing or decreasing in
SCBs as a function of molecular weight was observed.
and C2
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Branch formation pathway consists of β‐H elimination
and reinsertion, indicating that the steric and electronic
effects of backbone and bridge along with the nuclearity
control the behavior of the catalyst. Based on this, the
SCB formation, although by M1 is decreasing and also
for all the catalysts, SCB trend is decreasing, the changes
in the SCB curves except M1, M2 and C2 are significant. In
addition, the effect of backbone on the catalysts M1/M2

and C3/C4 indicates that the catalysts M1 and C3 bearing
methyl groups on C–C backbone affording high level of
SCB and also for stereoisomers of C3 (active species),
the behaviors are similar to that of mononuclear M1.

Rigidity of the bridge is another controlling factor of
catalyst behavior. Based on this, by increasing the flexibil-
ity of bridge structure (C6), not only the broadening of
MWD decreased but also the difference between the
FIGURE 6 Proposed mechanism for branch formation by dinuclear c

TABLE 2 Branching density and distribution of samples 2 and 4

Sample

Branching
density
(per 1000 C)

Branching distribution (%)

Me Et Pr Bu He L

2 75.2 50.8 11.6 12.7 13.0 2.4 9.5

4 39.6 41.2 7.6 7.0 14.1 19.4 10.7

FIGURE 7 FT‐IR spectra of polyethylene samples obtained using mo
SCB formations of stereoisomers was reduced. The results
were also confirmed by theoretical calculations where
the energy interval between the stereoisomer structures
decreased. Detailed microstructural characteristics of the
polyethylene obtained using mononuclear (M2) and dinu-
clear (C2) catalysts were determined using 13C NMR anal-
ysis.[35,56,57] As can be observed in Figure 5, the spectra in
regard to chemical shifts are mostly similar except bran-
ching distribution (Table 2). Interestingly, the microstruc-
ture of the sample 4 contains rather a high level of hexyl
(He) branches while for the sample 2, shorter chain
branches are dominant. As we previously reported a high
level of chain walking of dinuclear catalyst C2 in poly-
merization of higher α‐olefins (1‐octene), it also may be
suggested for the polymerization of ethylene that a high
level of chain walking on macromonomer could lead to
higher linearity in comparison to amorphous sample 2.
In other side, high level of He branches could be a result
of propagation along with agostic interaction of generated
1‐octene and the second metal center. Based on this, a
possible mechanism for the observed results is presented
in Figure 6.

Also, regiorandom selectivity in branching distribu-
tion by M2 could be observed, while for C2 linearity of
atalysts

nonuclear (M1 and M2) and dinuclear (C1–C6) catalysts



FIGURE 8 Fractionated melting endotherms of polyethylene obtained using mononuclear (M2) and dinuclear (C1–C6) catalysts
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polymer chain is observed along with a selectivity of He
branches.

The proposed mechanism depicted in Figure 6 can be
interpreted in terms of α‐olefin formation (Figure 6, part
A) for C2 (n = 1) and following insertions and enchain-
ments (Figure 6, part B) that lead to longer branches
and chain straightening in comparison to M2.

In addition, FT‐IR spectra (Figure 7) showed some
outstanding evidence regarding the microstructure of
the samples.[43,58–60] For instance, bands at 717 cm−1 are
indicative of the long‐chain branches (≥He) which for
the polyethylene made using catalysts C1–C4 could be
observed and for C2 and C4 were much stronger, while
for C5 and C6, bands at 841, 973–997 and 1162 cm−1 show
the high level of methyl branches. Flexible and short dis-
tance between the Ni centers along with lower electronic
effects provided by aliphatic bridges in C5 and C6 led to
high level of short branching density (especially methyl
branches). β‐Hydrogen elimination and 2,1‐insertion
could lead to methyl branches. The ratio of the bands at
1378 and 1464 cm−1 is also useful for comparison of
branching extent in microstructure of samples that is in
accordance with GPC‐IR and NMR results. Besides,
unsaturation content of the polymer chain obtained
through GPC‐IR (0.3/1000 C and 0.5/1000 C for C3 and
C4) in solution state was confirmed by FT‐IR analysis in
solid film. The peak at 908 cm−1 indicated the vinyl
content in the microstructure of the samples. It could be
suggested that long distance between the Ni centers and
less shielding effect of ortho positions in catalysts C3

and C4 in comparison to C1 and C2, respectively, could
lead to lower effective agostic interaction between the
macromonomer and second Ni center leading to diffusion
of vinyl chain into solution (Figure 6, part A).

