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High Melting Point of Linear, Spiral Polyethylene
Nanofibers and Polyethylene Microspheres Obtained
Through Confined Polymerization by a PPM-Supported
Ziegler-Natta Catalyst
Yu Xiao,[a] Xiying Dai,[a] Kui Wang,*[b] and Guangyuan Zhou*[b]

In this work, different types of polyethylene (linear, spiral
nanofibers and microspheres) were obtained via confined
polymerization by a PPM-supported Ziegler-Natta catalyst.
Firstly, the Ziegler-Natta catalyst was chemical bonded inside
the porous polymer microspheres (PPMs) supports with differ-
ent pore diameter and supports size through chemical reaction.
Then slightly and highly confined polymerization occurred in
the PPM-supported Ziegler-Natta catalysts. SEM results illus-
trated that the slightly confined polymerization was easy to
obtain linear and spiral nanofibers, and the nanofibers were
observed in polyethylene catalyzed by PPMs-1#/cat and PPMs-

2#/cat with low pore diameter (about 23 nm). Furthermore, the
highly confined polymerization produced polyethylene micro-
spheres, which obtained through other PPM-supported Ziegler-
Natta catalysts with high pore diameter. In addition, high
second melting point (Tm2: up to 143.3 °C) is a unique property
of the polyethylene obtained by the PPM-supported Ziegler-
Natta catalyst after removing the residue through physical
treatment. The high Tm2 was ascribed to low surface free energy
(σe), which was owing to the entanglement of polyethylene
polymerized in the PPMs supports with interconnected multi-
modal pore structure.

1. Introduction

Polyolefin, as one of the most important polymer materials, has
been widely used in many industries and human life, resulting
in greatly improvement of people‘s livelihood and life quality.[1]

In order to break the barriers between laboratory and industry,
and promote the large-scale industrial production of polyolefin,
polyolefin catalyst needs to be supported on the carriers. There
are several advantages for the supporting catalysts: i) the
catalytic activity could be improved effectively; ii) it could meet
the requirements of existing industrial facilities well; iii) the
morphology and apparent density of polyolefin products could
be improved; iv) the use of co-catalysts could be greatly
reduced, thereby reducing production costs.[2] With further
research on catalyst supports, the field of the catalyst supports
has been expanded form original inorganic MgCl2 to multiple

types and scales, such as molecular sieve, carbon nanotube,
polystyrene, etc.[3]

In recent decades, with the rapid development of nano-
technology, it is found that the structure of polymer materials
changed at the nanometer scale, and this phenomenon has
drawn wide attention in the academic field.[4] According to the
researches, the molecular chain structure, condensed matter
structure, phase structure and stability of polymers will change
at nanoscale, leading to quite different properties of polymers
compared with the bulk state.[4e,5] Therefore, the concept of
polymerization in a nano-confined space (defined as confined
polymerization) has been proposed by scientists. Here the
active center is loaded inside the supports, and then polymer-
ization occurs in the nano space, hoping to obtain the product
with different structure and performance compared with
corresponding bulk product. After that, the goal, controlling the
structure of polymer at different scales, could be achieved.[4c,5f,6]

Aida and co-workers[4a] chose mesoporous silicon fiber
(MSF) as a carrier to support Cp2TiCl2 catalyst, then ethylene
was polymerized in the MSF support. Moreover, the pore
diameter of MSF was 2.7 nm with uniform pore structure.
During the polymerization process, polyethylene molecular
chains did not fold but to grow along the axis parallel to the
MSF pores, because the 2.7 nm pore diameter was much
smaller than the thickness of polyethylene crystal lamellar.
Hence, polyethylene nanofibers with a straight chain structure
and high melting point and ultrahigh molecular weight were
finally obtained. According to this study, the concept of nano-
extruder and extrusion polymerization in nanopores were
proposed. After that, a number of attempts to polymerize olefin
in the nano-confined space have been made. Choi et al.[7] used
anodic aluminium oxide (AAO) film with the diameter of 60 nm
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as a template to carry Cp*Ti(OCH3)3 for styrene polymerization.
After confined polymerization, polystyrene fibers with high
molecular weight (Mw =928.000 g/mol) and high melting point
were synthesized. According to the study of Liu et al.,[8] the
preparation of polyethylene nanofibers requires a durable
confined space, and the weakening or disappearance of
confined space is not conducive to generate fibers. Although
there are many researches on the confined polymerization of
inorganic supports, some defects are still exist: i) the active
center could be deactivated by the inorganic supports; ii) the
supports will remain as inorganic ash in the product; iii) the
polymerization by the inorganic supported catalyst can’t
provide an environment that is similar to homogeneous
polymerization. Therefore, developing a kind of organic support
for confined polymerization is urgent.

