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ABSTRACT: A series of reactor blends of linear and branch-
ed polyethylenes have been prepared, in the presence of modi-
fied methylaluminoxane, using a combination of 2,6-bis[1-
(2,6-dimethyphenylimino) pyridyl]-cobalt(II) dichloride (1),
known as an active catalyst for producing linear polyethyl-
ene, and [1,4-bis(2,6-diidopropylphenyl)] acenaphthene di-
imine nickel(II) dibromide (2), which is active for the produc-
tion of branched polyethylene. The polymerizations were
performed at various levels of catalyst feed ratio at 10 bar.
The linear correlation between catalyst activity and concen-
tration of catalyst 2 suggested that the catalysts performed in-
dependently from each other. The weight-average molecular
weights ðMwÞ, crystalline structures, and phase structures of

the blends were investigated, using a combination of gel per-
meation chromatography, differential scanning calorimetry,
wide-angle X-ray diffraction, and small angle X-ray scatter-
ing techniques. It was found that the polymerization activ-
ities and MWs and crystallization rate of the polymers took
decreasing tendency with the increase of the catalyst 2 ratios,
while melting temperatures (Tm), crystalline temperatures
(Tc), and crystalline degrees took decreasing tendency. Long
period was distinctly influenced by the amorphous compo-
nent concentration. � 2007 Wiley Periodicals, Inc. J Appl Polym
Sci 104: 4188–4198, 2007
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INTRODUCTION

Polyolefin blends have been the subject of much
research and development due to the excellent cost/
performance balance of polyolefins in addition to the
wide range of property gaps of individual polymers.
For polyolefins, blending primarily aims at improving
the balance of processability and mechanical proper-
ties of the final product. It is well known that both the
molecular weight (MW) and microstructure of a poly-
mer play a vital role in determining its physical and
processing properties. The microstructural features of
these polymers include the monomer and comonomer
type, long chain branch length and distribution,
comonomer content and comonomer distribution,
MW, and molecular weight distribution (MWD). All
of these structural features can be traced back to the
original production of the polymers.1–7 Recently, sev-

eral studies have shown that ethylene polymeriza-
tions with the combination of different catalysts pro-
duce reactor blends with improved physical and/or
chemical characteristics.1,3,8–26 Nevertheless few of
the ideal performances have been obtained.

The perfect polyolefin blends in industrial applica-
tions should own double peaks or broadMWD. Further-
more, the low MW component owns linear structure
that provides rigidity, while the high MW compo-
nent owns branched structure that provides flexibil-
ity. Basically, blending is achieved by four methods
as below.3–8,27–29 The first method involves the phys-
ical blending of polyolefin of two or more polymers
with different MWs and microstructures to control
the relative MWD. It is probably to obtain the ideal
blends using this method, however, this widely used
solution faces problems of energy consumption,
operational cost, and miscibility limitation. The sec-
ond method employs a series of reactors (tandem or
cascade reactor systems), each one run under differ-
ent polymerization reaction conditions, generating
the desired bimodal MWD polymers with different
MWs and microstructures. This method used at the
pilot plant level has been revealed as expensive,
cumbersome, and time-consuming. The third method
utilizes the variation of operation conditions, such as
temperature, comonomer concentration, and hydrogen
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pressure, in a single reactor during polymerization.
However, it is difficult for this method to obtain the
ideal polymers because this method faces difficulties
in controlling the MW and branched degree of the
polymers, owing to the value of MW usually
decrease with the increase of the branched degree.
The fourth method is using two or more polymeriza-
tion catalysts within a single reactor to produce poly-
mers with different and controlled MWs, MWDs,
and microstructures. In this method, each catalyst
polymerizes ethylene independently, generating dif-
ferent polyethylenes during the polymerization reac-
tion, and thus forming an ideal reactor blend. The
simplicity of this method allows the polymer proper-
ties to be tailored by simple adjustment of the cata-
lyst ratio and polymerization conditions. Consider-
ing the several families of olefin polymerization cata-
lysts nowadays available will lead to polymers with
specific microstructures, the composition of binary
systems is extensive and the choice of the catalysts
will be based on the polymer performances desired.

