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ABSTRACT: The gas phase polymerization of 1,3-buta-
diene (Bd), with supported catalyst Nd(naph)3/Al2Et3Cl3/
Al(i-Bu)3 or/and Al(i-Bu)2H, was investigated. The poly-
merization of Bd with neodymium-based catalysts yielded
cis-1,4 (97.2–98.9%) polybutadiene with controllable molec-
ular weight (MW varying from 40 to 80 � 104 g mol�1). The
effects of reaction temperature, reaction time, Nd(naph)3/
Al(i-Bu)3 molar ratio, and cocatalyst component on the cat-
alytic activity and molecular weight of polymers were ex-

amined. It was found that there are two kinds of active sites
in the catalyst system, which mainly influenced the MW and
molecular weight distribution of polybutadiene. © 2004 Wiley
Periodicals, Inc. J Appl Polym Sci 92: 1945–1949, 2004
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INTRODUCTION

It has been established that rare earth metal–based
compounds are effective catalysts for the polymeriza-
tion of conjugated dienes such as 1,3-butadiene or
isoprene.1–4 Neodymium-based catalysts are particu-
larly favored, being the most active, and give poly-
mers with high cis-1,4 content (�98%). Polybutadiene
(PBd) rubber is commercially manufactured by solu-
tion polymerization. Recently, gas phase polymeriza-
tion of Bd, with SiO2-supported rare earth catalysts, at
the laboratory scale has been the focus of a number of
studies.5–11 These studies generally focus on the kinet-
ics of polymerization,9,11 molding, and simulation.7,8

The gas phase polymerization of 1,3-butadiene, with
supported half-sandwich–titanium complexes, was
also reported by Kaminsky and coworkers.12

For use as a synthetic rubber, control of both cis-1,4
microstructure and molecular weight (MW) of PBd are
very important properties. In the solution polymeriza-
tion of Bd, few studies have focused on the control of
MW and MWD of the resulting polymer,13–15 and until
now the problem of how to control these characteris-

tics of PBd in gas phase polymerization has not been
examined. This article reports on an investigation of
molecular weight of PBd in gas phase polymerization
of 1,3-butadiene with SiO2-supported neodymium-
based catalyst Nd(naph)3/Al2Et3Cl3/Al(i-Bu)3 (TIBA)
or/and Al(i-Bu)2H (DIBAH). The molecular weight of
PBd in the range of 40–80 � 104 could be controlled by
the ratio of Al(i-Bu)3/Al(i-Bu)2H of the cocatalyst.

EXPERIMENTAL

Materials

1,3-Butadiene (provided by Shanghai Gaoqiao Petro-
chemicals Co., China) was purified by passing through
two successive columns containing potassium hydrox-
ide and active alumina, respectively. Silica gel (provided
by QiLu Petrochemicals Co., China) was activated and
pretreated before use. Al(i-Bu)3 and Al(i-Bu)2H (AKZO
Nobel, Deer Park, TX), with 99% purity, were used with-
out further purification. Al2Et3Cl3 (EASC; provided by
Zhenhai Petrochemicals Co., China) was distilled before
use. Nd(naph)3 was prepared according to the processes
described in the literature.2

Preparation of supported catalyst

The supported catalyst was prepared in a 50-mL am-
poule by mixing Nd(naph)3, Al2Et3Cl3, Al(i-Bu)3,
and/or Al(i-Bu)2H under argon atmosphere. After
ageing the mixture at 50–60°C for a given time, silica
gel was added and stirred. By removing the solvent in
vacuum, the supported catalyst powder was obtained.
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All manipulations were carried out under argon at-
mosphere using standard Schlenk line techniques. The
amount of Al and Nd was calculated by the amount of
aluminum alkyl and Nd(naph)3 used.

Polymerization

Gas phase polymerization was carried out in a 0.25-L
stirred bed reactor in a semibatch manner with the
experimental system shown in Figure 1. Before poly-
merization, the reactor was charged with inert partic-
ulate material and heated in vacuum for 1 h at 95°C
and purged with argon three times. After cooling to
reaction temperature, the catalyst powder was intro-
duced into the reactor under argon atmosphere. The
reactor was evacuated for about 5 min before the
monomer feed was started. The polymerization was
started by addition of Bd and terminated by addition
of ethanol.

The product was immersed in ethanol containing
5% hydrochloric acid and 2,6-di-tert-butyl-4-methyl

phenol for 24 h, then washed with ethanol and dried
in vacuum at 40°C.The activity of gas phase polymer-
ization was measured by weighing the polymer ob-
tained.

