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ABSTRACT: A high-pressure-type stopped-flow polymerization system was developed for the production
of a real block copolymer, polypropene-block-poly(ethene-co-propene), having a variable molecular weight.
The preliminary homopolymerization experiments of propene at 1-6 atm for 0.1 s with an MgCl2-supported
Ziegler catalyst and TEA indicated that the polymer yield and molecular weight of the resulting
polypropene were proportional to the monomer concentration in the system. This indicates that the catalyst
activity is constant and the unfavorable side reactions can be negligible, i.e., independent of the monomer
pressure. The higher propene and ethene concentrations, which could be regulated by the pressures of
the vessels in the apparatus, were found to induce a higher molecular weight of the resulting block
copolymer without a significant change in the molecular weight distribution and microstructure. The
CFC, DSC, and AFM analyses results indicated that the increased molecular weight had an influence
only on the lamellar thickness but had no effect on the crystallinity and its distribution of the block
copolymer.

Introduction

The synthesis of well-defined polymers and copoly-
mers with predetermined molecular weights and chain
topologies is one of the ultimate targets of preparative
polymer chemistry. However, the precise control of
olefin polymerization with a conventional heterogeneous
Ziegler-Natta catalyst has been considered difficult for
a long time because of inevitable side reactions, such
as catalyst deactivation and various transfer reactions.1-5

The unfavorable side reactions and short-lived growing
polymer chain are also the main reasons for the difficult
synthesis of a real olefin block copolymer having a
chemical linkage between two different segments.

Under this situation, we successfully developed the
modified stopped-flow polymerization method, by which
a reaction can be conducted within an extremely short
period, for the synthesis of a novel olefin block copoly-
mer, polypropene-block-poly(ethene-co-propene) [PP-b-
(PE-co-PP)].6 The stopped-flow polymerization was per-
formed within about 0.2 s, which is shorter than the
lifetime of the growing chain. The activity of the catalyst
was constant without deactivation in the region. Char-
acterization of the resulting block copolymer was con-
ducted using the various methods, such as 13C NMR
spectroscopy, cross fractionation chromatography, dif-
ferential scanning calorimetry, transmission electron
microscopy, dynamic mechanical analysis.6-9 These
results consistently indicated the existence of a chemical
linkage between the crystalline polypropene (PP) and
amorphous poly(ethene-co-propene) (PE-co-PP). The ef-
fect of the addition of PP-b-(PE-co-PP) to PP/PE-co-PP
blends was also confirmed in terms of the mechanical

properties.10,11 The regulation of the composition of each
block part was achieved by changing the polymerization
times.6-8 The improvement of the stereoregularity of the
PP part in the block copolymer was also attained by
using suitable electron donors.9 Hence, these methods
enable us to control the microstructure of PP-b-(PE-co-
PP) by choosing suitable polymerization conditions. This
study deals with the regulation of the molecular weight
of the PP-b-(PE-co-PP) by changing monomer pressures
in the system.

Many studies concerning the influence of molecular
weight on the various properties of polyolefins have been
performed due to its scientific interest and industrial
importance.12-14 As for the PP homopolymers, the main
structural factors affecting the end-use properties, such
as good rigidity and high thermal resistance, are iso-
tacticity and molecular weight and distribution, mostly
through their influence on crystallinity. Among them,
molecular weight is a strong contributor to the definition
of properties as follows:12 A low molecular weight has a
positive effect on crystallinity by allowing the chains to
rearrange more rapidly and thus create more perfect
crystals. More significant than the crystallinity effect,
a lower molecular weight inserts more chain ends into
the structure, resulting in fewer chains completely
integrated into the crystal to sustain stress during
tensile loading, causing failure at elongation in both
tensile and impact tests. The drastic drop in the impact
strength arises with decreasing molecular weight in
homopolymers and even in impact copolymers. In injec-
tion molded parts, higher molecular weight polymers
cause significant increases in the amount of orientation
that results from normal melt processing. Therefore, the
regulation of the molecular weight is considered to be a
key technology to obtain a high-performance novel olefin
block polymer.
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In this study, a high-pressure-type stopped-flow poly-
merization system was developed as a part of our
program of investigating an olefin block copolymer with
a well-defined structure and excellent properties. Higher
monomer pressures are expected to accelerate the
polymerization in order to achieve a PP-b-(PE-co-PP)
having a higher molecular weight. The influence of the
monomer pressures, namely, the monomer concentra-
tions in the system, on the polymer yield and molecular
weight and the microstructure of the resulting block
copolymer was investigated using the technique. The
correlation of the molecular weight to the crystalline
morphology and supermolecular structure of the block
copolymer was investigated by using modern tech-
niques.

Experimental Section
Catalyst and Materials. The highly active MgCl2-sup-

ported Ziegler catalyst (TiCl4/ethyl benzoate/MgCl2) used in
this study was prepared according to a previously reported
method.6 The catalyst was used as a toluene slurry, and the
Ti content of the catalyst was 0.32-0.34 mmol of Ti/g of cat.
Ethene and propene donated by Chisso Corp. were of research
grade and were used without further purification. Triethyl-
aluminum [TEA, Al(C2H5)3, Tosoh Akzo Corp., Japan] was
used as a toluene solution. Toluene was purified by passage
through a 13X molecular sieve column.

