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In this paper the comonomer distributions of two series of ethylene–propylene copolymers with
different propylene contents, which were prepared by a fluorinated bis(phenoxyimine) Ti catalyst (FI–EP
copolymers) and a conventional Ziegler–Natta catalyst (ZN–EP copolymers), respectively, were charac-
terized. It is found that the comonomer distribution of ethylene–propylene copolymers can still be
characterized by thermal fractionation at a long scale, though the propylene units can be incorporated
into the PE crystal lattice. The FI–EP copolymers exhibit a narrow and random comonomer distribution,
whereas a broad comonomer distribution is observed for the ZN–EP copolymers. The crystal structures of
the FI–EP and ZN–EP copolymers were studied by WAXD. The a-axis of the PE crystals of the FI–EP
copolymers increases rapidly with propylene content, indicating that more propylene units are incor-
porated into the PE crystal lattice, whereas only a slight expansion in a-axis is observed for the ZN–EP
copolymers. WAXD result also shows the presence of hexagonal phase in the FI–EP copolymers and the
relative content of the hexagonal phase increases with the propylene content, while in the ZN–EP
copolymers the hexagonal phase is negligible.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

For the ethylene copolymers with a non-uniform comonomer
distribution, there exist ethylene sequences of different lengths.
These ethylene sequences have different crystallizabilities and may
segregate upon crystallization [1,2], thus crystallization kinetics,
morphology and mechanical properties are affected [3–6]. Como-
nomer distribution of ethylene–a-olefin copolymers can be char-
acterized at different length scales. The structural heterogeneity at
the scale of w1 nm can be probed by 13C NMR, since the chemical
shift is usually affected by the adjacent five atoms [7]. Thermal
fractionation is also used to characterize the comonomer distri-
bution of ethylene–a-olefin copolymers, in which ethylene
sequences of different lengths form discrete crystal populations of
different lamellar thicknesses [8–13]. Assuming that all the como-
nomer units are excluded from the PE crystal lattice, the lamellar
thickness of the PE crystals can be correlated with the length of the
ethylene sequences [14–16]. Since only long sequences are involved
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in crystallization, thermal fractionation characterizes ethylene
sequences of the length from several nanometers to tens of nano-
meters. To characterize comonomer distribution at a longer scale,
combination of pyrolysis and fractionation is used [17].

Although characterization of sequence distribution at a short
scale by 13C NMR has been well reported for various ethylene–
propylene copolymers, characterization of comonomer distribution
at a long scale and its effect on crystallization behavior are rarely
reported [18,19], as compared with other ethylene–a-olefin copoly-
mers. The major difference between ethylene–propylene copoly-
mer and other ethylene–a-olefin copolymers lies in that the methyl
branches in the ethylene–propylene copolymer are less bulky and
can be incorporated into the PE crystal lattice more readily, leading
to expansion of the PE unit cell [20–25] and formation of hexagonal
phase [26,27]. Such a unique characteristic of ethylene–propylene
copolymer raises two questions, which have not been addressed in
previous literature. Firstly, can thermal fractionation still be used to
characterize comonomer distribution of ethylene–propylene
copolymer at a long scale? Due to the incorporation of the methyl
branches into the PE crystal lattice, the lamellar thickness of the PE
crystals cannot be correlated with the length of the ethylene
sequences in the ethylene–propylene copolymer. Secondly, does
comonomer distribution affect crystal structure of ethylene–
propylene copolymers? Since incorporation of the methyl branches
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Table 1
Molecular weight, molecular weight distribution and propylene content for FI–EP
and ZN–EP copolymers.