Roscoe et al.[2a,c] synthesized polystyrene microspheres with
nanopores through copolymerization, and then the polystyrene
microspheres were used as supports for olefin polymerization.
The results demonstrated that polymerization occurred inde-
pendently in each polystyrene microspheres. Since then, more
and more porous polymer supports were obtained for olefin
confined polymerization. Uemura et al.[4b,9] studied the effects of
porous polymer supports channels on polymerization activity,
molecular weight and structure. It was found that chain
termination was effectively suppressed when the polymer-
ization was carried out inside the pores. The obtained
polystyrene represented a low molecular weight distribution
and high isotacticity. In our previous work, three catalysts,
Cp2ZrCl2, Cp2TiCl2, and Ziegler-Natta, were supported into
porous polymer microspheres (PPMs) (pore diameter: 9.0 nm),
which was designed and synthesized all by ourselves, for
ethylene confined polymerization.[10] The results indicated that
three different confined polymerization (highly confined poly-
merization, slightly confined polymerization, and non-confined
polymerization) occurred in the confined space of PPMs. Here
highly confined polymerization was defined as the supports
were gradually expanded rather than broken up during
polymerization process, and the supports could provide con-
tinuous confined space for the whole polymerization. Slightly
confined polymerization was defined as the supports were
broken up gradually, and the supports could provide confined
space part of polymerization process. Non-confined polymer-
ization means that the supports could not provide any confined
space for the polymerization process. However, most of the
studies, including our previous work, were concentrated on the
effect of porous polymer supports with a particular pore
diameter on the confined polymerization. Based on the
literature,[8] polymerizing in inorganic supports with different
nanopores could obtain various products. Hence, changing
pore diameter of the porous polymer supports with intercon-
nected pores and better toughness might result in more
complicated phenomena compared with that of inorganic
supports.

In this article, two types of PPMs with different pore
diameter and supports size were synthesized. After that,
Ziegler-Natta catalysts were supported inside PPMs followed by
ethylene polymerization. The aims of this context are those: i)

Firstly, studying the effect of PPMs with different structures on
confined polymerization activity; ii) Secondly, figuring out the
variation of the structure and properties of confined polymer-
ization products under the influence of PPMs supports structure
changes.

2. Results and Discussion

2.1. Structure Data of the PPMs Supports and Ti Contents of
the PPM-Supported Catalyst

The pore structure data of PPMs supports and corresponding Ti
loading amounts are illustrated in Table 1. As shown, the PPMs
supports can be divided into two types according to the
variation of pore diameter and supports size: i) one is the similar
pore diameter (around 22–23 nm) and different supports size
(10.30 and 7.68 μm), i. e., PPMs-1# and PPMs-2#; ii) the other is
the increasing pore diameter (from 23.3 to 86.3 nm) and similar
size of PPMs supports (approximate 7 μm), i. e., PPMs-2#, PPMs-
3# and PPMs-4#. The Ti contents of PPM-supported catalysts
were measured by ICP-OES, and the loading amounts of Ti are
around 6 wt% (Table 1). The SEM images of PPMs before and
after Ziegler-Natta catalyst loading are listed in Figure 1. It is
found that spherical structure of PPMs supports is maintained
after Ziegler-Natta catalyst loading, and the size of PPMs
changes little.

Then, the pore structure spectra of PPM-supported Ziegler-
Natta catalysts are illustrated in Figure 2. Obviously, the
interconnected tri-modal pore structure is still existed inside
PPM-supported Ziegler-Natta catalysts. Figure 2a–d shows that
the pore size distribution of the tri-modal pore structure is
mainly between 3–10 nm and 20–70 nm. The unique tri-modal
pore structure is caused by PPMs supports, which were formed

Table 1. Pore structure data[a] of PPMs supports and corresponding Ti
contents of PPM-supported catalysts.