Homopolymerization of Propene Using a High-Pres-
sure-Type Stopped-Flow System. Olefin polymerization is
typically performed in glass at a low monomer pressure or in
stainless steel autoclaves at increased pressure. With this in
mind, a high-pressure-type stopped-flow polymerization ap-
paratus (two-vessel type, TEM-MH200, Taiatsu Techno Corp.,
Japan) was developed and is schematically illustrated in
Figure 1. Features A and B are special pressure-resistant
vessels equipped with water jackets. A toluene slurry (100 mL)
of the catalyst and Al(C2H5)3 solution in toluene (100 mL) were

placed in vessels A and B, respectively. Propene was then
introduced into the vessels through a mass-flow controller
(STEC Inc., Japan, flow rate: 50 L/min) and then allowed to
stand for 30 min at 30 °C. The monomer concentration of the
aliphatic and aromatic hydrocarbons in the case of the ethene
and propene polymerization is usually calculated using a
monomer pressure-solubility correlation curve.15 The propene
concentration in toluene at 30 °C, which was estimated
according to the correlation curve, was 1.69 mol/L at 4 atm
and 3.19 mol/L at 6 atm. After the slurry and the solution
attained equilibrium conditions, they were forced to simulta-
neously flow through the stainless steel tube from vessels A
and B into a pressure preservation tank (C) with the pressure
of propene. The polymerization of propene occurred in the
stainless steel tube from X to Y, where the flow rate was
adjusted by a pressure preservation valve (purge flow rate:
110 L/min) and digital pressure gauge (3.6 kgf/cm2‚G). The
propene polymerizations at 4 and 6 atm were conducted with
the catalyst (0.5 g, 0.16 mmol of Ti) and Al(C2H5)3 (14 mmol,
Al/Ti mole ratio ) 88) in toluene at 30 °C for ca. 0.1 s.

Homopolymerization at atmospheric propene pressure (1
atm) was performed in a manner similar to the previously
reported method.7,9,16 The polymerization was conducted with
the catalyst (1.4 g, 0.47 mmol of Ti) and Al(C2H5)3 (14 mmol,
Al/Ti mole ratio ) 30) in toluene at 30 °C for ca. 0.1 s. The
propene concentration (0.71 mol/L) in toluene at 30 °C was
determined by gas chromatography (Yanaco G6800-CS-FS-G,
Japan) with a porous polymer packed column (Waters Porapak
Q, 50-80 mesh, 1.5 m, U.S.). After the polymerization was
quenched at point Y with ethanol/HCl, the obtained polymer
was washed three times with distilled water in order to remove
the catalyst residues and then dried in vacuo at 60 °C for 2 h.

Synthesis of Block Copolymer Using a High-Pressure-
Type Stopped-Flow System. A high-pressure-type appara-
tus comprised of three special vessels was used for the
synthesis of the block copolymer and is schematically il-
lustrated in Figure 2. The catalyst slurry (100 mL) and
Al(C2H5)3 solution (100 mL) of toluene were placed in vessels
A and B, while toluene (100 mL) was placed in vessel C. The
monomers were introduced into the vessels through the mass

Figure 1. Schematic illustration of high-pressure-type stopped-
flow polymerization apparatus for the propene homopolymer-
ization: catalyst slurry in propene-saturated toluene (A),
Al(C2H5)3 solution in propene-saturated toluene (B), ethanol
with HCl (pressure preservation tank, C), three-way stainless-
steel valve (TWSV, X), digital pressure gauge (DPG), shut off
valve (SOV), mass-flow controller (MF), digital thermometer
(T), pressure regulator (PR), digital purge flow meter (DPFM),
pressure preservation valve (PPV), pump (P), water bath (WB).

Figure 2. Schematic illustration of high-pressure-type stopped-
flow polymerization apparatus for the synthesis of block
copolymer: catalyst slurry in propene-saturated toluene (A),
Al(C2H5)3 solution in propene-saturated toluene (B), ethene-
saturated toluene (C), ethanol with HCl (pressure preservation
tank, D), needle valve (NV). Other abbreviations are the same
as those in Figure 1.

Macromolecules, Vol. 32, No. 19, 1999 Polymerization for PP-b-(PE-co-PP) 6009



flow controller (flow rate: 50 L/min) and then were allowed
to stand for 30 min at 30 °C. The preparation of the block
copolymers at 4 and 6 atm was conducted with the catalyst
(0.5 g, 0.16 mmol of Ti) and Al(C2H5)3 (14 mmol, Al/Ti mole
ratio ) 88) in toluene at 30 °C for 0.2 s. The propene and
ethene concentrations in each vessel were 1.69 and 0.48 mol/L
at 4 atm and 3.19 and 0.72 mol/L at 6 atm, respectively. The
values were also estimated based on the monomer pressure-
solubility correlation curves.15 The polymerization of propene
occurred in the stainless steel tube from point X to Y, and then
the subsequent copolymerization of propene with ethene took
place in the part from point Y to Z. The monomer conversions
were held below 10% in order to neglect the changes of
monomer concentrations and polymerization temperature. The
polymerization time of each part was adjusted to 0.10 s to avoid
any unfavorable chain-transfer reactions. A needle valve was
used in the line from vessel C to point Y in order to keep a
constant flow rate. A pressure preservation valve (purge flow
rate: 110 L/min) and digital pressure gauge (3.6 kgf/cm2‚G)
were also employed to control the flow rate. Shut off valves
were required for the simultaneous start of the flow from each
vessel. The polymerization was quenched at point Z; then, the
obtained polymer was washed three times with distilled water
and dried in vacuo at 60 °C for 2 h. The catalyst residues in
the resulting block copolymers were removed by this treat-
ment.

The preparation of the block copolymer at atmospheric
pressure (1 atm) was carried out according to a previously
reported method.6,7,9,16 The propene and ethene concentrations
in each vessel were 0.71 and 0.15 mol/L, respectively, which
were determined by gas chromatography.

