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ABSTRACT: The influence of stereoregularity of polypropylene on the miscibility with the ethylene-1-
hexene copolymer (EHR) whose 1-hexene content is 57 mol % was studied by means of viscoelastic
measurements, electron microscopic observation, and so on. In this study, two types of polypropylenes
were used; one is an isotactic polypropylene (iPP), and the other is a syndiotactic polypropylene (sPP).
The sPP is immiscible with the EHR in both molten and solid states, whereas the iPP is miscible with
the EHR in the amorphous region. The difference in the miscibility with the EHR between sPP and iPP
depends on the chain stiffness.

Introduction

It is well-known that ethylene-1-butene copolymer,
ethylene-1-hexene copolymer, and ethylene-1-octene
copolymer, whose R-olefin content is above 10 mol %,
are now commercially available owing to the recent
development of metallocene catalysts. From an indus-
trial point of view, these ethylene-R-olefin copolymers
are attractive materials for a modifier of isotactic
polypropylene (iPP) in an attempt to enhance the low-
temperature toughness. Furthermore, the ethylene-R-
olefin copolymers produced by metallocene catalysts are
suitable for the study on the compatibility with iPP,1-3

because the copolymers have narrow molecular weight
distribution and short chain branching distribution
which will affect the miscibility and/or compatibility.

Carriere et al.1 found that interfacial tension between
iPP and the ethylene-R-olefin copolymers depends on
the species and the contents of R-olefin unit in the
copolymers. According to them, the interfacial tension
between iPP and an ethylene-R-olefin copolymer whose
R-olefin unit is 1-butene, 1-pentene, and 1-octene is
lower than that between iPP and an ethylene-propy-
lene copolymer, when the density of the copolymers is
around 870 kg/m3. It was also found that the interfacial
tension decreases with increasing the R-olefin content
in the copolymers,1,3 which has been also revealed by
our rheological measurements for the binary blends
composed of iPP and conventional branched polyethyl-
enes.4 These results suggest that morphology in the
binary blends of iPP and an ethylene-R-olefin copoly-
mer can be controlled by the selection of the copolymer.
Moreover, we have studied the miscibility for the binary
blends of iPP and a rubbery ethylene-1-hexene copoly-
mer (EHR) whose 1-hexene content is 57.1 mol % in
detail by means of viscoelastic measurements in both
molten and solid states.5 As a result, relaxation spectra
for the blends in the molten state are intermediate
between those for the individual pure components.
Furthermore, the blend films show a single glass-
relaxation process at the temperature between those of

the individual pure components. The peak temperatures
of the blends well agree with the predicted values by
using the Fox equation. The results indicate that the
iPP is miscible with the EHR in the molten state and
in the amorphous region in the solid state. Moreover,
according to recent studies, ethylene-1-butene
copolymer,6-10 ethylene-1-hexene copolymer,5-7,11-13

and ethylene-1-octene copolymer,7 whose R-olefin con-
tent is above 50 mol %, are found to be miscible with
amorphous iPP chains, although the copolymer chains
are not incorporated into the crystalline lattice of iPP.6
The blend which is miscible in the amorphous region
exhibits low brittle-ductile transition temperature11

and hardly shows stress whitening.10-12 Furthermore,
the anisotropy of mechanical properties for the injection-
molded products of the amorphous-miscible blends is
less prominent than those of the immiscible blends.13

Not only ethylene-R-olefin copolymers but also vari-
ous kinds of polypropylenes, such as syndiotactic polypro-
pylene (sPP) and atactic polypropylene (aPP), have been
produced by the metallocene catalysts. Both polypro-
pylenes were also investigated on the miscibility with
iPP.14-16 According to them, both sPP and aPP with high
molecular weight are immiscible with iPP.15,16 These
experimental results suggest that stereoregularity of a
polypropylene will affect the miscibility with ethylene-
R-olefin copolymers. In this study, the influence of the
stereoregularity of a polypropylene on the miscibility
and/or compatibility with the EHR whose 1-hexene
content is 57.1 mol %, which was used in the preceding
study,5 was investigated. For the purpose, iPP and sPP
produced by the metallocene catalyst were used.

