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Abstract: Porous organic polymers (POPs) have received much attention in adsorption, separation,
and catalysis. In this paper, porous organic polymers with different pore structure were used
as metallocene catalyst supports, and ethylene/1-hexene copolymerizations were conducted
using the POPs-supported metallocene catalyst. The pore structure of the prepared POPs and
the supported metallocene catalyst were characterized by nitrogen sorption porosimetry and
non-local density functional theory simulation, and the molecular chain structure of the produced
ethylene/1-hexene copolymers were investigated through gel permeation chromatography (GPC),
IR analysis, differential scanning calorimetry (DSC), and temperature rising elution fractionation
(TREF). The results show that the loading amount of active sites varied with different pore structures
of the POP supports, and the active species scattered in different pore sizes had a moderate impact
on the molecular chain growth and the molecular weight distribution. The IR, DSC, and TREF
analysis revealedthat different branching degree, double bond content, and chemical composition
distributions were detected from the molecular chain structure of the ethylene/α-olefin copolymers
from different POPs and silica-supported metallocene catalysts, despite their similar IR, DSC, and
TREF curves due to the same active species. Scanning electron microscopy (SEM) showed that
porous ethylene/α-olefin copolymers with varied surface morphology were obtained from the
POPs-supported metallocene catalysts with different pore structure.

Keywords: porous organic polymer (POP); ethylene; 1-hexene; metallocene catalyst; copolymerization

1. Introduction

Since the discovery of catalysts for olefin polymerization by Ziegler, Natta, and Phillips in the
1950s, the production of polyolefins has continuously grown and the research in this field has remained
very competitive [1]. The development of well-defined molecular catalysts giving access to fine control
of the polymerization has allowed the preparation of polyolefins with improved properties and original
materials [1,2]. Metallocene complexes have proved to be attractive catalysts for olefin polymerization,
due to the possibility of influencing the catalyst activity and tailoring the properties of polyolefins such
as the polymer molecular weight, comonomer incorporation, and stereospecificity by simply changing
the structure of the ligands used [3].

In order to fulfill important requirements such as the control of product morphology, prevention
of reactor fouling, and control of the catalyst cost for slurry or gas-phase process [4,5], immobilization
of the metallocenes on suitable supports is necessary. Numerous studies on inorganic supports
(MgCl2, MgF2, Al2O3, molecular sieves, zeolite, and clays) and immobilization procedures have
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been investigated [6–14]. However, these supports suffer from several drawbacks, including the
need for complex chemical treatments to get rid of acidic groups on their surfaces and to obtain
appropriate particle morphology, and the presence of residual inorganic fragments within the produced
polyolefins that may affect their mechanical and optical properties [15–19]. In contrast, porous organic
polymer (POP) supports offer significant advantages over their inorganic equivalents: they provide a
much closer analogue to the environment prevailing in homogeneous polymerization, do not require
fastidious pre-treatment, and should not significantly affect the final polyolefin properties [9,20–22].
Furthermore, porous organic polymers can be properly designed and synthesized with tunable pore
size distribution, flexible synthetic strategy, and readily modifiable functionality [23–31].

However, understanding structure/polyolefin properties relationships in these heterogeneous
metallocene catalysts are nearly focused on metallocene complexes and activators, and little
attention has been paid to the selection of supports for metallocene catalysts. In a previous work,
we reported that the chain length of homo-polyethylene (PE) can be tuned by the pore structure of the
nanoporous organic polymer supports [32]. Therefore, it is a simple, useful, and complementary
method tothe metallocene complexes/activators systems to control the molecular structure of
polyolefin—especially for ethylene/α-olefin copolymers—by designing or tailoring the pore structure
of the used POP supports. To obtain high-performance ethylene/α-olefin copolymers by designing
suitable metallocene/methylaluminoxane (MAO)@POPs systems, there is a need to understand
how the pore structure influences the molecular structure (e.g., molecular weight, molecular weight
distribution, comonomer(s) incorporation, and chemical composition distribution—CCD), which are
highly related to the physical performance of products made with an ethylene/α-olefin copolymer [33].

In thecurrent paper, ethylene/1-hexene copolymerization was conducted using a
2-hydroxyethylmethacrylate (HEMA)-functionalized POPs-supported (n-BuCp)2ZrCl2/MAO/metallocene
system. We investigated how the molecular chain length, molecular weight distribution, branching
degree, and thechemical composition distributions of the produced ethylene/1-hexene copolymer
were influenced by the active species scattered in the POPs-supported metallocene catalysts with
well-defined pore structure.

2. Results and Discussion

2.1. Pore Structure of POPs and POPs-Supported Metallocene Catalysts

In this work, several POPs (POP-1/POP-2/POP-3) were preparedin 2-methyl-1-propanol,
ethanol/deionized water (volume ratio = 9:1), and ethyl acetate, respectively, according to a dispersion
polymerization method [30]. Then, the prepared POPs were used as metallocene catalyst supports to
obtain POPs-supported metallocene catalysts.