Characterization of Resulting Polymers. The molecular
weight and molecular weight distribution of the polymers
obtained in this study were determined using gel permeation
chromatography (GPC, Senshu SSC-7100, Japan) with poly-
styrene gel columns (Tosoh TSK-GEL G3000HHR and TSK-
GEL G5000HHR, Japan) at 140 °C using o-dichlorobenzene
containing 2,6-di-tert-butyl-p-cresol (0.03 wt %) as an antioxi-
dant. The molecular weight was calculated by the standard
procedure based on the universal calibration curve of PP.

13C NMR spectra were recorded with a Varian Gemini-300
spectrometer operated at 75 MHz with proton decoupling at
120 °C in 1,2,4-trichlorobenzene with 2,6-di-tert-butyl-p-cresol
(0.03 wt %). Benzene-d6 (25% v/v) was added as an internal
lock, and a small amount of hexamethyldisiloxane was used
for the internal chemical shift reference (2.03 ppm). The
resulting polymers were analyzed according to a previously
reported method.17-20

Melting temperature (Tm) and enthalpy of fusion (∆Hf) of
the polymer samples were measured by differential scanning
calorimetry (Mettler-Toledo calorimeter DSC 820, U.S.) with
the following conditions: heated from 50 to 230 °C at a heating
rate of 10 °C‚min-1, held for 10 min, cooled to -100 °C at a
cooling rate of 1.0 °C‚min-1, held for 10 min, heated from -100
to 230 °C at a scanning rate of 10 °C‚min-1 (measurement of
Tm) under a nitrogen atmosphere. The degree of crystallinity
of PP (øc) was determined by following equation,21,22

where ∆Hf is the enthalpy of fusion obtained for a given PP,
as measured by DSC. ∆Hf

0 (209 J/g) denotes the folded-chain
PP crystal.13,23 On the other hand, the enthalpy of fusion of
the PP part in the PP-b-(PE-co-PP) (∆Hf,PP) is described by
the following equation,

where Yh and Yb are the yields of the PP homopolymer
corresponding to the PP part in the block copolymer and the
PP-b-(PE-co-PP), respectively. ∆Hf, block is the enthalpy of fusion

obtained for a given overall PP-b-(PE-co-PP). The degree of
crystallinity of the block copolymer was also calculated using
eq 1.

The crystallizability and its distribution of polymer samples
obtained in this study were determined by cross-fractionation
chromatography (CFC T-150A, Mitsubishi Petrochemical Co.,
Japan) with o-dichlorobenzene as an extraction solvent. Ap-
proximately 2 mg of sample (0.3 wt % o-dichlorobenzene) was
loaded onto a glass bead packed column (4.6 mm diam, 150
mm) at 140 °C. The column was cooled to 0 °C at a slow cooling
rate (8.4 °C/h), followed by stepwise elution from the column
at 0, 10, 20, 30, 40, 50, 60, 64, 68, 72, 76, 80, 84, 88, 92, 96,
100, 103, 106, 109, 112, 115, 120, and 140 °C at a flow rate of
1.0 mL‚min-1. Each eluted polymer solution was automatically
sent to the GPC section (Shodex AD-806NS, Showa Denko K.
K., Japan) of the CFC system equipped with an infrared
detector.

Supermolecular structures of the PP homopolymers and PP-
b-(PE-co-PP)s obtained at 1 and 6 atm were observed with the
polarizing microscopy (Olympus BX50-33PO/U-POC, Japan)
and atomic force microscopy (AFM). AFM images were re-
corded with a Nanoscope III multimode AFM (Digital Instru-
ments, Santa Barbara, U.S.), operated in air in both the
contact and tapping modes using microfabricated cantilevers
with spring constant in the range 0.06-0.6 N/m for the contact
mode and 30 N/m in the case of tapping mode. The preparation
procedure of solution-cast films suitable for microscopic ob-
servations was as follows. Aliquots (1-2 drops) of the polymer
sample dissolved in o-dichlorobenzene at a concentration of
0.5 wt % were deposited on the surface of glass slide, which
was located on the hot stage at a fixed temperature. To achieve
the spherulites with greater size under optimal conditions, the
treating temperature was chosen in the range 130-140 °C.
Evaporation time was on the order of 1-2 min, and the
crystallization time was in the range 0.25-7 h. Irganox 1010
and Irgafos 168 as an antioxidants were used with the
concentration in the dry polymer sample of 0.1 wt %.

Results and Discussion

In the industrial process, the production of polypro-
pylene is generally performed for 1-3 h depending upon
the type of process. In contrast, the polymerization can
be conducted within an extremely short period (ca. 0.1
s) using the stopped-flow technique.16 For olefin poly-
merization with a typical Ziegler catalyst, catalyst
deactivation, as well as the various types of chain-
transfer reactions, proceeds with the propagation reac-
tion. On the other hand, the states of the active sites
are constant without a time-dependent change, and
chain-transfer reactions can be considered negligible
within the extremely short period. It should be noted
that the appropriate choices of suitable polymerization
conditions and catalyst systems are required in order
to fully utilize the ability of the stopped-flow technique
for the synthesis of the block copolymer having a
controlled molecular weight. Prior to the synthesis of
the block copolymer, therefore, the effect of monomer
pressure on the stopped-flow polymerization of propene
was investigated using the high-pressure-type stopped-
flow system developed by our research group.