Samples E/P feed ratio (mL/min) Mw (�10�3) Mw/Mn [P] (mol%)

FI–EP0 300/0 239.7 1.29 0
FI–EP1 600/300 76.5 1.27 2.12
FI–EP2 300/60 17.11 1.27 5.09
FI–EP3 300/150 16.55 1.25 8.08
FI–EP4 300/300 13.25 1.19 11.40
FI–EP5 300/600 11.57 1.16 14.93
ZN–EP1 400/30 247.3 28.1 2.40
ZN–EP2 400/40 410.1 46.6 5.55
ZN–EP3 300/40 339.3 39.0 8.00
ZN–EP4 300/100 366.5 24.6 11.62
ZN–EP5 150/50 186.9 25.6 14.76
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inevitably creates voids in the PE crystal lattice, it may become
disrupted when a large amount of propylene units are included. As
a result, for an ethylene–propylene copolymer with a non-uniform
comonomer distribution, it is expected that not all propylene units
are incorporated into the PE crystal lattice and the incorporation of
propylene units may depend on the local propylene content along
the polymer chains. This means that the comonomer distribution
may have an influence on the incorporation of propylene units into
the PE crystal lattice.

For ethylene–a-olefin copolymers, the microstructures of
copolymers produced by metallocene and Ziegler–Natta catalysts
are frequently compared to reveal the effect of structure on prop-
erties, since it is generally believed that the active species in met-
allocene catalysts are ‘‘single site’’ and the prepared copolymers
have a homogeneous comonomer distribution. However, the
commonly used cocatalyst methylaluminoxane (MAO) for metal-
locenes is indeed a mixture, which may lead to a slight difference
among the active species complexed with different MAO molecules
[28,29]. Recently, it is found that fluorinated bis(phenoxyimine) Ti
complex (FI catalyst), a new type of non-metallocene single site
catalyst, can catalyze living polymerization of ethylene and
propylene even though MAO is used as cocatalyst [30–33]. This
means that the active species of this type of catalyst are homoge-
neous, and the obtained copolymers have a narrow molecular
weight distribution and a random comonomer distribution.
Therefore, ethylene–propylene copolymers prepared from FI cata-
lyst are more suitable to be used as a reference than the metal-
locene-based copolymers. Here we characterized the comonomer
distribution of ethylene–propylene copolymers prepared from the
FI catalyst by thermal fractionation and compared with that of the
ethylene–propylene copolymers prepared by a conventional Zie-
gler–Natta catalyst. The effect of comonomer distribution on crystal
structure of ethylene–propylene copolymers was also reported.

2. Experimental

2.1. Synthesis and characterization of the ethylene–propylene
copolymers

Copolymerization of ethylene and propylene catalyzed by
a fluorinated bis(phenoxyimine) Ti (FI) catalyst was described
elsewhere [34]. Copolymerization was carried out at 25 �C under
atmospheric pressure in a 100-mL glass reactor equipped with
a propeller-like stirrer and thermostat water bath. Toluene (50 mL)
was introduced into the nitrogen-purged reactor and stirred
(600 rpm), then the ethylene/propylene mixed gases were rapidly
bubbled through the reactor. The flow rates of ethylene and
propylene were regulated to levels that are much larger than the
monomer consumption rate during the polymerization, so the
monomer concentrations in the solution can be kept at a constant
level. After 10 min, polymerization was initiated by adding
a toluene solution of MAO (1.0 M, 4.0 mL) and then a toluene
solution of catalyst (10 mM, 1.0 mL) into the reactor with stirring.
Polymerization was terminated by addition of sec-butyl alcohol
(10 mL), followed by introduction of ethanol (250 mL) and
concentrated HCl (2 mL). The polymer was collected by filtration,
washed with ethanol (200 mL), and dried in vacuum at 80 �C
overnight. Copolymers with various propylene contents were
prepared by changing the flow rates of ethylene and propylene.

