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The block copolymerization of two different monomers
is an important method for creating new polymer
materials and for modifying the properties of their
homopolymers.1 The most common method to achieve
such copolymerization reactions is sequential living
polymerization of the two monomers in two feeding
steps.1,2 Although a few examples of one-step block-
copolymerization reactions are known, they are all
limited to specially designed sophisticated systems,3
most of which involve a polar monomer.

On the other hand, in view of the extensive uses of
both polyethylene and polystyrene and the poor compat-
ibility of these two polymers, the block copolymerization
of ethylene with styrene is of particular importance and
interest.1 However, most of the studies on the copo-
lymerization of ethylene and styrene have been focused
on the synthesis of random or alternating ethylene-
styrene copolymers,4-6 while the block copolymerization
of ethylene with styrene has been very scarcely ex-
plored.7 Previous attempts to obtain a block ethylene-
styrene copolymer by sequential polymerization of
styrene and ethylene with group 4 metal-based catalysts
yielded the homopolymers as major products (ca. 65 wt
%),7 due to the lack of “living” character in these
reactions. The commercially available block ethylene-
styrene copolymers are actually block copolymers of
polystyrene/hydrogenated polybutadiene, which are pre-
pared by sequential anionic living polymerization of
styrene and butadiene followed by hydrogenation of the
polybutadiene block,1c,d,8 and in many cases still contain
some unsaturated polybutadiene units. In this com-
munication, we report a novel one-step block-copolym-
erization reaction of ethylene with styrene, which is
promoted by a new type of C5Me5/ER-ligated samarium-
(II) complex (ER ) OAr, SAr). As far as we are aware,
this is the first example of one-step block copolymeri-
zation of ethylene with styrene as well as the first
example of block-copolymerization of two different
simple olefin monomers under their coexistence.

The C5Me5/ER-ligated Sm(II) complexes 1-3 (ER )
OC6H3

iPr2-2,6 (1), OC6H2
tBu2-2,6-Me-4 (2), SC6H2

iPr3-
2,4,6 (3)) were easily obtained as green crystals in 85-
90% yields by reactions of (C5Me5)2Sm(THF)2 with 1
equiv of KER in THF (Scheme 1).9 X-ray analyses have
shown that all these complexes can be viewed as a
“(C5Me5)Sm(ER)” complex coordinated by a neutral “C5-
Me5K” ligand.10,11 In the case of 1 and 3, a THF ligand
is also coordinated to the central Sm atom apparently
due to the smaller steric hindrance of their ER ligands
(Scheme 1).

To assess the potential of this new type of heteroleptic
Sm(II) complex as a catalytic system, their reactivity
toward ethylene and styrene was examined (Table 1).
The copolymerization reactions (runs 3-8, Table 1) were
carried out in the presence of 0.05 mmol of a Sm(II)
complex under 1 atm of ethylene with varying amounts
of styrene using rigorously anhydrous/anaerobic proce-
dures. Although the green Sm(II) complexes 1-3 are
only slightly soluble in toluene, a homogeneous yellow
solution was rapidly obtained upon reaction with sty-
rene or ethylene in toluene, suggesting that rapid one-
electron transfer from the Sm(II) species to the mono-
mer occurred. The polymerization was stopped by
addition of MeOH. The crude polymer products were
first washed with THF at room temperature to remove
homopolystyrene and then extracted with toluene at
100-108 °C to collect the copolymers. Since the ho-
mopolystyrene formed in the present reactions is atactic
and very soluble in THF at room temperature while the
homopolyethylene is insoluble in refluxing toluene (110
˚C), the ethylene-styrene copolymers, which are soluble
in hot toluene, can be easily separated from the ho-
mopolymers by the above extractions. Repeated extrac-
tions of the copolymers with THF did not cause any
weight loss. The polymer products were characterized
by NMR, GPC, and DSC.

As shown in Table 1, complex 1 is active for polym-
erization of both ethylene (run 1, Table 1) and styrene
(run 2, Table 1). When the reaction was carried out in
the presence of 3 mL of styrene under 1 atm of ethylene,
an ethylene-styrene copolymer with a polystyrene
content of 34 mol % was obtained together with a small
amount of homopolystyrene (run 3, Table 1). When the
feeding amount of styrene monomer was increased from
3 to 10 mL, the polystyrene content in the copolymers
increased from 34 to 81 mol % (runs 3-6, Table 1),
showing that the polystyrene content in the copolymers
can be easily adjusted by changing the feeding amount
of styrene monomer. The GPC curves of the copolymers
all show a unimodal and narrow molecular-weight
distribution (Mw/Mn ) 1.84-1.97) with molecular weights
(Mn) ranging from 1.31 × 105 to 1.59 × 105 (runs 3-6,
Table 1). 13C NMR analyses have revealed that these
copolymers are block ethylene-styrene copolymers, in
which the polystyrene unit possesses an atactic struc-
ture similar to that of the homopolystyrene obtained
from the THF extracts.12,13 Under similar conditions,
complexes 2 and 3 also gave the corresponding block
ethylene-styrene copolymers (runs 7 and 8, Table 1),
although the activity of 2, which bears the bulkier
OC6H2

tBu2-2,6-Me-4 ligand, is slightly lower than those
of 1 and 3 (cf. runs 4, 7, and 8, Table 1).

