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a b s t r a c t

Living characteristics of facilely prepared Ziegler–Natta type catalyst system consisting of iron(III) 2-
ethylhexanoate, triisobutylaluminum and diethyl phosphite have been found in the polymerization of
1,3-butadiene in hexane at 40 �C. The characteristics have been well demonstrated by: a first-order
kinetics with respect to monomer conversion, a narrow molecular weight distribution (Mw/Mn¼ 1.48–
1.52) of polybutadiene in the entire range of polymerization conversion and a good linearity between Mn

and the yield of polymer. Feasible post-polymerization of 1,3-butadiene and block co-polymerization of
1,3-butadiene and isoprene further support the living natures of the catalyst bestowed with. The current
catalyst system is highly active (yield> 80%, 35 min), providing polybutadiene with 1,2, cis-1,4 and trans-
1,4 units about 44.0%, 51.0% and 5.0%, respectively.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Living polymerization has attracted widespread attentions due to
its feasibility to offer the polymer with controlled molecular weight
and narrow molecular weight distribution, well-defined block
copolymer as well as terminally functionalized materials [1,2]. Living
radical polymerization, especially for polar monomers, has been
gained such tremendous momentum [3–14] since Matyjaszewski
[15] and Sawamoto [16] first reported two different catalyst systems
independently in 1995. However, such systems have not been
successfully extended for living polymerization of non-polar mono-
mers, such as ethylene, isoprene and 1,3-butdiene [17–21]. Mean-
while, living anionic systems have been well developed for various
monomers, particularly for polymerization of conjugated dienes, due
to its strong background of practical applications [22–24].

Conventional Ziegler–Natta catalysts are claimed to be the
powerful tools for promoting regio- and/or stereospecific polymeri-
zation of 1,3-butadiene at high levels, whereas the molecular weight
distribution of polymer is fairly broad and the control of molecular
weight is still very limited [25–29]. Some metallocene catalysts are
characterized by precise controlling of molecular weight, molecular
weight distribution and even the microstructure of polymer if con-
ducting polymerization at the proper conditions [30–33]. Particu-
larly, the catalyst systems developed by Cui [22] and Hou [34], which
3.
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show excellent living natures and high regio-selectivity (cis-
1,4> 99% and 3,4¼ 98%, respectively) even up to 80 �C in the poly-
merization of isoprene, though practical applications of the catalysts
have not been demonstrated yet. Up to now, the catalyst systems for
living polymerization of 1,3-butadiene are mainly limited to princi-
pally cis-1,4 dominated, those with much higher 1,2 selectivity have
been far less studied, though high molecular weight 1,2-rich poly-
butadiene (Mn> 105) is a high-performance rubber having good wet-
skid resistance and low rolling resistance [35,36] and that with low
molecular weight (Mn <5�104) is widely utilized as adhesive, paint,
crosslinking coagent and modifier. Most importantly, polarization of
chain end by post-polymerization with polar compounds (PCl3,
SnCl4, et al.) will broaden the applications of products.

In comparison of catalysts based on transition metals, such as
vanadium, titanium, cobalt and neodymium, relatively few efforts
had been devoted to iron-based catalysts because of low activity
and poor regio-selectivity toward polymerization of 1,3-butadiene
[37–42]. Though both activity and regio-selectivity have been
substantially improved in the past decade [43–48], controlling of
molecular weight is still a fascinating and challengeable subject in
the area of 1,3-butadiene polymerization.

We have been interested in screening effective donors in iron-
based catalysts for stereospecific polymerization of 1,3-butadiene.
Easily prepared catalytic systems having good catalytic perfor-
mances, such as high activity and controllable regio- and stereo-
selectivity under mild polymerization conditions have been
achieved [47,48]. Previously, we reported the catalyst system con-
sisting of iron(III) 2-ethylhexanoate (Fe(2-EHA)3), Al(i-Bu)3 and
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Fig. 1. Plots of yield and ln([M]0/[M]t) against polymerization time. Polymerization
conditions: in hexane at 40 �C, [Bd]¼ 1.2 mol/L, [Bd]/[Fe]¼ 2000, [Al]/[Fe]¼ 6, [DEP]/
[Fe]¼ 3.