Sample SBET/m
2/g dp/nm Sp/μm Vp/cm3/g Ti/wt%

PPMs-1# 56.21 22.6 10.30 0.183 6.12
PPMs-2# 48.90 23.3 7.68 0.152 6.31
PPMs-3# 7.28 48.0 7.22 0.022 6.80
PPMs-4# 0.60 86.3 7.26 0.003 6.21

[a] The BET specific surface area (SBET), average pore diameter (dp), and
specific pore volume (Vp), were measured from BJH adsorption data, and
average size of PPMs (Sp) was obtained from SEM images.

Figure 1. SEM images of PPMs-1# (a), PPMs-1#/Cat (a’), PPMs-2# (b), PPMs-
2#/Cat (b’), PPMs-3# (c), PPMs-3#/Cat (c’), PPMs-4# (d), and PPMs-4#/Cat (d’).
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through the copolymerization of acrylonitrile, polystyrene and
1,4-divinylbenzene.

FTIR and XPS were used to study the connection between
Ziegler-Natta catalysts and PPMs supports. As shown in Fig-
ure 3a, reduced intensity of cyano groups and increasing
intensity of imine groups indicate that chemical reaction
occurred between activating agents (CH3MgCl) and cyano
groups. It is the chemical reaction that transformed the cyano
groups into imine groups. The chemical reaction was also
confirmed by the increasing characteristic peak of N1s binding
energy (from 399.0 eV to 399.6 eV) after adding the activating
agents (CH3MgCl) in Figure 3b.[11] Furthermore, Figure 3c in-
dicates that the binding energies of Ti2p3/2 and Ti2p1/2 for the
PPM-supported Ziegler-Natta catalyst are 458.5 and 464.3 eV,
respectively. The two values of Ti2p3/2 and Ti2p1/2 are higher than
that of homogeneous TiCl4 catalyst in the literature,[12] indicat-
ing the formation of cationic active species through chemical
reaction. Therefore, the results of FTIR and XPS show that
Ziegler-Natta catalyst and PPMs supports are connected by
chemical bonding. Hence, the preparation mechanism of PPM-
supported Ziegler-Natta catalysts could be deduced, as shown
in Figure 3d.

As mentioned above, Ziegler-Natta catalysts are supported
into the two types PPMs supports through chemical bonding. In
addition, the spherical structure with interconnected multi-

modal nanopore is still maintained after Ziegler-Natta catalysts
loading in the PPMs, which could provide a confined space for
ethylene polymerization.

2.2. Ethylene Confined Polymerization

Then ethylene polymerization was catalyzed by the PPM-
supported Ziegler-Natta catalysts with different structure. The
mechanism of the confined polymerization and corresponding
polymerization results are shown in the following Figure 4 and
Table 2, respectively.

As shown in Table 2, the PPM-supported Ziegler-Natta
catalysts with larger support size (PPMs-1#) has higher polymer-
ization activity, when using PPM-supported Ziegler-Natta cata-
lysts with similar pore diameter and different supports size, i. e.,
PPMs-1# and PPMs-2#. For instance, the activity of PE-6# is
567.8 kg PE/(mol of Ti h MPa), which is higher than that of PE-
13# (276.5 kg PE/(mol of Ti h MPa)). This phenomenon is
reasonable because the SBET, average size and Vp of PPMs-1#
and PPMs-2# are different, even though they own similar
average pore diameter. The larger SBET, average size and Vp of
area, the easier contact between ethylene monomer and Ti
active center, leading to an increasing polymerization activity.

It can be seen that the PPMs-3# supported Ziegler-Natta
catalyst with the pore diameter of 48.0 nm has the highest
polymerization activity among the three kinds of PPMs supports
(PPMs-2#, PPMs-3# and PPMs-4#), when the PPMs supports size
are similar and the pore diameter increases from 23.3 to
86.3 nm. For example, the activity of PE-17# is 930.4 kg PE/(mol
of Ti h MPa), which is higher than PE-15# (865.9 kg PE/(mol of Ti
h MPa)) and PE-23# (778.7 kg PE/(mol of Ti h MPa)).This result is
attributed to three reasons: i) the polyethylene produced in
nanopores will block the pores and hinder subsequent polymer-
ization when the pore diameter is too small, leading to a low
polymerization activity; ii) the specific surface area is small if the
pore diameter is too large, and then the Ti active centers can’t
fully contact with ethylene monomer, resulting in the reduction
of the polymerization activity; iii) the concentration of co-

Figure 2. The pore size distributions for PPM-supported catalysts

Figure 3. FTIR (a), XPS (b–c) spectra and the preparation mechanism (d) of
PPM-supported Ziegler-Natta catalysts

