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Abstract

The effects of phosphine ligands on the polymerization of 1,3-butadiene with Co(2-ethyl hexg#dgtellI/H,O were
investigated. Although the polarizability of phosphine ligands, i.e. the ratio of the average dipole moment to the molecular
volume, had moderate impact on Li4-stereoregularity, a good correlation was observed between polarizability ani$1,4-
stereoregularity regardless of the electronic charaatexqceptor oo-donor) of phosphine ligands. On the other hand, neither
catalytic activity nor the molecular weighit/(,) of polybutadiene showed a good correlation with polarizability. Catalytic
activity was affected only when phosphine ligands were inordinately streagceptors and-donors. High conversions of
about 90% were obtained when phosphine ligands were moderateeptors and-donors, regardless of their steric bulk.

On the other hand, the electronic character of phosphine ligands significantly influendag tigolybutadiene.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction studies on the effect of phosphine ligands on the poly-
merization of 1,3-butadiene have been conducted. We
Controlling the stereoregularity of polybutadienes recently reported the effects of phosphine ligand on
has attracted considerable attention in the rubber in- the polymerization of 1,3-butadiene with a catalyst of
dustry. The enhancement of stereoregularity, albeit on Co(2-ethyl hexanoatglphosphine ligand/AlR{H>O
a small scale, is closely related to the improvement [12]. Both electronic and steric properties of phos-
in the mechanical properties of polybutadiene such phine ligands clearly affected stereoregularity and
as tensile strength, heat build-up, and abrasion resis-the molecular weightMy) of polybutadiene, while
tance[1-3]. Many organic and inorganic compounds catalytic activity was influenced mainly by the steric
are used to control stereoregularity leading to dist- bulk of phosphine ligands. Other representative ex-
[4-6], 1,44rans- [7], or 1,2-polybutadienf8—11]with amples of transition metal complexes containing
transition metal catalysts. However, few systematic phosphine ligands are Ni(acat)IEtoCI/PPRy [13]
and CoBp-(PPH)2/Al(i-Bu)3/H20 [14], which pro-
"+ Corresponding author. Teks82-42-865-8655: vide 1,4ci_s-1,4-tr_ans—_equibinary polybutad_iene and
fax: +82-42-862-5651. polybutadiene with high 1,2-stereoregularity, respec-
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We extended the study to a catalyst of Co(2-ethyl
hexanoateyAlEt,Cl/H,0O, which is one of the repre-
sentative catalysts for the production of Lj4poly-
butadiend15,16] H,O has been known as an indis-
pensable ingredient for catalytic activity. We found
that 1,4€is stereoregularity, catalytic activity, and
the My, of polybutadiene were influenced by the
nature of phosphine ligand. This paper reports the
effects of phosphine ligand on the polymerization of
1,3-butadiene with Co(2-ethyl hexanoatphosphine
ligand/AIELCI/H20, and elucidates the factors that
determine 1,4is stereoregularity, catalytic activity,
and theM,y of polybutadiene.

2. Experimental
2.1. Materials

The following materials were purchased from
Aldrich: triphenylphosphine (PR diphenyl(pentafl-
uorophenyl)phosphine (gEs)PPh), bis(pentafluoro-
phenyl)phenylphosphine (6E5)2PPh), tris(pentafluo-
rophenyl)phosphine (PgEs)3), tris(2-methylphenyl)-
phosphine (P(2-CkCgHg)3), tris(2,4,6-trimethylph-
enyl)phosphine (P[2,4,6-(CHsCgsH2]3), trilsopropy-
Iphosphine (P(isopropyd), AlEt,Cl, and Co(2-ethyl
hexanoate) Co(2-ethyl hexanoatg)was diluted to
0.1% (w/w) solution in CHCI,, and the solution was
stored in a crown-sealed bottle under nitrogen. All
phosphine compounds were diluted to 0.5% (w/w)
solution in toluene in crown-sealed bottles under ni-
trogen. AIELCl was used as received without dilution.
The Yeocheon plant of the Korea Kumho Petrochemi-
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2.3. Characterization

Conversion was defined as the percentage by
weight of the isolated polymer compared with the
weight of the initially charged 1,3-butadiene. The
microstructure of the polybutadiene was determined
by taking IR spectroscopy (Bio-Rad, FTS 60-A) in
CS; solution according to the literatufé7]. Gel per-
meation chromatography data were obtained using
a Viscotek TDA 300, employing connected Tosoh
columns packed with polystyrene, G-6000-HXL,
G-5000-HXL, G-4000-HXL, and G-3000-HXL, with
a refractive index detector. THF was used as the elu-
ent at a flow rate of 1.0 ml/min. Polystyrene standards
with My, in the range of 1050-5,000,000 were used
for calibration.