Homopolymerization of Propene Using a High-
Pressure-Type Stopped-Flow System. The influence
of the monomer pressure in the system, namely, the
monomer concentration, on the yield, molecular weight,
molecular weight distribution, and microtacticity of PP
was investigated as a preliminary study. A number of
studies have proven the dependence of the polymeriza-
tion rate on the propene concentration over a broad
range of the concentration using TiCl3 and MgCl2-
supported catalysts.24-28 A deviation from the first-order
dependence was, in some cases, found only at low

øc )
∆Hf

∆Hf
0

(1)

∆Hf,PP )
Yh

Yb
‚∆Hf,block (2)
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monomer concentrations. Recently, several interesting
reports have been published with regard to the correla-
tion of the monomer pressure with the isotacticity of
PP obtained with various catalysts.29-35 Busico et al.
have reported that the monomer concentration signifi-
cantly affected the isotacticity of PP obtained with the
MgCl2/TiCl4-Al(C2H5)3 catalyst system at low monomer
pressures (less than 0.5 mol/L),34 whereas the meso
pentad fraction of PP obtained with the internal donor-
free MgCl2/TiCl4-Al(i-C4H9)3 catalyst system was al-
most unchanged in the monomer concentration regions
of 0.1 to 0.47 mol/L (propene pressures between 0.35
and 1.0 atm) as reported by Soga et al.35 On the basis
of these facts, the monomer pressure was adjusted in
this study to be greater than atmospheric pressure (1
atm).

The propene polymerization was carried out in tolu-
ene at 30 °C for ca. 0.1 s using the high-pressure-type
stopped-flow apparatus at 1, 4, and 6 atm, and the
results of this are summarized in Table 1. The increase
in propene pressure induces increases in the polymer
yield and molecular weight of PP, which are linearly
proportional to the propene concentration, as can be
seen in Figure 3. During polymerization without a
chain-transfer agent, in principle, the molecular weight
is dependent on the monomer concentration if chain
transfer with monomer is important. Therefore, the
linear relationship between the molecular weight and
the propene concentration indicates that chain transfer
with propene is clearly unimportant under the condi-
tions used in this study or is compensated by the
increase in the propagation rate. It is clear that the
polymerization rate is first-order in propene concen-
tration. Figure 4 shows the GPC curves of the PPs
obtained at 1, 4, and 6 atm. The GPC curve clearly

shifted toward higher molecular weights with increasing
propene pressure. All PP homopolymers show unimodal
curves with similar molecular weight distributions
(Mh w/Mh n ) 2.8-3.2), independent of the propene pres-
sure. The values of microtacticity of the resulting PPs
also remained unchanged (mmmm ) ca. 87%). Hence,
it was determined that the monomer pressure affected
only the polymer yield and molecular weight but had
no significant influence on the molecular weight distri-
bution and microtacticity. There are essentially four
modes of chain transfer in propene polymerization, that
is, transfer via cocatalyst interactions, â-hydrogen
transfer, monomer-assisted transfer, and hydrogenation
when hydrogen is used as a chain-transfer agent. The
result of the stopped-flow polymerization conducted as
a function of the time at 1 atm was reported in our
previous paper.7 It was demonstrated that the polymer
yield and the number-average molecular weight of the
PP were proportional to the polymerization time up to
about 0.2 s, at which the values of the molecular weight
distribution were almost constant. Additionally, there
was no induction period. These results indicated that
the states of the active sites are constant without time-
dependent change and that the aforementioned four
chain-transfer reactions can be effectively negligible
under these conditions. In this study using the high-
pressure stopped-flow system, a linear correlation of the
monomer pressure with the molecular weight was
found, suggesting that the chain-transfer reaction with
the monomer can be negligible even at higher monomer
pressures. The possibility of the other three chain-
transfer reactions is also considered to be very low in
the stopped-flow propene polymerization. On the basis
of results from the linear relation of the polymerization
time to the catalyst activity reported in our previous
study7 and the linear relation of the monomer pressure
to the catalyst activity obtained in this study, it has been
substantiated that prolonged polymerization time and
increased monomer pressure have no significant influ-
ence on the states of the active sites on the catalyst
under the conditions used in this study. Hence, it was
verified that the high-pressure-type stopped-flow poly-
merization technique was applicable for the production
of an olefin block copolymer having a controlled molec-
ular weight.

Synthesis of Polypropene-block-poly(ethene-co-
propene) Using a High-Pressure-Type Stopped-
Flow System. The synthesis of the block copolymer was

Table 1. Propene Polymerization with an
MgCl2-Supported Catalyst and TEA at 30 °C for 0.1 s in

Toluene under Different Monomer Pressures

code

propene
pressure

(atm)
[MC3H6]
(mol/L)

yield
(g/mol of Ti) Mh n

a Mh w/Mh n
a

mmmmb

(%)

P-1c 1 0.71d 500 9 500 3.2 87.8
P-2e 4 1.69f 1100 24 000 2.8 86.5
P-3e 6 3.19f 2300 43 000 3.1 86.3

a Molecular weight and its distribution were determined by
GPC. b Meso pentad fraction (mmmm) was determined by 13C
NMR. The polymerization was conducted with catmospheric-
pressure- and ehigh-pressure-type stopped-flow methods. Propene
concentration was determined by gas chromatography,d and was
calculated according to the monomer pressure-solubility correla-
tion curve (Kruis and Hausen15).f

Figure 3. Dependence of propene concentration on catalyst
activity (O) and the number-average molecular weight of PP
(4).

