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Aqueous emulsion homo- and copolymerization of
1,3-dienes and styrene in the presence of Cp2TiCl2

Stefania Pragliola, Teresa Acierno and Pasquale Longo

The aqueous emulsion homopolymerizations of 1,3-butadiene and isoprene were investigated using bis-cyclopentadienyl

titanium dichloride (Cp2TiCl2) as an active initiator. The copolymerizations of the same monomers with styrene were also

performed. Cp2TiCl2, which has already been used for the production of atactic polystyrene, exhibited low activity in the

homopolymerization of conjugated dienes, whereas better performance was obtained in copolymerization reactions. Both of the

homopolymers, polybutadiene and polyisoprene, presented similar microstructures. The majority of the polymer chains were

formed by 1,4-trans units and, to a lesser extent, by 1,4-cis and 1,2 (3,4 in the case of isoprene) units. All the copolymers

presented a statistical distribution with atactic polystyrene sequences and 1,4-trans, 1,4-cis and 1,2 (3,4 in the case of

isoprene) diene units. The copolymerization activity values and the percentage of inserted diene units were strictly correlated to

the composition of the reaction mixture. The molecular weights of the co-polymers were substantially less than those detected

for the styrene homopolymer and similar to those detected for polybutadiene and polyisoprene. Depending on the composition

of the copolymer, the glass transition temperatures presented values between those of polystyrene and polydienes.
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INTRODUCTION

Aqueous emulsion polymerization has become increasingly important
since the middle of the past century because this technique can be
applied to the production of a wide range of specialty polymers that
are used in a variety of applications, such as coatings, paints,
adhesives, binders, paper additives and so on.1–4 The use of water
as a polymerization medium, which replaces the majority of the
commonly used organic solvent-based systems, ensures considerable
economic savings and important attention to the safeguard of the
environment.1–4 In this framework, although free radical-initiated
aqueous emulsion polymerization has been widely investigated,1–4

and is currently applied for the large-scale preparation of polymers, a
deeper focus on metal-catalyzed aqueous emulsion polymerization
has only recently been developed.

In this regard, late-transition metal-based species such as neutral
nickel compounds or cationic palladium complexes have already been
investigated in the aqueous emulsion polymerization of olefins
because of their low oxophilicity.5–9 Stereospecific 1,3-butadiene
polymerization leading to trans-1,4-polybutadiene in aqueous media
catalyzed by rhodium salts was also reported as early as the 1960s.10,11

Complexes of late-transition metals other than rhodium, such as
cobalt complexes, are also well known to yield polybutadienes that
present different microstructures.12–20 The best performance for this
type of polymerization has been achieved using anionic emulsifiers
such as alkylbenzene sulfonates.12–20 From the microstructural

analysis of the obtained polymers and from comparative
experiments with radical inhibitors, a coordination polymerization
mechanism was also hypothesized.

Compared with late-transition metal-based species, early-transition
metal-based species21–24 such as Ziegler–Natta or metallocene cata-
lysts, which are well known to be extremely sensitive to moisture, have
received less attention. The applications of these early-transition
metal-based species were primarily focused in the field of coordina-
tion polymerization.25–27 Recently, the bis-cyclopentadienyl titanium
dichloride (Cp2TiCl2)-mediated living radical polymerization of
styrene and conjugated dienes in nonaqueous media has also been
reported.28–31 Organo-titanium (III) species, which are readily
obtained by the reduction of inexpensive Cp2TiCl2 with Zn, have
been reported to catalyze styrene, substituted styrene or conjugated
diene living radical polymerization initiated by epoxides, peroxides or
aldehydes.28–31

In the literature, a few articles by Bhattacharjee et al.32–36 have
described the use of Cp2MCl2 (with Cp¼ cyclopentadienyl and
M¼Ti, Zr) as an active catalytic precursor for the aqueous
emulsion homopolymerization of styrene and methylmethacrylate.
This Cp2MCl2-catalyzed reaction produced stereoirregular polymers
that had high molecular weights.32–36 Moreover, in these reports, it
has been hypothesized that the active catalytic species could be a
cation such as [Cp2MOH]þ , which is one of the species formed by
the hydrolysis of Cp2MCl2,37 stabilized by the large non-coordinating
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anion n-dodecylsulfate and utilized as an emulsifier.32–36 Although
the polymerization mechanism has not been definitively determined,
the authors suggested that the polymerization reaction start by
insertion of a monomer into the ‘labile’ metal-hydroxyl group
bond, which excludes the possibility of free radical or spontaneous
polymerization.32–36

Herein, we present the first report on the aqueous emulsion
homopolymerization of 1,3-butadiene and isoprene catalyzed by
Cp2TiCl2 with sodium dodecylsulfate as a co-catalyst and the
copolymerization of both diene monomers with styrene. The homo-
and copolymers were characterized using nuclear magnetic resonance
spectroscopy (NMR) and thermal analysis, and their molecular
weights and polydispersity index values were also determined using
gel permeation chromatography.