To further confirm that the copolymer products do not
contain homopolymers, an artificial mixture of ho-
mopolyethylene (Mn ) 5.7 × 104, Mw/Mn ) 1.11),
homopolystyrene (Mn ) 24.5 × 104, Mw/Mn ) 1.93,
obtained in run 2, Table 1), and a copolymer (Mn ) 15.1
× 104, Mw/Mn ) 1.92, PS content ) 68 mol %, obtained
in run 5, Table 1) was extracted in the same way as the
crude product was done (vide supra). Each of these
three polymers was thus recovered quantitatively,
which suggests that this copolymer does not contain
homopolystyrenes with Mn e 24.5 × 104 or homopoly-
ethylenes with Mn g 5.7 × 104.14,15 Since the GPC curve
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of the copolymer shows a unimodal narrow molecular-
weight distribution (Mw/Mn ) 1.92) and that of its
mixture with the homopolystyrene (Mn ) 24.5 × 104)
or the homopolyethylene (Mn ) 5.7 × 104) is bimodal,
the content of homopolystyrenes with Mn > 24.5 × 104

or homopolyethylenes with Mn < 5.7 × 104 in this
copolymer should also be negligible.15 These results
clearly demonstrate that the polymer products obtained
from the toluene extracts are true block ethylene-
styrene copolymers rather than mixtures of the ho-
mopolymers.

The selective formation of block ethylene-styrene
copolymers in the present reactions are in sharp con-
trast with what was previously observed in group 4
metal-catalyzed reactions, in which random or alternat-
ing ethylene-styrene copolymers were always obtained
under the coexistence of both monomers.4,16 The present
reactions are also in sharp contrast with those promoted
by samarocene(II) complexes such as (C5Me5)2Sm and
(C5Me5)2Sm(THF)2, in which the maximum incorpora-
tion of styrene into polyethylene was only two molecules
per chain due to the steric hindrance of the bulky bis-
(pentamethylcyclopentadienyl) ligand set (C5Me5)2.6a

None of Sm(ER)2, C5Me5K, and KER were found to be
active for the copolymerization of ethylene with styrene
under the same conditions. These results strongly
suggest that the heteroleptic “(C5Me5)Sm(ER)” unit in
1-3 plays a crucially important role in the present
copolymerization reactions. It is well-known that the
samarocene(II) complexes (C5Me5)2Sm(THF)n (n ) 0, 2)
can reductively dimerize ethylene to produce the cor-
responding Sm(III) species (C5Me5)2Sm(CH2CH2)2Sm-
(C5Me5)2, which is active for polymerization.2c,6a In the
present systems, the similar Sm(III) species that are
ligated by the heteroleptic C5Me5/ER ligands could be
formed.11,17 The more open ligand sphere provided by
the the C5Me5/ER ligand set could explain why the
present systems are more active than the corresponding
metallocene complexes.

In summary, we have demonstrated that the C5Me5/
ER-ligated Sm(II) complexes 1-3 can be used as excel-
lent catalyst precursors for one-step block copolymeri-
zation of ethylene with styrene, which constitutes the
first example of a catalytic system that efficiently
produces block ethylene-styrene copolymers under the
coexistence of both monomers. Further studies on the
influences of the ancillary ligands and on the mecha-
nistic aspects of the copolymerization reactions are
under progress.16
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Scheme 1

Table 1. Block Copolymerization of Ethylene and Styrene by Samarium(II) Complexes 1-3a

yield/g

run cat.
amt of

styrene/mL
rxn

time/min
THF-sol

(PS)b
tol-sol

(<108 °C) (PES)b
tol-insol

(108 °C) (PE)b
Ps

cont/mol %c
Mn

(×10-4)d Mw/Mn
d Tm/°Ce

1 1 0 10 1.0 33.0 2.49 133.1
2 1 4f 30 3.64g 24.5 1.93
3 1 3 30 0.46 2.14 trace 34 15.9 1.97 129.3
4 1 5 30 1.29 2.83 trace 48 14.6 1.82 120.0
5 1 7 30 1.37 2.94 trace 68 15.1 1.92 119.0
6 1 10 30 2.40 3.99 trace 81 13.1 1.84 115.1
7 2 5 30 0.10 1.60 trace 38 7.8 2.36 127.2
8 3 5 30 0.23 2.55 trace 37 10.7 2.01 n.d.h

a Conditions: a precatalyst, 0.05 mmol; ethylene, 1 atm; the total volume of styrene and toluene, 25 mL; room temperature, unless
otherwise noted. b PS ) polystyrene, PES ) block ethylene-styrene copolymer, PE ) polyethylene. c Polystyrene content in the copolymers
determined by 13C NMR in o-dichlorobenzene/CDCl2CDCl2 at 125 °C. d Determined at 135 °C against polystyrene standard by GPC.
e Determined by DSC (second scan, 20-300 °C). f Reaction was carried out in the absence of ethylene. g Atactic polystyrene (100%
conversion). h Not determined.
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