Ethylene–propylene copolymers were also prepared by
a conventional Ziegler–Natta (ZN) catalyst in a similar way. The
catalyst is TiCl4/MgCl2/SiO2/di-butyl phthalate with a Ti content of
3.0 wt%. The concentration of the ZN catalyst was 0.5 mg/mL. The
cocatalyst was AlEt3 (Al/Ti¼ 150) and dimethoxy diphenyl silane
was used as external donor (Si/Ti¼ 7.5).
Molecular weight and molecular weight distribution of the
ethylene–propylene copolymers were measured by GPC in a PL 220
GPC instrument (Polymer Laboratories Ltd.) at 150 �C in 1,2,4-tri-
chlorobenzene. Three PL mixed-B columns (500–107) were used.
Universal calibration against narrow polystyrene standards was
adopted. Quantitative 13C NMR spectra were recorded on a Varian
Mercury 300-plus spectrometer at 120 �C in 10% (w/v) solution of o-
C6D4Cl2. Cr(acac)3 was used to reduce the relaxation time of carbon
atoms and the delay time was set as 3 s. The pulse angle was 90�, and
8000 scans were collected. The molecular weight, molecular weight
distribution and propylene content are listed in Table 1. The
ethylene–propylene copolymers prepared by the FI and ZN catalysts
are denoted as FI–EP and ZN–EP copolymers, respectively.

2.2. Thermal fractionation

The polymer (about 6 mg) was sealed in an aluminum pan, which
was put into a glass tube at argon atmosphere. The glass tube was
immersed in an oil bath and heated to 180 �C, kept for 30 min, and
then stepwise crystallized at 140 �C, 130 �C, 120 �C, 110 �C, 100 �C,
90 �C, 80 �C, 70 �C, 60 �C, 50 �C and 40 �C respectively, each for 12 h.

2.3. Differential scanning calorimetry (DSC)

DSC analysis was performed on a Perkin–Elmer Pyris-1 DSC
calorimeter. The samples after thermal fractionation (stepwise
crystallization) were scanned from 50 to 200 �C at a heating rate of
10 �C/min. For non-isothermal crystallization, the samples were
heated to 160 �C and held for 5 min and then cooled to 50 �C at a rate
of 10 �C/min. Heat flow during the cooling process was recorded.

2.4. Wide-angle X-ray diffraction (WAXD)

Wide-angle X-ray diffraction (WAXD) experiments were carried
out on a Rigaku D/max 2550 PC with a Ni filtered Cu Ka radiation
(l¼ 0.1546 nm) at room temperature. The scan rate was 4� (2q)/min
at a step of 0.2�. Powder samples were used for WAXD test and
stepwise crystallization was applied to the samples prior to WAXD
experiments.

3. Results and discussion

3.1. Comonomer distribution of FI–EP and ZN–EP copolymers

Fig. 1 shows the DSC melting traces of ZN–EP copolymers after
thermal fractionation. For the purpose of comparison, the DSC
melting traces of FI–EP copolymers are also given, though they have
been reported in our previous work [34]. Like other ethylene–a-
olefin copolymers [35], multiple melting peaks are observed, which



Fig. 1. DSC melting traces of the ZN–EP (a) and FI–EP (b) copolymers after stepwise
crystallization.