The pore structure of the POPs and the POPs-supported metallocene catalysts were characterized
with a Nova 2000e instrument;the porosity parameters results are shown in Table 1. In a previous
paperwe showed [32] that the pore structure of the immobilized metallocene catalyst is highly
dependent on the pore structure of the POPs with similar pore size distributions, except that a
mild left shift of pore size and decrease of abundance of pore size are observed on the supported
metallocene catalysts due to the non-covalent bonding of zirconocene complex/MAO to the POPs.
From Table 1, we can see that the prepared POPs obtained different pore structures, with pore diameter
ranging from 4 nm to 12 nm, specific surface area (SSA) ranging from 300 m2/g to 450 m2/g, and the
supported metallocene catalysts also obtained similar pore structure with a mild decrease of average
pore size ranging from 3 nm to 11 nm, as mentioned above. However, compared with the POPs and
POPs-supported metallocene catalysts, a dramatic decrease of average pore size of silicafrom 21.0 nm
to 9.68 nm was observed when silica 2408 was used as the metallocene support. This shows that
the prepared POP supports have better pore structure stability than inorganic silica as metallocene
catalyst support.
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Table 1. Characterization data of P(HEMA-co-DVB) particles and (n-BuCp)2ZrCl2/MAO/POPs
metallocene catalysts (BCZ/MAO@POPs) from N2 sorption results.BET: Brunauer–Emmett–Teller;
HEMA: 2-hydroxyethylmethacrylate; MAO: methylaluminoxane; POP: porous organic polymer.

Entry Sample Specific Surface Area
(Multi Point BET) (m2/g)

Total Pore Volume
(cm3/g)

Average Pore
Diameter(nm)

1-1 POP-1 427 0.655 6.14
1-2 BCZ/MAO@POP-1 299 0.318 4.26
2-1 POP-2 414 0.416 4.02
2-2 BCZ/MAO@POP-2 261 0.219 3.36
3-1 POP-3 318 0.893 11.2
3-2 BCZ/MAO@POP-3 288 0.730 10.1
4-1 Silica-2408 279 1.47 21.0
4-2 BCZ/MAO@Silica-2408 272 0.658 9.68

The nitrogen sorption isotherms of the three POPs and silica 2408 are shown in Figure 1a. From the
curves we can observe that very different porous structures were obtained. In order to investigate
how the pore structure of the POPs influenced the chain growth of the ethylene/1-hexene copolymer,
non-local density functional theory (NLDFT) simulation was adopted to determine the pore size
distribution using N2-carbon kernel at 77 K based on a slit-pore model. As shown in Figure 1b,c,
the pore size and the pore size distribution of three POP supports (POP-1/POP-2/POP-3) varied
greatly due to the different solvent parameters of the three types of solvents. However, despite the
different pore size distribution, a similarity exists in the pore structure of the three POP supports,
such that high abundance in the pore size of 1–4 nm scale can be observed in their NLDFT curves.
Furthermore, the pore size distribution of the HEMA-functionalized POPs could be easily controlled
by the selection of different HEMA/divinylbenzene (DVB) molar ratio or different solvent [29,30].
In contrast, the pore sizes of silica 2408 mainly focused in the meso-pore range (roughly 6–30 nm).

Figure 1. (a) N2 isotherms. Non-local density functional theory (NLDFT) pore size distribution curves
of (b) dS vs. d and (c) dV vs. d of POPs and silica 2408.
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2.2. Polymerization Activity and Active Sites on the POPs-Supported Metallocene Catalysts

To evaluate the molecular structure of the ethylene/1-hexene copolymer, ethylene polymerizations
were conducted using the POPs-supported (n-BuCp)2ZrCl2/MAO catalysts in a slurry process.
The supported metallocene catalysts displayed excellent α-olefin incorporation ability and high
ethylene/1-hexene copolymerization activity, and ethylene/1-hexene copolymerization results are
shown in Table 2.

Surprisingly, sharply different loading amounts of zirconium and aluminum of the four supported
metallocene catalysts from ICP (Inductive Coupled Plasma Emission Spectrometer) analysis were
observed through the same (n-BuCp)2ZrCl2]/MAO/Supports immobilization formula. Thus, the same
active species were obtained in the foursupported metallocene catalysts. From Table 2, we can see
that the highest zirconium and aluminum contents (Zr = 29.6 µmol g−1, Al/Zr = 172) were achieved
from the silica gel-supported metallocene catalyst, which could be caused by strong interaction of
MAO with the highly hydrophilic surface of the silica gel, and relatively low zirconium and aluminum
content on the POPs-supported metallocene catalysts were obtained due to the less-hydrophilic
surface of the poly(DVB-co-HEMA) porous polymers. Furthermore, even in the three POPs-supported
catalysts, varied zirconium and aluminum contents were noticed with similar chemical component
of the supports. This discrepancy might be caused by the different pore structure of the porous
polymers—especially the specific surface area.

