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There are many reports on the polymerization of 1,3-
butadiene using Ziegler—Natta catalyst based on Ti
(TiCl4/AlEt;),! Co (CoCly/AlEt,CD),>® Ni (Ni(carbox-
ylate),/BF5- OEty/AlEtg),*® and Nd (Nd(carboxylate);/
AlEt,C1/Al(i-Bu);).® Nd is highlighted due to its ability
to produce polybutadiene having the best mechanical
properties.” A ternary catalyst system, composed of lan-
thanide metal such as neodymium, cerium and gadolin-
ium together with halogen compound and trialkylalu-
minium, gives high catalytic activity and 1,4-cis stereo-
regularity in the polymerization of 1,3-butadiene.® 1°
Organic and inorganic compounds containing chlorine or
bromine act as active halogen compounds to comprise a
lanthanide-based catalyst system®!! to give simultane-
ously both high conversion and 1,4-cis content.

To our knowledge, however, there is no report where a
ternary catalyst system comprising fluorine containing
compound, lanthanide salt and trialkylaluminium po-
lymerizes 1,3-butadiene to satisfy simultaneously both
high conversion and 1,4-cis content. Poor catalytic activ-
ity was reported'®!? in all cases using a compound con-
taining fluorine as a halogen component concerning a
lanthanide-based catalyst system although high 1,4-cis
content was maintained.

Fluorine is the most electronegative element, and its
high affinity for electrons activates metal electronically
to result in stronger 71 “-cis coordination between metal
and 1,3-butadiene, thus favoring high 1,4-cis configura-
tion. Ni-based catalyst using fluorine containing com-
pound such as BF; etherate!* and HF'® as cocatalyst
gives high catalytic activity and 1,4-cis stereoregularity
in the polymerization of 1,3-butadiene.

We recently tried a series of 1,3-butadiene polymeriza-
tions and found that a ternary catalyst system compris-
ing Nd(versatate);/Al(i-Bu)3/BF3 etherate readily po-
lymerizes 1,3-butadiene to give excellent catalytic activ-
ity in conversion and high stereoregularity in 1,4-cis
content under suitable conditions.

The present catalyst system has excellent solubility to
non-polar solvent such as cyclohexane, hexane and tolu-
ene to give no precipitate during catalyst aging period.
However, it has been shown in several reports that solu-
tion polymerization of 1,3-butadiene using a halogen
compound containing chlorine!® or bromine!” formed
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suspended matter due to incomplete dissolution of the
catalyst to non-polar solvent. With such a heterogeneous
catalyst, polybutadiene having high molecular weight
(gel) and broad molecular weight distribution has been
obtained with low conversion.'®!” Heterogeneous cata-
lyst, compared to a homogeneous one, is expected to give
difficulty in controlling the amount of catalyst quantita-
tively, which is essentially needed for smooth polymeri-
zation and easy control of the physical properties of poly-
butadiene in commercial scale production.

In this study, we varied the type of BF3 etherates and
concentrations of the three components to elucidate
their effect on the microstructure, molecular weight
(M), molecular weight distribution (MWD) of polybuta-
diene, and activity of catalyst.

EXPERIMENTAL

Materials

The following materials were purchased from Aldrich
Chemicals: BF3-OMe,, BF;-OEt,;, BF;-OBu;, BF;-
THF, BF3-SMey, AlG-Bu)s, and AIHG-Bu);. Nd(versa-
tate); was obtained from OMG Americas Inc. and diluted
to 1 wt/wt% solution in cyclohexane. To the prepared so-
lution was added 2.5 wt/wt% of 1,3-butadiene to stabi-
lize'® Nd(versatate); and the solution was stored in
crown-sealed bottles under nitrogen. All BF; etherates
were diluted to 1.5 wt/wt% solution in toluene in crown-
sealed bottles under nitrogen. Al(i-Bu); (1 M solution in
hexane) and AIHG-Bu), (1 M solution in hexane) were
used as received. 1,3-Butadiene and cyclohexane were
supplied by the Korea Kumho Petrochemical Co. from
the Yeocheon plant. 1,3-Butadiene was passed through a
tower of activated alumina before use. Cyclohexane was
dried over activated alumina overnight and purged with
nitrogen prior to use.