Characterization of polymers

The microstructure of the polymers was measured by
infrared (IR) spectroscopy according to the method of
Silas et al.16 IR analysis was performed using a Bruker
Vector 22 FTIR spectrophotometer (Bruker Instru-
ments, Billerica, MA). Films were cast from chloro-
form solution onto KBr plates. The absorbencies oc-
curred at 740 cm�1 (cis-1,4), 970 cm�1 (trans-1,4), and
910 cm�1 (vinyl-1,2). The number- and weight-average
molecular weights (Mn and Mw, respectively) and mo-
lecular weight distribution (MWD, Mw/Mn) were de-
termined by gel permeation chromatography (GPC)
using a Waters 208 instrument (Waters Chromatogra-
phy Division/Millipore, Milford, MA) with an RI de-
tector (R410) at 30°C and calibrated with polystyrene

TABLE I
Gas Phase Polymerization of Bd with Nd(naph)3/Al2Et3Cl3/Al(i-Bu)3 Catalysta

Temperature
(°C)

Activity
(kg/PBd/mol�1/Nd/h�1)

Mw
(104) MWD

Microstructure of PBd (%)

cis-1,4 trans-1,4 vinyl-1,2

30 1015 58 5.52 98.4 0.38 1.22
40 1275 61 5.05 98.7 0.32 0.98
50 1431 57 5.33 98.7 0.17 1.13
60 934 53 6.51 97.2 0.54 2.26
70 746 50 6.87 97.3 0.57 2.13

a Polymerization conditions: [Nd] � 2.6 � 10�5 mol/L, Al/Nd � 100, Cl/Nd � 4, 30 min at 0.2 MPa.

Figure 1 Gas phase stirred bed reactor for butadiene polymerization: R, reactor; TC, temperature controller; PC, pressure
controller; MT, monomer tank; VG, vacuum gauge; C, catalyst injection column; MS, molecular sieves column.
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standards. Tetrahydrofuran was used as eluent at a
flow rate of 1.0 mL min�1.

RESULTS AND DISCUSSION

Gas phase polymerization of Bd with Nd(naph)3/
Al2Et3Cl3/Al(i-Bu)3 catalyst

The gas phase polymerization of Bd with Nd(naph)3/
Al2Et3Cl3/Al(i-Bu)3 catalysts was conducted at differ-
ent temperatures, and the results are shown in Table I.
At the experimental scale, the supported neodymium-
based catalyst system showed high activity, reaching
its highest value at 50°C. Increasing temperature re-
sulted in a slightly lower MW and broader MWD. To
obtain relatively high catalyst activity and polymers
with MW of about 60 � 104 g mol�1 and MWD of
about 5, the optimum temperature was 40–50°C. The
polymers were characterized by high cis-1,4 content,
about 98%, which varied only slightly in the polymer-
ization temperature range of 20–70°C. Generally
speaking, gas phase polymerization with highly active
catalysts favors formation of a gel fraction during the
polymerization of Bd, although little gel was found
under our conditions.

Effect of aluminum alkyl cocatalyst

It is known that the aluminum alkyl cocatalyst has an
important influence on the polymerization of Bd cat-

alyzed by rare earth–based catalyst. To verify this
point, the effect of Al/Nd molar ratio on the gas phase
polymerization of Bd was examined, and the results
are depicted in Table II and Figure 2.

The catalytic activity increased with increasing
Al/Nd molar ratio. A larger amount of Al(i-Bu)3 sys-
tem gives lower molecular weight PBds with broader
MWD. This may be attributable to the chain-transfer
reaction by excess Al(i-Bu)3, which is similar to the
solution polymerization of Bd.14,17,18 The resulting
polymers, at different Al/Nd molar ratios, have high
cis-1,4 content, above 98.5%.

As shown in Figure 2, at low Al/Nd molar ratio
(Al/Nd � 60), the MWD of PBd is narrow (Mw/Mn

� 2.75) and monomodal. A high Al/Nd molar ratio
(Al/Nd � 120) shows a bimodal distribution. There-
fore, it can be supposed that there are two kinds of
active sites formed at the high TIBA level.

The composite cocatalyst, composed of TIBA and
DIBAH, was used and the results are shown in Table
III and Figure 3. Under the polymerization conditions,
catalytic activities are considerably high, at about 1000
kg PBd mol�1 Nd h�1, and the cis-1,4 content of PBd is
also high, over 98%. The Mw of PBd decreased rapidly
with increasing amount of Al(i-Bu)2H, from 84 � 104

to 43 � 104 g mol�1, and the MWD becomes much

Figure 2 GPC curves of polybutadiene at different Al/Nd
molar ratios. Polymerization conditions are the same as in
Table II.