Fig. 2. Shift in GPC profiles of polymers obtained at different polymerization time: (a)
5 min (b) 9 min (c) 15 min (d) 25 min (e) 35 min. Polymerization conditions are the
same as in Fig. 1.
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diethyl phosphite (DEP), is highly effective in 1,3-butadiene poly-
merization to produce 1,2-atactic polybutadiene and 1,2-syndio-
tactic polybutadiene. It should be mentioned that the active species
derived from this catalyst system exhibit a distinguished tolerance
to high temperature with comparison to that derived from catalysts
with nitrogen contained compounds as donor, which are per-
formed only at relatively low temperature [47]. In this paper, we
report another promising nature of this catalyst system: the well
demonstrated living characteristics toward polymerization of 1,3-
butadiene. To our best knowledge, this is the first report concerning
Ziegler–Natta type iron-based catalyst, with which the well
molecular weight controlled polymerization of 1,3-butadiene is
conducted, providing polybutadiene with medium 1,2-structure.
These informative results shed light on the significance of donor in
conventional Ziegler–Natta catalysts. Additionally, availability in
controlling molecular weight by using this Ziegler–Natta type
catalyst also gives a possibility in industrial applications.

2. Experimental

2.1. Materials

Fe(2-EHA)3 was purchased from Alfa Aesar. Al(i-Bu)3 was
commercially available from AkzoNoble and diluted to 1.0 mol/L by
hexane. Diethyl phosphite from Jinzhou Petrochemical Corpora-
tion, Petrochina, was distilled under reduced pressure. 1,3-Buta-
diene was also purchased from Jinzhou Petrochemical Corporation,
Petrochina. Isoprene purchased from Fluka, was refluxed over
calcium hydride for 2 h, distilled and stored under dry nitrogen.
Hexane was dried by heating to reflux over sodium/diphenylketyl
until the solution turned into blue and then distilled prior to use.

2.2. Polymerization procedure

All manipulations were carried out under a dry nitrogen
atmosphere. A detailed polymerization procedure is described as
a typical example. At first, a solution of 1,3-butadiene in hexane was
prepared as the method described below: 1,3-butadiene was
condensed into a vessel with volume grading, cooled at �10 �C and
added via a bridge into the flask containing hexane. The 1,3-buta-
diene concentration was determined by weighing the vessel before
charging it with hexane and after adding the 1,3-butadiene. The
solution was divided via a distributor into portions and transferred
to an oxygen and moisture free ampere bottle capped with a rubber
plug. Catalyst components at desired molar ratio were consecu-
tively injected into the ampoule in the sequence of Fe(2-EHA)3, DEP
and Al(i-Bu)3 to induce polymerization at 40 �C. The polymeriza-
tion was quenched after a given time by adding methanol con-
taining 2,6-di-tert-butyl-4-methylphenol (1.0%) as a stabilizer. The
polymer was washed with methanol repeatedly, cut into small
pieces and finally dried in vacuum at 40 �C to constant weight. The
polymer yield was determined by gravimetric analysis.

2.3. Polymer characterization

The number average molecular weights (Mn) and molecular
weight distributions (Mw/Mn) of polymer were measured at 30 �C
by gel permeation chromatography (GPC) equipped with a Waters
515 HPLC pump, four columns (HMW 7 THF, HMW 6E THF� 2,
HMW 2 THF) and a Waters 2414 refractive index detector. Tetra-
hydrofuran was used as eluent at a flow rate of 1.0 mL/min. The
values of Mn and Mw/Mn were calculated by using polystyrene
calibration. The microstructure of polymers was determined from
1H NMR and 13C NMR recorded on a Varian Unity 400 MHz spec-
trometer in CDCl3 at room temperature and IR spectra measured
with BRUKE Vertex-70 FIR spectrophotometer. The proportion of
1,2, cis-1,4 and trans-1,4 units of polymers were determined as
reported in literatures [49–53].

