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Homogenous catalytic homopolymerization and copolymerization of 1-hexene

(H) with methyl methacrylate (MMA) were carried out in presence of two

different types of mononuclear (MNC1 and MNC2) and dinuclear Ni-based

catalysts (BNC1 and BNC2). Modified methylaluminoxane was used as

cocatalyst due to good reactivity in MMA/H copolymerization. Among the

structures, BNC1 showed the highest catalyst activity (6.9 × 104 g P. mol−1Ni.

h−1). Although Mw of the copolymer made by BNC1 was higher than its mono-

nuclear, molecular weight distribution was broader. The optimum molar ratios

for mononuclear and dinuclear were obtained at [Al]/[Ni] = 1,000:1 and

[Al]/[Ni] = 1,500:1, respectively. Surprisingly, introduction of MMA (up to

[MMA]/[H] = 50:50 molar ratio) into the polymerization solution increased

the activity of all catalysts. 1H NMR analysis study revealed that increasing of

MMA in the feed composition raised incorporation of the comonomer into the

obtained copolymers. The result was consistent on the calculated reactivity

ratio of monomers, using Kelen–Tudos method. In addition, BNC1

(at [MMA]/[H] = 70:30 molar ratio) demonstrated more incorporation of

MMA to the main copolymer chain (95.2% mol). On the other side, study on

tacticity of the PMMA sample was investigated that showed a distribution of

stereoregularity in the order of atactic > > syndiotatic > isotactic

(53.2 > 26.7 > 20.1). In addition, for copolymers made by BNC1, an unusual

pattern was observed as lower concentration of MMA in the feed (i.e., 30%) led

to high isotactic blocks of MMA. The highest branching density of the poly-

mer, however, was obtained by BNC1 (217/1000C) and the lowest by BNC2

(80/1000C). Higher extent of the polar comonomer (MMA) in the copolymer

backbone led to increasing of Tg for the copolymer samples (from 74.4 to

98.9�C). The structural properties of the obtained copolymers were investi-

gated using both Fourier transform infrared spectroscopy and Raman spectros-

copies, as well.

Received: 30 April 2020 Revised: 16 July 2020 Accepted: 20 July 2020

DOI: 10.1002/aoc.6121

Appl Organomet Chem. 2020;e6121. wileyonlinelibrary.com/journal/aoc © 2020 John Wiley & Sons, Ltd. 1 of 15

https://doi.org/10.1002/aoc.6121

https://orcid.org/0000-0001-9031-5281
https://orcid.org/0000-0003-2380-8363
https://orcid.org/0000-0003-3266-4277
https://orcid.org/0000-0002-5003-7034
https://orcid.org/0000-0003-4461-8657
mailto:zohuri@um.ac.ir
http://wileyonlinelibrary.com/journal/aoc
https://doi.org/10.1002/aoc.6121
http://crossmark.crossref.org/dialog/?doi=10.1002%2Faoc.6121&domain=pdf&date_stamp=2020-12-27


KEYWORD S

cooperative effect, dinuclear nickel catalyst, microstruture, MMA/1-hexene copolymer, reactivity

ratio

1 | INTRODUCTION

Poly(α-olefin)s such as poly(1-hexene) has an excellent
elastic property and extensive applications in human
life.[1] The nonpolar nature of polyolefins and lack of
polar functional groups in the main polymer chains are
restrictions of the polymer for several applications.[2]

Implying polar groups into microstructures of nonpolar
polyolefins enhances adhesion on substrates such as glass
or ceramic and miscibility with other polymers, solubility
in polar solvent, printability, and so forth.[3,4] The
nonpolar–polar copolymers have attracted much
attention due to their high-grade properties that make
them suitable for multipurpose applications for
industries.[5–9] In terms of production of these polymers,
there are various ways to synthesize these very important
and widely used copolymers.

Basically, there are three methods to functionalize
polyolefins and produce copolymers. Two approaches of
copolymerization (i.e., direct copolymerization of α-olefin
with functional monomer and chemical modification of
preformed polymer) are clear and attractive.[10,11] The
third approach including a multistage imperfection is a
reactive copolymer approach and is much more benefi-
cial for metallocene technology. Among different copoly-
merization methods, direct copolymerization is a suitable
method for radical and coordination polymerizations and
could make one-step copolymer directly.[3] Mainly, this
kind of copolymerization can be applied for all catalysts
(early and late transition metals) and different polymeri-
zation systems for ethylene and α-olefins.[12–18] However,
for early transition metal catalysts, polar groups may poi-
son the catalysts. On the other side, highly electron-rich
late transition metal catalysts are very stable toward func-
tional groups and suitable for direct copolymerization of
α-olefins with polar monomers.[3] As the most reports
along with ours on copolymerization are on late transi-
tion metal catalysts, the literature review will be focused
on these systems.

