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ABSTRACT: Graft copolymers poly(propene)-graft-poly(styrene) have been synthesized by the copolym-
erization of propene with polystyrene macromonomers using the catalyst system [Me2Si(2-Me-Benzind)2]-
ZrCl2/methylaluminoxane. Due to the high reactivity of allyl-terminated polystyrene in the metallocene-
catalyzed copolymerization with propene, application of the macromonomer method for the synthesis of
polyolefin graft copolymers was possible. In order to obtain copolymers with well-defined structures,
polystyrene macromonomers were made via “living” anionic polymerization and functionalization. In
copolymerization reactions, graft copolymers with a polystyrene content of from 7 up to 72 wt % were
obtained. The molecular weights as well as the melting points of the copolymers decrease with increasing
polystyrene content.

Introduction

Polypropylene is one of the most important com-
mercial plastics. It is a highly versatile material with
an outstanding combination of cost performance and
excellent physical properties. The property range of
polypropylene can be broadened by physically blending
it with other polymers, but most of the resulting blends
are immiscible. Hence, compatibilization is often neces-
sary for combining the advantageous properties of the
blend components.
Compatibilization can be achieved following two

strategies. The blends can be compatibilized reactively,
by coupling of reactive groups on each of the immiscible
polymers.1 The second way is the addition of premade
block or graft copolymers.2
Therefore, graft copolymers with polypropylene back-

bone and chemically different side chains are interesting
and desirable products. The chief interest in these graft
copolymers originates from their properties as interfa-
cial modifiers. In polypropylene blends they can im-
prove adhesion to and compatibility with other poly-
mers.
The functionalization of polyolefins has long been a

field of research, and numerous methods have been

employed in forming graft copolymers including free
radical initiators in the presence of monomers, hydro-
peroxidation, halogenation, milling, high energy radia-
tion, and electromagnetic radiation in the visible and
UV region.3,4

These methods for the chemical modification are
usually accompanied by side reactions such as cross-
linking and chain cleavage, what results in diminished
mechanical properties.5-7 Graft copolymers PP-g-PS
are formed during the free radical polymerization of
styrene on polypropylene in the solid phase and provide
an optimum fine dispersion and phase stability of the
resulting polypropylene/polystyrene blends.8,9 However,
in this modification process, the structure and composi-
tion of the copolymers are not able to be controlled and
characterized. One way to polyolefin graft copolymers
with a more defined structure is the use of borane-
containing polymers. Borane-group-containing copoly-
mers were obtained by direct copolymerization of an
R-olefin and a borane-containing R-olefin with a met-
allocene catalyst, such as Et[Ind]2ZrCl2/MAO.10 A
second way is the comonomer/anionic approach. Co-
polymers of ethylene and p-methylstyrene prepared
with a metallocene catalyst, such as Et[Ind]2ZrCl2 or
[C5Me4(SiMe2NtBu)]TiCl2, were lithiated at the benzyl
groups and used as initiators in anionic graft from
reactions of styrene, methyl methacrylate, acrylonitrile,
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and p-methylstyrene.10
Another approach, studied in the present work, is to

synthesize polypropylene graft copolymers using the
macromonomer method. The copolymerization of pro-
pene with macromonomers should allow the synthesis
of well-defined graft structures with controlled side
chain length and number. These polymers can be used
as compatibilizers in polymer blends in order to inves-
tigate the influence of molecular parameters of graft
copolymers on blend properties and morphology.
In earlier investigations we found a surprisingly high

reactivity of higher R-olefins in the metallocene cata-
lyzed copolymerization with propene.11 Copolymers of
ethylene with a polypropylene macromonomer (Mn )
700) could be prepared using different bridged and
unbridged metallocene catalysts.12
The object of this paper is the synthesis and charac-

terization of well-defined graft copolymers with polypro-
pylene backbone and polystyrene grafts. The copolym-
erization of propene with polystyrene macromonomers
was carried out using the catalyst system [Me2Si(2-Me-
Benzind)2]ZrCl2/methylaluminoxane.