Figure 4. The mechanism of confined polymerization occurred in PPM-
supported catalyst.
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catalyst Triethyl Aluminium (TEA) was high in the large pore
diameter, also increasing the probability of Ti active centers
that transferred to the TEA chain, which could also reduce the
polymerization activity; iV) What is more, PPMs-3# samples have
the highest Ti concentration than others, leading to the highest
activity than other PPM-supported catalyst. Therefore, we can
deduce that only the proper pore diameter of PPMs supports is
conducive to the release of activity, and PPMs-3# supported
catalyst is the best among the above three supported catalysts
(PPMs-2#, 3# and 4#).

2.3. Micromorphology of Obtained Polyethylene

Figure 5 illustrates the micromorphology of polyethylene
obtained by confined polymerization of PPM-supported Ziegler-
Natta catalysts. A large number of polyethylene microspheres
are clearly observed in Figure 5a, and the particle sizes of these
microspheres are between 60–100 μm. Moreover, the micro-
spheres structure can be observed in all the products prepared
by the four kind PPM-supported Ziegler-Natta catalysts. The
surface of these microspheres is magnified to further analyze
their structure. As shown in Figure 5a’–a’’, the microspheres are
composed of multiple nanofibers with the diameter of 100 nm,
which are similar to the morphology of polyethylene obtained
in our previous study.[10] The same morphology of polyethylene
indicates that confined polymerization also can be occurred in
the nanopores with the diameter of 23.3 to 86.3 nm.

It is an interesting phenomenon that is also appeared in
SEM images, as illustrated in Figure 5b-d. Individual linear
nanofibers (Figure 5b–c) and spiral nanofibers (Figure 5d–e) are
observed in the polyethylene catalysed by PPMs-1#/cat and
PPMs-2#/cat, in addition to the typical polyethylene micro-
spheres composed of nanofibers (Figure 5a–a’’). The Linear and

Table 2. Various results of confined polymerizations with different PPM-supported Ziegler-Natta catalysts.

Support Run Ti Content/
μmol

Al/
Ti

Pressure/
MPa

Temperature/
°C

Time/
min

Yield/
g

Activity[a] Tm1
[b]/

°C
Xc% Tm2

[c]/
°C

Xc% Tc/
°C

Mw
[d] PDI

PPMs-1# PE-1# 20.3 200 0.5 50 30 5.36 1057.6 140.2 60 137.5 54 114.2 17.23 2.44
PE-2# 23.6 670 0.5 50 30 5.81 983.0 139.4 58 138.7 56 112.7 7.75 2.06
PE-3# 30.4 490 0.3 46 30 3.64 798.4 140.2 62 137.8 53 113.5 7.74 1.71
PE-4# 30.4 490 0.9 49 30 7.86 574.9 139.1 62 137.0 58 114.6 22.73 3.44
PE-5# 30.4 490 0.3 51 15 1.12 493.2 140.9 62 140.2 57 113.1 9.56 2.10
PE-6# 30.4 490 0.5 32 30 2.59 567.8 144.3 61 138.4 47 112.9 12.02 1.65
PE-7# 30.4 490 0.5 52 30 4.23 557.4 139.0 65 137.9 64 113.4 12.40 2.71

PPMs-2# PE-8# 30.6 300 0.5 50 30 4.55 595.4 139.4 57 135.6 52 114.8 11.52 1.86
PE-9# 30.6 490 0.5 50 30 5.18 676.8 141.7 64 138.3 57 116.5 22.71 2.28
PE-10# 30.6 600 0.5 50 30 4.92 642.6 142.0 59 137.4 56 113.3 23.63 2.62
PE-11# 30.6 490 0.3 50 30 3.14 684.9 139.8 61 135.0 51 115.5 14.82 2.00
PE-12# 30.6 490 0.7 50 30 6.59 615.5 139.6 72 136.5 67 114.4 12.78 2.15
PE-13# 30.6 490 0.5 30 30 2.12 276.5 143.4 65 136.8 49 113.2 10.92 1.83
PE-14# 30.6 490 0.5 50 30 4.30 561.7 141.2 59 137.3 56 114.9 27.39 3.09
PE-15# 27.2 660 0.5 50 30 5.89 865.9 141.4 70 136.9 61 113.0 6.78 1.68