As for the ethylene/1-hexene polymerization results, the highest polymerization activity
(10,583 Kg PE/molZr bar h) was not obtained from highest Zr loading catalyst, but from the catalyst
(BCZ/MAO@POP-2) with the highest Al/Zr ratio. This proves that not all loading zirconium in the
supported metallocene catalysts are effective active sites, and the MAO/Zr ratio is another key factor
in ethylene polymerization. In this regard, the BCZ/MAO@POP-2 catalyst is commercially beneficial
for up-scaling.

2.3. Chain Growth of Ethylene/1-Hexene Copolymer

The α-olefin comonomer effect was clearly observed during the process of ethylene/1-hexene
copolymerization, as the copolymerization activities increased obviously in the presence of 1-hexene,
compared with the ethylene homopolymerization results [32]. Gel permeation chromatographic (GPC)
analysis revealed that the molecular weights of ethylene/1-hexene copolymer decreased from about
200,000 to 110,000 compared to ethylene homopolymer, and similar results were also reported for
ethylene/α-olefin copolymers with other single-site catalyst systems [34,35]. The introduction of
1-hexene affects the catalytic activities and molecular chain length in different ways. Although the
1-hexene has stronger electron-donating ability than ethylene (which would benefit the coordination
of 1-hexene to the active species and stabilizes the cationic active sites), the insertion rate of 1-hexene is
slower than that of ethylene due to its steric hindrance [33]. The final results of the copolymerization
showed that the increased activities and decreased molecular chain length might be caused by the
increasing chain propagation rate and chain transfer rate combined, which could also be explained by
the α-olefin comonomer effect.

There is another important factor that can significantly influence the molecular chain length
of polyolefin—the pore size structure. Generally, the average molecular weights of PE from
polymer-supported catalysts are lower than that of inorganic-supported catalysts [36,37], because
the porous polymer support is not as firm as mesoporous silica, and the soft polymer support will
further result in quick chain termination. However, much higher average molecular weights of
PE homopolymer were obtained from the POPs-supported metallocene catalysts, with pore size
mainly scattering in the micro- and the narrow meso-pore (1–4 nm) range [32]. Similar results were
also obtained, such that the average molecular weight of ethylene/1-hexene copolymers from the
POPs-supported metallocene catalysts were higher than from silica-supported metallocene catalysts
(Mw: 9.7 × 104) when introducing 1-hexene in process of ethylene polymerization.
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The pore structure of the POP supports could be used to tune the molecular weight distribution
or polydispersity, as the processability of polyolefin materials [38] was highly related to the molecular
weight distribution of the prepared polyolefin. It is practical to improve the processability of
metallocene-based polyolefin materials such as LLDPE (1-hexene or 1-octene as comonomer) by
using multiple metallocene complexes or multinuclear metallocene catalysts and a multiple-reactor
process to increase molecular weight distribution. We have reported the weight-average molecular
weights (Mw) of homo-polyethylene from the POPs-supported metallocene catalysts in the range of
90,000 to 400,000, and their polydispersities of 2–3 are typically narrower than that of PE produced
by silica-supported metallocene catalyst due to their ability to provide much closer analogue to the
environment prevailing in homogeneous polymerization. By tuning the distribution of the active
species scattered in the micro- and the narrow meso-pore (1–4 nm), the chain length of the polyolefin
can be tailored effectively during the polymerization process. That is, the smaller the pore size of the
POP support, the longer the chain length of PE that can be obtained due to the different diffusion rates
of different sizes of monomer (ethylene), comonomer (α-olefin), hydrogen, and chain transfer agent
(scavenger TIBA/TEAL), etc. Therefore, by tuning the pore size and pore size distribution of the POP
supports, the molecular weight distribution of the prepared polyolefin can be tuned.

When an α-olefin with larger size was added in the process of ethylene polymerization,
the selectivity of diffusion of larger molecular α-olefin to active species scattered in the in the micro-
and the narrow meso-pore (1–4 nm) from POPs-supported metallocene catalysts would be better.
As seen from Table 2, the molecular weight distribution of PE-4 from mesopore silica-supported
metallocene was 2.9, and the molecular weight distribution of PE-1, PE-2, and PE-3 varied from
2.5 to 3.3 from different size and pore size distributions of POPs-supported metallocene catalysts.
The molecular weight distribution of PE-1 from POP-1-supported metallocene catalyst was even higher
than that of PE-4 from silica-supported metallocene catalyst, which proves that it is also a practical
choice to improve the molecular weight distribution by tuning the pore size and pore size distribution
of the POP supports.