Catalyst Aging

Unless otherwise specified, Nd-based catalyst was
aged in such a manner that a) an 100 mL round-bottom
flask was sufficiently purged with nitrogen and sealed
tightly with a rubber stopper, and b) Nd(versatate)s,
Al(i-Bu); or AIH(i-Bu),, and BF; etherate were sequen-
tially charged to the flask in a molar ratio as described

*To whom all correspondence should be addressed (Tel: 82-42-865-8655, Fax: 82-42-862-5651, E-mail: ycjang@mail.kkper.re.kr).
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Table I. Initial polymerizations * of 1,3-butadiene using BF;- OEt,

b BF,;/Nd AVNd Nd°© Conv.
Catalyst " - —4 e —
mol mol mol mol (X10" " moD) %
1. Nd(versatate);/Al(i-Bu);/BF;- OEt, 3 30 5.7 67
2. Nd(versatate);/AlH(i-Bu)2/BF;-OEt, 3 30 5.7 <30
8. Nd(versatate);/Al(i-Bu);/BF;- OEt, 6 30 5.7 0

2 Cyclohexane/1,3-butadiene (wt/wt) = 5. ° Each component was sequentially added as shown. °Concentration of Nd per 100 g of 1,3-

butadiene.

and aged at 20°C for 1 h prior to use.

Polymerization

Polymerizations were performed in a 500 mL glass re-
actor after sufficiently purged with nitrogen. Cyclohex-
ane, the Nd-based catalyst aged as above, and 1,3-
butadiene were sequentially added to the reactor, and
reacted at 40°C for 2 h. The resulting polybutadiene was
stabilized with 2,6-di-¢-butyl-4-methylphenol, and
quenched by ethanol.

Characterization

Conversion was calculated from the ratio of the weight
of isolated polymer compared to that of the initially
charged 1,3-butadiene. The microstructures of polybuta-
diene were measured in CS, solution by IR spectroscopy
(Bio-Rad, FTS 60-A) according to the literature.'® Gel
permeation chromatography data were obtained using a
Waters 2690 system employing connected Waters ul-
trastyregel columns, HMW7 and HMWG6E, with a refrac-
tive index detector. Tetrahydrofuran (THF) was used as

solvent at a flow rate of 1.0 mL min 1.

RESULTS AND DISCUSSION

Initial polymerizations of 1,3-butadiene were carried
out using a ternary catalyst system of Nd(versatate)s/
Al(i-Bu)3/BF3-OEt, or Nd(versatate);/AlH(i-Bu),/BF3-
OEt, to investigate the catalytic activity of BF;*OEt; as
a halogen compound, Table I. In catalysts 1 and 2, Al(i-
Bu); and AlH(i-Bu), were used, respectively. Al(i-Bu);
had higher activity than AlH(i-Bu), in the present cata-
lyst system.

Excess BF3-OEty; was used in catalyst 3 but no en-
hancement of catalytic activity was observed. Excess
BF;- OEt, gave detrimental effect to the catalyst system,
with no activity at all. This is in accord with the report?
in which the presence of large amounts of halogen com-
pounds, such as AlEt,Cl and AlEtCl,, destroyed catalytic
activity.

To investigate the optimum concentration of BFj-
OEt,, polymerizations of 1,3-butadiene were performed
using low level of BF5-OEt,. By use of 2.5 to 0.5 equiva-
lents of BF3-OEt, to Nd(versatate)s, the activity of the
ternary catalyst system was remarkably enhanced to
give quantitative yields of polybutadiene, Figure 1. In
addition, high 1,4-cis contents over 97% were obtained.
Utilization of too little BF3-OEt,, i.e., BF3/Nd = 0.5, re-
sulted in decrease in 1,4-cis content to 95% although the
conversion still remained quantitative.