PPMs-3# PE-16# 26.4 300 0.5 50 30 6.43 975.8 140.2 58 136.8 54 113.1 12.09 2.62
PE-17# 26.4 600 0.5 50 30 6.13 930.4 140.1 62 138.1 60 111.2 7.41 2.60
PE-18# 26.4 610 0.3 50 30 3.89 984.4 138.7 55 136.0 55 112.8 22.23 2.48
PE-19# 26.4 610 0.7 50 30 5.58 604.3 140.0 57 136.3 50 111.7 15.92 2.52
PE-20# 26.4 610 0.5 30 30 4.89 741.1 140.7 67 136.4 56 111.4 56.02 2.53
PE-21# 26.4 610 0.5 49 30 6.38 967.6 138.4 64 136.6 59 112.7 32.16 3.80

PPMs-4# PE-22# 25.1 300 0.5 50 30 5.25 837.6 138.6 66 136.1 63 113.7 9.80 2.01
PE-23# 25.1 600 0.5 50 30 4.88 778.7 140.5 59 137.3 55 113.5 10.64 2.10
PE-24# 25.1 800 0.3 50 30 2.37 630.8 139.4 65 135.4 60 113.8 10.44 1.93
PE-25# 25.1 800 0.7 50 30 5.77 657.6 138.3 61 135.2 57 114.5 11.30 2.28
PE-26# 25.1 600 0.5 30 30 3.21 511.7 141.3 64 133.6 51 112.6 34.41 1.87
PE-27# 25.1 600 0.5 49 30 6.15 980.5 138.7 68 135.3 57 114.2 26.15 2.60

Polymerization condition: in a 0.1 L autoclave, 60 ml hexane; [a] kgPE/(mol of Ti h MPa); [b] first melt of DSC scan; [c] second melt of DSC scan; [d] weight-
average molecular weight (Mw):×104 g (mol PE)� 1

Figure 5. SEM micrographs of polyethylene prepared by PPM-supported
Ziegler-Natta catalysts in different morphology. (a–a’’) polyethylene micro-
spheres observed in polyethylene by all the four PPM-supported catalysts,
(b–e) linear and spiral polyethylene nanofibers which observed in the
polyethylene with high Tm2 by PPMs-1#/cat and PPMs-2#/cat. (Figure 2a’, a’’,
b’ and b’’ are the magnification images of Figure 2a and Figure 2b,
respectively)
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spiral polyethylene nanofibers are not observed in the highly
confined polymerization in our previous research.[10] This
phenomenon is not surprising after further analysis, and it is
also reasonable. On the basis of our previous research, confined
polymerization could be divided into slightly confined (defined
as the supports were broken up gradually, and the supports
could provide confined space part of polymerization process)
and highly confined (defined as the supports were gradually
expanded rather than broken up during polymerization process,
and the supports could provide continuous confined space for
the whole polymerization). The former resulted in polyethylene
nanofibers, while the latter led to polyethylene microspheres.
Different morphology of the obtained polyethylene was caused
by different initial polymerization activity of Cp2TiCl2 and
Ziegler-Natta catalysts. The initial polymerization activity of
Cp2TiCl2 was high, and the generated polyethylene would be
broken into nanofibers gradually. While the activity of Ziegler-
Natta catalysts was gentle, the obtained polyethylene would be
polymerized in PPMs and the spherical structure was main-
tained during the process. However, the gentle activity of
Ziegler-Natta does not mean that all of the PPM-supported
catalysts were not broken up during the polymerization
process. In this work, the PPMs with the lowest pore diameter
(PPMs-1# and PPMs-2#: about 23 nm) exhibit more possibility to
be broken up gradually. The reason of this phenomenon is that
the low pore diameter makes the PPMs supports suffer from
more pressure during polymerization process than the PPMs
with high pore diameter. Thus, the PPMs-1#/cat and PPMs-2#/
cat may not afford the expansibility of polymerization, then the
polyethylene would be broken and generated nanofibers
gradually (Figure 5b–e), which is similar to PPM-supported
Cp2TiCl2 catalysts.

As for the formation of linear and spiral nanofibers, this is
attributed to the unique nanopore structure of PPMs support
(Figure 2). The structure of our supports is the interconnected
multi-modal pore, which is different from traditional inorganic
supports (such as SBA-15 and carbon nanotube). Here the pore
is formed from the crosslinking of styrene and 1,4-divinylben-
zene, leading to the ordered nanopores, as well as some

disordered channels interconnected with each other. Therefore,
the linear nanofibers will be produced through the ordered
nanopores, and the spiral nanofibers are generated from the
disordered channels.