Experimental Section

Polymer Synthesis. All polymers used were produced by
metallocene catalysts. Dimethylsilylenebis(2,4-dimethylcyclo-
pentadienyl)hafnium dichloride ((Me2Si(2,4-Me2Cp)2)HfCl2)
and diphenylmethylidene(cyclopentadienyl 2,7-di-tert-butyl-
fluorenyl)zirconium dichloride (Ph2C(Cp)(2,7-tBuFlu) ZrCl2)
were synthesized according to the procedures already re-
ported.17,18 Trimethylaluminum (TMA), triisobutylaluminum
(TIBA), and dimethylanilinium tetrakis(pentafluorophenyl)-
borate ([Me2PhNH]+ [B(C6F5)4]-) were obtained from Tosoh
Akzo Corp. Propylene and toluene were commercially obtained
and purified according to the usual procedures. The iPP was
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synthesized using the silica-supported hafnium catalyst sys-
tem which is prepared as follows: Silica (CARIACT 30, Fuji
Silysia Chemical Ltd.) was heat-treated at 973 K under
vacuum for 6 h. The calcinated silica (5 g) was dispersed in
60 mL of toluene containing 25 mmol of TMA. After stirring
at room temperature for 1 h, the material was warmed to 353
K and stirred for 1 h. Then the solid part was separated by
decantation and washed with toluene several times. This
material (2.0 g) was mixed with 100 mL of toluene containing
0.80 mmol of TIBA, 0.10 mmol of (Me2Si(2,4-Me2Cp)2)HfCl2,
and 0.50 mmol of [Me2PhNH]+ [B(C6F5)4]-. The mixture was
stirred for 1 h, washed with toluene, and dried at room
temperature under vacuum. The contents of Hf and B in the
silica-supported catalyst were 0.048 mmol (Hf)/g (silica) and
0.18 mmol (B)/g (silica), respectively. Polymerization was
carried out in a 2 L stainless steel autoclave equipped with a
temperature controller and a magnetic stirrer. The autoclave
was filled with 0.5 L of toluene containing 0.50 mmol of TIBA
and 1 L of propylene. The catalyst solution (in toluene, 46.3
mg of the supported catalyst (0.0022 mmol of Hf) and 0.15
mmol of TIBA) was injected into the reactor. In this polym-
erization system, the Al/Hf molar ratio was 300. Polymeriza-
tion was conducted at 303 K for 0.5 h. The polymerization was
terminated by adding ethanol. After the autoclave was de-
gassed, the precipitated polymer was filtrated, washed with
ethanol for several times, and dried at 373 K under vacuum.
The sPP was synthesized using the catalyst system composed
of Ph2C(Cp)(2,7-tBuFlu)ZrCl2, [Me2PhNH]+[B(C6F5)4]-, and
TIBA. Polymerization was carried out in a 5 L stainless steel
autoclave. The autoclave was filled with 1 L of toluene and 1
L of propylene. The catalyst solution (in toluene, 0.0020 mmol
of Ph2C(Cp)(2,7-tBuFlu)ZrCl2, 0.0024 mmol of [Me2PhNH]+

[B(C6F5)4]-, and 1.0 mmol of TIBA) was injected into the
reactor. Polymerization was conducted at 313 K for 0.5 h. The
obtained polymer solution was precipitated with ethanol. Then
the precipitated polymer was filtrated, washed, and dried. The
polymerization procedure for the EHR was described else-
where.19