3. Results and discussion

3.1. Homo-polymerization of 1,3-butadiene

Polymerization of 1,3-butadiene initiated by Fe(2-EHA)3/Al
(i-Bu)3/DEP ([Bd]/[Fe]¼ 2000, [Al]/[Fe]¼ 6, [DEP]/[Fe]¼ 3) catalyst
system was carried out at 40 �C in hexane. The yield, Mn and Mw/Mn

of polymers at different polymerization time were determined and
analyzed. Observed from the upper curve in Fig. 1, the rates of chain
initiation and propagation are found to be fairly fast, polymer yield
reaches about 80% in 35 min. Good linearity between ln[M]0/[M]t

([M]0 is the initial concentration of monomer, and [M]t stands for
the monomer concentration at the stated time) and polymerization
time is observed from the lower curve in Fig. 1, suggesting a first-
order kinetics with respect to monomer conversion. It also indi-
cates that the concentration of the living species remains constant
during polymerization process, and irreversible chain termination
reactions can be neglected [32,54]. The polybutadiene obtained at
different time was analyzed by GPC. As shown in Fig. 2,



Fig. 3. Plots of Mn and Mw/Mn against polymer yield. Polymerization conditions are the
same as in Fig. 1.

Fig. 5. GPC profiles of polymers obtained from two-step polymerization of 1,3-buta-
diene. Polymerization conditions: in hexane at 40 �C, [Bd]0¼ 0.35 mol/L, [Bd]0/
[Fe]¼ 500, [Al]/[Fe]¼ 6, [DEP]/[Fe]¼ 3, [Bd]add¼ 0.75 mol/L, [Bd]add/[Fe]¼ 1080.
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a monomodal and narrow GPC profile gradually shifts toward
higher molecular weight region with time prolonging. Meanwhile,
the values of Mw/Mn of the polymer keep around 1.5 throughout the
polymerization process. The Mn of polymer is also plotted vs
polymer yield (Fig. 3). The Mn of polymer increases linearly with the
increase of polymer yield, and the line passes through the origin
point, suggesting the absence of irreversible chain transfer reac-
tions. The polybutadiene derived from this catalytic system
possesses roughly constant microstructure with 1,2, cis-1,4, and
trans-1,4 content in a ratio of 51.0:44.0:5.0 in the entire conversion
range.

Presumably, coexistence of two types of active species, one
producing 1,2 polybutadiene and the other producing cis-1,4
polybutadiene, seems to be a factor broadening the molecular
weight distribution. With intent to investigate it’s microstructure,
13C NMR analysis of the polymer was carried out. As depicted in
Fig. 4, the peaks at 25.8 and 33.5 ppm, can be unambiguously
assigned to eCH2e in eCH2eCH]CH–CH2eCH2eCH(CH]CH2)e
and eCH2–CH]CHeCH2eCH(CH]CH2)eCH2e, respectively [50],
implying that 1,2 and cis-1,4 units coexisted in one polymer chain,
instead of in two separated chains. Additionally, the fact that only
one Tg near �30 �C in the resulted polybutadiene was detected by
DSC can exclude the mixtures of two types of polymer, cis-1,4
polybutadiene (Tg:�105 �C [54]) and 1,2 polybutadiene (Tg: 0–10 �C
[55]) as well. Therefore, from this point, it is believed that
Fig. 4. The aliphatic 13C NMR of the obtained polybutadiene.
polymerization was initiated by single active site, instead of multi-
active sites. It is deducted that heterogeneity in microstructures
(1,2 and 1,4-sequence distribution or/and the percentage of 1,2, cis-
1,4 or trans-1,4 units) among the individual molecular chain is
probably responsible for the broadened molecular weight distri-
bution, as the Mark–Houwink constants of 1,2 and cis-1,4 poly-
butadiene are different.
3.2. Seeding polymerization of 1,3-butadiene