2.4. Different Tm2 of Initial Obtained Polyethylene

There are also significant differences in the melting point of the
initial obtained polyethylene (especially the secondary melting
point, Tm2), besides various surface morphology. Most of the
primary melting point of initial obtained polyethylene is higher
than 140 °C, which is the characteristic of confined
polymerization.[4a,7] However, the Tm2 of the initial obtained
polyethylene have changed after eliminating thermal history.
The polyethylene with linear and spiral nanofibers are still
higher than 138 °C, which was polymerized by PPMs-1#/cat and
PPMs-2#/cat (low pore diameter).The Tm2 of polyethylene with
microspheres structure are reduced to135 °C, and they were
obtained through PPM-supported catalysts with high pore
diameter. This phenomenon has not been observed before, and
the thermal properties we tested were the polyethylene that
removing the residue of catalyst and the matrix through
physical method in the previous research.[10]

Two kinds of initial obtained polyethylene with different Tm2

(PE-15#: 136.9 °C and PE-5#: 140.2 °C) were chosen with the
purpose of studying the difference between them. First of all,
their structures are analyzed, and the obtained data are
demonstrated in Figure 6. It can be seen from Figure 6a that
the initial obtained polyethylene with different Tm2 are ortho-
rhombic crystal, and the characteristic peaks are located at
�21° and 24°. In Figure 6b, there is only the characteristic peak
of methylene at 30 ppm, indicating that the obtained poly-
ethylene are linear polyethylene. That is to say, there is no
significant difference in the structure of the polyethylene with
different Tm2. (PE-15#: 136.9 °C and PE-5#: 140.2 °C).

As we all know, melting point (Tm) is affected by the
thickness of lamellar (dc) and surface free energy (σe), and the
relationship between them could be analyzed by the Gibbs-
Thompson equation. As a result, SAXS was used to study the
crystallization of polyethylene with different Tm2, and one-
dimensional SAXS profiles and corresponding data are illus-
trated in Figure 7 and Table 3, respectively. Here the amorphous
layers thicknesses (da) and the thickness of lamellar (dc) of
polyethylene were calculated from DSC and SAXS results.

Figure 6. The XRD spectra (a) and 13C NMR spectra (b) of the initial obtained
polyethylene.

Figure 7. The one-dimensional SAXS data of the initial obtained poly-
ethylene with different Tm2.
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Tm ¼ T0
m 1 �

2se

dcDH0
f

� �

(1)

In equation (1) the equilibrium melting point is represented
by T0

m, and the enthalpy of fusion per unit volume is symbolized
by DH0

f . According to our calculation, there is a difference
(about 1.2 nm) in the dc of the two kinds of polyethylene. The
thicker of dc is, the higher value of Tm2 is. Therefore, it can be
concluded that the difference in dc of polyethylene results in
various Tm2.

2.5. Further analysis of polyethylene with high Tm2 after
physical treatment

According to the research in section 2.4, it is found that
polythene obtained through highly confined polymerization
exhibits different values of Tm2 (from 135 °C to 140 °C), and this
result is different from our previous results.[10] The Tm2 of the
polythene we obtained before was high (up to 143.8 °C),[10] and

the high Tm2 polythene (143.8 °C) was treated through physical
method before DSC test, in order to eliminate the effect of
residue (catalyst and the matrix) on thermal performance. The
same physical treatment of polythene obtained in this work
was chosen to further analyze the difference between the
previous and present work, and the corresponding treatment
process is illustrated in Experimental section. Here the two
samples we chosen show low Tm2 (138.3 and 137.5 °C), and
polythene prepared by SBA-15-supported Ziegler-Natta catalyst
(Tm2:135.8 °C) is also selected for comparison.

Table 4 and Figure 8 demonstrate the variation of the
thermal performance of polyethylene before and after remov-
ing residue through physical method. As shown in Table 4, the
Tm2 of polyethylene prepared by PPM-supported catalyst
increases significantly, from 137.5 to 143.3 °C, while that by
SBA-15-supported catalyst only increases 1.8 °C (Tm2: 137.6 °C).
This changing indicates that the real thermal performance of
the as-prepared polyethylene is inhibited by the residue, which
existed in the initial obtained polyethylene. The characteristic of
highly confined polymerization, high Tm2, will appear after
removing the residue, and the high Tm2 is consistent with our
previous work.