It is obvious that the choice of catalysts becomes
the key to the designing of polyolefin’s microstruc-
tures and characteristics. The ideal blends can be
obtained when two proper catalyst, which can be
used to synthesize low MW polymer with linear
structure and high MW polymer with high branched
individually are discovered. Lately, we have obtained
a series of wide MWD polyethylene blends with
lower MW, linear polyethylene (LPE), and higher
MW, highly branched polyethylene (HBPE) by combi-
nation of catalysts in different feed ratio. Two late
transition metal catalysts with different ratios were
used: 2,6-Bis[1-(2,6-dimethyphenylimino) pyridyl]
cobalt(II) dichloride (1), known as an active catalyst
for producing LPE with low MW,30–32 and [1,4-
bis(2,6-diidopropylphenyl)] acenaphthene diimine
nickel(II) dibromide (2), which is active for the pro-
duction of high ðMwÞ, HBPE (Scheme 1).29,32–35 The
focus of this article is to investigate the effect of com-
bining different ratio catalysts on blends’ microstruc-
tures and to explore the possibility of using this tech-
nique to control the thermal and crystallinite charac-
teristics of the products.

EXPERIMENTAL

Materials

Anhydrous toluene was purified by Solvent Purifica-
tion System purchased from Mbraun. Modified meth-
ylaluminoxane (MMAO, 7% Aluminum in heptane
solution) was purchased from Akzo Nobel Chemical.
2,6-Bis[1-(2,6-dimethyphenylimino) pyridyl]-cobalt(II)
dichloride (1) and [1,4-bis(2,6-diidopropylphenyl)]
acenaphthene diimine nickel(II) dibromide (2) were
synthesized following the procedures reported in the
literatures.30–33

Typical polymerization procedure

High-pressure polymerization was carried out in a
1 L stainless steel reactor equipped with a mechanical
stirrer and internal cooling water coils. The reactor
was baked under nitrogen flow for 12 h at 1508C, sub-
sequently cooled to the desired reaction temperature,
and then purged by ethylene for 3 times. The pre-
scribed amount of each catalyst (1 and 2) solution and
toluene were injected simultaneously to the reactor
via a gastight syringe. Ethylene was introduced into
the reactor, and pressure was maintained at 10 atm
throughout the polymerization run by continuously
feeding ethylene gas. After proceeding for 60 min, the
polymerization was stopped by turning the ethylene
off and relieving the pressure. The reaction mixture
was poured into a solution of HCl/ethanol (10 vol %).
The polymer was isolated by filtration, washed with
ethanol, and dried under vacuum at 608C for 24 h.

Characterization

The Mws and the MWDs of the samples were deter-
mined at 1508C by a PL-GPC 220 high-temperature
gel permeation chromatograph equipped with three
PL-gel 10 mm Mixed-BLS type columns, 1,2,4-Trichloro-
benzene was employed as the solvent at a flow rate
of 1.0 mL/min. The calibration was made by polysty-
rene standard EasiCal PS-1 (PL). The values of MW
and MWD obtained by using polystyrene standard
for these PE blends with different degree of branching
were apparent data. The degree of branching of the
branched polyethylene obtained from pure nickel
complex was determined by quantitive 13C-NMR
spectroscopy. The measurement was performed at
1208C on Varian Unity-400 using o-dichlorobenzene
as solvent.

Differential scanning calorimetry (DSC) measure-
ments were performed on a Perkin–Elmer Pyris 1
DSC instrument under N2 atmosphere. The samples
were heated from 0 to 1508C and cooled down to 08C
at a rate of 108C/min. Melting temperature (Tm) and
the value of fusion heat (DHf) were taken from theScheme 1 Structures of the two catalysts.
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second heating curve. The degree of crystallinity was
calculated from DHf using the eq. (1)26:

XDSC
C ¼ DHf=DHf ðSTANDARDÞ (1)

The same instrument was utilized to study the iso-
thermal crystallization kinetics of the blends. The
samples were heated to 1508C and held for 3 min,
then quickly cooled to the designed isothermal tem-
perature, and then held for 30 min. The exothermic
curves of heat flow as a function of time were
recorded and investigated.