Among different kinds of ligands used in the struc-
ture of catalysts, phosphine–sulfonate and α-diimine are
interesting and important. These ligands have been
widely used in copolymerization of α-olefin with polar
monomers.[19–24] One of the most applied late transition
metal catalyst systems is based on α-diimine Pd (II) and
Ni (II) complexes. This has already been used as a gen-
eral example for copolymerization of ethylene with polar

monomers. For instance, Brookhart and coworkers
reported copolymerization of ethylene and methyl
acrylate (MA) using 2,6-diisopropyl-substituted α-diimine
Pd (II) catalysts. 1H and 13C NMR spectroscopies demon-
strated that the product was a highly branched structure
with high molar mass.[25,26] The higher price and lower
activity of palladium catalysts in comparison with
nickel complexes restrict their application.[27] Homo-
polymerization and copolymerization of ethylene with
polar monomers using nickel catalysts activated by
Et2AlCl were investigated by Kanai et al. Their results
indicated that both incorporation of comonomer into the
polymer chain and the catalyst activity depended on the
ratio of cocatalyst to monomer. The copolymer contained
up to 4.2 mol% of incorporated polar monomer.[28] In
another report, Wang et al. employed a series of
2-methylallyl-based nickel complexes supported by aryl-
N-bridged diphosphazane monoxide (PNPO) ligands,
which was highly active for ethylene polymerization and
copolymerization with MA. Besides, these 2-methylallyl
nickel catalysts could promote ethylene–MA copolymeri-
zation to afford functionalized polyethylenes (PEs) with
MA incorporation of up to 7.0 mol%.[29] Copolymeriza-
tion of ethylene with polar monomers (unsaturated alco-
hols and methyl methacrylate [MMA]) using a silylated
α-diimine nickel catalyst using methylaluminoxane
(MAO) cocatalyst was studied by Matos et al. The
α-diimine Ni complex covering -Si(t-Bu)Ph2 group in para
position of the imine moiety exhibits lower incorporation
of polar monomers.[30] Avar et al. investigated the copoly-
merization of 1-hexene with butyl acrylate and MMA
(polar monomers) using α-diimine nickel (II) catalyst
activated with ethyl aluminum sesquichloride (EASC)
and diethylaluminum chloride (DEAC) cocatalysts. They
observed the highest incorporation of butyl acrylate
monomer (13.3% mol) using EASC as cocatalyst.[31] In
addition to mononuclear catalysts, there are many
dinuclear catalysts based on late transition metals
receiving much attention due to their properties and
activities in homopolymerization and copolymerization
of olefins.[32–34]

Novel α-diimine ligands with multimetal centers have
kept their position regarding activity and selectivity for
homopolymerization and copolymerization of ethylene
and α-olefins.[32,35–40] Some important structural parame-
ters of the multinuclear catalysts are including the type
and structure of the ligand, nature and number of metal
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centers, and length and architecture of bridge between
the metal centers. As an example, adjacency of metal cen-
ters in dinuclear catalysts provided by the ligand struc-
tures could increase or decrease activity in comparison
with mononuclear ones, due to their spatial or electronic
effects on polymerization and interactions between
linked polymer chain or monomer and second metal
center,[41–43] whereas long distance between two active
sites causes an independent performance of each center
without any significant cooperative effect.[44] In the area
of polar monomer copolymerization, dinuclear nickel
catalyst in the presence of trialkylaluminum-free MMAO
(dMMAO) reported by Cheng et al. showed an impressive
insertion of vinyl monomers with high activity of cata-
lysts. The dinuclear nickel catalysts demonstrated higher
polar monomer incorporation than mononuclear
analogues.[45]

