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a b s t r a c t

Olefin solution polymerization can be used to obtain high-performance polyolefin materials that cannot
be obtained via other polymerization processes. Polyolefin elastomers (POE) are a typical example. Due to
cost, only a few linear a-olefins (e.g., 1-butene, 1-hexene, and 1-octene) are used as comonomers in solu-
tion polymerization in industry. However, a-olefin comonomers with other structures may have different
effects on polymerization in comparison with common linear ones. Moreover, the properties of the cor-
responding materials may differ significantly. In this work, copolymers of ethylene with linear and end-
cyclized a-olefins are synthesized using a metallocene catalyst. The copolymerization of ethylene with
linear a-olefins results in a higher turn-over frequency (TOF) and lower incorporation than copolymer-
ization with end-cyclized a-olefins, which may indicate that end-cyclized a-olefins have a higher coor-
dination probability and lower insertion rate. In this reaction, the comonomer is distributed randomly
in the polymer chain and efficiently destroys crystallization. End-cyclized a-olefins exhibit a much
stronger crystallization destructive capacity (CDC) in the copolymer than linear a-olefins, possibly
because linear a-olefins act mainly in the radial direction of the main chain of the polymer, while
end-cyclized a-olefins act mainly in the axial direction of the main chain.

� 2023 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Polyolefins are the most important synthetic polymer materials
in daily life [1,2]. The development of olefin polymerization has
been promoted by the innovation of catalysts. Compared with tra-
ditional Ziegler–Natta catalysts, single-site catalysts, including
metallocene catalysts, exhibit better polymerization behavior and
can endow polyolefinmaterials with unique structures and proper-
ties. Due to the advantages of single-site catalysts, high-density
polyethylene (HDPE), medium-density polyethylene (MDPE), and
linear low-density polyethylene (LLDPE) prepared via slurry and
gas-phase polymerization processes have better mechanical and
optical properties than the corresponding products prepared via
Ziegler–Natta catalysts. However, these processes also have insur-
mountable defects, preventing them from giving full play to the
advantages of single-site catalysts [3].

First, a single-site catalyst must be supported to meet the pro-
cess requirements of slurry and gas-phase polymerization. Once
a single-site catalyst is supported, it becomes a heterogeneous
solid catalyst, and the uniformity of the chemical environment is
damaged to a certain extent [4]. Second, due to the process charac-
teristics of the gas phase or slurry, the comonomers used are gen-
erally limited to a few monomers with a relatively low carbon
number, a low boiling point, and no heteroatoms. Third, due to
process limitations, the comonomers incorporated in the polymer
cannot be too high, in order to avoid production interruption due
to polymer melting. Therefore, the supported single-site catalysts
used in slurry and gas-phase polymerization represent a compro-
mise between the requirements of the catalysts and the process,
and the polymers obtained in this way are only an extension of
the polyolefins produced using Ziegler–Natta catalysts.

In a solution polymerization system, all reaction components
and the generated polymer are dissolved in a solvent. This uniform
chemical environment can meet the working principles of single-
site catalysts; it can also realize uniform heat and mass transfer,
so that polymers with a uniform distributions of molecular weight
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and chemical composition can actually be obtained. Moreover, due
to the homogeneity of a solution system, almost any monomer can
be used without considering its boiling point. Furthermore, in the-
ory, a copolymer with any composition can be obtained without
worrying about the occurrence of process accidents. Therefore,
the solution polymerization process can be used to take excellent
advantage of single-site catalysts in order to synthesize novel
copolymers that have never been obtained before.

The most representative commercial olefin polymers obtained
through solution polymerization are the polyolefin elastomers
(POE). Companies that have successfully commercialized POE
include ExxonMobil, Dow, Mitsui, Borealis, LyondellBasell, LG, SK,
and SABIC, with a total of nearly 200 products that are widely used
in impact-resistant modification, wires and cables, shoe materials,
cross-linked foaming materials, vehicle materials, solar cell pack-
aging, and so forth [5,6].

The type of comonomer used in POE, its incorporation in the
polymer, and the molecular weight of the polymer determine the
polymer’s quality and application field. For ethylene-based POE,
commonly used comonomers include propylene, 1-butene, 1-
hexene, and 1-octene. Due to industry sources and costs, other
monomers are rarely used [7–12].