A comparison of NLDFT pore size distribution curves (Figure 1) with GPC curves (Figure 2) offers
some insight about this method of controlling molecular weight distribution. From Figure 1, we can
see that the pore size and pore size distributions of POP-2 are mainly concentrated in microporous
and narrow mesoporous range (roughly 1–4 nm), while the pore size and pore size distributions of
POP-1 are scattered in a relatively wide range (roughly 1–10 nm). Because of the different diffusion
rates of 1-hexene in different pore sizes, the active species scattered in the micro-pores and narrow
meso-pores would make it more difficult to incorporate the 1-hexene molecule than in the larger
meso-pores (>4 nm), thus resulting in longer molecular chain length from the active species scattered
in the micro-pores and narrow meso-pores and shorter molecular chain length from the active species
scattered in the larger meso-pores. The part of the PE-1molecular chain with shorter chain length
was observed in GPC curves compared with PE-2, while the part of PE-1molecular chain with higher
chain length was almost overlapping with that of PE-2, or slightly higher that of PE-2 in the highest
molecular weight area. Therefore, the wide molecular weight distribution of PE-1 was obtained from
the POP-1-supported metallocene catalyst with wide pore size distribution.
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Table 2. Ethylene/1-hexene polymerization activities, differential scanning calorimetry (DSC) and gel permeation chromatography (GPC) results of polyethylene (PE)
from the POPs-supported n-BuCp2ZrCl2/MAO metallocene catalysts. PDI: polydispersity index.

Entry Catalyst

Catalyst Component Polymerization
Activity

(Kg PE/molZr bar h)

DSC Results GPC Results IR Results

Zr
(µmol g−1)

Al/Zr
(mol/mol)

Tm (Peak)
◦C

Tc (Peak)
◦C

∆Hm
J/g

Mw
(×104)

Mn
(×104) PDI

Branching
Degree

(/1000 C)

RCH=CH2
Relative
Content

R1R2C=CH2
Relative
Content

PE-1 BCZ/MAO@ POP-1 27.4 178 7105 120.7 108.2 123.8 11.2 3.4 3.3 10.1 0.05 0.11–0.12
PE-2 BCZ/MAO@ POP-2 14.3 280 10,583 121.7 103.8 131.1 11.2 4.4 2.5 10.9–11.6 0.04–0.06 0.10–0.14
PE-3 BCZ/MAO@ POP-3 18.6 163 4075 121.7 107.4 127.1 13.5 5.2 2.6 10.7–11.2 0.02–0.04 0.05–0.10
PE-4 BCZ/MAO@Silica-2408 29.6 172 7387 120.0 108.1 120.6 9.7 3.3 2.9 11.4 0.04 0.09
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Figure 2. Curves of the molecular weight distribution of ethylene/1-hexene copolymers. (1) PE-1 obtained
from BCZ/MAO@POP-1metallocene catalyst; (2) PE-2 obtained using BCZ/MAO@POP-2metallocene
catalyst; (3) PE-3 obtained from BCZ/MAO@POP-6 metallocenecatalyst; (4) PE-4 obtained from
BCZ/MAO@2408 silicametallocene catalyst.

However, compared to PE-1, the molecular weight distribution of PE-3 (Mw/Mn = 2.6) from
the POP-3-supported metallocene catalyst with wide pore size distribution seemed to be narrower
than PE-1. The results could be explained reasonably by the same diffusion mechanism in different
pore sizes. Besides the pore size distribution, the abundance in different pore size distributions might
cause the discrepancy in wide pore size distribution POP supports. Actually, the abundance in 1–4 nm
of POP-3 is the highest in the three POP supports, so the part of PE-3 with high molecular weight
is also the highest in the three copolymers (PE-1/PE-2/P-3), and many more long-chain molecules
with Mw above 20 × 104 are in PE-3 than in PE-1 and PE-2. On the other hand, many more short
chain molecules with Mw less than 2000 in PE-3 were observed than in PE-2, which might owe to the
large pores in the POP-3. Furthermore, compared to PE-4 obtained from meso-pore silica-supported
metallocene catalyst, an obvious shift to the right of the GPC curves of PE-1/PE-2/PE-3 due to the
micro-pores and narrow meso-pores (roughly 1–4 nm) in the POP supports was seen, except for the
part of low molecular weight, with Mw less than about 2000.

The incorporation mechanism of ethylene and 1-hexene by diffusion through different pore sizes
of the POPs-supported metallocene catalysts is illustrated in Figure 3. In this case, the nanoporous POP
supports or POPs-supported metallocene catalysts—especially in microporous and narrow mesoporous
range—would behave like nano-valves which can differently affect the diffusion rate of monomer
(ethylene), comonomer (α-olefin), hydrogen, and chain transfer agent (scavenger TIBA/TEAL), etc.,
according to their molecule size, while larger meso-pores cannot effectively hold back the diffusion of
larger molecules such as 1-hexene and TIBA.

Figure 3. Schematic incorporation mechanism of comonomers by diffusion through different pore sizes
of the POPs-supported metallocene catalysts during ethylene/1-hexene copolymerization.
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2.4. Molecular Structure Analysis from IR Results

The microstructure of PE could be characterized by IR spectroscopy. The branching degree and
relative double bond content of polyethylene can be calculated by IR analysis results [39–41]. Figure 4
shows the spectra of PE-1, PE-2, and PE-3 at room temperature. The 1378 cm−1 peak is the characteristic
peak of the methyl group due to its deformation vibration, and the absorbance in the methyl peak
could be used to determine the branching degree. The 1369 cm−1 peak and 1352 cm−1 peak are caused
by conformational CH2 wagging, which might overlap the methyl absorbance at 1378 cm−1, but they
do not cause significant interference in this test method because their intensities are not significantly
affected by the comonomer content, but rather by the plaque thickness. The band at 2019 cm−1 was
used as internal thickness correction approach to calibrate the methyl content. The branching degree
of PE can be calculated by determining the value of absorbance (A) at 1378 cm−1/area (2019 cm−1) in
a standard curve, which was plotted in A (1378 cm−1)/Area (2019 cm−1) vs. Number of branches (N)
per 1000 carbons as determined by 13C NMR results.