Fig. 2. Change of crystallization temperature with propylene content for the FI–EP and
ZN–EP copolymers.
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correspond to the melting of PE crystals with different lamellar
thicknesses. The appearance of multiple melting peaks is certainly
related to the comonomer distribution. We believe that incorpo-
ration of the propylene units into the PE crystal lattice is dependent
on the local propylene content in the polymer chains. If the local
propylene content is low, the segment is crystallizable and the
propylene units are incorporated into the PE crystal lattice. On the
contrary, when the local propylene content is high, the segment is
non-crystallizable and the propylene units are excluded from the
PE crystal lattice. Here there is a difference between the ethylene–
propylene copolymer and other ethylene–a-olefin copolymers. In
the other ethylene–a-olefin copolymers, if the comonomer units
are excluded from the PE crystal lattice, the lamellar thickness of PE
crystals can be correlated with the length of ethylene sequences
[14–16]. In contrast, for ethylene–propylene copolymer, the
propylene units can be incorporated into the PE crystal lattice, thus
the lamellar thickness of the PE crystals is related to the length of
the crystalline (lower local propylene content) segments, which are
longer than the ethylene sequences. Comparing with the melting
traces of FI–EP and ZN–EP copolymers, there exist two striking
differences. Firstly, for the ZN–EP copolymers the largest melting
peak is always located at the highest temperature, irrespective of
the propylene content, while for the FI–EP copolymers, the largest
melting peak moves toward the middle with increasing propylene
content. This shows that the longest crystalline segments, which
form the thickest crystals and the highest melting temperature, are
the majority in all the ZN–EP copolymers, while the crystalline
segments with an intermediate length are the most in the FI–EP
copolymers. The length of the crystalline segments is strongly
dependent on the comonomer distribution. If the comonomer is
randomly distributed, i.e. the enchainment of the comonomer units
obeys Markovian model, the crystalline segments with an inter-
mediate length are the most probable. However, when the como-
nomer is heterogeneously distributed in the same polymer chains
or among different polymer chains, the amount of the longest
crystalline segments and the amorphous segments will be abnor-
mally large. This has been verified by both theoretical simulation
and fractionation characterization [2,36]. Secondly, for the FI–EP
copolymers the melting peaks at high temperature disappear
gradually as the propylene content increases, whereas the highest
melting peak exists in all the ZN–EP copolymers and does not
change much with the propylene content. This leads to more
melting peaks for the ZN–EP copolymers, especially at higher
propylene content, indicating that the ZN–EP copolymers have
a broader distribution of crystalline segments than the corre-
sponding FI–EP copolymers. Moreover, the second difference
shows that the longest crystalline segments in the ZN–EP copoly-
mers are longer than those in the FI–EP copolymers, and the length
and propylene content of these crystalline segments in the ZN–EP
copolymers barely change with the overall propylene content, but
the length gradually becomes shorter and the propylene content of
the longest crystalline segments increases as the overall propylene
content in the FI–EP copolymers. This can be further confirmed by
the non-isothermal crystallization. Fig. 2 shows the change of
crystallization temperature with propylene content for the FI–EP
and ZN–EP copolymers. It is found that the crystallization
temperature of the FI–EP copolymers decreases rapidly as the
propylene content increases. In contrast, the crystallization
temperature of the ZN–EP copolymers varies in a limited range
(4 �C). Since the crystallization temperature is mainly determined
by the segments of the strongest crystallizability, this result also
shows that the length of the longest crystalline segments almost
does not change with propylene content in the ZN–EP copolymers,
but it decreases with propylene content in the FI–EP copolymers.

As revealed by DSC, the length and composition of the longest
crystalline segments with the highest melting temperature in the
ZN–EP copolymers hardly change with increasing the overall
propylene content. As a result, we can deduce that, with increasing
the overall propylene content, more and more propylene units are
enchained in the amorphous segments with high local propylene
content in the ZN–EP copolymers. This can be verified by 13C NMR.
Fig. 3 shows the 13C NMR spectrum of ZN–EP4, which has a propylene



Fig. 3. 13C NMR spectrum of ZN-EP4 with propylene content [P]¼ 11.62 mol%.
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content [P]¼ 11.62 mol%. The appearance of Saa resonance at
d¼ 46.5 ppm indicates the presence of continuous propylene unit, i.e.
[PP] dyad, in this copolymer. There are more [PP] dyads in the ZN–EP
copolymer with propylene content [P]¼ 14.76 mol%. Nevertheless,
we did not observe [PP] dyad even in the FI–EP copolymer with
propylene content [P]¼ 14.93 mol% (FI–EP5) [34].