Experimental Section
Materials. [Me2Si(2-Me-Benzind)2]ZrCl2 was donated by

BASF AG and methylaluminoxane (MAO) (10 wt % solution
in toluene) by Witco GmbH. Propene was dried by passing
through a molecular sieve 3A column. Styrene was purified
by distillation over calcium hydride. Toluene was refluxed
over sodium/benzophenone.
Macromonomer Synthesis. In a 0.5 dm3 flask have been

introduced, in an argon atmosphere, 200 mL of toluene and
18 mL of styrene. At room temperature 2 mL of a 2 M solution
of sec-butyllithium in toluene were added. After 1 h the flask
was cooled to -78 °C and diluted with 100 mL of tetrahydro-
furan. Then, the solution of the “living” anions was added to
another flask filled with a solution of 7 mL of allyl bromide in
100 mL of toluene and 100 mL of tetrahydrofuran. The
resulting macromonomer (Mn ) 4000, Mw/Mn ) 1.08), which
was completely functionalized was precipitated in methanol,
washed with methanol, filtered, and dried in a vacuum.
Copolymerization Procedure. Copolymerization was

carried out at 20 °C in a 0.5 dm3 steel reactor. The reactor
was filled with 200 mL of toluene. Then, MAO in toluene, a
solution of 2.5 g of polystyrene macromonomer in 50 mL of

toluene, and the preactivated metallocene solution were added.
The molar ratio methylaluminoxane/metallocene was [Al]:[Zr]
) 1000:1. The polymerization was started by adding propene
and adjusting the pressure at 0.1 bar. It was terminated by
precipitation of the reaction mixture in diluted hydrochloric
acid in methanol. The copolymer was filtered, washed with
methanol, and dried in a vacuum.
Copolymer Characterization. Copolymer composition,

molecular weight, and molecular weight distribution were
determined by gel-permeation chromatography (GPC) at 135
°C in 1,2,4-trichlorobenzene. The thermal behavior of the
copolymers was investigated using differential scanning cal-
orimetry (DSC).

Results and Discussion

Our studies on tailoring the morphology and mechan-
ical properties of compatibilized polypropylene/polysty-
rene blends by controlling the molecular structure of the
compatibilizing agent require a synthesis method for
well-defined polypropylene graft copolymers. The ap-
plication of the macromonomer method for the synthesis
of polyolefins was limited due to the low reactivity of
comonomers in the copolymerization with propene using
heterogeneous, Ti-containing catalyst systems. Using
a highly active metallocene catalyst with strained ligand
geometry, such as Me2Si(2-Me-Benzind)2]ZrCl2, we could
overcome this difficulty.
In order to obtain graft copolymers with uniform

polystyrene side chain length we prepared macromono-
mers via “living” anionic polymerization of styrene with
sec-butyllithium as initiator. The polymerizable end
group was introduced in a second, functionalization step
by reacting the “living” chain ends with allyl bromide
according to Scheme 1.
For the copolymerization reactions with propene we

used a completely allyl terminated polystyrene mac-
romonomer with a molecular weight of Mn ) 4000 and
a molecular weight distribution of Mw/Mn ) 1.08. The
functionality was determined by comparing the signals
of the initiating group and of the allyl end group in the
500 MHz 1H NMR spectrum.
Scheme 2 shows the macromonomer method that was

used for the copolymerization of propene with polysty-
rene. The highly isospecific catalyst Me2Si(2-Me-

Scheme 1. Synthesis of Polystyrene Macromonomers with Allyl End Groups

Scheme 2. Macromonomer Method for the Synthesis of Graft Copolymers with Well-Defined Graft Length
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Benzind)2]ZrCl2 was chosen because of its open ligand
structure with good accessibility of the active zirconium
center in the polymerization even for long olefins.
The results of the copolymerization runs are sum-

marized in Table 1. At a constant propene pressure of
0.1 bar we found the polystyrene macromonomer to be
quite reactive. A conversion from 24% up to 49% was
observed.
At a high catalyst concentration the polymerization

rate is rather high and 7 wt % polystyrene is incorpo-
rated into the copolymer. Much higher polystyrene
contents up to 72 wt % can be achieved using a lower
catalyst concentration and lower polymerization rates.
The graft copolymer composition was determined from

the results of the high temperature GPC (RI/viscosity
detection, PS beads with pore sizes of 500, 104, 105, and
106 Å). With 1,2,4-trichlorobenzene as eluent, a polypro-
pylene standard gave a positive peak and a polystyrene
standard a negative peak. The polystyrene content of
the copolymers was calculated from the comparison of
the peak areas. The copolymer peak in the GPC curve
was compared with polypropylene and polystyrene
standards, and the polystyrene content was calculated.
From this macromonomer content and the peak area of
the unreacted polystyrene (Figure 1), we calculated the
macromonomer conversion.
As can be seen from Figure 1 (where the negative