The living nature of the catalyst system is further examined by
seeding polymerization. Two-step polymerizations of 1,3-buta-
diene were carried out. The first polymerization step ([Bd]0/
[Fe]¼ 500, [Al]/[Fe]¼ 6, [DEP]/[Fe]¼ 3) was completed within 1 h
and yielded polybutadiene with a low molecular weight and nar-
row molecular weight distribution (Mn¼ 0.75�105, Mw/
Mn¼ 1.58). The catalyst system was left under 1,3-butadiene
starved conditions for 8 h, then the second monomer feed ([Bd]add/
[Fe]¼ 1080, [Bd]total/[Fe]¼ 1580) was added and the polymeriza-
tion resumed smoothly, affording polybutadiene with a still narrow
molecular weight distribution (Mn¼ 2.25�105, Mw/Mn¼ 1.63) at
total conversion about 95% after 1 h. Fig. 5 shows the GPC profiles of
the polymers obtained from both polymerization stages, where
Fig. 6. GPC profiles of polybutadiene and poly(butadiene-block-isoprene). Polymeri-
zation conditions: in hexane at 40 �C, [Bd]0¼ 0.35 mol/L, [Bd]0/[Fe]¼ 1000, [Al]/
[Fe]¼ 6, [DEP]/[Fe]¼ 3, [IP]add¼ 0.30 mol/L, [IP]add/[Fe]¼ 860.



Fig. 7. IR spectra of polybutadiene and poly(butadiene-block-isoprene). Polymeriza-
tion conditions are the same as in Fig. 6.
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profile of the second stage polymer shifts to higher molecular
weight region and maintains monomodal with almost the same
molecular weight distribution.

3.3. Block co-polymerization of 1,3-butadiene and isoprene

The reactivity of the living end of polybutadiene toward
isoprene monomer is also investigated. 1,3-Butadiene was poly-
merized ([Bd]0/[Fe]¼ 1000, [Al]/[Fe]¼ 6, [DEP]/[Fe]¼ 3) until the
monomer was completely consumed, producing a polybutadiene
with Mn of 1.45�105 and Mw/Mn of 1.69 (Fig. 6), after 24 h, isoprene
([IP]/[Bd]¼ 0.86) was added to the reaction system for the second
stage polymerization. The resulted poly(butadiene-block-isoprene)
consists of polyisoprene segment of 40% with 3,4 units of 44%,
1,2 units of 12% and cis-1,4 units of 44% as determined from 1H
NMR. Fig. 7 shows the IR spectra of 1,3-butadiene homopolymer
and poly(butadiene-block-isoprene) copolymer, where the new
absorption peaks at 1374 cm�1 and 889 cm�1 (assigned to methyl
groups and 3,4 units in polyisoprene, respectively) featured poly-
isoprene segment appears in the latter spectrum. The GPC curve of
the copolymer shifts to a higher molecular weight region
(Mn¼ 2.70�105) with respect to that of the former 1,3-butadiene
homopolymer and keeps monomodal with a slightly broadened
molecular weight distribution (Mw/Mn¼ 2.02) as shown in Fig. 6.
These results indicate the copolymer is not a mixed homopolymers
but a true polybutadiene and polyisoprene block copolymer.

4. Conclusion

Living characteristics of Fe(2-EHA)3/Al(i-Bu)3/DEP catalyst
system have been found in the polymerization of 1,3-butadiene.
These characteristics have been well demonstrated by a narrow
molecular weight distribution (Mw/Mn z 1.5) of the resulted poly-
butadiene and a linear relationship between ln[M]0/[M]t and
polymerization time, number average molecular weight and poly-
mer yield, respectively. Feasible post-polymerization of 1,3-buta-
diene, and block co-polymerization of 1,3-butadiene and isoprene
verify the living natures. The obtained polybutadiene possesses
1,2 units of 51.0%, cis-1,4 of 44.0% and trans-1,4 of 5.0%. The
controllable molecular weight by this facilely prepared catalyst
with DEP as donor at a relative high temperature in hexane shows
us the significant effects of donor on polymerization behaviors of
Ziegler–Natta catalysts.
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