Although the general mechanism for coordination polymeriza-
tion has been well established [13,14], there are still slight differ-
ences in the polymerization processes of monomers with
different structures. In particular, there are few studies on the
mechanism details of less-used monomers. A difference in the
mechanism results in changes in the polymerization behavior
and polymer structure, which then lead to changes in the polymer
properties. For example, ethylene copolymers with longer side
chains exhibit different crystallization behaviors than polyethylene
which has shorter branches [15]. The effect of comonomers on
polymer crystallization is also well established, although this
knowledge is mainly based on linear comonomers [16–18]. Thus,
it is meaningful to explore the copolymerization of ethylene with
comonomers that have non-traditional structures, with the aim
of determining the influence of monomer structure on polymer
properties, so as to guide the development of new polyolefin mate-
rials. In this work, a metallocene catalyst was used for ethylene
copolymerization with comonomers having different structures,
including linear a-olefins of various lengths and end-cyclized a-
olefins. The influence of comonomers with different structures on
the polymerization behavior and thermal properties of the poly-
mer is discussed herein.

2. Material and methods

All experiments were carried out under a nitrogen atmosphere
in a Vacuum Atmospheres dry box or using standard Schlenk tech-
niques, unless otherwise specified. All chemicals used were of
reagent grade and were purified via standard purification proce-
dures. Toluene was distilled in the presence of sodium and ben-
zophenone under a nitrogen atmosphere and was stored in a
Schlenk tube in a dry box over molecular sieves. The metallocene
catalyst Ph2C(Cp)(Flu)ZrCl2 was purchased from APAC Pharmaceu-
tical. Methylaluminoxane (MAO) solution (10 wt% Al in toluene)
was purchased from Grace and used as received. All a-olefins,
including 1-hexene (C6), 1-octene (C8), 1-decene (C10), 1-
dodecene (C12), 1-tetradecene (C14), 1-hexadecene (C16), allylcy-
clopentane (ACP), and allylcyclohexane (ACH), were purchased
from TCI or Acros, and were used as received. Other chemicals
were also used as received.

Polymerization was conducted in toluene in a 250 mL glass
reactor with an oil bath at 70 �C. A glass reactor was purged with
nitrogen and charged with an ethylene atmosphere

(1 atm, 1 atm=101325 Pa). The toluene, comonomer, MAO solu-
tion, and catalyst solution in toluene were introduced in this order
to start the polymerization. The mixture was stirred magnetically
for 30 min. Next, the mixture was poured into EtOH (300 mL) con-
taining HCl (10 mL). The resultant polymer was collected on filter
paper via filtration, washed thoroughly with EtOH, and then dried
in vacuo.

The molecular weight was determined by means of gel perme-
ation chromatography (GPC) on a Waters Alliance GPCV2000 at
150 �C with 1,2,4-trichlorobenzene as the eluent. The melting
point of the polymer was determined using TAQ 100. Approxi-
mately 2 mg of polymer sample was heated from room tempera-
ture to 160 �C with a heating rate of 10 �C per minute, under a
nitrogen atmosphere. After maintaining the temperature for 1
min, the sample was cooled to room temperature with a cooling
rate of 10 �C per minute to obtain the crystallization curve. Then,
after maintaining the temperature for 1 min, the sample was
heated to 160 �C with a heating rate of 10 �C per minute to obtain
the melting curve.

Solution 13C nuclear magnetic resonance (NMR) experiments
were performed on a Bruker AVANCEIII-400 MHz spectrometer
with a 10 mm PASEX 13C–1H/D Z-GRD probe. Sample solutions
were prepared with approximately 250 mg of the polymer mate-
rial dissolved in 2.5 mL of d4-o-dichrolobenzene (ODCB-d4) in a
10 mm tube at 130 �C. All 13C NMR experiments were carried
out at 125 �C, a spinning rate of 20 Hz, a pulse angle of 90�, contin-
uous Waltz-16 decoupling, a spectral width of 120 ppm, an acqui-
sition time of 5 s, and a relaxation delay of 10 s.

3. Results and discussion

The copolymerization of ethylene with end-cyclized a-olefins
[8] or linear a-olefins with different chain lengths using similar
feeding amounts was carried out with a metallocene catalyst
(Fig. 1). The results are provided in Table 1.