Wide-angle X-ray diffraction (WAXD) patterns
were recorded in the reflection mode at room temper-
ature using D/MAX 2500V, connected to a computer.
The samples were pressed into 1 mm thick plates at
30–508C above Tms and then cooled to room tempera-
ture at 208C/min. The diffraction scans were collected
over a period of 20 min from 58 to 408 using a sam-
pling rate of 1 Hz. The crystalline degrees
(WC;X(X

WAXD
C )) of the PE blends were calculated via

esq. (2) developed by Mo and Zhang.36

WC;X ¼ I110 þ 1:42I200
I110 þ 1:42I200 þ 0:68Ia

(2)

Small-angle X-ray scattering (SAXS) measurements
were performed on the Philips PW-1700 Diffract me-
ter connected with a Compact Kathy System, oper-
ated at 40 kV and 30 am with a 0.58 step size of 2y
from 0.088 to 3.08. The samples were pressed into
1 mm thick plates at 30–508C above Tms and then
cooled to room temperature at 208C/min before
tested. The absolute intensity for I(S) has been eval-
uated using four slit collimation system, and the men-

suration of absolute intensity has been carried out on
standard samples.

RESULTS AND DISCUSSION

Choice of catalysts and effect of catalyst
composition on the activity of polymerization

Just as we have illuminated in the introduction sec-
tion, the choice of catalysts is the key to the designing
of reactor blends’ microstructures and characteristics.
Therefore, we should find two proper catalysts, one
can be used to synthesize low MW polymer with lin-
ear structure, and the other can be utilized to synthe-
size high MW polymer with high branched degree.
Several catalyst systems have been chosen to synthe-
size PE blends,1,3,8,12–22 however, few of ideal blends
were obtained. It is well known that cationic (a-di-
imine nickel (II) catalyst produces high MW, polyeth-
ylene with changing branched structures depending
on polymerization condition. Hence, Mecking chosen
cationic a-diimine nickel and 2,6-bis(imino)pyridyl
iron catalysts to synthesize reactor blends with differ-
ent properties related to the PEs synthesized by cata-
lysts separately,1 Zhu reported a binary catalyst sys-
tem containing metallocene ([rac-ethylenebis(indenyl)
zirconium dichloride]) and Ni(a-diimine) Br2.

5 How-
ever, the resulting blends display relatively narrow
MWD but not double peaks or broad MWD because
both cationic 2,6-bis(imino)pyridyl iron and rac-ethyl-
enebis(indenyl) zirconium dichloride catalyst yield
high MW polyethylene. Considering the fact that cati-
onic 2,6-bis(imino)pyridyl cobalt catalyst yields LPEs
with low MW under changing polymerization condi-
tions, we choose 2,6-bis[1-(2,6-dimethyphenylimino)

TABLE I
Ethylene Polymerization with Binary Catalytic System 1, 2/MMAO

Samplea
X2

b

(%)
Activityc

(�10�5)

Mw
d

(kg/mol) MWDd
WtHBPE

e

(%)
Tm

f

(8C)
Tc

f

(8C)
DTc

g

(8C)
DHm

f

(J/g) Xc
f Xc

h

1 0 16.37 22.87 3.03 – 133.1 120.8 12.3 200.0 0.79 0.82
2 12.50 16.83 111.55 10.36 21 132.1 119.3 12.8 147.8 0.73 0.65
3 16.67 17.22 147.13 8.29 30 131.2 118.2 13.0 128.8 0.72 0.59
4 20.00 18.12 155.78 8.62 35 130.8 117.5 13.4 122.6 0.70 0.53
5 29.41 19.01 172.41 9.76 47 130.7 116.9 13.8 85.0 0.60 0.42
6 33.33 19.53 187.08 8.11 59 129.0 113.2 15.8 58.9 0.55 0.29
7 50.00 19.85 217.87 8.65 68 126.0, 128.5 110.6 15.4, 17.9 38.9 0.46 0.24
8 58.33 20.72 239.49 7.18 75 126.5, 128.3 104.3 22.2, 24.0 4.9 0.07 0.12
9 100.0 21.58 252.42 2.80 100 – – – – – –