3. Results and discussion

3.1. Effects of polarizability on 1,4-cis
stereoregularity

The effects of phosphine ligand on Igi%stereoreg-
ularity, catalytic activity, and th#l,, of polybutadiene
are shown inTable 1 According to Tolman’s study
[18,19] the electron density of the phosphorus atom
will increase in the order of P(isopropyHP[2,4,6-
(CH3)3CeH2]3 > P(2-CH3CgHg)z > PPl >
(CsF5)PPh > (CgFs5)2PPh > P(CgFs)3. The width
of the cone angle, which is a measure of the steric bulk
of phosphine ligand, will increase in the order of P[2,4,
6-(CHz)3CgH2]3 > P(2-CH3CgHas)3 > P(CgFs)3 >
(CeFs5)2PPh > P(isopropyds > (CgFs)PPh >

cal Co. supplied the 1,3-butadiene. The 1,3-butadiene PPhy. PPhy has been known as @donor [20]. On
was passed through a cylinder packed with activated the other hand, (§Fs)PPh can be considered as

alumina before it was used.

2.2. Polymerization

Polymerizations were performed in a 350 ml glass
reactor purged with nitrogen. Benzene containing the
desired amount of pD, 1,3-butadiene, Co(2-ethyl
hexanoate), phosphine compound, and Aj&ll were

a m-acceptor based on the reports wherein #Eh
known to have more basic character thagR§}PPh,
is realized to be am-acceptor[18,20] Thus, the
three phosphine ligands, {Es)PPh, (CsFs)2PPh,
and P(GFs)3, apparently act asr-acceptors, while
P(isopropyly, P[2,4,6-(CH)3CsH2]3, P(2-CHCs
H4)s, and PPB as o-donors. Phosphine ligands
with three identical substituents such as §K€)s,

added sequentially to the reactor and the reaction wasPPh, P[2,4,6-(CH)3CgH2]3, and P(isopropyd (but

conducted at 40C for 1 h. The resulting polybuta-
diene was stabilized with 2,6-dért-butyl-4-methyl-
phenol and quenched with ethanol.

not P(2-CHCgHg4)3) provided polybutadienes with
1,4cis contents more than 95%, regardless of their
electronic character and steric bulk. On the other hand,
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Table 1
Effects of phosphine ligands on the polymerizatiai 1,3-butadiene with a catalyst of Co(2-ethyl hexangdfdlt,Cl/H,O

Entry Phosphine ligand Conversion (%) Microstructure Mw Mw/Mn

1,4<is (%) 1,2-Polybutadiene (%) 1#ans (%)

1 P(GFs)3 15.7 97.3 13 1.4 1272000 2.70
2 (GsFs)2PPh 97.3 91.1 29 6.0 714000 3.04
3 (CsFs)PPh 95.2 90.6 55 3.9 568000  3.40
4 PPh 92.5 95.3 2.8 1.9 697000 3.10
5 P(2-CHCsHa)s 89.5 87.0 8.2 4.8 374000 4.52
6 P[2,4,6-(CH)3CsH2]3 87.5 95.1 2.4 2.5 1127000 3.29
7 P(isopropyl} 425 98.0 11 0.9 2031000 2.01

aPolymerization conditions: benzene/1,3-butadiene (wAwp; [phosphine ligang[Co] = 2; [Al]/[Co] = 50; [H.0]/[Co] = 20;
concentration of Co per 100g of 1,3-butadieadl x 10~ mol.

when one of the substituents was different from the equilibrium, and it has two reactive sites; @d G
other two such as (§Fs)2PPh and (gFs)PPh, the [12,22—-24] The reaction of the incoming monomer
1,4<ciscontents decreased to about 91%. This showed at C; gives a 1,4-unit, which can bas or trans de-
that the identity of the three substituents on the phos- pending on whether the allylic group is anti or syn,
phorus atom is an important factor directing tig- whereas the reaction atz@eads to a 1,2 unit inde-
stereoregularity. The decrease in the digleontent pendent of the structure of the allylic group. The pre-
obtained from P(2-CElCsH4)3 was quite interesting,  dominant preference for the 1¢fis unit observed for
based on the results shown in entries 1, 4, 6 and 7; entries 1-7 seemed to be derived from a coordination
however, this showed another important factor direct- intermediate with am*-cis-coordination of monomer
ing stereoregularity to the 1@s unit. Aside from the and an anti structure of the allylic group. Whether the
identity of the three substituents on the phosphorus degree of stereoregularity was imparted to diglinit
atom, the symmetry of the P-R moiety appeared to be seemed to be determined by the effects of phosphine
important for high 1,4is stereoregularity. The P-R  ligand on the active center.