Herein, two dinuclear α-diimine Ni catalysts (BNC1
and BNC2) along with their mononuclear analogues
(MNC1 and MNC2) were selected based on their signifi-
cant catalytic behavior and polymer properties
(Scheme 1).[44,46–48] To clarify, based on our previous
reports, BNC1 showed the highest activity among the
dinuclear structures studied in homopolymerization of
ethylene and α-olefins, whereas BNC2 made polyolefins
at a moderate productivity.[44,47] BNC1 also produced
PE with high molecular weight and high selectivity for
hexyl branches, whereas BNC2 made an ethylene–
propylene copolymer (with high level of methyl
branches) using only ethylene as feed.[44] Moreover,
rare short chain branches (ethyl and propyl) observed
in microstructure of poly(1-hexene) resulted from both
dinuclear structures.[48] These results showed the
importance of nature and length of bridge in architec-
ture of the catalysts. Due to the results, we used these
catalyst systems activated by modified MAO (MMAO)
in homopolymerization and copolymerization of
MMA/H. The impact of electron density of ligands,

number of metal centers and distance between two
metal centers on catalyst activity, comonomer incorpo-
ration, and properties of the obtained polymers were
studied. Moreover, reactivity ratio of monomers was
investigated comprehensively.

2 | EXPERIMENTAL

2.1 | Material

All manipulation of air and/or moisture-sensitive mate-
rials was carried out under an inert atmosphere using a
dual vacuum/nitrogen, argon line, and standard Schlenk
techniques. Toluene (Aldrich, >99.5%) was refluxed over
CaH2 for 36 h and then refluxed over Na and benzophe-
none, distilled, and stored over molecular sieves under
argon. 1-Hexene (99%, H) purchased from Merck
chemical company (Steinheim, Germany) was purified
by distillation over sodium wire and benzophenone and
then stored over molecular sieves under argon. MMA
(98%) was supplied from Merck chemical company
(Steinheim, Germany) and purified by distillation over
activated molecular sieves (13X/5A) and then stored over
the molecular sieves. MMAO was synthesized according
to a literature procedure.[49]

2.2 | Polymerization

Polymerization of 1-hexene as well as MMA was carried
out in a 100-ml round-bottom glass flask equipped with a
magnetic stirrer under argon atmosphere. The desired
amount of solvent (toluene) was introduced into the
reactor followed by injection of monomer, MMAO, and
continuously stirred for 5 min. A solution of catalyst in
toluene was added to the polymerization media. The
polymerization was quenched after reaction time by

SCHEME 1 The structure of mononuclear and dinuclear α-diimine nickel (II) catalysts
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addition of acidic methanol (200 ml). The final polymer
was collected and dried under reduced pressure.

2.3 | Copolymerization procedure

In addition to general method for copolymerization of
1-hexene with MMA, which was abbreviated as S, two
further techniques were used. Through the first method
(i.e., addition of comonomer at once), all the steps were
similar to 1-hexene homopolymerization except that a
determined amount of MMA was added to the reaction,
immediately after introduction of 1-hexene. The second
technique, named as a droplet method (D), was
performed like solution copolymerization except MMA
was introduced drop wisely, 30 min after catalyst injec-
tion. Copolymerization of masked (or protected) polar
monomer (Ma) was the third technique. In this
method, the polar monomer was premixed with
triisobutylaluminum (TiBA) (to protect heteroatoms) 2 h
before injection into the reactor. Further steps were
similar as described previously.

2.4 | Characterization

The chemical composition of MMA/H copolymers was
analyzed by Thermo Nicolet AVATAR 370 Fourier trans-
form infrared spectroscopy (FT-IR) spectrometer in the
range of 400–4,000 cm−1 and Raman spectrometer
(Ava-Raman-prb-785). Furthermore, in order to calculate
comonomer incorporation, branching density, tacticity,
and functional groups of the samples, high-resolution 1H
NMR spectra were recorded by Bruker BioSpin GmbH
spectrometer in deuterated chloroform (d-CDCl3) at
room temperature. 13C NMR test was employed to deter-
mine the microstructural properties of the obtained

copolymer (Bruker BioSpin GmbH). Differential scan-
ning calorimetry (DSC) analysis was used to evaluate the
thermal properties by PerkinElmer DSC Q100 instru-
ment. Thermograms were extracted from the second
heating cycle (−100 to 200�C) at a rate of 10�C min−1

under nitrogen gas flow. Molecular weight and molecular
weight distribution (MWD) were determined by gel
permeation chromatography (GPC Agilent 1100), and
chloroform was used as eluting solvent with a flow rate
of 1 ml/min.

