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ABSTRACT: Various metallocenes, including bis(n°-cyclopentadienyl)cobalt, bis(n’-cy-
clopentadienyl)nickel, and bis(n®-cyclopentadienyl)titanium dichloride, combined with
various reducing agents, including n-butyllithium, phenyllithium, and triethylalumi-
num, have been evaluated for their catalytic efficiencies in the hydrogenation of poly-
styrene-b-polybutadiene-b-polystyrene (SBS) block copolymer. The efficiencies were
determined by monitoring the extent of saturation of double bonds on the polybutadiene
segment of the copolymer using FTIR and 'H-NMR spectroscopy. The cobaltocene/n-
butyllithium catalyst system was found the most active. The effects of H, pressure and
the ratio of n-butyllithium to cobaltocene ratio on the hydrogenation efficiency were
also investigated. © 1999 John Wiley & Sons, Inc. J Appl Polym Sci 72: 1807-1815, 1999
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INTRODUCTION

Metallocene catalysts have been extensively stud-
ied by the polyolefin industry for stereospecific
polymerizations such as synthesis of syndiotactic
polystyrene,' copolymerization of ethene, pro-
pene, and other olefinic monomers,*® polymer-
ization of diolefin monomers,”® or copolymeriza-
tion of styrene with diolefin.'*'* Recently, consid-
erable efforts have also been directed towards
using metallocene catalysts for hydrogenating-
conjugated diolefin polymers. Kishimoto and
Morita found that bis-(cyclopentadienyltitanium
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(IV) compounds, in the presence of an alkyl lith-
ium compound, were effective hydrogenation cat-
alysts,'? and Chamberlain et al. claimed that a
bis-(cyclopentadienyltitanium (III) compound
would be effective as well.’® Kishimoto and Ma-
subuchi later discovered a specific titanium(IV)
compound, Ti(n’-C5Hy),R,, where R was any tri-
substituted phenyl groups'* that did not require
the presence of an alkyl lithium. Parellada et al.
provided a hydrogenation process using Ti(n°-
Cs;Hy),(PhOR'),, where R’ is an alkyl group.'®
Hahn and Wilson hydrogenated ethylenic unsat-
urations using a certain monocyclopentadienyl ti-
tanium compound.’® All these articles have a
strong emphasis on titanocene materials.

This article describes our studies on hydroge-
nating polystyrene-b-polybutadiene-b-polystyrene
(SBS) block copolymers using metallocene catalysts
comprised of various central metals. The SBS block
copolymer is a thermoplastic elastomer. Its ther-
moplasticity has allowed it to be widely used in
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Figure 1 Hydrogenation efficiencies for 1,2-units of
polybutadiene segment using various metallocenes
with n-butyllithium (conditions: 7' = 80°C, P = 25
kg/cm?, [polymer] = 0.073 g/g solution; n-BuLi/metal-
locene = 2).

various applications.!” However, the presence of
large amounts of unsaturated double bonds in its
polybutadiene segment often causes poor long-
term heat, weather, and UV stability.'® Com-
pared with traditional SBS hydrogenation pro-
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Figure 2 Hydrogenation efficiencies for cis 1,4-units
of polybutadiene segment using various metallocenes
with n-butyllithium (conditions: 7' = 80°C, P = 25
kg/cm?, [polymer] = 0.073 g/g solution; n-BuLi/metal-
locene = 2).
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Figure 3 Hydrogenation efficiencies for trans 1,4-
units of polybutadiene segment using various metal-
locenes with n-butyllithium (conditions: 7' = 80°C, P
= 25 kg/em?, [polymer] = 0.073 g/g solution; n-BuLi/
metallocene = 2).

cess using nickel octoate and triethylaluminum
catalysts, a metallocene catalyst offers the advan-
tages of mild reaction temperature and pres-
sure.'®2? Because metallocene catalysts gener-
ally require a certain amount of reducing agent

120.00 —
d
g 80.00 — /;r' }
g /0
[}
3 B /o
5 /s
S /7
g 40.00 —| /; Legend Title
% I i LI triethylaluminum
<l /: <> phenylithium
o r” s
E’ af + n-butylithium
!
[
0.00 —= = = = .
i \ \
0.00 100.00 200.00 300.00

time (min)