Figure 4. GPC curves of PPs obtained at 1 (P-1), 4 (P-2), and
6 atm (P-3).
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carried out at different ethene and propene pressures
(1, 4, and 6 atm) with the MgCl2-supported Ziegler
catalyst and TEA at 30 °C using the high pressure-type
stopped-flow apparatus, as shown in Figure 2. The
polymerization time of each part was adjusted to be ca.
0.1 s. These results are summarized in Table 2. The
molecular weight of the resulting block copolymer was
found to increase with increasing monomer concentra-
tions. The molecular weight of the block copolymer (B-
3, Mh n ) 60 000) obtained at 6 atm is considered to be
higher than the critical molecular weight of the block
copolymer, which is typically several times higher than
the molecular weight per entangled unit (the value of
PP has been reported to be 465036 or 290037), depending
upon the structure of the polymer. The achievement of
the block copolymer having a molecular weight higher
than that of this value is very essential to fulfilling the
properties of a polymer having a well-defined crystal-
line-amorphous microstructure and desirable perfor-
mance. The molecular weight distributions of the block
copolymers were almost the same regardless of the
difference in monomers pressures. This behavior is
similar to the case of propene homopolymerization using
the high-pressure-type stopped-flow method described
in the previous section. Table 3 shows the block com-
position of the PP-b-(PE-co-PP) calculated from the
results of the yields of PP (see Table 1) and PP-b-(PE-
co-PP) (see Table 2) as well as the ethene content in
the PE-co-PP part in the block copolymer calculated
from the results of the block composition and the overall
ethene content in the block copolymer obtained by 13C
NMR. The ethene content and block composition in the
block copolymer were not constant, which may be due
to the deviation of the solubility of ethene and propene
for each actual monomer pressure in the monomer
pressures-solubility correlation curve in toluene. The
ethene and propene concentrations in toluene have been
found to drastically increase with pressure, but the
tendency of ethene is different from that of propene.
Therefore, the total [C2H4]/[C3H6] ratio was different for
each case, as can be seen in Table 2, which contributes

to the variations in the ethene content and the block
composition of the PE-co-PP segment in the block
copolymer. Figure 5 shows the GPC curves of the block
copolymers obtained at 1, 4, and 6 atm. The block
copolymers show unimodal GPC curves with similar
molecular weight distribution values (Mh w/Mh n ) 2.8-3.0).
The increases in the monomer pressures were found to
induce the GPC curve to shift toward the higher
molecular weight region without any peak in the low-
molecular-weight region. Thus, it was clear that the
polymer yield and the molecular weight of the block
copolymer increased with monomer pressures, while the
time-dependent change in the molecular weight distri-
bution was negligibly small. On the basis of these
results, combined with that of the propene homopoly-
merization, it may be reasonable to consider that the
chain-transfer reaction with the monomer can be neg-
ligible and that the states of the active sites on the
catalyst are little affected by the monomer pressures
under the conditions used for the synthesis of the block
copolymers. The constant value of the molecular weight
distribution of the block copolymers obtained at different
monomer pressures indicates that there is no change
in the relative amounts of the different types of the
active sites existing on the catalyst. These results also
indicate that the molecular weight, the composition of
the block segments, and the microstructure of the PE-
co-PP segment in the block copolymer can be adjusted
by controlling the monomer pressures.

To obtain further information on the influence of
monomer pressure on the composition and microstruc-
ture, the block copolymers obtained at 1, 4 and 6 atm
were extracted with heptane, and the microstructures
of the extracted copolymers were analyzed by 13C NMR
spectroscopy. It may safely be assumed that the modi-
fied stopped-flow technique can lead to three types of

Table 2. Synthesis of PP-b-(PE-co-PP) with an MgCl2-Supported Catalyst and TEA at 30 °C in Toluene under Different
Monomer Pressuresa

monomer concentration (mol/L)

code
vessel A
[MC3H6]

vessel B
[MC3H6]

vessel C
[MC2H4]

[MC2H4]/
[MC3H6]

yield
(g/mol of Ti) Mh n

b Mh w/Mh n
b

ethene contentc

(mol %)

B-1d 0.71 0.71 0.15 0.11 1300 14 000 3.0 27.3
B-2e 1.69 1.69 0.48 0.14 3200 33 000 2.8 28.1
B-3e 3.19 3.19 0.72 0.09 6000 60 000 2.8 23.7
a Polym. time in seconds (PP:PE-co-PP) ) 0.10:0.10. b Molecular weight and its distribution were determined by GPC. c Ethene content

in PP-b-(PE-co-PP) was determined by 13C NMR. The polymerization was conducted with datmospheric pressure- and ehigh-pressure-
type stopped-flow methods.

Table 3. Block Composition and Ethene Content in
PE-co-PP Part in the Block Copolymera

block composition (wt %)b

code PP PE-co-PP
ethene content inc

PE-co-PP part (wt %)

B-1d 38.5 61.5 32.5
B-2e 34.4 65.6 31.6
B-3e 38.3 61.7 27.9

a Polymerization time in seconds (PP:PE-co-PP) ) 0.10:0.10.
b Block composition was calculated from the results of polymer
yields of PP and PP-b-(PE-co-PP); see Tables 1 and 2. c Ethene
content in PE-co-PP part in the block copolymer was calculated
from the results of block composition and the overall ethene
content in the block copolymer obtained from 13C NMR. The
polymerization was conducted with datmospheric pressure- and
ehigh-pressure-type stopped-flow methods.

Figure 5. GPC curves of block copolymers obtained at 1 (B-
1), 4 (B-2), and 6 atm (B-3).
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polymers: PP homopolymer (formed by chain termina-
tion prior to ethene addition), PE-co-PP (formed by chain
initiation following ethene addition), and the desired PP-
b-(PE-co-PP). It is practically difficult to detect the
possibility of the existence of the PP homopolymer in
the final product at the present time. However, the 13C
NMR analysis of the fractionated block copolymers may
suggest that the formation of PP homopolymer by chain
termination prior to ethene addition can scarcely occur
under these conditions.38 The amount of the PE-co-PP
can be determined by measuring the amount of the
soluble fraction after extraction. The extraction was
carried out at room temperature for 24 h in a manner
similar to the previously reported method.6,7,39 Figure
6 shows the 13C NMR spectra of the block copolymer
obtained at 6 atm and its extraction residues. Tertiary
and secondary carbon atoms are denoted as T and S,
respectively, with two Greek subscripts indicating the
position relative to the nearest tertiary carbon atoms
in both directions along the polymer chain. Signals at
δ ) 37.9-38.4, 37.5, 33.2, 30.9-31.2, 30.4, 30.0, 27.4,
and 24.7 ppm, from SRγ in 2PEP, SRδ in PEE, Tδδ in EPE,
Tâδ in PPE, Sγδ in PEEE, Sδδ in EEE, Sâδ in PEE, and
Sââ in PEP, respectively, were attributed to PE-co-PP,
and signals at 45.7-46.6, 29.0, and 21.8-20.0 ppm, from
SRR in PP, Tââ in PPP, and P, respectively, were mainly
due to the PP homopolymer.19,20 The values of the