The peaks at 908 cm−1 and 888 cm−1 are the characteristic peaks of the unsaturated groups
of PE. The peak at 908 cm−1 is caused by the wagging vibration of CH2 in RCH=CH2 groups,
and the peak at888 cm−1 is caused by the same vibration mode of CH2 in R1R2C=CH2 groups.
According to the similar internal standard to correct the variation, the relative content of RCH=CH2

groups and R1R2C=CH2 groups could be obtained by Area (908 cm−1)/Area (2019 cm−1) and Area
(888 cm−1)/Area (2019 cm−1), respectively.

The results of branching degree as well as relative content of RCH=CH2 groups and R1R2C=CH2

groups are listed in Table 2 in accordance with the method above. From Table 2, we can see that the
branching degree of these ethylene/1-hexene copolymers varied from 10.1 to 11.6, and the branching
degree of PE-4 (11.4) was nearly the highest among them, despite their different polymerization activity.
This variation can be partly explained by the controlling diffusion of ethylene and α-olefin, etc. to the
active sites by the nanoporous POP supports with narrower pore size than silica; in turn, the different
concentrations of ethylene and α-olefin determine different chain growth rates and chain transfer
rates of the active sites. However, the results of PE branching degree seemed to have no obvious
bearing on the relative content of unsaturated groups due to their different formation mechanism [42],
as seen from Table 2. The formation of RCH=CH2 groups and the R1R2C=CH2 groups are caused
byβ-hydrogen elimination to Zr+ and/or to ethylene or the comonomer, while the branching degree
of PE is mainly generated by the insertion of 1-hexene. PE-1 had the lowest branching degree of
10.1, while the relative content of RCH=CH2 groups and R1R2C=CH2 groups were 0.05 and 0.11–0.12,
respectively. Moreover, the addition of 1-hexene caused a dramatic increase of R1R2C=CH2 groups of
ethylene/1-hexene copolymer compared to ethylene homopolymer (0.01–0.04).
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Figure 4. IR analysis results. (a) IR spectrum of PE-1; (b) IR spectrum at 2019 cm−1; (c) IR spectrum
of methyl groups at 1378 cm−1 and methylene groups at 1369 cm−1; (d) IR spectrum of RCH=CH2

groups at 908 cm−1 and R1R2C=CH2 groups at 888 cm−1.

2.5. Differential Scannning Calorimetry (DSC) and Temperature Rising Elution Fractionation (TREF) Results

The TREF technique was adopted to characterize the chemical composition distributions
(CCDs) of the produced ethylene/1-hexene copolymers prepared from POPs- and silica-supported
metallocene catalysts. Figure 5a shows the TREF analysis of PE copolymers from POPs- and
silica-supported metallocene catalysts. Although similar TREF curves in these PE samples
are observed, the specific results of soluble fraction and fractionation temperature peaks are
different. The soluble fractions at room temperature of ethylene/1-hexene copolymers prepared
from POPs-supported metallocene catalysts—which mainly contain very-low-molecular-weight PE
molecules (Mw < 1000 g/mol) [43]—were higher than from silica-supported metallocene catalyst.
An interesting phenomenon is also observed from Table 3—the ethylene/1-hexene copolymers
(PE-1/PE-2/PE-3) prepared from POPs-supported metallocene catalysts have relatively less fraction in
the main elution peak around 94 ◦C (due to less relative content of branching, especially short chain
branching—SCB) and have a greater fraction in the secondary elution peak around 52–64 ◦C (due to
a greater relative content of SCB) than PE-4 from silica-supported metallocene catalyst. From this
evidence, we can reasonably conclude that the active sites in the nanoporous POP supports would
facilitate redistributions of SCB in the main peak and the secondary peak by tuning the diffusion of
ethylene and 1-hexene, etc. A wider distribution of pore size of POP-1 and POP-3 obviously had a
better effect on the redistributions of SCB with PE-1 and PE-3.PE-1 had a soluble fraction of 1.8%, 96.3%
around the main peak at 94 ◦C and 0.7% around the secondary peak at 52 ◦C, and PE-3 had a soluble
fraction of 0.6%, 96.8% around the main peak at 94◦C and 1.0% around the secondary peak at 52 ◦C.
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Table 3. Temperature rising elution fractionation (TREF) analysis results.