Figure 4 Hydrogenation efficiencies for 1,2-units of
polybutadiene segment using cobaltocene with various
reducing agents (conditions: 7' = 80°C, P = 25 kg/cm?,
[polymer] = 0.073 g/g solution; reducing agent/cobalto-
cene = 2).
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Figure 5 Hydrogenation efficiencies for cis 1,4-units
of polybutadiene segment using cobaltocene with vari-
ous reducing agents (conditions: 7' = 80°C, P = 25
kg/cm?, [polymer] = 0.073 g/g solution; reducing agent/
cobaltocene = 2).

(cocatalyst) for achieving higher productivity, our
metallocene catalysts were tested in the presence
of various reducing agents.

EXPERIMENTAL

A linear SBS block copolymer, having a molecular
weight of 120,000 and a polystyrene content of 30
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Figure 6 Hydrogenation efficiencies for trans 1,4-
units of polybutadiene segment using cobaltocene with
various reducing agents (conditions: 7' = 80°C, P = 25
kg/cm?, [polymer] = 0.073 g/g solution; reducing agent/
cobaltocene = 2).

wt %, were obtained from Taiwan Synthetic Rub-
ber Corp. (TSRC). This copolymer contains in its
polybutadiene segment a total double bonds of
13.0 mmol/g, having a microstructure of 43.8%
1,2-unit, 31.4% trans 1,4-unit, and 24.8% cis 1,4-
unit.

Cobaltocene (bis(n°-cyclopentadienyl)cobalt, Co-
(n°-CsHy),), nickellocene (bis(7°-cyclopentadienyl)-
nickel, Ni(1>-C5Hy),), and titanocene (bis(n’-cyclo-
pentadienyltitanium dichloride, Ti(n’-C5Hy),Cl,)
used for the hydrogenation were purchased from
Aldrich.

¥ @

Co Ni C—Ti—ClI
cobaltocene nickelocene titanocene

n-Butyllithium was purchased as a 15 wt % solu-
tion in hexane from Merck. Phenyllithium as a 17
wt % solution in cyclohexane and triethylalumi-
num as a 15% solution in hexane were purchased
from TCI (Japan). Cyclohexane solvent was ob-
tained from TSRC, and was dried with activated
alumina (from Alcoa).

Metallocene (1 X 102 mol) was dissolved into
100 mL of cyclohexane under an air-free environ-
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Figure 7 Effect of n-Buli : cobaltocene ratio on hy-
drogenation efficiency for 1,2-units of polybutadiene
segment (conditions: T = 80°C, P = 25 kg/cm?, [poly-
mer] = 0.073 g/g solution).
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Figure 8 Effect of n-BuLi

: cobaltocene ratio on hydrogenation efficiency for cis

1,4-units of polybutadiene segment (conditions: T' = 80°C, P = 25 kg/cm?, [polymer] =

0.073 g/g solution).

ment to make the catalyst system required for
later use. An appropriate amount of reducing
agent solution, calculated based on a specified
reducing agent/metallocene mol ratio, was then
added and the reaction mixture was stirred for
5 h.

The hydrogenation reaction was carried out
in a 2-liter mechanically stirred autoclave
(made by PPI, rated to 6000 psi) at 80°C. SBS
copolymer solution (330 g) previously prepared
at a concentration of 7.3 wt % SBS in cyclohex-
ane solvent was first charged into the autoclave,
followed by 30 mL of the catalyst solution. The
hydrogen pressure was then kept constant at a
specified setting, with the reaction mixture sat-
urated with the hydrogen. Samples of the reac-
tion mixture were taken at fixed time intervals,

and were repeatedly washed with dilute sulfu-
ric acid to remove the residual catalyst. The
hydrogenated SBS copolymer was then precipi-
tated in isopropanol and dried at 40°C in a
vacuum oven.