SAXS test for the polyethylene was also conducted and the
result was analyzed. As can be seen from Figure 9 and Table 5,
the value of q decreases by about 0.01 after removing residue
through physical treatment (from 0.17 to 0.16), after that the
values of dc and da are calculated based on DSC result. In
Table 5, the dc of both two polyethylene increase to about
23.4 nm, while there is a little decrease in da from 15.6 to
15.0 nm, indicating that the increasing Tm2 is attributed to the
thicker dc after removing residue.

It is found that the products exhibit the high Tm2 (up to
143.3 °C) after removing residue through physical treatment,
which are not observed in other researches.[4a,5f,6d] According to
the literatures,[13] the constant values of T0

m and DH0
f are 145.5 °C

and 280 J/cm3, respectively, and theoretical value of σe is 90×
10� 7 J/cm2. After that, the value of dc could be calculated based
on these values (Equation 1), and the results are illustrated in
Table 6.

Table 3. The Tm2, dac, dc and da of the initial obtained polyethylene with
different Tm2.

Run Tm2/°C q dac
[a]/nm Xc% dc

[b]/nm da
[c]/nm

PE-5# 140.2 0.163 38.5 57 21.9 16.6
PE-15# 136.9 0.185 33.9 61 20.7 13.2

[a] dac =2π/q; [b] dc =dac* Xc;; [c] da =dac� dc

Table 4. Thermal properties of polyethylene before and after removing
residue through physical method.

Run Tm1/
°C

Xc

%
Tm2/
°C

Xc

%
Tc/°C

PE-1# 140.2 60 137.5 54 114.2
PE-1# (toluene boiled) 144.3 68 143.3 61 108.2
PE-9# 141.7 64 138.3 57 116.5
PE-9# (toluene boiled) 140.8 70 142.5 61 108.8
PE-28# (SBA-15/Ziegler-Natta Catalyst) 143.0 62 135.8 47 117.2
PE-28#(SBA-15/Ziegler-Natta Catalyst,
toluene boiled)

137.2 48 137.6 33 114.3

Figure 8. DSC spectra of polyethylene before and after removing residue
through physical method.

Figure 9. The one-dimensional SAXS data of the polyethylene before and
after removing residue.
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In comparison with the dc obtained by SAXS result through
our polymerization, the dc calculated based on equation 1 is
much higher, which is a very interesting phenomenon. The
huge difference in the two values of dc by different methods
indicate that one of the values in equation 1 is not constant,
and it is the uncertain value that causes the big deviation of dc.
Coming back to equation 1, there is only σe, which is just a
theoretical value. Therefore, the key factor of high Tm2 is the
reduction of σe rather than the increasing dc. As described in
Section 2.1, the supports (PPMs) exhibit unique structure with
interconnected multi-modal nanopores, leading to more entan-
glement of polyethylene prepared by confined polymerization
compared with traditional supports (SBA-15, CNTs), and then
generate fewer chain ends.[10] In the process of heating, a large
number of entangled chains and fewer chain ends can reduce
the value of σe, resulting in high Tm2.

[14] Results showed that the
high Tm2 is the inherent property of polyethylene prepared by
PPM-supported Ziegler-Natta catalyst, which is attributed to the
unique interconnected multi-modal pore structure of the PPMs
supports.[10,15]

3. Conclusion

In this work, linear, spiral polyethylene nanofibers and poly-
ethylene microspheres were prepared via slightly and highly
confined polymerization by PPM-supported Ziegler-Natta cata-
lyst, respectively. DSC data of the initial obtained polyethylene
showed that the residue (catalyst and the matrix) had an
adverse effect on the thermal properties of polyethylene
(especially the Tm2), and the high Tm2 (up to 143.3 °C) emerged
after removing the residue through physical treatment. After
the physical treatment, the thickness of lamellar (dc) increased,
but this is not the main reason for increasing Tm2 (from 137.5 °C
to 143.3 °C). Based on our study, the key factor to high Tm2 is
the low σe, which is ascribed to the entanglement of poly-
ethylene synthesized in the PPMs supports with interconnected
multi-modal pore structure. Furthermore, the high Tm2 was the
unique feature for the polyethylene confined polymerization by
PPM-supported Ziegler-Natta catalyst.