Above results show that thermal fractionation can still be used
to characterize comonomer distribution of ethylene–propylene
copolymers at a long scale. The FI–EP copolymers have a random
and narrower comonomer distribution, similar to the ethylene
copolymers prepared by the single-site metallocene catalysts. In
contrast, the ZN–EP copolymers have a more heterogeneous
comonomer distribution. Moreover, considering the nature of
Fig. 4. WAXD patterns of FI–EP (a) and ZN–EP (b) copolymers after stepwise
crystallization.
plural active centers for the conventional heterogeneous Ziegler–
Natta catalysts [37–39] and the broad molecular weight distribu-
tions of the ZN–EP copolymers, it is highly likely that the comonomer
distributions among different polymer chains are quite different
as well.

3.2. WAXD results

The WAXD patterns of the FI–EP and ZN–EP copolymers after
stepwise crystallization are shown in Fig. 4. Two peaks appear at
2q¼ 21.2� and 2q¼ 23.7�, which correspond to the (110) and (200)
reflections of the orthorhombic PE crystals, respectively. Fig. 5
shows the crystallinity of FI–EP and ZN–EP copolymers calculated
from WAXD using following equation [40]:

wc ¼
Að110Þ þ 1:42Að200Þ

Að110Þ þ 1:42Að200Þ þ 0:65Aa
� 100% (1)

where A(110), A(200) and Aa are the areas of (110) reflection, (200)
reflection and amorphous halo, which are obtained by fitting the
WAXD profiles with Lorentzian function.

It is found that the crystallinity of the FI–EP copolymers
changes in a wider range (from 63% to 27%) when the propylene
content increases from 2.12 mol% to 14.93 mol%, but in the similar
range of propylene content the crystallinity of the ZN–EP copol-
ymers only changes from 55% to 38%. The FI–EP copolymers have
larger crystallinity than the ZN–EP copolymers at lower propylene
content level, but smaller crystallinity at higher propylene
content level. This shows that propylene content has a greater
influence on crystallinity in the FI–EP copolymers than in the ZN–
EP copolymers. Such a difference originates from their different
comonomer distributions. At lower propylene content, the pres-
ence of more non-crystalline segments leads to the smaller
crystallinity of the ZN–EP copolymers than the FI–EP copolymers,
and at higher propylene content, the presence of more crystalline
segments with the highest melting temperature leads to the
larger crystallinity of the ZN–EP copolymers than the FI–EP
copolymers.

In Fig. 4 the positions of the reflections also change with the
propylene content, especially for the (200) reflection. For ortho-
rhombic PE crystal, the dimensions of the unit cell can be calculated
according to the following equations:
Fig. 5. Crystallinity of the FI–EP and ZN–EP copolymers measured by WAXD after
stepwise crystallization.



Fig. 7. The area ratios between (200) and (110) reflections (A(200)/A(110)) for the FI–EP
and ZN–EP copolymers.
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a ¼ 2dð200Þ (2)

b ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2d2

ð110Þ=a2 � d2
ð110Þ

q
(3)

where d(200) and d(110) are the distances of (200) and (110) crys-
talline planes, respectively, which can be calculated from Bragg
equation. The parameters a and b are the dimensions of the a-axis
and b-axis of the PE unit cell.

The variations of a and b with propylene content are shown in
Fig. 6. It is found that the b-axis hardly changes with propylene
content for both FI–EP and ZN–EP copolymers, which is in accor-
dance with previous reports [20]. The dimension of a-axis increases
slightly with propylene content for the ZN–EP copolymers, but it
increases rapidly with propylene content for the FI–EP copolymers.
The change of a-axis is an indicator for the amount of methyl
branch incorporated into the PE crystal lattice. The more the methyl
branches incorporated, the more obvious the expansion of the
crystal lattice. The data in Fig. 6 show that the amount of methyl
incorporated into the PE crystal lattice in the FI–EP copolymers is
far larger than that in the ZN–EP copolymers, indicating that
comonomer distribution has an important influence on the incor-
poration of methyl branches into the PE crystal lattice.