EXPERIMENTAL PROCEDURE

General procedure
Styrene, isoprene, 1,3-butadiene, toluene, sodium n-dodecylsulfate (SDS) and

Cp2TiCl2 were purchased from Sigma-Aldrich (Milan, Italy). Styrene and

isoprene were purified by distillation over calcium hydride (CaH2). Toluene

was refluxed over sodium for 48 h and distilled before use. 1,3-butadiene, SDS

and Cp2TiCl2 were used without further purification.

All polymerizations were conducted under a nitrogen atmosphere in

degassed water at 50 1C following a procedure that was very similar to that

previously described by Bhattacharjee and Patra.32

Homopolymerization of isoprene and styrene
A total of 0.05 mol of the monomer was emulsified in 80 ml of an aqueous

solution of SDS (1.6� 10�3 mol), and then 20 ml of a previously aged (1 h at

room temperature) aqueous solution of Cp2TiCl2 (5.0� 10�5 mol) was added.

After 2 h, the mixture was quenched in acidified methanol. The polymer was

recovered by filtration, washed with fresh methanol and dried at 40 1C in a

vacuum oven.

Homopolymerization of 1,3-butadiene
A total of 0.05 mol of the monomer was dissolved in 5 ml of toluene and

quickly transferred into 80 ml of an aqueous solution of SDS (1.6� 10�3 mol).

The emulsion was thermostated at 50 1C, and then 20 ml of a previously aged

(1 h at room temperature) aqueous solution of Cp2TiCl2 (5.0� 10�5 mol) was

added. After 2 h, the mixture was quenched in acidified methanol. The

polymer was recovered by filtration, washed with fresh methanol and dried at

40 1C in a vacuum oven.

Copolymerization of diene with styrene
The styrene–1,3-butadiene (S/B) and styrene–isoprene (S/I) copolymers were

prepared following the same procedure used for the homopolymerization

reactions using 0.05 mol of styrene and the appropriate amount of diene, as

indicated in Tables 3 and 4.

Polymer analysis
NMR spectra were recorded on an AM 250 Bruker spectrometer (Bruker,

Milan, Italy) operating at 62.89 MHz at 298K. The samples were prepared by

dissolving 40 mg of polymer in 0.5 ml of deuterated chloroform (CDCl3).

Tetramethylsilane was used as an internal reference for the chemical shifts.

Calorimetric measurements were conducted on a DSC 2920 instrument

manufactured by TA Instruments (Milan, Italy) under a flow of nitrogen

(N2) at a heating rate of 10 1C per min.

The molecular weights and molar mass distributions of the polymers were

measured by gel permeation chromatography at 30 1C, in which tetrahydro-

furane (THF) was used as a solvent, the eluent flow rate was 1 ml min�1 and

narrow polystyrene standards were used as references. The gel permeation

chromatography measurements were performed on a Waters 1525 binary

system equipped with a Waters 2414 RI detector (Waters, Milan, Italy) using

four Styragel columns (range 1000–1 000 000 Å).

RESULTS

Homopolymerization of 1,3-butadiene and isoprene
The polymerizations of both monomers were conducted under a
nitrogen atmosphere in degassed water at 50 1C. The polymerization
of isoprene was performed using the procedure described by
Bhattacharjee and Patra32 for the polymerization of styrene, whereas
in the case of 1,3-butadiene, the monomer was previously dissolved in
toluene. All the reaction procedures used in this study are detailed in
the Experimental procedure section.

The experimental data related to the homopolymerization of 1,3-
butadiene and isoprene are presented in Table 1. For comparison, the
data related to the polymerization of styrene are also reported.

Both diene monomers polymerize, although their activities are less
than that detected for styrene. The molecular weights of the
polydienes are also less than those of polystyrene, whereas the
polydispersity index values are comparable to those collected for
polystyrene.

The microstructures of the polymers were determined by 13C NMR
analysis. The NMR spectra of the polybutadiene and polyisoprene
samples are presented in Figures 1a and b, respectively. The
resonances relative to the carbons of all recognized structural units
were assigned on the basis of the data reported in the literature.38,39

The obtained polydienes exhibit similar microstructures. The
polybutadiene chains are formed from 66%, 21% and 13% of 1,4-
trans 1,4-cis and 1,2 units, respectively. The polyisoprene chains are
also composed of 63%, 20% and 17% of 1,4-trans, 1,4-cis and 3,4
units, respectively. For both polymers, the 1,2 units of polybutadiene
and the 3,4 units of polyisoprene are present in the polymer chains
as isolated units. In fact, the obtained microstructures of both
polybutadiene and polyisoprene are very similar to those of poly-
dienes produced by the widely utilized industrial free radical
polymerization.40

Table 1 1,3-butadiene, isoprene and styrene homopolymerization

data

Monomer Yield (g) %Conv.