amount of the insoluble part, the triad sequence distri-
bution, the ethene content, and the standard deviation
(SD) of the block copolymers before and after the
extraction are summarized in Table 4. The amount of
the insoluble part in the resulting block copolymer was
found to increase with the monomer pressures, and only
a small amount (3.7 wt %) was soluble in the block
copolymer obtained at 6 atm. This phenomenon is
considered to be governed by the fact that the increased
monomer pressures induced the decrease in PP-b-(PE-
co-PP) having a PP part with a shorter chain length,
which is soluble even in heptane at room temperature.
In our previous study, it was clear that the signals from
PE-co-PP disappeared completely after the extraction
in the cases of the commercial block-type copolymer and
PP/PE-co-PP blend, which have no chemical linkage
between the two segments.6,7 In the case of the block
copolymers obtained in this study at lower monomer
pressures, the slight decreases in the peak intensities
arising from PE-co-PP may be due to the lower molec-
ular weight. For the block copolymer obtained at 6 atm,
however, no significant difference in the intensities of
these peaks was observed before and after the extrac-
tion. Furthermore, the standard deviation was very
small. These results clearly indicate the formation of
PP-b-(PE-co-PP), where the PE-co-PP is chemically
linked to the PP, having a variable molecular weight.

Characterization of Resulting Block Copoly-
mers. From the aspect of crystallization in polyolefins,
the influence of molecular weight is very important.
Hence, an understanding of the correlation of the
molecular weight to the crystallization and crystalline
morphology of the block copolymer was considered to
be required for developing a novel polyolefin with
outstanding performance. Along with the practical
importance, we investigated the crystalline morphol-
ogy and supermolecular structure of the block co-
polymers having a different molecular weight using
differential scanning calorimetry (DSC), cross-fraction-
ation chromatography (CFC), polarizing microscopy, and
AFM.

The crystallizability of a polymer chain is a critical
factor which depends on the crystallinity and lamellar
thickness. As is well-known, the melting temperature
(Tm) is related to the lamellar thickness, and the
enthalpy of fusion (∆Hf) depends on the degree of
crystallinity. Thus, the resulting block copolymers and
PP homopolymers obtained at 1 and 6 atm were
analyzed by DSC, the results of which are presented in
Table 5. In both cases, the PP-b-(PE-co-PP)s exhibit a
lower melting temperature compared with that of PP
homopolymers. It is suggested that the depressing of
the recrystallization or the rearrangement process of the

Table 4. Results of Triad Sequence Distribution and Ethene Content of PP-b-(PE-co-PP)s

triad sequence distribution (mol %)c

samplea extractionb
amount of insoluble

part (wt %) PPP PPE EPE PEP PEE EEE
ethene contentc

(mol %) SDd

B-1 before 53.9 14.0 4.8 7.7 10.1 9.5 27.3
after 76.2 66.1 9.5 3.6 5.9 4.6 10.3 20.8 5.8

B-2 before 54.8 12.5 4.6 7.8 7.2 13.1 28.1
after 86.0 58.1 13.1 5.1 7.3 6.9 9.5 23.8 2.0

B-3 before 55.2 15.7 5.5 6.8 7.2 9.6 23.7
after 96.3 58.1 13.8 4.3 7.0 7.2 9.6 23.8 1.5

a See Table 2. b Extraction experiment was performed by soxhlet-type extractor with n-heptane at room temperature for 24 h. c Triad
sequence distribution and ethene content were determined by 13C NMR. d Standard deviation was calculated using the equation of σ )

x1/n‚∑i)1
n (xi-xj)2 (n ) 6), where xi and xj are triad frequencies in the block copolymer before and after extraction, respectively.

Figure 6. 13C NMR spectra of the block copolymer obtained
at 6 atm (a) and the unsolved part of the block copolymer after
extraction with heptane (b).
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PP crystal is due to the chemically linked PE-co-PP part
to produce a thinner crystal.8 The melting temperature
of the block polymer obtained at 6 atm was apparently
higher than that obtained at 1 atm, indicating that the
higher molecular weight of the block copolymer may
lead to a greater lamellar thickness. The PP homopoly-
mers obtained at 1 and 6 atm also showed the same
tendency, while the difference in ∆Hf between the block
polymers prepared at different monomers pressures was
observed to be very small. There were also no significant
differences between the degrees of crystallinities for the
PP part in the block copolymers. This means that the
increased molecular weight of the block copolymer had
no effect on the degree of crystallinity but had an
influence only on the lamellar thickness during the
melt-crystallized process in this study.

The CFC technique40 is considered to be suitable for
the evaluation of the crystallinity, crystallinity distribu-
tion, and crystallizability of the block copolymer. A
comparison of the structural heterogeneity between the
block copolymers obtained at 1 and 6 atm was made by
means of CFC. Temperature rising elution fractionation
diagrams (differential type) of the PP-b-(PE-co-PP)s are
shown in Figure 7. There were two different peaks in
the region of 80-120 °C. The observed multiple peaks
are thought to be mainly due to the difference in the
isotacticity of the PP part in the resulting block copoly-
mer, on the basis of the result that a bimodal distribu-
tion was also observed in the PP homopolymer prepared
by the stopped-flow polymerization.7 It is considered
that the lower elution temperature of the block copoly-
mer compared with the PP homopolymer is governed
by the effect of the chemically linked PE-co-PP part on
the crystallization of the PP part in the block copolymer.
The main peak at 105 °C was observed in the case of
PP-b-(PE-co-PP) obtained at 6 atm, which was appar-
ently higher than that obtained at 1 atm. These results
suggest that the higher molecular weight of the block
copolymer may lead to a greater crystallizability of PP

part. In other words, the depression of the recrystalli-
zation or rearrangement process of the PP crystal, which
is due to the chemically linked PE-co-PP part, was
reduced by the increased molecular weight, resulting
in a increase of lamellar thickness.