Molecular Characterization. The characteristics of the
polypropylenes are listed in Table 1. The content of triads was
calculated from the pentads which is determined by 13C NMR.
The number-, weight-, and z-average molecular weights were
determined by means of simultaneous measurements of
intrinsic viscosity and gel permeation chromatography using
the universal calibration curve,20 in which o-dichlorobenzene
was used as the solvent. As shown in the table, the molecular
weights of the iPP used in this study are higher than those of
the iPP used in the preceding study5 (Mw ) 1.36 × 105). The
Mn, Mw, and Mz of the EHR are 1.4 × 105, 2.0 × 105, and 2.7
× 105, respectively. The 1-hexene content in the EHR is 57.1
mol %.5 The EHR has no crystalline phase, because 1-hexene
content is much enough to hinder the crystallization of
ethylene unit.

Sample Preparation. A polypropylene and the EHR were
mixed in a solution of hot xylene with a small amount of BHT
(2,6-di-tert-butylp-cresol) as a thermal stabilizer. The blend
composition of the components in the polypropylene/EHR was
75/25 (w/w). The polypropylenes and the blends were melt
pressed in a laboratory hot press at 473 K and at 10 MPa for
15 min. The samples quenched at 303 K were prepared for
measurements. The thickness of the compression-molded
samples was adjusted to suitable thickness for measurements.

Measurements. The melting temperature Tm and the heat
of fusion ∆hF were measured using a Perkin-Elmer DSC-7
differential scanning calorimeter flushed with nitrogen. The
samples of about 10 mg weight sealed in aluminum pans were
heated from room temperature to 500 K at a scanning rate of

10 K/min. The weight fraction of crystallinity øc is calculated
by the following equation

where ∆hF(100%) is the heat of fusion for the perfect crystal:
210 J/g for iPP21 and 157 J/g for sPP.22

Wide-angle X-ray diffraction (WAXD) measurements were
performed at room temperature using a Mac Science MXP18
X-ray diffractmeter. Flat samples were mounted directly into
the diffractmeter. The experiments were carried out using Cu
KR radiation operating at 40 kV and 150 mA at a scanning
rate of 2°/min over 2θ (Bragg angle) range from 10° to 30°.

Morphology of the blend films was studied using a JEOL
transmission electron microscope (TEM; model JEM-2000FX).
The ultrathin films were sectioned into slices after being
stained by ruthenium tetraoxide.

Oscillatory shear moduli, G′ and G′′, in the molten state
were measured using a cone-plate type rheometer (Rheomet-
rics dynamic stress rheometer SR-2000) in the angular fre-
quency ω of 1.0 × 10-2 to 1.0 × 102 s-1. The temperature
ranged from 463 to 503 K for the iPP and the iPP/EHR and
from 423 to 503 K for the sPP and the sPP/EHR. Measure-
ments were carried out under nitrogen atmosphere in order
to avoid thermooxidative degradation. The time-temperature
superposition was applied to frequency dependence of oscil-
latory moduli at different temperatures in an attempt to
determine the linear viscoelastic properties over a wide range
of time scale.

The temperature dependence of oscillatory tensile moduli,
E′ and E′′, in the solid state was measured from 150 to 450 K
using a dynamic mechanical analyzer (Rheology Co., Ltd., DVE
V-4). The frequency used was 10 Hz, and the heating rate was
2 K/min. The rectangular specimens, in which the width is 1
mm, the thickness is 0.5 mm, and the length is 20 mm, were
used.

Results
Morphology in the Solid State. Melting tempera-

ture Tm, heat of fusion ∆hF, and weight fraction of
crystallinity øc of the polypropylenes and the blends are
summarized in Table 2. As seen in the table, the melting
temperatures of the blends are identical with those of
the pure polypropylenes within the experimental error.
The heat of fusion of the blends is about 75% of those
of the corresponding pure polypropylenes.