a Synthesized at reaction conditions: solvent, and toluene; temperature, ambient temperature; Co þ Ni ¼ 60 mmol,
Al/(Co þ Ni) ¼1500 (molar).

b X2 ¼ moles of 2/(moles of 2 þ moles of 1).
c Gram of PE/mol(Co þ Ni).
d Determined by GPC.
e Weight content of the HBPE in the blends.
f Determined by DSC.
g DTc ¼Tm � Tc.
h Determined by WAXD.
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pyridyl]-cobalt(II) dichloride (1) and [1,4-bis(2,6-diido-
propylphenyl)] acenaphthene diimine nickel(II) dibro-
mide (2) to prepared the reactor PE blends which dis-
play real double peak distribution, namely, high MW
component is high branched polyethylene and low
MW component is linear polymer.

The ethylene polymerizations were carried out at
different ratios of catalyst fractions at high ethylene
pressure. Table I shows the results of ethylene poly-
merization reactions. As shown in this Table we can
found that not only the polymerization activities, but
also the MWs, MWDs, melt temperatures (Tms), crys-
talline temperatures (Tcs), and crystalline degrees
of the polyethylene blends varied with the catalyst
2 molar fraction (X2).

Figure 1 presents the relationship between poly-
merization activities and X2. Under all the polymer-
ization conditions, the catalyst 1/MMAO system
showed the lowest polymerization activity, while the
catalyst 2/MMAO system showed the highest activ-
ity. The polymerization activities increased linearly
with the increases of X2 in the reaction medium. This
linear correlation between catalyst activity and X2

suggested that the interactions between catalyst 1 and
2 species were minimal, and the catalysts performed
independently from each other.

Structures analysis

The branching degree analysis of Sample 1 and 9,
obtained by single catalyst 1 or 2, was determined
via quantitive 13C-NMR spectroscopy and shown in
Figure 2. The chemical dislocations in the PE were
calculated according to the rules of Galland and Qui-
jada.36–39 Table II gives the analysis result of branch-
ing degree of the HBPE. It is noteworthy that there
are plenty of long branches (n ‡ 6) presented besides
the short branches (methyl, ethyl, butyl, amyl) in trace
b (Sample 9), which is synthesized by catalyst 2, while
there is no side branch exiting in trace a (Sample 1).
These long branches are confirmed by the presence of
peak 20 and 15 at 32.47 and 29.86 ppm of trace b in
Figure 2. Figure 3 displays how the different branches
distributed in the main chain. It is very interesting

Figure 2 13C-NMR spectra of LPE (a) and HBPE (b)
obtained from catalyst 1 and 2, respectively.

TABLE II
C13-NMR Analysis of HBPE Synthesized from Catalyst 2

Entry
Branch
content

Percentage
over total
branching

Percentage
of branching

Total
branching

(%)

NMethyl 5.733 38.68 11.76
NEthyl 1.394 9.41 2.86
NPropyl 1.341 9.05 2.75 30.43
NButyl 2.132 14.39 4.37
NAmyl 1.137 7.67 2.33
NLong(‡6) 3.093 20.87 6.35

Figure 3 Side chain distribution in the HBPE.

Figure 1 Effect of the content of catalyst 2 on polymeriza-
tion activities.
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that the content of long branches is much more than
the short chains except methyl. The calculated total
branching degree of Sample 9 is up to 30.43%.
Hereby, it is reasonable to suppose that the Sample 9
will show poor crystalline degree. The branching
degrees of the PE blends were determined by quanti-
tive 13C-NMR spectroscopy also. It is found that the
result was nearly the same as the calculated data in
Table III. The argument that the catalysts performed
independently from each other was proved to be true.