Variation of BF3- OEt, concentration showed noticeable
effect on the M,, and MWD of polybutadiene, Figure 2.
Utilization of less BF3- OEt, gave lower M, and narrower
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Figure 1. Effects of variation in molar ratios of BF;-OEt, to Nd-
(versatate), on conversion () and 1,4-cis content (@). Al(i-Bu),/
Nd(versatate); = 30 ; [Nd]= 5.7X10 * mol/100 g of 1,3-butadiene.
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Figure 2. Effects of variation in molar ratios of BF;-OEt, to Nd-
(versatate), on M, (@) and MWD (Hl). Al(i-Bu);/Nd(versatate); =
30; [Nd]= 5.7X10"* mol/100 g of 1,3-butadiene.

MWD. Decrease of M,, with decreasing the molar ratio of
a chlorine compound to Nd metal has been described in
the report?* where M,, was controlled in the range of
90000 to 190000 accompanying a drawback of lowered
stereoregularity to give 85 to 88% 1,4-cis contents. Many
attempts to control M, of polybutadiene have been per-
formed using various methods such as variation of cata-
lyst aging conditions® and use of various trialkylalu-
miniums or solvents.?? Compared with the methods
mentioned above, the present catalyst system has some
advantages in that M, of polybutadiene can be con-
trolled by simple variation of the concentration of
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Table II. 1,3-Butadiene polymerizations * using BF;- OEt, with variation in concentrations of Al(i-Bu); and Nd(versatate),

b BF3/Nd Al/Nd Nd°© Microstructure/% Conv.
Catalyst - 3 —4 - - v MWD
mol mol molmol } (X107 mol) g trans  vinyl %
4. Nd(versatate);/Al(i-Bu),/BF ;- OEt, 1.0 20 5.7 98.0 14 0.6 53 1100000 3.03
5. Nd(versatate);/Al(i-Bu),/BF,-OEt, 1.0 30 5.7 978 15 0.7 100 480000  3.20
6. Nd(versatate);/Al(i-Bu);/BF; OEt, 1.0 30 2.8 98.0 1.5 0.5 94 1020000 3.07
7. Nd(versatate);/Al(i-Bu);/BF;- OEt, 1.5 30 2.0 98.2 1.0 0.8 80 — —1

* Cyclohexane/1,3-butadiene (wt/wt) = 5. ° Each component was sequentially added as shown. ° Concentration of Nd per 100 g of 1,3-
butadiene. ® Due to poor solubility of produced polybutadiene, measurement of M, and MWD was not performed.

Table III. 1,3-Butadiene polymerizations * using various BF; etherates

BF,/Nd AUNd

Nd°© Microstructure/% Conv.

Catalyst® - w MWD

4 molmol™"  molmol ' (X10 *mol) g trans  vinyl %
8. Nd(versatate),/Al(i-Bu),/BF;- OMe, 1.0 30 2.8 982 14 04 96 1010000  3.08
9. Nd(versatate);/Al(i-Bu);/BF;-OBu, 1.0 30 2.8 98.2 1.3 0.5 93 1030000 3.09
10. Nd(versatate);/Al(i-Bu);/BF;- THF 1.0 30 2.8 98.1 1.6 0.3 97 1010000 3.07
11. Nd(versatate);/Al(i-Bu),/BF;-SMe, 1.5 30 2.8 98.3 1.1 0.6 >90 1060000 3.16

? Cyclohexane/1,3-butadiene (wt/wt) = 5. " Each component was sequentially added as shown. ° Concentration of Nd per 100 g of 1,3-

butadiene.

BF;:-OEt, without serious influence on activity and 1,4-
cis content. Gradually narrowed MWD showed active
center to become homogeneous by decreasing the con-
centration of BF;-OEt,.