Entry Support Soluble Fraction (SF) Peak 1 Peak 2

PE-1 POP-1 T/◦C 52.6 94.2
Area/% 1.8 0.7 96.3

PE-2 POP-2 T/◦C 63.7 94.5
Area/% 0.3 0.5 98.6

PE-3 POP-3 T/◦C 61.8 94.7
Area/% 0.6 1.0 96.8

PE-4 Sylopol 2408 T/◦C 53.1 94.2
Area/% 0.2 0.4 98.9

Differential scanning calorimetry (DSC) results (Figure 5b) reveal that the ethylene/1-hexene
copolymers from both POPs- and silica-supported metallocene catalysts had similar thermal behavior
with Tm (peak) in the range of 120–122 ◦C and Tc (peak) in the range of 103–109 ◦C, which was mainly
caused by the same active site species in the polymerization process. As for crystalline polymer,
the crystallinity Xc of polymer can be estimated by the following equation:

Xc = ∆Hm/∆H0m, (1)

where ∆Hm is the melting endothermic enthalpy of the polymer, and ∆H0m is the melting endothermic
enthalpy of the polymer with 100% crystallinity.

According to this Equation (1), the values of ∆Hm of ethylene/1-hexene copolymers could be
estimated for their crystallinity. From Table 2, we can see the ∆Hm of PE-4 had the lowest value
of 120.6 J/g. Therefore, the lowest crystallinity of PE-4 among these samples could be estimated,
which is consistent with nearly the highest branching degree from the IR results. Although a
discrepancy between the values of ∆Hm from PE-1/PE-2/PE-3 and their branching degree was
observed, the discrepancy combined with a relatively wide range of Tc (peak) value of these PE
samples might be partly explained by the different distribution and content of SCB in the their chains,
which was caused by tuning the diffusion of ethylene and 1-hexene in different pore sizes. Furthermore,
a minor peak with ∆Hc of about 4.3 J/g on the crystalline curves of PE-1 or PE-4 around 73 ◦C was
observed as seen from Figure 5b, and this small crystalline peak is in agreement with the TREF signals
of the secondary peak of these PE samples—both of which are caused by the crystalline molecules
with relatively high SCB content.

Figure 5. (a) TREF analysis of PE copolymers produced from POPs- and silica-supported metallocene
catalysts; (b) DSC analysis of PE-1 and PE-4.

2.6. Surface Morphology

The morphology of the PEwas characterized by scanning electron microscopy (SEM). The SEM
image in Figure 6 clearly shows that the ethylene/1-hexene copolymers have different morphology due
to the different pore structure of their catalyst supports. PE-1 hada highly porous fabric consistingof
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fiber and spherical beads of micron dimension, PE-2 had porous structure aggregated mainly by
spherical beads, and PE-4 was aggregated by spherical beads with fila around the beads. The different
morphologies of these PE samples can be explained reasonably by the replicating effect of the PE
product on the porous POP and silica in the olefin polymerization process [36,37].The porous support
played as a template on two levels [36], taking the overall morphology of product polymer into
account. One level is the whole support beads, which resulted in the porous polyethylene particles.
Another level is the porous structure in the support beads, which played as nanoreactors and resulted
in the fiber structure in the polyethylene particles. According to this particle growth mechanism,
the morphology of PE would be related to the polymerization time and activity, besides the porous
structure of the support and the morphology of the support itself. With the continuous chain growth,
the catalyst beads gradually became larger because of the expansion in the catalyst beads and external
growth by the active sites in the outer surface; the morphology of PE-1 would be more like that of
PE-2 if polymerization continued.

Figure 6. Scanning electron micrographs of PE copolymers particles. (a–c) PE-1 from POP-1-supported
metallocene catalyst; (d–f) PE-2 from POP-2-supported metallocene catalyst; (g–i) PE-4 from
2408 silica-supported metallocene catalyst.

2.7. Theoretical Explanation

The distribution of chain length and chemical composition for ethylene/1-hexene copolymers
can be interpreted based on the Stockmayer bivariate distribution [44]. The Stockmayer distribution is
given by the following Equation (2):

wr,FA = rτ2e−rτ
√

r
2πβ

e−
r(FA−FA)2

2β (2)

where the parameters r and τ have the same meanings as in the Flory distribution; FA represents the
molar fraction of monomer A in a copolymer chain; FA is the average molar fraction of monomer A in
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the whole copolymer, and its value can also be measured by 13C NMR and Fourier transform infrared
spectroscopy (FTIR).The parameter β is described as following Equation (3):

β = FA
(
1− FA

)√
1− 4FA

(
1− FA

)
(1− rArB) . (3)

By integrating Equation (2), the CCD component of the Stockmayer distribution can be changed
into Equation (4):

wFA =
3τ2β2[

2βτ+
(

F− F
)2
]5/2 =

3

4
√

2βτ
[

1 + (F−F)
2

2βτ

]5/2 . (4)

From Equation (4), we can infer that the CCD becomes broader as the product βτ increases,
as expected that τ increases when rn decreases and β increases when rArB increases, both factors
broaden the CCD.