The effect of X2 on MW is given in Figure 4. As
seen in the figure, there is a dependence of the Mw

upon X2. Higher Mw is observed for the blends by
increasing X2 in ethylene polymerization. Figure 5
presents MW distributions of some blends. In this pic-
ture, inhomogeneous double peaks with broad distri-
bution can be seen from all PE blends, while the sam-
ples obtained by pure catalyst are typical single and
narrow peaks. It is proved that these samples are well
blended and it is an effective method to obtain broad
distribution PE blends with different MWs and bi-

modal MW distributions by reactor blending with bi-
nary late transition metal catalysts combinations. The
MWD of Sample 7 and the associated fit by a linear
superposition of two Flory-Stockmayer distributions
are presented at the top right of Figure 6. A1 is area
associated with LPE synthesized by catalyst 1 and A2

is area associated with HBPE synthesized by catalyst
2. Using this method, we can obtain all proportions of
A1 to A2 (A1/A2) of all the PE blends. Moreover, the
proportions of A1 to A2 are equal to the weight ratios
of LPE to the weights of HBPE in the blends. Hence,
the weight content of LPE (WtLPE) and the weight
content of HBPE (WtHBPE) are obtained. The relation-
ship between the weight ratios of LPE to HBPE and
X2 is shown in Figure 6. This relationship can be

TABLE III
The Analysis of Branching Degree of the Blends

Entry/sample Branch degreea Branch degreeb

1 0 0
2 0.0607 0.0619
3 0.0870 0.0913
4 0.1138 0.1065
5 0.1341 0.1430
6 0.1806 0.1795
7 0.1996 0.2029
8 0.2369 0.2282
9 0.3043 0.3043

a Determined by C13-NMR measurements.
b Calculated data.

Figure 4 Effect of the content of catalyst 2 on the molecu-
lar weights of the blends.

Figure 5 Molecular weights distributions of the blends
obtained by binary catalysts.

Figure 6 Analyses of the weight ratios of LPE and HBPE
in the blends and fit of bimodal MWD of Sample 7 with
two Flory–Stockmayer distributions.

4192 PAN ET AL.

Journal of Applied Polymer Science DOI 10.1002/app



guidance for designing PE blends with appropriate
MW.

The results of DSC measurements of the PE sam-
ples obtained with the complexes 1 and 2 catalytic
systems alone and with the mixtures obtained by
these catalytic systems are shown in Figures 7 and 8.
Because of the high degree of branching, no crystalli-
zation or melting peak is observed in the case of Sam-
ple 9, the HBPE. The amorphous structure of Sample
9 is proved again. Single crystallization and melting
peaks were observed for Sample 1–6, while double
melting endotherms were found for sample 7 and 8 in
melting traces. The double melting behaviors of sam-
ple 7 and 8 may arise from the melting-recrystalliza-
tion mechanism. Such behavior has also been
observed and discussed earlier by others in similar

systems.36–40 It is shown that the increase of the
HBPE content in the mixture of these catalytic sys-
tems causes the melting and crystallization peak pro-
files to shift towards low temperatures and be-
come wider compared to those of the LPE obtained
by catalyst 1. The Tm of the crystalline component in a
polymer blend depends on both morphological and
thermodynamic factors. The former is related to crys-
tallization conditions (temperature, time, etc.), blend
composition and scanning rate. These factors can
cause an increase or a decrease of Tm. In the cases
of miscible blends, the thermodynamic factor must
be considered that whose contribution induces a
decrease of Tm. Thus, when a crystalline component
is miscible with an amorphous polymer, a depression
of Tm is observed.