3 | RESULTS AND DISCUSSION

3.1 | Effect of different cocatalyst on the
activity of BNC1 for copolymerization of
MMA/1-hexene

Screening of the catalyst behavior toward different cocat-
alysts was carried out in presence of MMAO, TiBA, and
TEA under similar conditions. As the results showed
(Figure 1), MMAO acted better as an activator in
MMA/H copolymerization. Better combination, alkyl-
ation power, and acidity of MMAO could be the reasons
for the observations.[50]

3.2 | Homopolymerization and
copolymerization of MMA/1-hexene by
mononuclear and dinuclear catalysts

The highest catalytic activities for mononuclear and
dinuclear catalysts in copolymerization (Figures 2 and 3
and Table 1) were obtained at [Al]/[Ni] molar ratio of
1,000:1 and 1,500:1, respectively, in the studied ranges.
Different ratios of MMA to 1-hexene were added to the
polymerization reactor. As the ratio of MMA to 1-hexene

FIGURE 1 Catalyst activity of BNC1

against different cocatalysts
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increased up to 50/50, surprisingly, the activity of all cat-
alytic systems increased, whereas a further increase in
the ratio of MMA led to decreasing of the catalyst activ-
ity. The first increase in activity up to 50 mmol of MMA,
containing heteroatoms, was due to the presence of

methyl group in the beta position of MMA.[4] Decreasing
of activity could be attributed to the poisoning and for-
mation of six-membered chelates with the metal cen-
ters.[4,51,52] MNC1 showed higher copolymerization
activity in comparison with MNC2 because of the
acenaphthene backbone, which has higher electron den-
sity.[47] On the other side, dinuclearity effect in BNC1
conducted higher productivity in comparison with MNC1
as the participation of second metal center may increase
the local concentration of monomer around the active
site.[44,47,53,54] In fact, the steric and electronic effects are
controlled by the nature (rigid/flexibility) and the length
of the bridge between two active centers.[30–32] These
effects could determine the catalyst activity, stability, and
properties of the obtained copolymer. It is noteworthy
that the higher electron density in the ligand makes the
catalyst more stable and active.[47,55] The flexible bridge
in BNC2 and less impressive blocking of axial sites cau-
sed lower activity in comparison with BNC1. As a result,
BNC1 and MNC2 respectively showed the highest and
the lowest activities in the copolymerization among din-
uclear and mononuclear structures studied.

Different methods for addition of MMA monomer
(S, D, and Ma) were examined to optimize the activity of
catalysts (50/50 1-hexene to MMA molar ratio). The
highest activity was observed for the S method. By
switching the method from S to D (within 30 min), activ-
ity of the catalysts decreased. It should be noted that most
α-diimine nickel catalysts are highly active for a short
period of polymerization time (about 5–10 min after initi-
ation of polymerization). Hence, as MMA was added at
longer time, it led to reduction of comonomer concentra-
tion in the medium rate of polymerization, and therefore,
activity decreased. However, higher stability of dinuclear
catalyst led to higher activity in comparison with its
mononuclear counterpart.[46,47,56] On the other side, the
lowest activity was observed in the masked method. It
could be suggested that increasing of organoaluminium
(TiBA) in the reaction may prevent the monomer coordi-
nation into the catalyst active centers.[57,58]

3.3 | Study on the microstructural
properties of copolymers

3.3.1 | FT-IR analysis

In order to obtain first clues on the microstructure of
samples, FT-IR analysis was used. The FT-IR spectra of
PMMA and PHMMA were given in Figure 4. The bands
in the range of 2,855–2,955 cm−1 were attributed to the
C H stretching vibration.[59] There were two C H bend-
ing vibrations for methyl group of MMA and 1-hexene at

FIGURE 2 Clustered chart for 1-hexene (H) and methyl

methacrylate (MMA) homopolymerization by BNC1 and MNC1;

activity versus [Al]/[Ni] molar ratios, polymerization condition:

24 h, 25�C, [Ni] = 3.0 μmol

FIGURE 3 Bar chart for activity of mononuclear (MNC1 and

MNC2) and dinuclear (BNC1 and BNC2) catalysts. Activity versus

H/MMA (mmol/mmol), copolymerization condition:

([Al]/[Ni] = 1,000:1 for mononuclear and [Al]/[Ni] = 1,500:1 for

dinuclear catalysts), 24 h, 25�C, [Ni] = 3.0 μmol
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1,486 and 1,452 cm−1, respectively. Also, bands at 1,389
and 1,360 cm−1 were attributed to C H bending vibra-
tion of methylene in MMA and 1-hexene. The peaks at
1,274, 1,244, 1,149, and 991 cm−1 were assigned to C O
stretching of MMA.[60] The weak band at 732 cm−1 can
be due to the butyl branches of 1-hexene.[61,62] The

absorbance of band at 1,730–1,735 cm−1 was cor-
responded to the carbonyl group of MMA.[31] It can be
suggested that the high intensity of C O band at
1,732 cm−1 exhibits high level of MMA in the copolymer
structure. By calculation of area under this peak, content
of MMA in sample could be determined

TABLE 1 Results of copolymerization and homopolymerization using mononuclear (MNC1 and MNC2) and dinuclear (BNC1 and

BNC2) catalysts

Entry Catalyst MM Cocatalyst

1-Hexene

(mmol)

MMA

(mmol)

in feed

Temperature

(�C)
Time

(h) [Al]/[Ni]

Yield

(g)

Activity

(×104 g
P/mol Ni. h)

1 MNC1 HS MMAO 100 — 25 6 500 0.240 1.34

2 100 — 25 12 500 0.270 0.75

3 100 — 15 24 500 0.144 0.20

4 100 — 35 24 500 0.248 0.34

5 HMD 50 50 25 24 1,000 0.468 0.06

6 BNC1 HMD MMAO 50 50 25 24 1,500 4.110 5.71

7 HMMa 50 50 25 24 1,500 4.153 5.77

8 HMS MMAO 50 50 25 24 1,500 4.984 6.92

9 TiBA 50 50 25 24 1,500 0.828 0.11

10 TEA 50 50 25 24 1,500 0.149 0.02

11 MNC2 HMD MMAO 50 50 25 24 1,000 0.742 1.03

12 BNC2 HMD MMAO 50 50 25 24 1,500 0.498 0.69

13 HMMa 50 50 25 24 1,500 1.205 1.67

Note. General condition: [Ni] = 3.0 μmol.
Abbreviation: MM, monomer method.

FIGURE 4 Fourier transform infrared

spectroscopy spectra of copolymer samples

obtained using BNC1 catalyst at different ratios

of methyl methacrylate in the feed
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approximately.[63] This value for the sample with 30%
MMA was 24.3, whereas the sample with 70% MMA
owned 39.6. For neat PMMA, this content was 51.4.

3.3.2 | Raman spectroscopy

The basis of Raman spectroscopy is its sensitivity to many
symmetrical functional groups, which is a complemen-
tary method for FT-IR for studying a microstructure. The
strong peaks of Raman spectra in the regions of
190–210 cm−1 were attributed to C C C bending vibra-
tions in 1-hexene structure.[64] Besides, the band at
1,080 cm−1 was assigned to stretching vibration of C C
in gauche conformers of poly(1-hexene) amorphous
phase,[65,66] whereas stretching vibrations of C O C,
O CH3, and C O in PMMA appeared at 818, 990, and
1,736 cm−1, respectively.[66,67] In addition to FT-IR peaks,
presence of these peaks in Raman spectra for synthesized
copolymers (Figure 5) was a strong confirmation of
structure.

3.3.3 | 1H NMR analysis: Comonomer
incorporation and branching density

To determine the percentage of each monomer in the
copolymer backbone and branching density in the syn-
thesized copolymers, 1H NMR spectra were interpreted
and peaks were assigned. To clarify, the peak observed
near 3.7 ppm (A) was attributed to the protons of

methoxy group in the copolymer. The peaks that
appeared at 0–2.2 ppm (B) mutually were in related to
protons of 1-hexene and MMA.[50]1 H NMR analysis
study revealed that increasing of MMA monomer in the
feed composition enhanced the incorporation of mono-
mer into the obtained copolymer. MMA incorporation
percentage was calculated according to Equation 1, as
below:

MMAincorporation%=
A
3

A
3 +

B-5A3
12

, ð1Þ

where A/3 and (B-5A/3)/12 are the moles of MMA and
1-hexene in the copolymers, respectively. The output of
calculations is summarized in Table 2. Although the pres-
ence of polar monomer could decrease the activity, the
acidic strength of MMAO enables it to protect the carbonyl
groups of MMA oxygen atoms and prevents catalyst poi-
soning by the monomer.[68–70] As comonomer concentra-
tion augmented in the feed from 30% to 70%, comonomer
incorporation into the backbone of copolymer improved
from 85.9 to 95.2 mol% (HMS30-BNC1 and
HMS70-BNC1). In addition, this incorporation enhanced
by switching the copolymerization method from S to Ma
under similar condition (HMMa50-BNC1). It may be due
to the protection of MMA monomer with
organoaluminium compound (TiBA) and prevent catalyst
from poisoning by heteroatoms in the Ma method.[2,51]

Branching densities were calculated according to
Equation 2 introduced by Guo et al.[71] and Leone et al.[72]

FIGURE 5 Raman spectra of samples

obtained using BNC1 catalysts: (a) poly

(1-hexene), (b) HMS70- BNC1, and (c) PMMA
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Branching density per 1000C=
2 ICH3ð Þ

3 ICH3 + ICH2 +CHð Þ × 1000

ð2Þ

High branching density of the copolymers indicated
that the catalysts favor to 2,1-insertion of monomers
through the polymerization mechanism.[73] The highest
and the lowest branching densities were for
HMMa50-BNC1 (217 CH3/1000C) and HMS70-BNC2
(80 CH3/1000C) samples, respectively. In terms of
almost similar comonomer incorporation in the micro-
structure of samples, it may be concluded that BNC1
goes through lower chain walking mechanism produc-
ing HMMa50-BNC1 containing high level of branching
density. On the other hand, BNC2 performed a
complete chain walking and increased the branching
density as copolymer (HMS70-BNC2) obtained with
low branching density. These results are consistent on
our previous reports on polymerization of α-olefins,
where BNC1 exhibited high level of normal insertion
(no chain walking) and BNC2 showed a great affinity
for abnormal insertion (partial and complete chain
walking) (Figure 6).[48]

3.3.4 | 1H NMR analysis: Tacticity
of PMMA

Late transition metal catalysts have exhibited the superi-
ority in MMA polymerization due to less exophilic nature
stability against polar monomers.[74,75] The chain ends
structure of the obtained PMMA (MS-BNC1) was ana-
lyzed via 1H NMR, as shown in Figure 7. The signals at
0.85–1.25, 1.60–1.90, and 3.60 ppm can be attributed to
the protons of CH3 group in C (CH3)(COOCH3), the
protons of CH2 group, and the protons of OCH3 group
in the main chain polymer, respectively. The trial reso-
nance integral of α-methyl (α-CH3) protons demonstrated
tacticity of the obtained PMMA as [rr] = 26.7%,
[mr] = 53.2% [mm] = 20.1%.

3.3.5 | 1H NMR and 13C NMR analyses:
Calculation of reactivity ratio of monomers
and branching distribution of copolymers

1H NMR spectroscopy was applied in the estimation of
the copolymer composition. Kelen–Tudos method was

TABLE 2 Results of commoner incorporation and branching density of the samples

Sample
MMA in the
feed (mmol)

1-Hexene in the
feed (mmol)

Incorporation of polar monomer
(% mol)a

Branching Densitya

(/1000C)

HMS30-MNC1 30 70 85.0 161

HMS50-MNC1 50 50 90.1 158

HMS70-MNC1 70 30 96.6 113

HMD50-MNC1 50 50 90.5 186

HMS30-BNC1 30 70 85.8 82

HMS50-BNC1 50 50 89.4 158

HMS70-BNC1 70 30 95.2 98

HMD50-BNC1 50 50 91.8 180

HMMa-BNC1 50 50 93.0 217

HMS30-MNC2 30 70 79.1 82

HMS50-MNC2 50 50 91.1 103

HMS70-MNC2 70 30 94.1 89

HMD50-MNC2 50 50 86.2 157

HMS30-BNC2 30 70 84.6 111

HMS50-BNC2 50 50 90.5 140

HMS70-BNC2 70 30 93.0 80

HMD50-BNC2 50 50 95.1 174

HMMa-BNC2 50 50 92.1 193

aDetermined by 1H NMR spectroscopy.
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used to evaluate the reactivity ratio.[76] According to it,
the linear equation is (Equation 3) as below:

G
α+ F

= r1 +
r2
α

� � F
α+F

−
r2
α
, ð3Þ

where G= x y−1ð Þ
y and F = x2

y .

x and y represent the mole fraction ratios of the
monomer feed composition and obtained copolymers,
respectively. α is an optional constant ( α > 0) determined
as below (Equation 4):

α=
ffiffiffiffiffiffiffiffiffiffiffiffiffi
FmFM

p ð4Þ

FIGURE 6 1H NMR spectra of copolymers

obtained using mononuclear and dinuclear

catalysts in 50/50 molar ratio of monomers

FIGURE 7 1H NMR spectrum of PMMA made by BNC1 catalyst
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Fm and FM are the lowest and the highest values
calculated from copolymers in Table 3. η and ξ are
defined as follows (Equation 5):

η=
G

α+ F
and ξ=

F
α+F

: ð5Þ

Based on the parameters tabulated in Table 3, ξ against η
were plotted (Figure 8). The reactivity of each monomer
was extracted (rMMA = 15.49 and rH = 0.44). According
to the fact that wherever reactivity ratio of monomers are
diverse, that is, r1 > 1 and r2 < 1, one of the monomer is
more reactive than other one.[77] Therefore, the more
reactive monomer (i.e., MMA) herein has a greater share
of random insertion in the copolymer. Besides, in an ideal
case, rMMA and rH were very different (e.g., 30 and 1).
As reactivity ratio results confirmed, to obtain a copoly-
mer containing more 1-hexene (lower reactivity ratio)
monomer in the main polymer chain, it is needed to have
more concentration in the feed composition.[67]

To take a deep look on the microstructure of copoly-
mers, 13C NMR analysis was employed.[78,79] In the spec-
trum of HMS30-BNC1 (Figure 9), the peaks at 44–46 and
176–180 ppm were attributed to MMA in the main chain
copolymer. Moreover, different kinds of monomer inser-
tion and enchainment of 1-hexene exhibited impression
on the microstructure of the obtained copolymer. High
level of methyl, butyl, and longer branches were observed
in microstructure poly(1-hexene).[40]

The monomer reactivity ratios r1 (=k11/k12) and r2
(=k22/k21) were the important evidences for the observed

TABLE 3 Calculated parameters according to Kelen–Tudos
method

Sample X Y η ξ

HMS8-MNC1 0.0104 0.0181 −14.3848 0.1523

HMS30-MNC1 0.42 0.1575 6.7170 0.3940

HMS50-MNC1 1 9.1520 6.2637 0.7663

HMS70-MNC1 2.33 29.2110 10.2730 0.8482

Note. α = 0.0332.

FIGURE 8 Kelen–Tudos plot, ξ against η

FIGURE 9 13C NMR spectrum of HMS30-BNC1

10 of 15 BAGHERABADI ET AL.



catalyst behavior and polymer properties. Also, kij is the
rate constant of copolymerization reaction.[78] The reac-
tivity ratios of comonomers could be defined by
Equation (6).

r1 =
M2½ �0
M1½ �0

2 M1M1ð Þ
M1M2ð Þ ,r2 =

M1½ �0
M2½ �0

2 M2M2ð Þ
M1M2ð Þ , ð6-1Þ

M1M1ð Þ= M1M1M1ð Þ+ M1M1M2ð Þ
2

, ð6-2Þ

M2M2ð Þ= M2M2M2ð Þ+ M1M2M2ð Þ
2

, ð6-3Þ

M1M2ð Þ= M2M1M2ð Þ+ M1M2M1ð Þ M1M1M2ð Þ
2

+
M1M2M2ð Þ

2
:

ð6-4Þ

The comonomer sequences for copolymer sample
[MMA-H] is sensitive to the feed composition as repre-
sented in Figures 10 and 12. As it can be observed, at
lower concentration of MMA in the feed (i.e., 30%),
higher level of block MMA in the copolymer is contribut-
ing. These blocks had high level of isotacticity (50.1%)
and low extent of alternative arrangements in triads.

These observations could be attributed to higher
reactivity ratio of MMA and possible agostic interaction

between the hydrogen of methoxy end group of MMA
and second metal center (Figure 11). Moreover, for
BNC2, due to close adjacency of second metal center, in
addition to Ni‧‧‧H interaction, another strong agostic inter-
action between the oxygen of carbonyl group of MMA and
second metal center could be considered.