All copolymerizations showed higher apparent activity than the
homopolymerization of ethylene, due to the so-called ‘‘comonomer
effect” [19]. As the structural difference between ethylene and a-
olefins, a hydrogen atom on ethylene is substituted by an alkyl
group to form an a-olefin comonomer. Compared with a hydrogen
atom, an alkyl group has a greater electron-donating ability. From a
thermodynamic perspective, this structure makes the coordination
between the comonomer and the active site on the catalyst more
stable than that of ethylene. After monomer insertion, the cationic
active site can obtain higher electron cloud density due to the

Fig. 1. Copolymerization of ethylene with end-cyclized a-olefins or linear a-olefins
with various chain lengths, using a metallocene catalyst.

C. Wu, M. Ren, L. Hou et al. Engineering 30 (2023) 93–99

94



electron-donating group on the comonomer unit on the propaga-
tion chain, which increases the stability of the active site. These
facts result in copolymerization having higher activity than ethy-
lene homopolymerization, from a thermodynamic perspective. In
addition, due to the insertion of comonomers, the crystallinity of
the propagation chain is reduced, which leads to better flexibility
and greater mobility of the propagation chain. As a result, the resis-
tance of the monomer to the active site is reduced, making it pos-
sible to improve the kinetics of the polymerization activity.
Therefore, introducing an alkyl-substituted comonomer into the
polymerization system may improve the catalytic activity in terms
of thermodynamics and kinetics.

The highest activity found in this study, that of the copolymer-
ization of ethylene with C16, is listed in Table 1. However, if the dif-
ferent molecular weights of each comonomer are considered, the
activity presented here does not truly reflect the number of mole-
cules engaged in the reaction. Here, the average monomer unit was
defined as the mole fraction weighted average of ethylene and the
comonomer. For example, the average monomer unit of sample
Run 2 was (ACP)0.091(ethylene)0.909. The molecular weight of the
average monomer unit (Mw) was calculated using Eq. (1). By means
of the Mw, the activity can be converted to the turn-over frequency
(TOF) (Eq. (2), Table 1, and Fig. 2), which can assist in providing a
more realistic picture of the effect of comonomers on
polymerization.

Mw ¼ Mc � Ic þMe � 100� Icð Þ½ �=100 ð1Þ

where Mc and Me are the molecular weights of the comonomer and
ethylene, respectively; and Ic is the incorporation of the comono-
mer. The TOF can be calculated as follows:

TOF ¼ A=Mw ð2Þ

where A is the activity.
In fact, the TOF represents the molar activity, while the gener-

ally used term ‘‘activity” refers to the weight or mass activity.
For copolymerization, the TOF can represent the ‘‘true activity” at
the molecular level. It can be seen from Fig. 2 that the varied range
of the TOF of the copolymerizations with linear a-olefins is much
narrower than that of the activity, indicating that the molar activ-
ity of all the copolymerizations was similar, although the weight
activity exhibited a relative difference. All copolymerizations with
linear a-olefins exhibited a higher weight or molar activity than
the ethylene homopolymerization, due to the comonomer effect
on catalytic activity [19]. However, the copolymerizations with
end-cyclized a-olefins had slightly lower TOFs than ethylene
homopolymerization.

The generally accepted mechanism of coordination polymeriza-
tion can be briefly described as follows [20]. The coordination
between the monomer and the active site forms a quadrilateral
intermediate containing the metal atom. The irreversible insertion
of the monomer into the propagation chain and the metal atom is
completed by breaking bonds (i.e., the propagation chain–metal
bond and the monomer double bond) and forming bonds (i.e.,
the monomer unit–metal bond and the monomer unit–propaga-
tion chain bond), as illustrated in Fig. 3. The incorporation of
end-cyclized monomers is comparable to that of linear olefins,
indicating that the effective coordination probability of these two
types of comonomers is equivalent (step 1 in Fig. 3). The TOF of
the former is significantly lower than that of the latter, which
may indicate that the rate of irreversible insertion of the interme-
diate formed by the former is lower than that of the latter (steps 2–
3 in Fig. 3); that is, the intermediates of end-cyclized monomers

Table 1
Ethylene copolymerization with linear or end-cyclized a-olefins.a

Run Comonomer Feed
(mmol)

Yield
(g)

A (kg∙
(mol∙h)�1)

Ic
(mol%)