The depression of crystallization temperature (Tc)
in all samples may be ascribed to the two factors: first,
as crystallization proceeds, there is a reduction of
crystallizable polymer in the melt, and hence a con-
comitant decrease in the thermodynamic driving
force, which is favoring crystallization. Second, as
crystalline component is diluted with amorphous
component, the transport process of crystalline com-
ponent segments to the crystallite melt interface be-
comes more protracted, causing retardation in the
rates of nucleation and growth of the crystal.41

Figure 9 shows the relationship between the crys-
talline degree and the HBPE content (WtHBPE) in the
PE blends. It is noteworthy that the calculated line is
not a straight line and not getting across the origin,
indicating that the blends system are compatible and
the adding of the amorphous component restrains the
crystallization process of the crystalline LPE obtained
by catalyst 1.

Isothermal crystallizations were also carried out
with the PE blends to assess the nature of the crystal-

Figure 7 Effect of the HBPE content on the Tms of all PE
samples.

Figure 8 Effect of the HBPE content on the Tcs of all PE
samples.

Figure 9 Effect of the HBPE content on the crystallinity
degrees of the blends.
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lites developed. The blends were initially equilibrated
in the melt at 1508C held for 3 min, and then rapidly
cooled at the rate of 808C/min, to the crystallization
temperature (Tc) and maintained for 30 min. The bulk
kinetics of isothermal crystallizations of blend was
analyzed using the Avrami eq. (3)42–55:

log½� lnð1� XcÞ� ¼ logK þ n log t (3)

Where n is the Avrami exponent, which is related
to the geometry of the spherical growth and the
mechanism of the nucleation. K is the overall kinetic
rate constant. The time required to reach 50% crystal-
lization is called half-time of crystallization and
denoted as t1/2 in eq. (4):

K ¼ ln
2

tn1=2

 !
(4)

Typical crystallization isotherms, obtained by plot-
ting Xc against time are shown in Figure 10 for Sam-
ple 7 at different crystallization temperatures. From
such curves, the half-time of crystallization, t1/2, can
be deduced. It is obvious that the value of t1/2
increased with the increase of temperature. As shown
in Figure 11, all t1/2 values increased with isothermal
crystallization temperature and the rates of t1/2 are
very different for the PE blends with different HBPE
content. It indicates that a decrease of crystallization
rate at higher HBPE content and higher tempera-
ture, furthermore, the more amorphous component
(HBPE) concentration, the more decrease of crystalli-
zation rate. Anyway, the thermal analysis shows that
the addition of the amorphous component restrains
the crystallization process of the crystalline LPE obvi-
ously.

The studies on melting of a crystalline polymer
blended with an amorphous one can give important
information about miscibility and the polymer–poly-
mer interactions. Thermodynamic considerations pre-
dict that the chemical potential of a polymer will be
decreased by the addition of a miscible diluent. If the
polymer is crystallizable, the decrease in chemical
potential will result in a decrease of the equilibrium
melting point. Figure 12 shows the plots of the Tm

versus Tc of the samples with different HBPE content.
As observed, good linear correlations between Tm and
Tc of samples 1–5 (with lower amorphous component
concentration) are obtained. The traces of these sam-
ples are parallel. According to the Hoffma–Weeks
approach56 the equilibrium melting point, T0

m, could
be determined by extrapolation of Tm versus Tc to Tm

Figure 10 Crystallization isotherms for the Sample 7 crys-
tallized at different Tc.

Figure 11 Effects of HBPE content on the crystallization
rate of the samples.

Figure 12 Melting temperature versus the crystallization
temperature for blends of different composition.
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¼ Tc. The isothermal crystallization is described by
the eq. (5):

T0
m � Tm ¼ fðT0

m � TcÞ (5)

where f is the stability parameter, which depends on
the crystalline thickness. A fit of the data shown in
Figure 12 yields the T0

m values, which are summarized
in Table IV. It should be noted that the values of f are
between 0 and 1; f ¼ 0 implies Tm ¼ T0

m with the
most stable crystals, and f ¼ 1 implies Tm ¼ Tc with
inherently unstable crystals. Therefore the f values
obtained for all the blends indicate that the crystals
corresponding to the blends with lower HBPE content
are fairly stable.