Figure 3 GPC curves of polybutadiene using composite
aluminum alkyl cocatalyst. Polymerization conditions are
the same as in Table III.

TABLE II
Effect of Al/Nd on Gas Phase Polymerization of Bda

Al/Nd
(molar ratio)

Activity
(kg/PBd/mol�1/Nd/h�1)

Mw
(104) MWD

Microstructure of PBd (%)

cis-1,4 trans-1,4 vinyl-1,2

60 456 85 2.75 98.5 0.43 1.07
80 1083 84 2.80 98.9 0.51 0.59

100 1275 61 5.05 98.7 0.32 0.98
120 1281 80, 3.6 2.45, 1.63 98.8 0.37 0.83

a Catalyst system: Nd(naph)3/Al2Et3Cl3/Al(i-Bu)3. Polymerization conditions: T � 40°C, [Nd] � 2.6 � 10�5 mol/L, Cl/Nd
� 4, 30 min at 0.2 MPa.
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broader, from 2.80 corresponding to a DIBAH/TIBA
molar ratio of 0, to 8.1 with a DIBAH/TIBA ratio of
7/3. The results indicate that, using a composite alu-
minum alkyl cocatalyst and varying its molar ratio of
the two components, can effectively control the MW
and MWD of PBd. With the increase of DIBAH in the
cocatalyst, the shoulder on the low molecular weight
side of the GPC curves becomes more obvious, which
coincides with the trends of MWD. Thus the polybuta-
diene rubber with high MW and narrow MWD, or a
practical MW and broad MWD, can be procured indi-
vidually by changing the components and the amount
of aluminum alkyl cocatalyst.

Effect of polymerization time

The effect of polymerization time on the MW and
MWD of PBd was investigated and is listed in Table
IV. It has been observed that, with increasing poly-
merization time, the PBd prepared maintains a high
cis-1,4 content, although the catalyst activities decrease
gradually. The polymerization rate at each instant of
time was determined by the gaseous Bd feed rate
required to maintain constant pressure in the reactor.
The polymerization rate of the gas phase polymeriza-
tion of Bd is shown in Figure 4. Evidently the poly-
merization rate has a peak between 10 to 15 min,
which is in agreement with the trends of the catalytic
activity. The observed decline in polymerization rate
was attributed to the deactivation of active sites and
the interparticle monomer diffusion resistances.

Figures 5 and 6 depict the GPC elution curves of
PBd obtained with different cocatalysts at different
polymerization times. Within the starting period of
the polymerization, the GPC elution curves of PBds,
obtained with Nd-based catalysts, showed a bimodal
distribution, suggesting that the gas phase polymer-
ization of Bd proceeds with two active centers. It has
been proposed19–21 that two different sites are gener-
ated in Nd-catalyzed polymerization: one is a fast but
short-lived center (C*1) and the other is a slow growing
but stable center (C*2); the second (slow) type of chain
growth has been described as proceeding in a quasi-
living manner. Obviously, the effect of polymerization
time on the MWs and MWDs of PBd can be well
explained by the mechanism of the two active sites.
Because the active center C*1 is fast growing, is readily
deactivated, and transfers the C*1 , it leads to PBd with
MW independent of the reaction time. Thus the posi-
tion of the higher MW peak scarcely changes as the
polymerization time is prolonged. The active center C*2
is stable and slow growing, which forms polymers
with MW increasing with increasing of polymeriza-
tion time. Therefore a longer polymerization time
gives a slightly higher MW PBd with relatively nar-
rower MWD.

Comparing Figure 5 with Figure 6, it can be seen
that the cocatalyst has a substantial effect on the for-
mation and distribution of the two active centers.
Clearly, in the beginning of polymerization, the for-
mation of C*1 is promoted when using Al(i-Bu)3 as
cocatalyst. Using the composite cocatalyst Al(i-Bu)3/

TABLE IV
Effect of Polymerization Time on MW and MWD of PBd

Aluminum
alkyl

Time
(min)

Catalytic efficiency
(kg/PBd/mol�1/Nd/h�1)

Mw
(104) MWD cis-1,4 Content (%)

TIBAa 15 2240 82, 1.7 3.64, 1.48 98.4
30 1281 80, 3.6 2.45, 1.63 98.8
45 1335 59 7.20 98.5
60 1513 68 6.61 97.8

DIBAH/TIBAb 10 2259 88, 8.1 3.41, 1.11 98.1
20 1860 82, 10 2.89, 1.13 98.4
30 1348 61, 11 2.08, 1.23 98.0

a [Nd] � 2.6 � 10�5 mol/L, Al/Nd � 120, Cl/Nd � 4, 40°C at 0.2 MPa.
b [Nd] � 2.6 � 10�5 mol/L, DIBAH/TIBA � 3/7 (molar ratio), Al/Nd � 100, Cl/Nd � 4, 40°C at 0.2 MPa.