peak of the polystyrene macromonomer is mirrored) the
GPC curves of the copolymers polypropylene-graft-
polystyrene exhibit a shape that is typical for metal-
locene polyolefins. There is no polystyrene rich fraction
detectable as a negative peak either in the low molec-
ular weight nor in the high molecular weight part of
the curves. Therefore it can be concluded that the
polystyrene grafts are randomly distributed. The mo-
lecular weight distribution was found to be narrow (1.4-
2.5) as expected for metallocene products.
The molecular weights of the copolymers are given

in Table 2. It is obvious that with increasing polysty-
rene content in the graft copolymer the molecular

weight decreases from about 300 000 g for the copolymer
with 7 wt % polystyrene to only 23 000 for a polystyrene
content of 72 wt %.
The average number of grafts per molecule was

calculated using the polystyrene content, the mac-
romonomer molecular weight, and the total molecular
weight of the graft copolymer. Because of the decreas-
ing total molecular weight with increasing polystyrene
content the values are similar between 2.2 and 3.6 grafts
per main chain.
The average length of the polypropylene sequences

between two grafts in the copolymer backbone could be
calculated, too. Of course this length is reduced with
increasing polystyrene content and decreasing total
molecular weight from 41 000 to 4000. This great
reduction causes a change in the thermal properties of
the graft copolymers. Figure 2 illustrates this fact.
The DSC curves show that melting point and crystal-

linity of the copolymers are influenced by macromono-
mer incorporation. If the polystyrene content is in-
creased from 7 to 20 wt %, the melting point is changed
not much. That may be due to phase separation in
these copolymers where polypropylene crystallization is
only slightly affected by the polystyrene phase. On the
other hand the glass transition of a separate polystyrene
phase could not be detected. In contrast to that the DSC
curve of the graft copolymer with a polypropylene
content of only 28 wt % (PPgPS 3) indicates a strong
influence of the polystyrene grafts on the backbone
melting. There is only a small melting peak at about
120 °C visible. The low crystallinity corresponds to the
value for the average propene sequence length of 4000.
Furthermore, a single glass transition was found at 70
°C that can be assigned to a mixed polystyrene rich
phase. The glass transition temperature of the pure

Table 1. Synthesis of Graft Copolymers with Polypropylene Backbone and Polystyrene Grafts

copolymer
catalyst concentration

(µmol/L)
polymerization

time (h)
product +

macromonomer (g)
macromonomer
conversion (%)

polystyrene content
(wt %)

PPgPS 1 40 7,5 8.9 24.3 7
PPgPS 2 20 15 5.6 49.4 20
PPgPS 3 20 48 3.1 26.2 72

Table 2. Properties of Graft Copolymers with Polypropylene Backbone and Polystyrene Grafts

copolymer
polystyrene

content (wt %)
Mw

(kg/mol) D
no. of grafts
per molecule

PP sequence
lengthMnPP (kg/mol)

mp
(°C)

PPgPS 1 7 310 2.5 2.2 41 153.4
PPgPS 2 20 158 2.2 3.6 16 151.9
PPgPS 3 72 23 1.4 2.9 4 122.2

Figure 1. GPC curves of the macromonomer and graft
copolymers PPgPS (macromonomer curve mirrored for com-
parison).

Figure 2. DSC curves of the macromonomer and graft
copolymers PPgPS.
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macromonomer at 86 °C is significantly shifted due to
the phase interaction in this copolymer.

Summary
Graft copolymers with polypropylene backbone and

polystyrene grafts could be made by the metallocene-
catalyzed copolymerization of propene with an allyl-
terminated polystyrene macromonomer prepared via
anionic polymerization. The use of this macromonomer
method leads to defined copolymer structures with
uniform graft length and randomly distributed grafts.
The molecular weight as well as the melting behavior
is influenced by the macromonomer incorporation into
the polypropylene chain. The results of our investiga-
tions on the use of the synthesized graft copolymers as
compatibilizers in polypropylene/polystyrene blends will
be published elsewhere.
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