For 50% of the MMA in the feed, MMA blocks were
at a medium intensity in respect of other triads; however,
syndiotacticity was the greatest extent in the copolymer
composition (Figure 12). It might be attributed to the ste-
ric and repulsion of α-methyl groups of the inserted
monomer and transition state of next MMA monomer
favoring syndiotacticity in the copolymer as depicted in
Figure 13.

Calculated reactivity ratios were rMMA = 13.48 and
rH = 0.6105. In fact, this is an effective method for deter-
mination of reactivity ratio, which can be supplemented
to the Kelen–Tudos method.

3.3.6 | DSC analysis: Thermal properties

Thermal behavior of the synthesized samples was inves-
tigated by DSC analysis, and thermograms were
depicted in Figure 14. Level of MMA in the polymer
chains is a controlling and effective factor on the chain
mobility and glass transition temperature (Tg),

FIGURE 10 13C NMR spectrum of poly[(MMA)-co-(H)] obtained with BNC1 catalyst (30% MMA)
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respectively. As an example, Tg of the copolymers con-
taining low level of MMA were lower than PMMA. The
results showed that Tg of HMS30-BNC1 sample
increased from 74.4�C to 98.9�C compared with
HMS70-BNC1 sample, whereas for MMA homopolymer,
it was119.5�C.[73] It is noteworthy that the presence of
melting area in the range of −31 to −40�C may be
attributed to a linearity in microstructure afforded by
the chain walking on the 1-hexene carbons leading to
the methylene sequences (about 14 carbon atoms).[80,81]

Chain mobility of the copolymer decreased as 1-hexene
content in the copolymer main chains decreased where
Tg improved from 74.5 to 119.5�C.[30]

FIGURE 11 Possible agostic interaction for MMA in BNC1 and BNC2 catalysts (hydrogen atoms expect for methoxy group of MMA

omitted for clarity)

FIGURE 13 Proposed interaction for the α-methyl group of

MMA in first and second insertion

FIGURE 12 13C NMR spectrum of HMS50-BNC1 sample
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3.3.7 | GPC analysis

In order to study on the effect of dinuclearity effect on the
Mw and MWD of the copolymers, GPC analysis was car-
ried out on the samples HMS30-MNC1 and HMS30-BNC1
(Figure 15). As the results showed, Mw for the com-
polymer made by BNC1 (148 kg/mol) was higher than its
mononuclear counterpart (93 kg/mol). Presence of the
second metal center as it claimed could cause an increase
of local concentration of monomers and lead to higher
Mw.

[32,43] Besides, MWD was broader (3.4 vs. 2.1), which
may be attributed to the multisite behavior of BNC1.

4 | CONCLUSION

Higher electronic and steric effects along with
dinuclearity in BNC1 led to the highest activity for homo-
polymerization and copolymerization of 1-hexene with
MMA, in comparison with BNC2, MNC2, and MNC1
catalysts under similar conditions. Moreover, greater MW

for the copolymer made by dinuclear catalyst (BNC1)
was observed compared with its mononuclear analogue
(MNC1). Higher local concentration of monomer
provided by the second metal center could be the reason
for the observations. Dinuclearity effect could even com-
pensate less steric effect of ligand in BNC2 as it showed
higher activity than its mononuclear analogue. An
optimum concentration of MMA was obtained to get the
highest catalyst activity, as it augmented in the reactor.
Moreover, copolymer samples obtained at higher yield by
the injection of comonomer at once (S) compared with
droplet addition (D) technique. Microstructural study
revealed that the incorporation of MMA is more than
1-hexene in the main polymer chain. Reactivity ratios of
the monomers that were used for the copolymerization
using MNC1 were rMMA = 15.49 and rH = 0.44, and
tacticity of the PMMA was syndiotactic (26.7%), atactic
(54.1%), and isotactic (20.1%). On the other side,
reactivity ratios of the monomers in the copolymer
(rMMA = 13.48 and rH = 0.61) using the BNC1 catalyst
were investigated via 13C NMR. The incorporation of
comonomer even enhanced by changing the copolymeri-
zation technique to masked method at the same
condition. DSC thermograms showed that through
increasing of the MMA (a polar monomer) in the main
polymer chain, Tg of the copolymer increased.
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