Tm
(�C)

DH
(J∙g�1)

Mn

(kg∙mol�1)
PDI TOF (kmol∙

(mol∙h)�1)
NP (mol∙
(mol∙h)�1)

Ic/feed (mol%∙mmol�1) CDC

1 — — 0.94 376 — 131 194 25.4 2.24 13.4 14.8 — —
2 ACP 3.60 1.15 460 9.1 97 35 12.3 2.25 12.9 37.4 2.53 17.5
3 ACH 3.27 1.13 452 7.2 99 56 12.4 2.21 12.9 36.5 2.20 19.2
4 C6 4.00 1.50 600 9.1 105 58 17.5 2.13 18.1 34.3 2.28 14.9
5 C8 3.80 1.69 676 7.9 107 61 18.4 2.20 19.5 36.7 2.08 16.8
6 C10 4.20 1.76 704 8.6 102 41 17.0 2.13 18.7 41.4 2.05 17.8
7 C12 4.10 1.88 752 8.1 110 46 19.9 2.15 19.1 37.8 1.98 18.3
8 C14 3.90 1.84 736 7.7 107 43 18.8 2.12 17.9 39.1 1.97 19.6
9 C16 3.80 2.00 800 7.5 105 44 19.7 2.18 18.7 40.6 1.97 20.0

A: activity, in kilogram of polymer per mole of catalyst per hour; Ic: incorporation of comonomer, determined by 13C NMR; Tm: melting temperature, differential scanning
calorimetry (DSC) result; DH: melting enthalpy, DSC result; Mn: number-averaged molecular weight of the polymer, GPC result; PDI: polydispersity index, GPC result; TOF:
turn-over frequency, calculated as the A divided by the molecular weight of the average monomer unit, in kilomole of monomers per mole of catalyst per hour; NP: the
number of polymer chains, calculated as A/Mn, in mole of polymer chains per mole of catalyst per hour; CDC: crystallization destructive capacity of polymer, calculated as
(DHh � DHc)/Ic, where DHh and DHc are the melting enthalpies of ethylene homopolymer and copolymer, respectively.

a Ph2C(Cp)(Flu)ZrCl2 5 lmol, MAO 5 mmol, 70 �C, 30 min, in toluene, total 30 mL.

Fig. 2. Comparison of activity, TOF, and number of polymer chains (NP). The unit of
activity stands for kilogram of polymer per mole of catalyst per hour; the unit of
TOF stands for kilomole of monomers per mole of catalyst per hour; and the unit of
NP stands for mole of polymer chains per mole of catalyst per hour. Homo: ethylene
homopolymerization. Fig. 3. The intermediate is irreversibly inserted to complete the chain growth.
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have higher stability. This extra stability could come from two
sources: ① The stronger electron-donating ability of end-cyclized
a-olefins makes the cationic active site more stable; and ② the
motion of the ring substituent may result in resistance to bonding
between the monomer and the a-position carbon atom of the
propagation chain.

All the polymers exhibited a narrow polydispersity index (PDI:
2.12–2.25), while the copolymer had a lower molecular weight
than the polyethylene (Run 1). In particular, the copolymer of the
end-cyclized a-olefins had the lowest molecular weight. Consider-
ing the low activity or TOF of the copolymerization of the end-
cyclized a-olefins, the ratio of the activity to the number-
averaged molecular weight (A/Mn) may be a key parameter. This
ratio was calculated and is listed in Table 1, as the productivity
of the number of polymer chains (NP). It was found that all copoly-
merizations have similar NP values (34.3–41.4 mol∙(mol∙h)�1),
which are significantly different from those of the homopolymer-
ization (14.8 mol∙(mol∙h)�1). From this finding, it can be argued
that, if it is assumed that the efficiency of the conversion of the cat-
alyst precursor to active sites is the same in all copolymerizations,
then the same NP is produced from the active site, regardless of the
comonomer and the molecular weight. However, in the case of
ethylene homopolymerization, the efficiency was much lower
(Fig. 2).