WAXD studies were carried out in order to obtain
much information on the crystalline level of the blends.
The diffraction patterns have a broad amorphous back-
ground superimposed on several diffraction lines. The
2θ positions of the peaks for the blends are identical
with those for the pure polypropylenes, indicating the
EHR molecules are not incorporated into the crystalline
lattice of polypropylenes. Furthermore, blending of the
EHR has no effect on the crystalline form of the
polypropylenes. Figure 1 exemplifies the WAXD profiles
for the sPP and the sPP/EHR. It was found from the
DSC and WAXD measurements that blending of the
EHR has little effect on the crystallization process of
both polypropylenes.

Figure 2 shows the temperature dependence of tensile
storage moduli E′ and loss moduli E′′ for the blend films.

Table 1. Molecular Characteristics of Polypropylenes

stereoregularity (%) molecular weights

sample mm mr rr Mn × 10-5 Mw × 10-5 Mz × 10-5

iPP 98.2 1.4 0.4 2.1 4.1 6.9
sPP 1.8 6.6 91.6 1.1 1.5 2.0

Table 2. Thermal Properties for the Samples

sample Tm (K) ∆hF (J/g) øc (%)

iPP 438.3 103.0 49.0
iPP/EHR 438.1 79.5 37.9
sPP 405.7 48.0 30.6
sPP/EHR 405.7 38.9 24.8

øc )
∆hF

∆hF(100%)
(1)
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As seen in the figure, E′ decreases with increasing the
temperature and falls off sharply at the melting tem-
perature. The magnitude of E′ for the sPP/EHR is lower
than that for the iPP/EHR, which is owing to the low
degree of crystallinity for the sPP as shown in Table 2.
Furthermore, the iPP/EHR shows only single relaxation
peak in the E′′ curve in the temperature range between
200 and 330 K, demonstrating EHR chains are incor-
porated into the amorphous region of the iPP. On the
other hand, the sPP/EHR shows two separate peaks in
the E′′ curve, although molecular weight of the sPP is
much lower than that of the iPP. Figure 3 shows the
temperature dependence of E′′ for the sPP, the EHR,
and their blend in the temperature region between 200
and 350 K. The relaxation peaks in the figure are
ascribed to the glass transition.5,6 As seen in the figure,
the peak temperature located in the lower temperature
(about 230 K) for the blend is the same as that for the
pure EHR, whereas the peak temperature located at the
higher temperature (about 280 K) is the same as that
for the pure sPP, demonstrating the sPP/EHR shows
phase separation in the solid state.

Figure 4 shows electron micrographs of the blend
films. As well-known, ruthenium tetraoxide preferen-
tially stains the more amorphous phase; therefore, the
white region denotes the polypropylene-rich phase, and

the dark region denotes the EHR-rich phase. There is
fairly homogeneous morphology in the iPP/EHR, whereas
there is distinct microheterogeneous morphology in the
sPP/EHR. The electron microscopic observation agrees
well with the results of dynamic mechanical measure-
ments: the iPP and the EHR are miscible in the
amorphous region between the iPP lamellae; the sPP
and the EHR are immiscible in both amorphous and
crystalline regions. Moreover, the present results ob-
tained for the iPP/EHR correspond to those obtained in
the preceding study5 in which the iPP with lower
molecular weight was used.

Viscoelastic Properties in the Molten State.
Figure 5 shows master curves of shear storage modulus
G′ and loss modulus G′′ for the iPP and the sPP. The
reference temperature is 463 K. The apparent activation
energy of the iPP was 39 kJ/mol, and that of the sPP
was about 53 kJ/mol, which are in good agreement with
the values reported previously.5,23,24 The zero-shear
viscosity η0 is determined by the following relation

The η0 of the sPP (1.5 × 104 Pa s) is closed to that of
the iPP (2.0 × 104 Pa s), although the Mw of the iPP is
much higher than that of the sPP. According to Eckstein
et al.,23 the difference in the unperturbed dimension of
molecular chains affects the zero-shear viscosity η0; that
is, sPP is more expanded than iPP. Furthermore, a
considerably large number of all-trans conformations of
sPP in the molten state have been reported by Sozzani
et al.25 and Loos et al.,26 which corresponds to the
prediction by Suter and Flory.27