However, the behaviors of the sample 6, 7, 8 endo-
therms are quite different from samples 1�5, as illus-
trated in Figure 12. The slopes of traces of the Tm � Tc

of the sample 6, 7, and 8 with higher HBPE content
are also different, these three traces are intersect with
the trace of Tm ¼ Tc at the same point and form a uni-
form balance while the Tc is elevated. The values of f
parameter of these samples are about 0.4, indicating
lower stability of the crystals than those of the former
PE samples. It should be noted that the both lines,
corresponding to sample 1 and the blends, extrapo-
late to the same T0

m value. This proves that the melt-
ing depression of the blends with higher HBPE con-
tent does not arise from thermodynamic effects and
seems to be determined only by the decrease of the
thickness of the crystalline lamellae of the sample i.e.,
the morphological effects, whereas the blends with
lower HBPE content undergoes mainly a thermody-
namic melting point depression. Furthermore, it is
assumed that the existing of these two different fac-
tors (thermodynamic effects for the low HBPE content
blends and morphological effects for the little higher
HBPE content blends) results in the sudden jump of
the f parameter between the two set blends.

PE, under usual conditions, crystallizes in the typi-
cal orthorhombic lattice. It is evident that for all sam-

ples, the diffractograms exhibit major characteristic
crystalline peaks of PE at scattering angles 2y ¼ 21.468
6 0.108 and 23.708 6 0.108, which correspond to the
reflection planes at 110 and 200, respectively. In this
present study, the purpose of the WAXD experiment
is to investigate whether or not the addition of amor-
phous HBPE affect the formation of crystals during
crystallization and the amount of crystalline content
formed. Figure 13 displays the different X-ray diffrac-
tion patterns found at room temperature for all the
samples analyzed. It is clear that the peak positions
from the WAXD profiles are almost identical, indicat-
ing the LPE chains form a similar unit-cell structure
for the blends studied here. The intensities of the
crystalline peaks of PE in blends decrease with the
HBPE content increases.

As the HBPE content increases, the average number
of consecutive ethylene units decreases and the crys-
tallizable component becomes smaller. Consequently,
the degree of crystallinity decreases while amorphous
and interfacial content increase. This illuminates that
with the addition of HBPE, the characteristic ortho-
rhombic crystals are retained, i.e., the intrinsic crystal-
line structure of LPE (Sample 1) has not been influ-
enced. The XWAXD

C values of the PE blends were calcu-
lated via eq. (2) and all results were listed in Table I.
It is apparent that the increase of HBPE content leads
to a considerable decrease of crystallinities in the
blends.

Figure 14(a,b) presents the Lorentz-corrected SAXS
profiles in absolute intensity unit obtained on the
same set of samples used the in WAXD measurement.
With a two-phase system comprising crystalline and
amorphous fractions with distinct interface, the mean
long period of the lamellar morphology could be esti-
mated from the maximum value of the scattering vec-

TABLE IV
Equilibrium Melting Temperatures,T0

M , and Stability
Parameters, f, for Different Blend Compositions

Sample WtHBPE (%) 0
M(K) f

1 – 410.96 0.152
2 21 410.00 0.157
3 30 409.18 0.146
4 35 408.52 0.148
5 47 407.70 0.141
6 59 410.96 0.364
7 68 410.96 0.380
8 75 410.96 0.306

Figure 13 X-ray diffractograms of all the PE samples.
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tor qmax observed in the Lorentz-corrected SAXS scat-
tering profiles. The observed two reflection peaks in
Figure 14(a) where the peak position ratios are almost
1:2 are the first and second order reflection corre-
sponding to the lamellar structure.