Experimental Section

Materials

The materials used in this work and syntheses of porous polymer
microspheres (PPMs) supports with different pore structure are
illustrated in the Supporting Information.

Preparation of the PPM-Supported Ziegler-Natta Catalyst

All experiments that sensitive to air and moisture were using the
standard Schlenk technique in nitrogen condition.

First of all, PPMs supports were activated to remove moisture and
air in a vacuum oven for 12 h at 60 °C. CH3MgCl and a certain
weight of PPMs were mixing in 60 mL toluene, then the mixture
were stirred at 50 °C for 4 h. After that, the obtained product was
filtered, washing the obtained solid with toluene more than three
times. Then, adding 60 mL toluene and TiCl4 in the washed solid,
the mixture was stirred at 50 °C for 4 h followed by filtered again.
At last, the obtained solid was washed five times with toluene, and
then the solid was vacuum dried at room temperature.

Ethylene Polymerization

Ethylene slurry polymerization by PPM-supported Ziegler-Natta
catalysts was polymerized in a 0.1 L autoclave stainless steel
reactor. The steel reactor contains mechanical stirring and inlets for
adding catalyst and ethylene monomer. First of all, the steel reactor
was heated to 80 °C and then cooled down to setting temperature
under vacuum. Then TEA was added into the steel reactor under
inert gas. After stirring a few minutes the PPM-supported Ziegler-
Natta catalyst solution was added into the steel reactor. Then the
setting pressure of ethylene monomer was injected to start
ethylene confined polymerization. After certain minutes, the
polymerization was terminated by acidified ethanol. Then poly-
ethylene product was obtained and then vacuum dried.

Physical Treatment of Initial Obtained Polyethylene

The purpose of physical treatment is to eliminate the effect of
residue (catalyst and the matrix) on thermal performance. Firstly,
initial obtained polyethylene was wrapped by filter paper. Then put
them into the inner device with pores in its wall. Toluene and a
little antioxidant were added into the assembled device (Figure S1
in the Supporting Information). Subsequently, this device was

Table 5. The dc and da of the polyethylene before and after removing residue.

Run Tm2/°C q dac
[a]/nm Xc% dc

[b]/nm da
[c]/nm

PE-1# 137.5 0.175 35.9 54 19.4 16.5
PE-1# (toluene boiled) 143.3 0.164 38.3 61 23.4 14.9
PE-9# 138.3 0.173 36.3 57 20.7 15.6
PE-9# (toluene boiled) 142.5 0.163 38.5 61 23.5 15.0

[a] dac =2π/q; [b] dc =dac* Xc;; [c] da =dac� dc

Table 6. The dc obtained through different ways.

Run Tm2/°C dc/nm
(obtained through SAXS result)

dc/nm
(calculated based on equation 1)

PE-1# (toluene boiled) 143.3 23.4 42.5
PE-9# (toluene boiled) 142.5 23.5 31.2
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refluxing for 5–6 h at 130 °C with magnetic stirring. Since poly-
ethylene is soluble in toluene at high temperature, while the PPMs
(cross-linked polystyrene) and catalysts are not. It is only poly-
ethylene that could penetrate through the filter paper, leaving the
matrix and the catalyst in the filter paper.

Characterization

The surface areas (SBET), average pore diameter (dp), pore volume,
and specific pore volume (Vp) of porous polymer microspheres
(PPMs) support and corresponding PPM-supported Ziegler-Natta
catalysts were measured by a specific surface area physisorption
apparatus, and the model was NOVA-1000, USA. The Ti active
center contents of the PPM-supported catalysts were obtained
through an ICP-OES, and the model was Thermo iCAP 6000, USA.
SEM pictures of PPMs supports, corresponding PPM-supported
catalysts and polyethylene were observed by a FESEM, and the
model was Philips XL30 ESEM, Netherlands. The structure of
polyethylene was tested by an XRD, and the model was Brucker D8,
Germany, a SAXS (France, Xenocs) and 13C-NMR (Germany, Bruker
DPX-300). Thermal properties of polyethylene before and after
physical treatment were measured by a DSC (Switzerland, Mettler
Toledo) at 10 °C/min from 30 °C to 190 °C. Molecular weight (Mw)
and molecular weight distribution (PDI) of polyethylene were
measured by a gel permeation chromatography (GPC, USA, PL-GPC
220).
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