Aa (g per

mol h)

Mw Dalton

�105 MWDb Tg
c (1C)

1,3-butadiene 0.10 3.7 1000 18.0 2.7 �89.0

Isoprene 0.21 6.2 2100 7.1 3.6 �49.2

Styrene 1.57 30 15700 54.0 2.4 100

Abbreviations: Mw, molecular weight; MWD, molar mass distribution.
aA (activity): g of polymer per mol of bis-cyclopentadienyl titanium dichloride
(Cp2TiCl2)� polymerization time (h).
bPolydispersity index.
cGlass transition temperature.

Figure 1 The 13C nuclear magnetic resonance (NMR) spectra of poly-

butadiene (a) and polyisoprene (b) samples of Table 1. Tetramethylsilane

scale, deuterated chloroform (CDCl3), room temperature (RT).
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Finally, the glass transition temperatures of both the polybutadiene
and polyisoprene samples are those expected for polymers that
present similar microstructures.41,42

Copolymerization of dienes (1,3-butadiene or isoprene) with
styrene
The copolymerizations were conducted under a nitrogen atmosphere
in degassed water at 50 1C. All the procedures used for the
copolymerizations are described in the Experimental procedure
section.

The obtained S/B and S/I copolymers were analyzed by 13C NMR.
The compositions of the copolymers are reported in Table 2.

As an example, the 13C NMR spectra of samples 2B and 3I in
Table 2 are presented in Figures 2a and b, respectively. The resonances
relative to the carbons of all the recognized structural units were
assigned on the basis of the data reported in the literature43–45 and are
listed in the Supplementary Information.

All the copolymers present a statistical distribution with atactic
polystyrene sequences and trans-1,4-, cis-1,4- and 1,2- (for S/B
copolymers) and 3,4- (for S/I copolymers) diene units. Note that
the percent content of different types of diene units in the copolymers
are almost the same as that observed in diene homopolymers and

does not substantially depend on the content of styrene. As in the case
of diene homopolymerization, these experimental data relative to the
obtained copolymer microstructures support the hypothesis that
diene homopolymerization and their copolymerization with styrene
follow a free radical rather than an insertion mechanism. In fact, for
the insertion polymerization mechanism, a strong dependence of the
cis/trans diene units ratio from the content of copolymer styrene units
is usually observed.

In Tables 3 and 4, the experimental data concerning the S/B and S/I
copolymers are reported. As expected, the percentage of diene units in
copolymer chains, which was evaluated via 13C NMR measurements,
is closely related to the amount of the diene monomer present in the
reaction mixture. In fact, when the amount of diene in the feed is
decreased, a decrease in the number of inserted diene units is
observed.

The copolymerization activity values can also be correlated to the
composition of the reaction mixture. Consistent with the lower
homopolymerization activity observed for the dienes compared with
styrene (see Table 1), a gradual decrease in the activity values with the
increase of copolymer diene unit percentage was detected.

The molecular weights of both the S/B and S/I copolymers are
significantly less than those observed for the styrene homopolymer
and are comparable to those of polybutadiene and polyisoprene.

Table 2 S/B and S/I copolymer composition data

Inserted diene units (%)

Sample

XS in the

feeda Comonomer

%comon.in the

copolymerb 1,4-Trans 1,4-Cis 1,2- 3,4-

1B 0.60 1,3-butadiene 22.9 62.3 17.9 19.8 —

2B 0.50 1,3-butadiene 27.1 67.1 20.8 12.1 —

3B 0.40 1,3-butadiene 37.1 60.1 21.7 18.2 —

4B 0.30 1,3-butadiene 41.2 65.6 17.3 17.1 —

5B 0 1,3-butadiene 100 66.0 20.9 13.1 —

1I 0.90 Isoprene 49.1 63.4 28.8 — 7.8

2I 0.50 Isoprene 57.3 61.3 32.6 — 6.1

3I 0.30 Isoprene 71.6 61.1 28.8 — 10.1

4I 0.20 Isoprene 76.5 64.4 31.8 — 3.8

5I 0 Isoprene 100 63.0 20.9 — 17.1

Abbreviations: S/B, styrene–1,3-butadiene; S/I, styrene–isoprene.
aMolar fraction of styrene in the reaction mixture.
bMolar percentage of inserted diene units.

Figure 2 The 13C nuclear magnetic resonance (NMR) spectra of samples

2B (a) and 3I (b) of Table 2. Tetramethylsilane scale, deuterated chloroform

(CDCl3), room temperature (RT).