When the same active site is used to copolymerize different
comonomers with ethylene, it produces copolymers with different
chain lengths, although the time used to produce each polymer
chain is the same. This finding may indicate that the active site
allows an active growth chain to be attached to it for a specific
amount of time. The molecular weight of the polymer at this point
depends only on how rapidly the monomer is inserted. In the case
of ACP or ACH, the insertion consumes a longer time and only
results in a copolymer with a lower molecular weight. This result
leads to an interesting conclusion: The molecular weight of the
copolymer and the TOF are positively correlated. Thus, the higher
the activity, the higher the molecular weight. As can be seen from
Fig. 4, the performances of all the linear a-olefins are similar, and
those of the two end-cycled a-olefins are also similar, yet different
from those of the linear a-olefins. At the same time, the perfor-
mances align with the rule that there is a positive correlation
between molecular weight and TOF. However, the behavior of
ethylene homopolymerization does not align with this rule.

Effective comonomer incorporation was confirmed by means of
13C NMR. The end-cyclized a-olefins, ACP and ACH, gave the high-
est and lowest incorporation, respectively. Among the copolymer-
izations with linear a-olefins, the incorporation of C6 was the

highest, while that of C16 was the lowest. No obvious rule could
be determined for the incorporation of comonomers with different
structures or chain lengths, due to slight differences in the molar
amount of comonomer feeding. If these differences were to be
eliminated, the comonomer incorporation would exhibit a clear
trend. By comparing the ratio of incorporation to the molar amount
of comonomer feeding, it was found that the end-cyclized a-olefins
showed a higher incorporation than the linear ones; moreover,
among the linear a-olefins, monomers with a longer chain resulted
in a lower incorporation. This finding may be due to the greater
steric hindrance of the longer chain a-olefins (Fig. 5). When the
chain reached a certain length, the influence became weak. In the
case of the end-cyclized a-olefins, the end cycle can be regarded
as a simple substituted group (e.g., as a ‘‘larger methyl group”),
resulting in better copolymerization than 1-hexene (C6) or 1-
octene (C8), even though ACP and ACH contain eight and nine car-
bon atoms, respectively.

The comonomer sequence distributions detected by means of
13C NMR are summarized in Table 2. The product of the reactive
ratios (rErX, where the subscript X represents ACP, ACH, or linear
comonomers, and the subscript E represents ethylene) is a repre-
sentative parameter used to characterize the degree of uniformity
of the distribution of copolymer monomer units within the poly-
mer chain. Another parameter, the relative monomer dispersity
(RMD) [21], developed on the basis of Hsieh and Randall’s work
[22], was also calculated and is listed in Table 2. We previously
defined the parameter [XX]/[X] (where X represents ACP, ACH, or
linear comonomers) as an evaluation of the uniformity of the dis-
tribution of the comonomer in a polymer chain [8]. The differences
in these three parameters are shown in Table 3.

Because the values of the parameters, rErX and [XX]/[X], depend
on the repeated dyad [XX], they cannot distinguish between iso-
lated or alternative forms of comonomer. Moreover, only a copoly-
mer with a perfectly alternative structure can achieve a maximum
RMD of 200. For all copolymers that are distributed in an isolated
manner in the polymer chain, the dyad is as follows:

EX½ � ¼ a

XX½ � ¼ 0
EE½ � ¼ 1� a

8><
>: ð3Þ

Then,

X½ � ¼ a
2

E½ � ¼ 1� a
2

8><
>: ð4Þ

RMD ¼ 2
2� a

� 100 ð5Þ

Fig. 4. Relationship between the molecular weight of the polymer and the TOF. Fig. 5. Influence of comonomer structure on incorporation.
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Since 0 � a � 1, the value of the RMD will be limited in the
range of 100 � RMD � 200. However, a microstructure with a dyad
[XX] >0 can also be located within this range. Thus, the RMD can
clearly distinguish an alternate structure from isolated and random
distributions, although it cannot differentiate between isolated and
random distributions. The data in Table 2 shows that, for a copoly-
mer with a low comonomer incorporation, the RMD remains at a
relatively low level, although the repeated dyad is rather low. In
other words, when the incorporation is low, the RMD value devi-
ates significantly from the degree of dispersion of the comonomer.
This divergence is greatly weakened when there is a high degree of
incorporation. Therefore, it can be considered that the RMD is more
suitable for characterizing copolymers with a high degree of incor-
poration, whereas [XX]/[X] is more suitable for characterizing
copolymers with a low degree of incorporation, because the
parameters—[XX]/[X] in particular—show the isolated distribution
of the comonomer in the polymer chain in an intuitive manner.