The effects of variation of the concentration of Al(i-
Bu); and Nd(versatate); on the catalytic activity, stereo-
regularity, M,, and MWD of polybutadiene are illus-
trated in Table II. Low concentration of Al(i-Bu); seri-
ously lowered catalytic activity to give 53% conversion
whereas high 1,4-cis content still remained, catalyst 4,
showing independence of 1,4-cis content to the concen-
tration of Al(i-Bu)s. The polymerization gave polybutadi-
ene having much higher M,, than that of the polybutadi-
ene produced from catalyst 5 where higher concentra-
tion of Al(i-Bu); was used. The difference in MWD for
polybutadienes produced from catalysts 4 and 5 was not
significant, which seems characteristic of Nd-based cata-
lyst due to its quasi-living®® character.

Al(i-Bu); is considered to play two essential roles dur-
ing polymerization. One is to function as an alkylating
agent to form Nd-C o bonds from which active centers
are formed?>? and the other is to serve as a chain trans-
fer agent to react by transfer reaction with growing poly-
mer chains resulting in the formation of dead polymer
chains and new Nd-C o bonds from which new active
centers are formed to produce new polymer chains.

Catalytic activity was observed to depend on the con-
centration of Nd metal. When Nd decreased to 2.8 X
10 * mol per 100 g of monomer, catalyst 6, the activity of
catalyst remained good to give 94% conversion but fur-
ther decrease to 2.0 X 10 * mol lowered the conversion
to 80%, catalyst 7. Remarkable increase in M, was ob-
served in catalyst 6 where less Nd was used compared
with catalyst 5. No significant change in 1,4-cis content
was observed in catalysts 5—7, revealing little effect of
Nd on stereoregularity.

Polymerizations of 1,3-butadiene were performed us-
ing various BF; etherates containing dimethylether, di-
butylether, THF and dimethylthioether, Table III. BF,
etherates such as BF3-OMe,, BF3-OBu,y and BF;-THF
in catalysts 8—10 gave similar catalytic activity and
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stereoregularity to those of BF3-OEt; as well as polybu-
tadiene having comparable M,, and MWD to those of
polybutadiene produced using BF3-OEt, under similar
polymerization conditions, catalyst 6 in Table II. Sur-
prisingly, even BF; thioetherate containing SMe, pro-
vided high catalytic activity in conversion and stereo-
regularity in 1,4-cis content, catalyst 11, although SMe,
was expected to act detrimentally toward active centers.
A Lewis base containing heteroatom such as sulfur,?
even at low concentrations, deactivates the active center
of Ziegler-Natta catalyst based on transition metal by
complexing with it, thereby obstructing the approach of
monomer to give low conversion. Block of active center
impedes?® cisoid coordination of monomer with active
center to give low 14-cis content. Nd-based catalysts
may thus have stronger endurance to electron donor in
catalytic activity and stereoregularity than the conven-
tional Ziegler—Natta catalysts based on cobalt®® and
nickel 2

A ternary catalyst system comprising Nd(versatate)s/
Al(i-Bu)3/BF; etherate was observed to have high cata-
lytic activity and stereoregularity in the polymerization
of 1,3-butadiene to give conversion over 90% and 1,4-cis
content over 97% under suitable conditions. The present
catalyst system had high solubility to non-polar solvents
to give no precipitate during catalyst aging period so as
to minimize the possibility of the formation of gel and
polybutadiene having broad MWD, as generally ob-
served in the polymerizations of 1,3-butadiene using
heterogeneous Nd-based catalysts.

Catalytic activity and M,, were dependent on the con-
centration of three components, Nd(versatate);, Al(i-
Bu)s and BF;3 etherate, while stereoregularity and MWD
were mainly dependent on the concentration of BF;
etherate. The dependence of stereoregularity on the con-
centration of BF3 etherate supports that BFj3 is involved
in the active center of 1,3-butadiene polymerization in
which fluorine increases 1,4-cis content by activating Nd
electoronically to promote stronger 7%cis coordination
with incoming 1,3-butadiene. The influence of variation
in the type of BFj etherate on catalytic activity, stereo-
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regularity, M,, and MWD was not significant.

N, o

o

10.

11.
12.

13.
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