Soares and Mckenna [44] illustrated how the Stockmayer distribution was used to describe the
CCD of ethylene/1-hexene copolymers prepared from a metallocene catalyst. The CRYSTAF peaks
moved to lower crystallization temperatures and the profiles became broader as 1-hexene content
increased. Stockmayer’s distribution can be used successfully to explain this behavior. The Stockmayer
parameters τ and β were calculated, assuming that the copolymers are random (rArB ≈ 1). The product
βτ increases with increasing 1-hexene content in the polymer, so the CRYSTAF peaks were expected
to become broader. As shown in Figure 7, that results are in good agreement with the experimental
data. From Equation (4), we can infer that the CCD becomes broader as the product βτ increases.
As expected from our previous analysis ofthe Stockmayer distribution,τ increases when rn decreases
and β increases when rArB increases, and both factors broaden the CCD.

Figure 7. (a) CRYSTAF profiles of ethylene/1-hexene copolymers prepared from a single-site catalyst;
(b) chemical composition distributions predicted with Stockmayer distribution [44]. CRYSTAF: is a fully
automated instrument intended for the fast measurement of the Chemical Composition Distribution
(CCD) in Polyolefins, and performs the Crystallization Analysis Fractionation technique to separate
the polymer by its comonomer content. HDPE: high density polyethylene.

As in this case, through different diffusion rates of ethylene/α-olefin and TIBA to the active sites
controlled by the different pore structure (especially the micro- and the narrow meso-pores) of the POP
supports, different reaction micro-environments of the same active species were established in the
nanoreactors, which caused the variations of concentration of 1-hexene and of βτ value, thus leading
to the broadening of CCDs as seen from the TREF results in Table 3. Additionally, different CCDs and
polydispersity indexes (PDIs) of these PE samples were observed from POP supports with different
pore structure. From this perspective, the design and synthesis of well-defined POP-supported pore
structure would be practical for controlling the end-use properties (e.g., the CCD and the molecular
weight distribution) of the polyolefin.
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3. Materials and Methods

3.1. Materials

Divinylbenzene (DVB, 80%, Aladdin Reagent, Shanghai, China) was treated with NaOH
solution (5 wt %) and washed with deionized water before use. 2-Hydroxyethylmethacrylate
(HEMA) (≥98%, Aladdin Reagent, Shanghai, China) was extracted with neutral oxide aluminum
(200–300 mesh) column to remove the inhibitor and 2,2′-azo-bis-isobutyronitrile (AIBN) was
recrystallized from methanol before use. Poly (vinyl alcohol) (PVA, 1788, 88%) (Aladdin Reagent,
Shanghai, China), ethanol (≥99.7%) (Aladdin Reagent, Shanghai, China), ethyl acetate (≥99.8%)
(Aladdin Reagent, Shanghai, China), 2-methyl-1-propanol (≥99.5%, Aladdin Reagent, Shanghai,
China), and deionized water (Lanzhou Petrochemical Research Center, Lanzhou, China) were used as
received. 1-Hexene (≥99%, TCI, Shanghai, China) was dried using 4 A molecular sieve and distilled
before use. Bis(n-butylcyclopentadienyl) zirconium dichloride (n-BuCp)2ZrCl2 (98%, DALCHEM, Nizhny
Novgorod, RU) and methylaluminoxane (MAO) (10 mass % in toluene, PetroChina, Lanzhou, China) were
used without further treatment.

3.2. Synthesis of P(HEMA-co-DVB) POP Supports

HEMA-functionalized porous organic polymers particles were synthesized according to a
dispersion polymerization method reported by our group [29,30]. Briefly, 140 mL solvent was
charged into a multi-necked glass reactor, then 0.0369 mol of DVB (80%), 0.0246 mol of HEMA,
and 2 wt % of PVA were added into the reactor when stirring. After the comonomers and the stabilizer
were dissolved in the solution at 50 ◦C, 2 wt % of the initiator AIBN was added into the reactor
to initiate the free radical polymerization at 70 ◦C for 3 h. After aging for about 5 h, the product
was purified with solvent to remove impurities and vacuum filtered for further use. POP-1 particles
were prepared in 2-methyl-1-propanol, POP-2 particles were synthesized in deionized water/ethanol
mixture (1:9 volume ratio), and POP-3 particles were synthesized with DVB/HEMA (2:1 molar ratio)
in ethyl acetate.

3.3. Supporting of Metallocene Catalyst

The (n-BuCp)2ZrCl2/MAO metallocene system was immobilized on the prepared POPs after they
were vacuum-dried at 120 ◦C for 8 h. Sylopol 2408 silica support was activated at 600 ◦C for 10 h at
nitrogen atmosphere and used as control sample. The supporting procedure was with Schlenk and
glove-box techniques under high-purity nitrogen according to previous work [29]. The supporting
procedure is summarized as follows.

In a 250 mL multi-neck reactor, 2.4 g treated POP particles and 50 mL toluene were added, then
15 mL MAO (10 wt %, in toluene) was added to the above suspension and stirred at room temperature
for 1 h. Then, 0.247 mmol (n-BuCp)2ZrCl2 was added to the POP/MAO suspension and the obtained
(n-BuCp)2ZrCl2/MAO/POP suspension was kept stirring for 3 h at −20 ◦C. Then, the solid was
washed in toluene and hexane to remove impurities, and was vacuum dried to obtain the final
catalyst particles.