According to the results in Table 2 and Fig. 6, all copolymeriza-
tions have an rErX range of 0.44–0.94 and an RMD range beyond
100, indicating that the comonomer is uniformly distributed in
the polymer chain. All the values of [XX]/[X] are at a low level (less
than 8), meaning that the majority of the comonomer units are iso-
lated in the polymer chain. Unlike the linear monomers, the end-

cyclized olefins give the highest product of reactive ratios and
[XX]/[X], and the lowest RMD, especially ACH. This finding sug-
gests that the copolymer structure of linear a-olefins is closer to
an alternating microstructure than the copolymer structure of
end-cyclized olefins, or that linear monomers tend to exist in iso-
lation in polymer chains.

As a semi-crystallized material, polyethylene with no branches
always has a crystallinity higher than 60%, according to a generally
used detection method, as described in Section 2. The homopoly-
mer in Table 1 (Run 1) has a melting enthalpy of 194 J∙g�1, indicat-
ing a crystallinity of approximately 65%. The incorporation of a
comonomer interrupts the successive segment of crystallizable
polyethylene, and the melting point and melting enthalpy of the
polymer decrease significantly. The degree of incorporation of the
ACP and C6 copolymers was observed to be the same at 9.1 mol
%, although their thermal behavior differed. Fig. 7 provides the
crystallization and melting curves of the two samples.

From Fig. 7(b), the broader melting range of sample Run 4 can
be found, in comparison with that of sample Run 2. In addition, a
melting peak near 120 �C in the differential scanning calorimetry
(DSC) curve of sample Run 4 can be observed, indicating the exis-
tence of a segment with low incorporation. It can be concluded
that the comonomer distribution of the ACP copolymer is broader
than that of the C6 copolymer.

For comparison, the crystallization and melting curves of all
samples are provided in Fig. 8. It is easy to see that the copolymers
of the two end-cyclized a-olefins have curves with a similar shape.
Moreover, the copolymers obtained from linear a-olefins have the
same type of curve. These observations clearly indicate that the
structure of the comonomer strongly influences the thermal
behavior of the copolymer.

The data in Table 1 indicate that the incorporation of all of the
studied comonomers destroyed the crystallization of the polyethy-
lene. However, the contribution of each type of comonomer
remains unclear, because the structure and incorporation of the
comonomers were different. Here, we define a new parameter,
termed the crystallization destructive capacity (CDC) of theFig. 6. Analysis of comonomer sequence distribution.

Table 2
Comonomer sequence distribution of ethylene copolymer.

Run [XXX] (mol%) [XXE] (mol%) [XEX] (mol%) [EXE] (mol%) [XEE] (mol%) [EEE] (mol%) [XX] (mol%) [EX] (mol%) [EE] (mol%) [X] (mol%) [E] (mol%) rErXa RMD (%) [XX]/[X] (%)

2b 0.4 0.7 1.2 8.0 15.1 74.6 0.7 16.8 82.5 9.1 90.9 0.82 101.5 7.7
3b 0.1 0.8 0.8 6.4 12.0 80.0 0.5 13.5 86.0 7.2 92.8 0.94 101.0 6.9
4 0.0 0.9 1.7 8.2 13.9 75.3 0.4 17.3 82.3 9.1 90.9 0.44 104.6 4.4
5 0.0 0.8 1.4 7.0 12.1 78.8 0.4 14.8 84.8 7.8 92.2 0.62 102.9 5.1
6 0.0 0.9 1.6 7.9 13.7 75.9 0.5 16.8 82.7 8.9 91.1 0.59 103.6 5.6
7 0.0 0.9 1.5 7.2 12.3 78.1 0.5 15.3 84.2 8.1 91.9 0.72 102.8 6.2
8 0.0 0.7 1.1 7.0 12.6 78.7 0.4 14.7 85.0 7.7 92.3 0.63 103.4 5.2
9 0.0 0.8 1.2 6.7 11.8 79.6 0.4 14.2 85.5 7.5 92.5 0.68 102.3 5.3

X: ACP, ACH, or linear comonomers; E: ethylene; RMD: relative monomer dispersity, RMD =
EX½ �

2 X½ � E½ � � 100.

a rErX =
4 EE½ � XX½ �

EX½ �2
.

b The data of Runs 2 and 3 are from Ref. [8].