Moreover, it was found from Figure 5 that the
magnitude of G′ at the crossing point, that is, at the
frequency of tan δ ) 1, of the sPP is much larger than
that of the iPP, even though the difference in the
molecular weight distribution, as shown in Table 1, is
considered. This result indicates that the rubbery
plateau modulus GN

0 of the sPP is higher than that of
the iPP. Eckstein et al.24 showed by their viscoelastic
measurements that the rubbery plateau modulus GN

0

of sPP (1.35 × 106 Pa) is much higher than that of iPP
(4.27 × 105 Pa) at 463 K. They also showed that there

Figure 1. WAXD profiles for sPP and sPP/EHR.

Figure 2. Temperature dependence of tensile storage modu-
lus E′ (circles) and tensile loss modulus E′′ (diamonds) for iPP/
EHR (closed symbols) and sPP/EHR (open symbols).

Figure 3. Temperature dependence of tensile loss modulus
E′′ for sPP (]), sPP/EHR (b), and EHR (O).

η0 ) lim
ωf0

G′′
ω

(2)
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is little difference in the density between sPP (762 kg/
m3) and iPP (766 kg/m3) at the temperature. Therefore,
the difference in GN

0 is ascribed to the difference in
average molecular weight between entanglement cou-
pling points (Me).

Figure 6 shows the master curve of oscillatory shear
moduli for the blends in the molten state. The reference
temperature is 463 K. The principle of time-tempera-
ture superposition was applicable to the frequency
dependence of the oscillatory moduli for both blends,
indicating the molecular aggregation state of the blends
is stable over the entire experimental regions of fre-
quency or temperature. As seen in Figure 6a, the slope
of G′′ is 1.0 and that of G′ is closed to 2.0 for the iPP/
EHR. Furthermore, the moduli for the iPP/EHR are
intermediate between those for the individual pure
components. These results indicate that entanglement
slippage is the longest relaxation mechanism for the
iPP/EHR. (The oscillatory moduli for the EHR and the
rheological parameters in the terminal region for a
miscible iPP/EHR have been described in detail in ref
5.) On the other hand, the sPP/EHR shows the “second
plateau” in the G′ curve at low-frequency region. The
second plateau for the sPP/EHR is ascribed to the long
time relaxation mechanism related to the microhetero-
geneous structure, demonstrating the sPP is immiscible
with the EHR in the molten state. Thus, it can be
concluded that morphology in the solid state for the
blends of polypropylene and the EHR is decided by the
miscibility in the molten state in the present study.

Discussion

Interfacial Tension between sPP and EHR. Ac-
cording to Palierne,28 linear viscoelastic properties in
the molten state for immiscible polymer blends are well
expressed by a rheological emulsion model. Further-
more, the analysis can be used as a method to determine

Figure 5. Master curves of shear storage modulus G′ and
shear loss modulus G′′ for (a) iPP and (b) sPP. The reference
temperature is 463 K.

Figure 4. Transmission electron micrographs for (a) iPP/EHR and (b) sPP/EHR. The samples were stained with RuO4.
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the interfacial tension between two immiscible polymer
melts.4,28-30 The emulsion model is given as the follow-
ing relation

where Gd
/(ω), Gm

/ (ω), and G*(ω) are the respective
complex moduli of the dispersed phase, matrix, and
blend at angular frequency ω; γ is the interfacial
tension; and φ and R are the volume fraction and the
volume average radius, respectively, of the dispersed
phase.