The microstructures of the polymers were de-
termined by 'H-NMR spectra using a Bruker
AMX400 100.61 MHz spectrometer at 25°C in
CDCl; at a 5% polymer concentration. The disap-
pearance of the double bonds was observed using
a Shimadzu FTIR-8101M instrument with a lig-
uid Ny-cooled MCT detector. The spectral resolu-
tion was 2 cm ™!, and the samples were prepared
as cast films on KBr plates for IR scans. The
hydrogenation efficiency for each type of isomeric
unit of polybutadiene was then measured by a
combination of 'H-NMR and FTIR analyses.
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Figure 9 Effect of n-BuLi

: cobaltocene ratio on hydrogenation efficiency for trans

1,4-units of polybutadiene segment (conditions: T' = 80°C, P = 25 kg/cm?, [polymer] =

0.073 g/g solution).

RESULTS AND DISCUSSION

Effect of the Selection of Metallocene

Various metallocene/n-butyllithium catalyst sys-
tems, having a 2 : 1 ratio of n-bytyllithium to
metallocene, were used to hydrogenate the SBS
block copolymer under experimental conditions of
80°C, 25 kg/cm? pressure, 7.3 wt % polymer con-
centration. The progress of hydrogenation was
frequently monitored by FTIR at a 1-h interval.
The hydrogenation efficiencies for 1,2-unit and
trans 1,4-unit were directly determined from the
FTIR spectrum. However, this was not the case
for cis 1,4-unit, due to a significant overlapping of
characteristic peaks for cis 1,4-unit (at 724 cm ™ 1)
and polystyrene (at 699 cm ™ 1). This difficulty was

overcomed by a combination of FTIR and 'H-
NMR analyses. The total hydrogenation efficiency
for all 1,4-units determined from the 'H-NMR
spectrum enabled us to calculate the hydrogena-
tion efficiency for cis 1,4-unit knowing the effi-
ciency for trans 1,4-unit from the FTIR analysis.

The results of the experiments employing cobal-
tocene/n-butyllithium, nickelocene/n-butyllithium,
and titanocene/n-butyllithium as the catalyst sys-
tem are shown in Figures 1, 2, and 3. In all cases,
the 1,2-unit is easier to hydrogenate than 1,4-
unit. The higher reactivity of 1,2-unit arises from
the less steric hindrance and, hence, the higher
accessibility of the double bond. Furthermore, of
the 1,4-unit the cis-isomer is hydrogenated faster
than the trans-isomer, which can be attributed to
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Figure 10 Effect of H, pressure on hydrogenation
efficiency for 1,2-units of polybutadiene segment (con-
ditions: 7' = 80°C, n-BuLi/cobaltocene = 2; [polymer] =
0.073 g/g solution).

the higher stability of the trans configuration.
While the nickelocene/n-butyllithium catalyst
system shows incomplete hydrogenation for the
1,4-units, the cobaltocene/n-butyllithium and the
titanocene/n-butyllithium systems exhibit satis-
factory results. The cobaltocene/n-butyllithium
system, in particular, provides a complete hydro-
genation in 5 h.

Effect of the Selection of Reducing Agent

The activity of cobaltocene has been evaluated in
the presence of three different reducing agents,
namely, n-butyllithium, phenyllithium, and tri-
ethylaluminum. As shown in Figures 4, 5, and 6,
while no hydrogenation was observed as triethy-
laluminum was used as the reducing agent, both
cobaltocene/n-butyllithium and cobaltocene/phe-
nyllithium catalyst systems have been found to be
active. The reason causing slightly lower effi-
ciency of the latter is unknown, but could likely be
ascribed to the formation of different organome-
tallic intermediate and/or the change in the oxi-
dation state of the central metal ion.

Effect of the Ratio of n-Butyllithium to
Cobaltocene

The hydrogenation of SBS polymer has been con-
ducted using the cobaltocene/n-butyllithium cat-
alyst system at various n-butyllithium : cobalto-

cene ratios. The results are shown in Figures 7, 8,
and 9. An optimal ratio of n-butyllithium to co-
baltocene was found at 1-2, regardless of the type
of isomeric units. Any amount of n-butyllithium
in excess of that ratio probably caused a complex-
ation with the cobaltocene and, thus, decreased
the activity of the catalyst.