Table 3
The meaning, range, and corresponding microstructure of rErX, RMD, and [XX]/[X].

Item Calculation Microstructure of copolymer

Block Random Alternative

rErX 4 EE½ � XX½ �
EX½ �2

1 1 0 (or isolated)

RMD (%) EX½ �
2 X½ � E½ � � 100

0 100 200

[XX]/[X] (%) XX½ �
X½ � � 100

100 — 0 (or isolated)
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comonomer, to eliminate the influence of comonomer incorpora-
tion and highlight the role of comonomer structure. The CDC is
calculated using the followed formula:

CDC ¼ DHh � DHc

Ic
ð6Þ

where DHh and DHc are the melting enthalpies of ethylene
homopolymer and copolymer, respectively; and Ic is the comono-
mer incorporation of each copolymer.

A clear trend is visible in the CDC of the linear a-olefins, as
shown in Fig. 9. Longer comonomers have a stronger CDC, because
the longer branch has a larger scope in the radial direction along

(perpendicular to) the polyethylene’s main chain, reducing the
length of the crystallizable ethylene segment. In addition, the
end-cyclized a-olefins exhibit a stronger CDC than the linear a-
olefins with the same carbon numbers. It is clear that the CDC of
the end-cyclized a-olefins mainly comes from the axial direction
along (parallel to) the main chain. When the CH2 segment moves
to achieve the crystallization requirements, the cycloalkyl group
on the side chain also moves to reach its stable conformation.
These two movements are bound to interfere with each other.
When the side chains are smaller and have greater motility, the
crystallization process of the main chain will be more affected.
From the higher CDC values of the end-cyclized a-olefins, it can

Fig. 7. (a) Crystallization and (b) melting curves of samples (Runs 2 (ACP) and 4 (C6)) with the same copolymer incorporation (9.1 mol%). endo: endothermic.

Fig. 8. (a, c) Crystallization and (b, d) melting curves of all samples. exo: exothermic.
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be concluded that the disturbance to the crystallization from the
axial direction is much powerful than that from the radial
direction.

4. Conclusions

The copolymerization of ethylene with linear a-olefins gave a
higher TOF and lower incorporation of comonomers than copoly-
merization with end-cyclized a-olefins. This may be because
end-cyclized olefins have a higher coordination probability and
lower insertion rate than linear a-olefins. Copolymerization
resulted in much higher polymer chain numbers than ethylene
homopolymerization, which may indicate the higher coordina-
tion–insertion rate of copolymerization. Longer linear a-olefins
exhibited lower copolymerization efficiency, which could be seen
from the trend of the ratio of incorporation to feeding. Neverthe-
less, the use of end-cyclized olefins resulted in high efficiency,
which may be due to the end-cyclized group behaving as a ‘‘large
methyl group.” This may be because the double bond of an end-
cyclized a-olefin is more exposed than that of a linear a-olefin
due to the ring constraint of the cyclic substituent, such that there
is less steric hindrance in the coordination of an end-cyclized a-
olefin with an active site, which improves the coordination proba-
bility. Moreover, a cyclic substituent may have a stronger elec-
tronic effect than a linear substituent, which can provide greater
electron cloud density to the positively charged active site. The
additional stability of the active site will also increase the coordi-
nation probability. However, this stability may present a higher
energy barrier to further insertion reactions into the propagation
chain, so the insertion rate of an end-cyclized a-olefin is lower
than that of a linear a-olefin. In addition, cyclic substitution causes
more methylene groups to be concentrated near the propagation
chain, which may result in greater steric hindrance to the chain
growth. These understandings can explain the higher incorpora-
tion and lower activity of end-cyclized a-olefins compared with
linear a-olefins.

Three parameters, rErX, RMD, and [XX]/[X], were used to charac-
terize the microstructure of the resulting copolymer. All copoly-
mers were randomly distributed, and most of the comonomers
were isolated in the polymer chain. The incorporation of a comono-
mer destroyed the crystallization. Longer linear a-olefins exhibited
stronger CDC than shorter ones, while end-cyclized a-olefins
showed a much stronger CDC than linear ones. The reason for
the latter finding may be that linear a-olefins mainly act in the

radial direction of the main chain, while end-cyclized a-olefins
mainly act in the axial direction of the main chain.
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