Table 4 S/I copolymer experimental data

Sample

XS in the

feeda

%I in the

copolymerb

Ac (g per

mol h)

Mw

Dalton�105 MWDd Tg
e (1C)

Sf 1 — 15700 54.0 2.4 100

1I 0.90 49.1 4168 3.9 5.9 16.6

2I 0.50 57.3 3597 13.8 3.0 �0.61

3I 0.30 76.5 3568 1.7 3.4 �23.8

4I 0.20 71.6 3026 6.3 3.1 �11.8

5I 0 100 2100 7.1 3.6 �49.2

Abbreviations: Mw, molecular weight; MWD, molar mass distribution; S/I, styrene–isoprene.
aMolar fraction of styrene in the reaction mixture.
bMolar percentage of inserted isoprene units.
cA (activity): g of polymer per mol of bis-cyclopentadienyl titanium dichloride
(Cp2TiCl2)� copolymerization time (h).
dPolydispersity index.
eGlass transition temperature.
fPolystyrene sample.

Table 3 S/B copolymer experimental data

Sample

XS in the

feeda

%B in the

copolymerb

Ac

(g per mol h)

Mw

Dalton�105 MWDd

Tg
e

(1C)

Sf 1 — 15 700 54.0 2.4 100

1B 0.60 22.9 5595 21.2 2.1 81.0

2B 0.50 27.1 5851 19.3 2.2 61.6

3B 0.40 37.3 2797 18.4 3.2 56.5

4B 0.30 41.2 2711 17.9 2.6 51.8

5B 0 100 1000 18.0 2.7 �87.0

Abbreviations: Mw, molecular weight; MWD, molar mass distribution; S/B, styrene–1,3-
butadiene.
aMolar fraction of styrene in the reaction mixture.
bMolar percentage of inserted B units.
cA (activity): g of polymer per mol of bis-cyclopentadienyl titanium dichloride
(Cp2TiCl2)� copolymerization time (h).
dPolydispersity index.
eGlass transition temperature.
fPolystyrene sample.
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Moreover, a slight decrease in the molecular weights of the S/B
copolymer, even if not really significant, was observed as the number
of inserted 1,3-butadiene units increased, whereas in the case of the
S/I copolymers, no correlation between their composition and
molecular weight values was observed. The polydispersity index
values of the S/B copolymer do not appear to be affected by the
composition of the copolymer. The polydispersity index values of the
S/I copolymer are greater than those of S/B copolymers, ranging
between 2.5 and 6. These data are consistent with the higher
molecular weights detected for the S/I copolymers than those
observed for the S/B copolymers.

Finally, a strong dependence of the glass transition temperatures of
both the S/B and S/I copolymers on the copolymer composition was
also observed. As expected for copolymers of monomers that yield
amorphous homopolymers and provide a statistical distribution, the
glass transition temperatures of the copolymers are between those
observed for styrene and 1,3-butadiene homopolymers and decrease
almost linearly with the increasing content of diene units (see
Figure 3). In particular, the trend followed by the glass transition
temperatures of the S/B copolymer very closely follows that predicted
by the Fox equation.46

CONCLUSIONS

1,3-Butadiene and isoprene were investigated in aqueous emulsion
homopolymerization using Cp2TiCl2 as an active catalytic precursor,
which has already been used for the production of atactic polystyrene.
Copolymerizations of the same monomers with styrene were also
performed.

Cp2TiCl2 exhibited low activity in the homopolymerization of
conjugated dienes, whereas better performance was obtained during
copolymerization.

Both of the homopolymers, polybutadiene and polyisoprene,
present similar microstructures. The majority of the polymer chains
are formed by 1,4-trans units and, to a lesser extent, by 1,4-cis and 1,2
(3,4 in the case of isoprene) units.

All the copolymers present a statistical distribution with atactic
polystyrene sequences and 1,4-trans, 1,4-cis and 1,2 (3,4 in the case of
isoprene) diene units, and the percent content of different types of
diene units in the copolymers is almost the same as that detected for
homopolymers.

The copolymerization activity values and the percentage of inserted
diene units are strictly correlated to the composition of the reaction

mixture. When the diene monomer in the feed is decreased, a gradual
decrease in the activity values and in the number of inserted diene
units is observed.

The molecular weights of the copolymers are substantially less than
those detected for the styrene homopolymer and similar to those
detected for polybutadiene and polyisoprene.

A strong dependence of the copolymer glass transition tempera-
tures on the compositions of the copolymers was also observed, and
as expected for statistical copolymers, their values follow a linear
trend and are between those observed for styrene and diene
homopolymers.

From the experimental data related to the microstructures of the
homo- and copolymers, the hypothesis that in both cases the reaction
proceeds following a free radical mechanism, which is likely generated
by Ti (III) species derived from the hydrolysis of Cp2TiCl2, should be
considered, at least, to be an ‘educated guess.’ At the present, the
nature of the titanium species responsible for the polymerization
reaction has not yet been clarified, and therefore further experimental
studies are in progress.
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