Figure 8 shows the bird’s eye views (differential-type)
of PP-b-(PE-co-PP)s as well as the corresponding contour
maps. This figure clearly shows that PP-b-(PE-co-PP)s
eluted at each temperature region between 0 and 120
°C are mainly composed of a uniform component,
regardless of the difference in monomer pressures. The
appearances of bird’s eye views and contour maps of the
resulting PP-b-(PE-co-PP)s remained without change,
suggesting the increased molecular weight of the block
copolymer had no effect on the crystallinity and crystal-
linity distribution. It is also clear that the GPC peaks

Table 5. Thermal properties and degree of crystallinity
of PPs and PP-b-(PE-co-PP)s

∆Hf (J/g)

samplea Tm
b (°C) obsdb calcdc øc

d (wt %)

P-1 158 123 59
B-1 154 33 86 41
P-3 160 119 57
B-3 159 34 89 42

a See Tables 1 and 2. b Melting temperature (Tm) and heat of
fusion (∆Hf) of polymers were observed by DSC. c Heat of fusion
of PP part in the PP-b-(PE-co-PP)s was calculated from eq 2; see
Experimental Section. d Degree of crystallinity (øc) was calculated
from eq 1; see Experimental Section.

Figure 7. Temperature rising elution fractionation diagrams
of PP-b-(PE-co-PP)s obtained at 1 (B-1) and 6 atm (B-3).

Figure 8. Bird’s eye views and contour maps of PP-b-(PE-
co-PP)s obtained at (a) 1 (B-1) and (b) 6 atm (B-3).
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of each fraction of the PP-b-(PE-co-PP) eluted at differ-
ent temperatures shift toward higher molecular weight
region by increasing monomer pressures from 1 to 6
atm. Hence, the formation of the block copolymer having
a higher molecular weight was confirmed by the sub-
stantial shift of the GPC profiles of each fraction to
higher molecular weight.

On the basis of the results, the fractionation of the
block copolymers was conducted to divide into six
fractions, the results of which are shown in Table 6.
Each fraction was found to possess a narrow molecular
weight distribution (Mh w/Mh n ≈ 2) with a different mo-
lecular weight.41 In all fractions, the molecular weights
of the PP-b-(PE-co-PP) obtained at 6 atm were higher
than those obtained at 1 atm. Further, the weight
fraction eluted at 30-120 °C was observed to increase
with increasing monomer pressures. On the basis of
these results, it was substantiated that the increased
molecular weight induced a greater crystallizability but
had no influence on the crystallinity and crystallinity
distribution of the block copolymer.

Microscopy, e.g., polarizing microscopy, scanning
electron microscopy, and transmission electron micros-
copy, is a major technique for the assessment of the
structure of the semicrystalline polymers.42 The super-
molecular structure including spherulites and axialites

is conveniently observed by polarizing microscopy. Here,
the polarizing microscopy was applied to confirm the
structural difference between the block copolymers
obtained at 1 and 6 atm. Polarizing microscopic obser-
vation showed that at elevated temperatures both block
copolymers may produce spherulites with a size of up
to several hundred micrometers (Figure 9) and that
their morphology follows general tendencies found for
PP spherulites.43,44 However the spherulites always had
positive birefringence and revealed higher tendencies
to form the sheaflike structures.44 The positive birefrin-
gence of both samples indicate that crosshatching, which
vanishes for the usual isotactic PP at elevated temper-
atures, still remained for the block copolymers even at
the temperature of 150 °C. There were slight difference
in the spherulite size and its structure between two
block copolymers. Notice also that in both cases the

Figure 9. Polarizing micrographs of the spherulites of PP-b-(PE-co-PP)s obtained at (a) 1 (B-1) and (b) 6 atm (B-3). The samples
were prepared at 140 °C for 7 h. The color of the spherulites in both micrographs corresponds to positive birefringence.

Table 6. Characterization of Fractionated Block
Copolymers Obtained at 1 and 6 atm

1 atma 6 atmb

elution
temp.
(°C)

wt
fractionc

(%) Mh n
d

Mh w/
Mh n

d

wt
fractionc

(%) Mh n
d

Mh w/
Mh n

d

0-30 42.1 10 000 2.4 31.1 23 000 2.8
30-45 5.4 14 000 2.1 7.7 42 000 2.6
45-82 16.8 17 000 1.8 18.9 47 000 2.5
82-96 13.7 27 000 1.8 9.4 59 000 2.1
96-112 22.0 38 000 1.8 30.2 66 000 2.4

112-120 n.d.e n.d.e n.d.e 2.7 110 000 2.2
a Sample B-1 and bsample B-3; see Table 2. c Weight fraction

eluted at each temperature was estimated from the data of TREF
section of CFC system. d Molecular weight and its distribution
were determined by the GPC section of the CFC system. e n.d.:
not detected.

Figure 10. Large-scale contact mode (deflection) AFM image
of the spherulite of PP-b-(PE-co-PP) obtained at 6 atm (B-3)
having sheaflike morphology. The sample was prepared at 130
°C for 20 min. (A) Sheaflike region. (B) Region surrounding
the sheaf.
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spherulites often had wide gaps between their radial
branches, as shown in Figure 9b.