To facilitate discussion, we can convert the effect of comonomer
distribution into the effect of comonomer content by assuming that
Fig. 6. Change of the lengths of a-axis (a) and b-axis of PE crystals as a function of
propylene content.
the comonomer units are uniformly distributed along the polymer
chains. At low comonomer content, the methyl can be readily
incorporated into the PE crystal lattice, since the PE crystal lattice is
less distorted. However, at high comonomer content, the ethylene
sequences are shorter and have weaker crystallizability. Moreover,
incorporation of a larger amount of methyl may lead to serious
distortion of the PE crystal lattice. At very high propylene content
level the ethylene–propylene copolymer becomes even amorphous
due to disruption of the PE crystals. As a result, only when the
propylene content is limited in a suitable range, can the methyl
branches be incorporated into the PE crystal lattice. When the
propylene content exceeds a certain level, the polymer chains
become amorphous and methyl branches are excluded from the PE
crystal lattice. Since in the ZN–EP copolymers the crystalline
segments with the highest melting temperature are the most, the
local propylene content in the crystalline segments of the ZN–EP
copolymers is smaller than that in the FI–EP copolymers at high
level of overall propylene content. Therefore, fewer methyl
branches are incorporated into the PE crystal lattice in the ZN–EP
copolymers, resulting in a smaller expansion of a-axis. On the other
hand, the crystalline segments of the FI–EP copolymers contain
more propylene units, which can be incorporated into the PE crystal
lattice, leading to a more obvious expansion of a-axis.

The data in Fig. 6 have shown that the incorporation of methyl
can lead to the expansion of the PE unit cell. It has been proposed
that, when a is equal to bO3, the orthorhombic unit cell happens to
have hexagonal symmetry and ‘‘(pseudo)hexagonal’’ phase is
formed [27]. But others believe that the hexagonal phase is
a discrete phase different from the orthorhombic phase in
symmetry [25]. Since in WAXD pattern the (100) reflection of
hexagonal crystal is overlapped with the (110) reflection of ortho-
rhombic crystal, it is difficult to quantitatively evaluate the relative
content of hexagonal crystal by WAXD. Nevertheless, the presence
of hexagonal phase will induce a decrease of the area ratio between
(200) and (110) reflections (A(200)/A(110)), thus the content of
hexagonal phase can be indirectly evaluated by comparison of the
A(200)/A(110) values of the neat polyethylene and the ethylene–
propylene copolymers. Fig. 7 shows the variation of A(200)/A(110)

with propylene content for the FI–EP and ZN–EP copolymers. It is
found that A(200)/A(110) of the FI–EP copolymers decreases gradually
as the propylene content increases, indicating that in FI–EP
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copolymers the content of hexagonal phase increases with
propylene content. In contrast, it is basically constant for all the ZN–
EP copolymers, showing that the contents of the hexagonal phase
in the different ZN–EP copolymers are similar. One can also see
from Fig. 7 that the values of A(200)/A(110) for the ZN–EP copolymers
are close to those for the neat PE (FI–EP0) and FI–EP1 with
propylene content of 2.12 mol%, implying that the content of the
hexagonal phase in the ZN–EP copolymers is very low.

4. Conclusions

The results show that thermal fractionation still can be used to
characterize comonomer distribution of ethylene–propylene
copolymers at a long scale in spite of the incorporation of propylene
units into the PE crystal lattice. It is found that the FI–EP copoly-
mers have a random and narrower comonomer distribution, while
the ZN–EP copolymers exhibit a more heterogeneous comonomer
distribution. As revealed by WAXD, the amount of propylene units
incorporated into the PE crystal lattice and the relative content of
the hexagonal phase increase gradually with the propylene content
in the copolymers for the FI–EP copolymers. In contrast, for the ZN–
EP copolymers, the amount of propylene units incorporated into
the PE crystal lattice barely changes with the overall propylene
content and the content of the hexagonal phase is negligible. These
differences can be attributed to their different comonomer distri-
butions. Since the mechanical properties of EP copolymers are
strongly dependent on the crystalline phase [27], the different
comonomer distributions may also lead to different mechanical
properties of the ZN–EP and FI–EP copolymers.
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