TABLE III
Effect of Composite Cocatalyst on the Gas Phase Polymerization of Bda

DIBAH/TIBA
(molar ratio)

Activity
(kg/PBd/mol�1/Nd/h�1)

Mw
(104) MWD

Microstructure of PBd (%)

cis-1,4 trans-1,4 vinyl-1,2

0 1027 84 2.80 98.9 0.45 0.65
2/8 1138 80 6.19 98.5 0.32 1.18
5/5 1062 53 7.80 98.4 0.44 1.16
7/3 938 45 8.11 98.7 0.20 1.10
10/0 551 43 7.56 98.3 0.52 1.18

a Polymerization conditions: [Nd] � 2.6 � 10�5 mol/L, Al/Nd � 80, Cl/Nd � 4, T � 40°C, 45 min at 0.2 MPa.
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Al(i-Bu)2H seems to promote the formation of C*2. With
further polymerization, the relative amount of C*1 in-
creased, which may be related to new active centers
caused by chain-transfer reactions of C*1.

CONCLUSIONS

High activity with high cis-1,4 content and controlla-
ble molecular weight gas phase polymerization of Bd
were achieved with the SiO2-supported Nd(naph)3/
Al2Et3Cl3/Al(i-Bu)3 or/and Al(i-Bu)2H catalysts. The
catalytic activity and MW of polymers depended on
the reaction temperature, the reaction time, the Nd-
(naph)3/Al(i-Bu)3 ratio, and cocatalyst component.
The high cis-1,4 content of the polymer was not sig-
nificantly influenced by the polymerization conditions
examined. The catalytic system has two kinds of active
species that initiate the polymerization to produce
polymer with high and low MW, respectively. Both
the amount and the component of aluminum alkyl
cocatalyst affected the MW and MWD of polymers
because of the number and nature of the catalyst sites

created. Chain transfer to the cocatalyst is an impor-
tant factor governing MWD.
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12. Kaminsky, W.; Strübel, C. Macromol Chem Phys 2000, 201, 2519.
13. Endo, K.; Hatakeyama, N. J Polym Sci Part A: Polym Chem

2001, 39, 2793.
14. Nickaf, J. B.; Burford, R. P.; Chaplin, R. P. J Polym Sci Part A:

Polym Chem 1995, 33, 1125.
15. Wilson, D. J.; Jenkins, D. K. Polym Bull 1995, 34, 257.
16. Silas, R. S.; Yates, J.; Thornton, V. Anal Chem 1959, 31, 529.
17. Pan, E. L.; Zhong, C. Q.; Xie, D. M.; Ouyang, J. Acta Chim Sinica

1982, 40, 301.
18. Pan, E. L.; Zhong, C. Q.; Xie, D. M.; Ouyang, J. Acta Chim Sinica

1982, 40, 395.
19. Wilson, D. J.; Jenkins, D. K. Polym Bull 1992, 27, 407.
20. Gehrke, K.; Boldt, D.; Gebauer, U.; Lechner, M. D. Gummi

Kautsch Kunstst 1996, 49, 510.
21. Quirka, R. P.; Kells, A. M.; Yunlu, K.; Cuif, J.-P. Polymer 2000,

41, 5903.

Figure 4 Polymerization rate of gas phase polymerization
of Bd. Conditions: [N] � 2.6 � 10�5 mol/L; DIBAH/TIBA
� 2/8; Al/Nd � 80; Cl/Nd � 4; 40°C at 0.2 MPa.

Figure 5 GPC curves of PBd at different reaction times.
Conditions: [N] � 2.6 � 10�5 mol/L; TIBA as cocatalyst;
Al/Nd � 120; Cl/Nd � 4; 40°C at 0.2 MPa.

Figure 6 GPC curves of PBd at different reaction times.
Conditions: [N] � 2.6 � 10�5 mol/L; DIBAH/TIBA � 3/7;
Al/Nd � 100; Cl/Nd � 4; 40°C at 0.2 MPa.
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