AFM is a high-resolution method which sensitively
records the surface topography and which has great
potential for nonconductive materials such as poly-
mers.42 Scanning force microscopy provides information
about local variations in the mechanical properties in
a sample and may thus reveal local variations in chain
orientation and composition. In this study, the crystal-
line morphology including the interlamellar distances
of the PP homopolymers as well as PP-b-(PE-co-PP)s
obtained was investigated by AFM. The latter was
determined from higher resolution AFM images. Figure
10 shows the large-scale contact mode (deflection) AFM
image of the spherulite of PP-b-(PE-co-PP) obtained at
6 atm. The sheaflike structure of the spherulite is
observed in the AFM image. The measurements of the

interlamellar distances were performed, resulting in a
great dispersion for this parameter for all of the samples
even within particular chosen spherulite. In particular,
the lateral regions surrounding the sheaf (region B)
showed systematically more thickened lamellae with the
distances between them in the range 30-50 nm in
comparison with regions inside the sheaf (region A). The
same high values were observed for quadrite-type
structures for the samples prepared at the same condi-
tions in our previous paper.8 Notice that both these
above-mentioned morphological types have a high de-
gree of crosshatching and have no usual radial features
inherent to spherulites. The interlamellar distances
inside the spherulites, if not taking into consideration
those regions with much higher values, had lower values
in the range 15-30 nm. This broad size distribution is
probably due to the chosen isothermal mode of crystal-

Figure 11. AFM images of lamellar structures for the spherulites of the block copolymers and PP homopolymers. Images a-d
were received in tapping mode (phase), and image e was received in contact mode (friction). The images correspond to PP-b-(PE-
co-PP) obtained at 6 atm (B-3, crystallization conditions: 130 °C, 20 min) located in the sheaflike region (a) and in the region
surrounding the sheaf (b), which correspond to Figure 10; (c) PP homopolymer obtained at 6 atm (P-3, crystallization conditions:
130 °C, 15 min); (d) PP-b-(PE-co-PP) obtained at 1 atm (B-1, crystallization conditions: 140 °C, 35 min); and (e) PP homopolymer
obtained at 1 atm (P-1, crystallization conditions: 140 °C, 30 min).
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lization resulting to crystallite thickening.45 Minimal
observed interlamellar distances were in the range 14-
17 nm for all substances.

Figure 11a,b represents the phase images of two
regions of the same spherulite of the PP-b-(PE-co-PP)
obtained at 6 atm (sample prepared at 130 °C for 20
min) with interlamellar distances lying correspondingly
in the range 16-25 nm for part a and 25-30 nm for
part b. Too-wide dispersion does not allow for a com-
parison of the mean interlamellar distances for the block
copolymers and PP homopolymer, but the received
results indicate that the differences, if they exist, are
relatively small.

On the basis of the result mentioned above, the AFM
observations of the block copolymers and PP homopoly-
mers were conducted in the sheaf region. If sheaflike
structures were analyzed, the two or more times differ-
ence in long period was expected on the grounds of the
hypothesis that the crystalline layer thickness is the
same for the block copolymer and PP homopolymer.
However, the interlamellar distance values on these
samples were approximately the same in the sheaf
region, as can be seen in Figure 11. This is an indication
that the block copolymers and PP homopolymers have
the same long period, regardless of the molecular
weight. Here, it must be noted that the block copolymer
obtained by the stopped-flow polymerization technique
is not pure PP-b-(PE-co-PP) and that it contains a
certain amount of PP homopolymer and amorphous PE-
co-PP. On the basis of the results obtained in this study,
however, it is considered that there are no significant
differences in the relative amounts of the component
(desired PP-b-(PE-co-PP), PP, and PE-co-PP) regardless
of the monomer pressures, which affects only the
molecular weight of the resulting polymers. Therefore,
these results also suggest that the increased molecular
weight of the block copolymer as well as PP homopoly-
mer obtained at higher monomer pressure had no effect
on the ratio of the amorphous layer thickness and the
lamellar crystal thickness, which corresponds to the
degree of crystallinity.

Conclusions

In this article, a high-pressure-type stopped-flow
polymerization system has been introduced as a useful
technique for the design and synthesis of novel poly-
olefins having a controlled crystalline-amorphous mi-
crostructure and desirable properties. The results of the
homopolymerization of propene indicated that the change
in propene concentration only induced a variation in the
polymer yield and molecular weight but did not exert
any influence on the molecular weight distribution and
isotacticity of PP. No influence of the monomer pressure
on the characteristics of the stopped-flow polymerization
in which the catalyst activity is constant and the
unfavorable side reactions can be negligible was con-
firmed by this study. The higher propene and ethene
concentrations, which could be regulated by the mono-
mer pressures, were found to induce a higher molecular
weight of the resulting block copolymer without a
significant change in the molecular weight distribution
and the microstructure. The block copolymer having a
molecular weight higher than that of the entanglement
molecular weight was achieved by using this method,
which was very essential to fulfill the properties of a
polymer having a well-defined crystalline-amorphous
microstructure and desirable performance. The in-

creased molecular weight of the block copolymer was
found to lead to a greater lamellar thickness without
any change in the crystallinity and its distribution,
which was substantiated by the characterization of the
resulting polymers. The high-pressure-type stopped-flow
polymerization system enabled us to synthesize the
block copolymer, PP-b-(PE-co-PP), in which molecular
weight, composition of the block segments, microstruc-
ture of the PE-co-PP segment, and crystalline morphol-
ogy of the block copolymer can be adjusted by controlling
the monomer pressures. This finding will perhaps in the
future lead to crystalline-amorphous olefin block co-
polymers having a well-defined structure.46
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