On the basis of Bragg’s law and the mathematical
definition of the scattering vector q, the long period
LB can be calculated from the following eqs. (6) and
(7)57,58:

LB ¼ 2p
qmax

(6)

q ¼ 4p sinðy=2Þ
l

(7)

It is assumed that the LB is composed by crystal
region (LC) and amorphous region (LA) by arranged
in an alternating fashion. The corresponding thick-
ness of the crystalline region (LC) can be calculated by
the following eq. (8)

LC ¼ LBX
WAXD
C (8)

The LB and LC values calculated are listed in Table V.
It is well known that the LB reflects the changes in
densities for the crystalline and amorphous regions of

polymers. As indicated in Table V and Figure 15, the
LC values take on gradually decreasing tendency as
HBPE content increases. It is notable that the LB val-
ues of the blends take on gradually increasing tend-
ency until reach the maximum value at 34.27 nm.
Here, we can suppose that the changes of LB values
are dependent on the addition of amorphous compo-
nent. At lower amorphous PE concentration (WtHBPE

� 47%), the additional LBPE can syncretize with the
original amorphous region and there is little effect on
the LC, while the LA is increased as the HBPE
increases. Thereby, the LB values take on increasing
tendency. However, at higher amorphous PE concen-
tration (WtHBPE ‡ 59%), the existence of abundant
amorphous region has obvious effect on the LC, mak-
ing LC’s value remarkably decreased, the crystalline

Figure 15 Effect of HBPE content in the blends on the
values of LB and LC.

Figure 14 (a,b) The Lorentz-corrected SAXS profiles of the PE blends.

TABLE V
Effect of HBPE Content (WtHBPE) on
Crystalline Structure of PE Blends

Entry 1 2 3 4 5 6 7 8

WtHBPE 0 0.21 0.30 0.35 0.47 0.59 0.68 0.75
XWAXD

c 0.82 0.65 0.59 0.53 0.42 0.29 0.24 0.12
LB (nm) 20.58 25.71 28.03 30.78 34.27 25.70 23.72 17.08
LC (nm) 16.87 16.69 16.54 16.31 14.37 7.45 5.69 2.05
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region and amorphous region are inclined to rear-
range after been destroyed. As a result, the LB values
take on decreasing tendency at higher HBPE concen-
tration. Nevertheless, one thing should be illuminated
here that the heat history of the entire samples tested
by DSC and SAXS were not the same. The values of
LC of sample 7 and 8 were fairly low compared with
their melting points (Tms). It could be ascribed that
the crystalline rate of the samples with large quantity
of amorphous components decreased so much that
they couldnot crystallinize perfectly when cooled
down at a rate of 208C/min. As a result, the tested
values of LB and LC might be lower than the actual
values.

CONCLUSIONS

A series of reactor blends of LPE and HBPE were pre-
pared using a combination of 2,6-Bis[1-(2,6-dimethy-
phenylimino) pyridyl]-cobalt(II) dichloride (1)/MMAO
and [1,4-bis(2,6-diidopropylphenyl)] acenaphthene
diimine nickel(II) dibromide (2)/MMAO. The poly-
merization activities and apparent MWs of the blends
increased with the increase of the catalyst 2 molar
fractions (X2). It was found that the melting tempera-
tures, crystalline temperatures and crystalline degrees
took decreasing tendency with the increase of HBPE
content (WtHBPE) in the blends. The isothermal analy-
ses indicate that at lower WtHBPE, the crystalline com-
ponent is diluted by the addition of amorphous PE;
and at higher WtHBPE, the addition of amorphous
component conduces disfigurement in the crystalline
component or decrease the thickness of the lamellar
crystallities. The t1/2 values increased with the in-
crease of isothermal crystallization temperature and
HBPE content, indicating a decreased crystallization
rate at higher temperature and higher amorphous
component concentration. The SAXS analysis proved
that the LB was distinctly influenced by the WtHBPE.
When WtHBPE � 47%, the amorphous region (LA) was
increased as the WtHBPE increasing, thereby, the LB
values take on increasing tendency. When WtHBPE

‡59%, and the existence of abundant amorphous
region made LC’s value remarkably decreased, and
thus the crystalline region and amorphous region are
destroyed and rearrange. As a result, the LB values
took on decreasing tendency at higher amorphous PE
concentration.
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