Effect of H, Pressure on Hydrogenation Efficiency

The hydrogenation of SBS has been carried out
using cobaltocene/n-butyllithium catalyst system
under four different H, pressures, 10, 15, 25, and
40 kg/cm?. Data in Figures 10, 11, and 12 show
that there is no significant difference in efficien-
cies for hydrogenation taken place under a con-
stant H, pressure of either 15 kg/cm? or 25 kg/
cm?. However, a 10 kg/cm?® H,, pressure was too
low to start the reaction. On the other hand, it is
surprising to note that an increase in the pressure
to 40 kg/cm? significantly decreased the hydroge-
nation efficiency for all three isomeric units.
Without any further information, it is speculated
that an overpressure of hydrogen was likely to
cause an undesirable reaction converting the cat-
alytic cobaltocene into the inert cobalt hydride,
thus resulting in a decrease in hydrogenation ef-
ficiency.

Effect of Hydrogenation on the
Molecular Weight of SBS

Because diene polymers are prone to a chain scis-
sion and/or crosslinking during their reactions,
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Figure 11 Effect of H, pressure on hydrogenation
efficiency for cis 1,4-units of polybutadiene segment
(conditions: 7' = 80°C, n-BuLi/cobaltocene = 2; [poly-
mer] = 0.073 g/g solution).
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the molecular weight of our SBS copolymer, after
being hydrogenated for 5 h under a condition of
80°C, P = 25 kg/cm?, n-BuLi/cobaltocene = 2,
and [polymer] = 0.073 g/g solution, was compared
with its original value. The comparison was done
using a Waters gel permeation chromatography
(GPC) equipped with a Waters 410 differential
refractive index (RI) detector. The GPC was oper-
ated using three Waters Styragel columns (HR 3,
HR 4, and HR 5) at a flow rate of 1 mL/min, with
a sample concentration of 0.1% in THF solvent.
As shown in Figure 13, the GPC chromatograms
are nearly identical, thus indicating an insignifi-
cant polymer degradation upon hydrogenation.
The complexity of the coordination catalysis
and the lack of reference standards made it ex-

2; [polymer]

tremely difficult to investigate the exact steps of
the catalytic mechanism. Nevertheless, because it
now seems to be well established that the cata-
lytic mechanism of metallocene dichloride in the
presence of methyl aluminoxane (MAO) com-
prises an alkylation of the metal and a hydrogen-
olysis of the metal-alkyl bond,?*™2° it is likely
bis(n’-cyclopentadienyl)metal hydride or (n’-cy-
clopentadienyl)metal hydride will form in our sys-
tem. In fact, highly reactive species, such as
Cp,TiH and Cp,Ti, had been postulated in earlier
titanocene studies®” to exist as reaction interme-
diates forming a dimeric compound, u-(n° : n°-
fulvalene)-di-u-hydrido-bis(cyclopentadienyltita-
nium).?8?2 Existence of other intermediate spe-
cies and a possible change in the oxidation state of
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Figure 13 GPC chromatograms of the SBS copolymer: (A) before hydrogenation, (B)
5 h hydrogenation at n-BuLi/cobaltocene = 2, T = 80°C, P = 25 kg/cm?, [polymer] =
0.073 g/g solution.

the metal are also likely. However, the nature of CONCLUSIONS

these intermediate species in the hydrogenation

reaction is not precisely known, and their roles in Catalyst systems consisting of a metallocene and
the reaction mechanism remain speculative. a reducing agent at a 1 : 2 mol ratio have been
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evaluated for their efficiencies in the hydrogena-
tion of SBS block copolymers. The metallocenes
evaluated include bis(n’-cyclopentadienyl)cobalt,
bis(n’-cyclopentadienyl)nickel, and bis(n°-cyclo-
pentadienyl)titanium dichloride, and the reduc-
ing agents include n-butyllithium, phenyllithium,
and triethylaluminum. The bis(n’-cyclopentadi-
enyl)cobalt paired with n-butyllithium rendered
the highest hydrogenation efficiencies for all
types of isomeric butadiene units. An optimal H,
pressure exists, as does an optimal reducing
agent : metallocene ratio.
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