3.4. Ethylene/1-Hexene Polymerization Procedure

Ethylene/1-hexene copolymerization was conducted in an 800 mL stainless steel reactor equipped
with a stainless blade stirrer and an external oil jacket for temperature control; 350 mL hexane, 2 mL
TEAL (1 M in hexane), and 3.5 mL 1-hexene were added successively into the reactor, then 140 mg
of the supported (n-BuCp)2ZrCl2/MAO@POPs catalysts were added under high-purity nitrogen.
The nitrogen was then pumped out before introducing the ethylene. Temperature and pressure were
then progressively increased up to 80 ◦C and 3 bar. The pressure was kept constant during the
polymerization. After 30 min of reaction, the polymerization was stopped. The polymer was collected
by filtrationand dried.
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Ethylene/1-hexene copolymerization was conducted in an 800 mL pressure reactor equipped
with a stainless blade stirrer and an external oil jacket for temperature control. 350 mL hexane, 2 mL
TIBA (1 M in hexane), and 3.5 mL 1-hexene were added successively into the reactor, then 140 mg
of the supported (n-BuCp)2ZrCl2/MAO@POPs catalysts were added under high-purity nitrogen.
After the nitrogen was replaced with ethylene, the reactor temperature was increased up to 80 ◦C.
Then, the reactor pressure was kept constant at 3 bar by introducing ethylene during the polymerization.
After 30 min of reaction, the polymerization was terminated. The polymer was filtered and dried for
analysis and characterization.

3.5. Characterization

Nitrogen sorption porosimetry was carried out on a Nova 2000e (Quantachrome Instruments,
Boynton Beach, FL, USA). The POP samples were vacuum dried in a test tube at 120 ◦C for
8 h to remove adsorbed materials from the surface before N2 sorption (77.3 K). The supported
metallocene catalysts were directly tested after sampling under nitrogen protection. Al and Zr contents
of the supported metallocene catalysts were analyzed on a VISTA ICP-MPX (VARIAN, Palo Alto, CA,
USA). Into a 10 mL mixture of HClO4/HNO3:HCl (1:3), 0.1 g catalyst was added, was dissolved
by heating, then the solution was metered to 100 mL constant volume using 2% HCl solution.
Aluminum and zirconium contents were obtained from their characteristic peaks calibrated by their
standard curves. Gel permeation chromatography (GPC) was conducted in a PL-GPC 220 instrument
(Church Stretton, UK) using 1,2-dichlorobenzene as solvent at 135 ◦C with a PE sampling concentration
of 3 mg/mL and a sampling rate of 1.0 mL/min. IR analysis was performed on a NEXUS 670 FTIR
(Glendale, WI, USA). Differential scanning calorimetry (DSC) measurements were analyzed on a
DSC Q2000 (New Castle, DE, USA). To eliminate the heat history of test samples, 10 mg PE was
heated first from room temperature to 180 ◦C under nitrogen atmosphere at a heating rate of
10 ◦C/min, then cooled to room temperature at a cooling rate of 10 ◦C/min. The melting curves
were obtained when heating the PE samples from room temperature to 180◦C at the same heating
rate once again, and crystallization curves were obtained when cooling the PE samples to 40 ◦C.
A scanning electron microscope (SEM, Philips, XL20, Amsterdam, The Netherlands) was used to
characterize the surface morphology of the PE. The PE samples were spread onto electric glue, which
was fixed on a metallic base. Dried samples were coated with a thin layer of gold in vacuum. Then,
temperature rising elution fractionation (TREF) was performed in a model 200+ instrument from
Polymer Char S. A. (Valencia, Spain). Standard Conditions were used in all analyses, with 60 mg
in 20 mL of 1,2,4-trichlorobenzene (TCB), 0.3 mL analysis sample volume, crystallization rate of
0.5 ◦C/min, and elution rate of 1 ◦C/min.

4. Conclusions

In summary, a facile approach to tuning the polyolefin molecular structure of ethylene/α-olefin
copolymer by supported catalysts with specific pore structure was developed. The loading amounts of
Zr and Al of the POPs-supported metallocene catalysts were highly dependent on the pore structure
of the porous polymers. The ethylene/α-olefin copolymerization results show that the pore size and
pore size distribution of the POP supports which were characterized by non-local density functional
theory (NLDFT) simulation had a significant impact on the molecular chain growth and the molecular
weight distribution. The IR, DSC, and TREF analyses revealed that the molecular chain structure of the
ethylene/α-olefin copolymers from different POPs and silica-supported metallocene catalysts exhibited
similar but different branching degree, double bond content, and chemical composition distributions.
Thus, minute differences of thermal and crystalline behavior were detected mainly by the active species
scattered in different pore structures. Due to replicating effect, porous ethylene/α-olefin copolymers
with varied surface morphology were obtained from the POPs-supported metallocene catalysts with
different pore structure. This new way of controlling the molecular structure of polyolefins would be
practical and suitable for tailoring the properties of polyolefins for metallocene complexes.
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