These microstructural details could be observed in the
thermal behavior of the samples. Thermal analysis is one
of the most useful and promising methods for obtaining
details of the microstructure and chemical composition
of ethylene/α‐olefin (co)polymers. For instance, SSA is a
faster alternative for TREF and CRYSTAF, with higher
sensitivity to both intra‐ and intermolecular heterogene-
ities of comonomer distribution.[61] On the other hand,
late transition metal catalysts, especially Ni and Pd, are
known as catalysts for production of highly branched poly-
ethylene (chain walking mechanism instead of comono-
mer). These features can be observed for the polyethylene
obtained using M1 and M2 that do not show any melting
in DSC thermograms. Weighted summation of Gaussian
distribution functions is used for deconvoluting the contri-
bution of different lamella thicknesses.[50] For sample 2, a
series of weak endotherms at low temperatures were
observed (Figure 8) through the SSA technique, while for
sample 1 crystallinity is not observed. As a result, catalyst
M1 produces highly branched polyethylene without any
significant methylene disclosing very short methylene
sequences. This thermal behavior is consistent with the
NMR and FT‐IR sequences and M2 through lower SCBs
in microstructure and weak endotherms at low tempera-
ture results. On the other hand, it can be observed in melt-
ing endotherms (SSA) of the polyethylene obtained using
the dinuclear catalysts that there is heterogeneity of crys-
talline phase in samples 3 and 5–8, due to different chem-
ical composition and broad MWD, while for the samples
produced using C2, homogeneity reveals much more uni-
form behavior of the catalyst in regard to SCB formation
and methylene sequences. Intensities and regular linearity
features allow the chains to form different and uniform
domains of crystallinity. For the other dinuclear cata-
lysts, in fact, the presence of second polyethylene phase
could cause a disruption in crystallization or overlapping
of endotherms. However, C3 in comparison to C4

afforded some weak endotherms at higher temperatures
(Figure 8). In comparison to M2, C2 led to less branching
content and higher melting temperature. This can be
attributed to higher SCB content of polymer chain incor-
porated in crystalline phase. Interestingly, for the sam-
ples obtained using C5 and C6, high level of methyl
branches incorporated in crystallization led to fractions
with high melting temperature indicating ethylene/
propylene copolymer analogues.
4 | CONCLUSIONS

In addition to the ligand backbone, the presence of a sec-
ond metal center could change the catalyst behavior. This
trend could be controlled by the nature and length of
bridge between the active centers. These structural fea-
tures, moreover, have an effect on the stability and activ-
ity of the catalyst and on polymer properties. Higher
electron density provided by longer and bulkier groups
on the ligand led to higher stability and activity of the
dinuclear catalysts. Besides, the optimum bulkiness
obtained by isopropyl and methyl substituents at ortho
positions in catalyst C2 afforded the highest performance.
Theoretical parameters such as energy intervals and Mul-
liken charge on Ni atoms confirmed the experimental
results. Regarding the thermal and microstructural prop-
erties of the polyethylene obtained using the mononu-
clear and dinuclear catalysts, M1 and M2 polymerized
ethylene to a highly branched amorphous polyethylene,
while for the dinuclear catalysts the results were differ-
ent. Although the mononuclear catalysts did not show a
specific selectivity of microstructure, the dinuclear cata-
lysts exhibited superior control of polymer architecture.
To clarify, catalyst C2 demonstrated a selectivity of hexyl
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branches, catalysts C5 and C6 led to an ethylene/
propylene analogue through high level of methyl
branches, and catalysts C3 and C4 afforded vinyl‐
terminated microstructure. Homogeneity and heteroge-
neity in polyethylene chains of the samples were
observed through the SSA technique, MWD and SCB
curves. Different trends for each catalyst were attributed
to syn and anti stereoisomers. In addition, thermal behav-
ior of the samples in the SSA technique exhibited differ-
ent orders and intensities from methylene sequences
and lamella thickness in respect of each stereoisomer
behavior. Kinetic profiles of polymerization along with
the computations showed that the short energy interval
(activation energy) of precatalyst and catalyst leads to fast
and higher activation rate (catalyst M2), and strong inter-
action of ethylene and catalyst leads to high monomer
uptake and productivity (catalyst C2). Moreover, theoreti-
cal parameters including electron affinity, Mulliken
charge on Ni, chemical potential and hardness, and
global electrophilicity showed optimum values for C2.
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