Figure 7 compares the shear moduli calculated by the
emulsion model and the experienced values for the sPP/
EHR. The calculated values represented by solid lines
well agree with the experimental results denoted by
open circles. From the domain size R, which is estimated
by Figure 4b, the interfacial tension between the sPP
and the EHR is found to be 0.33 mN/m at 463 K. The
value is smaller than that between iPP and the ethyl-
ene-propylene copolymer whose propylene content is

19.2 mol % (0.53 mN/m)30 and that between iPP and
the ethylene-1-butene copolymer whose 1-butene con-
tent is 6.4 mol % (1.0 mN/m).4

Effect of Stereoregularity of Polypropylene on
Miscibility with EHR. Recently, a theoretical ap-
proach on the miscibility of polyolefin blends has been
developed intensively,31-35 in which the experimental
results6,36-38 obtained by small-angle neutron scattering
measurements were discussed. In these studies, it was
pointed out that the difference in the chain stiffness,
such as statistical segmental length and characteristic
ratio, between the two polymers much affects the
miscibility. Consequently, a pair of polyolefins tend to
be immiscible when the difference in the statistical
segmental length is prominent.

It was found from the present study that the iPP is
miscible with the EHR, suggesting there is little differ-
ence in the chain stiffness between iPP and the EHR.
On the other hand, the difference in the chain stiffness
between sPP and the EHR will be prominent. As
discussed above, the rubbery plateau modulus of the
sPP is much higher than that of the iPP, indicating the
statistical segmental length of polypropylene depends
on the stereoregularity. According to Graessley and
Edwards,39 the plateau modulus GN

0 is related with the
statistical segmental length l by

where k is the Boltzmann constant, v the number of
chains per unit volume, and L the chain length. Fol-
lowing the relation, the statistical segmental length is
proportional to GN

0 when the product of v and L is
constant. Furthermore, both polypropylenes have the
same monomer unit and show almost the same density
at 463 K.24 Therefore, the statistical segmental length
of sPP is considered to be larger than that of iPP.

The effect of stereoregularity of polypropylene on the
chain stiffness has been also demonstrated by Suter and
Flory.27 According to them, the characteristic ratio C∞,
which relates to the statistical segmental length l by
eq 5, is greatest for sPP and decreases monotonically
as the proportion of meso dyads increases.

where l0 is the average length of the main chain bonds.

Figure 6. Master curves of shear storage modulus G′ and
shear loss modulus G′′ for (a) iPP/EHR and (b) sPP/EHR. The
reference temperature is 463 K.

G*(ω) ) Gm
/ (ω)

1 + 3φH(ω)
1 - 2φH(ω)

H(ω) ) [4(γ/R){2Gm
/ (ω) + 5Gd

/(ω)} + {Gd
/(ω) -

Gm
/ (ω)}{16Gm

/ (ω) + 19Gd
/(ω)}]/[40(γ/R){Gm

/ (ω) +

Gd
/(ω)} + {2Gd

/(ω) + 3Gm
/ (ω)}{16Gm

/ (ω) + 19Gd
/(ω)}]

(3)

Figure 7. Comparison of calculated (solid lines) and experi-
mental (open circles) oscillatory shear moduli for sPP/EHR.

GN
0 l3

kT
∝ (vLl2)2 (4)

C∞ ) l/l0 (5)
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Thus, the stereoregularity of polypropylene, which is
responsible for GN

0 and Me, affects the miscibility with
the EHR corresponding to their chain stiffness.

Conclusions
The influence of the stereoregularity of polypropylene

on the miscibility with an ethylene-1-hexene copolymer
(EHR) with 57.1 mol % of 1-hexene was studied.
Syndiotactic polypropylene (sPP) whose rubbery plateau
modulus is much higher than that of isotactic polypro-
pylene (iPP) is immiscible with the EHR in the molten
state. Consequently, the blend shows phase-separated
morphology in the solid state. On the other hand, the
iPP is miscible with the EHR in the molten state and
in the amorphous region in the solid state. The differ-
ence in the miscibility with the EHR between sPP and
iPP is associated with the chain stiffness which affects
the rubbery plateau modulus.
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