moiety of P(GFs)s, PPh, P[2,4,6-(CH)3CgsH2]s3, The elucidation of the lowered 1gls stereoreg-

and P(isopropyh had Gy symmetry, which was ularity observed with (gFs)2PPh, (GFs)PPh, and

lacking in the P-R moiety of P(2-Ci€gH4)3. P(2-CHCgH4)3 appeared to be quite difficult. How-
The effect of phosphine ligand on the ki4-stere- ever, the results observed for entries 1-7 led us to fo-

oregularity was not profound because the resultant cus on the properties of phosphine ligands that would
polybutadienes had high 1g¢ls contents ranging  be affected by the identity of the three substituents and
from 87.0 to 98.0% (entries 1-7). Nonetheless, about the symmetry of the P-R moiety. One of these prop-
10% change in the 1,dis content could be con- erties was dipole moment. The Co(ll) in the catalytic
sidered meaningful to 1,dis-polybutadiene. The  complex was expected to attract the negative end of the
physical properties of 1,dis-polybutadiene such as dipole of phosphine ligand and repel the positive end.
tensile strength, heat build-up, and abrasion resistanceFurthermore, there should be an induced ion—dipole
greatly improved even with a slight increase in the interaction when phosphine ligand approached Co(ll)
1,4-cis content, particularly for the 1,dis content of due to the ionic character of Co and the dipole of phos-
around 90941-3]. phine ligand. The change in the polarized state of the
The main role of AIE4Cl in the Co-based catalyst Co orbital with variations in phosphine ligand was ex-
is to reduce Co(ll) to Co(l) followed by the oxidative pected to affect the bond distances and the angles in the
addition of 1,3-butadiene througfi-cis-, n*-trans- or catalytic complex, thus influencing its geometry. Vari-
n-trans-coordination to the Co(l) species, generating ations in the geometry of the catalytic complex would
an active center;3-Co(ll)-allyl bond[21], at the last modify the position of the coordinated monomer with
polymerized unit. The;3-Co(ll)-allyl bond can ex- respect to the allylic group so as to make possible the
ist in two isomeric forms, anti and syn, which are in formation of one rather than the other unit. In addition,
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Table 2

The polarizability of phosphine ligand obtained from the ratio of average dipole moment to the molecular volume

Phosphine ligand Average dipole moment (Debye) Molecular volumé/taot) Polarizability ((Debye mol)/chy x1073)
P(GsFs)3 0.5876 244.609 2.402

(CeFs)2PPh 3.4537 237.269 14.556

(CsFs)PPh 3.2766 208.743 15.697

PPh 1.5826 197.347 8.019

P(2-CH;CgH4)3 0.5519 257.408 2.144

P[2,4,6-(CH)3CeH2]3  0.7622 307.554 2.478

P(isopropyl} 1.4655 149.747 9.787

the presence of a bulky phosphine ligand at the coor- The vector sum of the three bond dipoles in phos-
dination site of active center was also expected to af- phine ligand withmw-acceptor character was a dipole
fect the geometry of the Co complex. Thus, the ratio with its positive end on the phosphorus atom, causing
of the average dipole moment to the molecular vol- repulsion when it came close to Co. Lesser repulsion
ume of phosphine ligand, i.e. polarizabili5], was (dipole) resulted in greater variation in the geometry
a more precise expression than the dipole moment it- of the catalytic complex. On the other hand, the vec-
self in stating accurately the effect of phosphine lig- tor sum of the three bond dipoles in phosphine ligand
and on the active center. The average dipole momentwith o-donor character had its negative end on the
and the molecular volume of phosphine ligand were phosphorus atom, causing attraction as it approached
obtained using the density functional theory method Co. This time, greater attraction (dipole) resulted
(B3PW91/6-31G)[26,27] and the results are shown in greater variation in the geometry of the catalytic
in Table 2 The polarizability decreased in the order complex. This showed how polarizability influenced
of (CeFs)PPh > (CgFs)2PPh> P(CgFs)3 for phos- 1,4-cis stereoregularity depending on the electronic
phine ligands withm-acceptor character. (Es)PPh character of the phosphine ligand. The higher ds4-
gave polybutadiene with a 1@s content of 90.6%; stereoregularity observed with the phosphine ligand
(CeF5)2PPh and P(gFs)3 resulted in a 1,4&is content with greater attraction to Co was ascribed to greater
of 91.1 and 97.3%, respectively. This clearly showed variation in the geometry, resulting in closer bonding
that the increase in polarizability lowers the tj4- distance between one terminal carbon atom of the
content for phosphine ligands with-acceptor char-  incoming monomer and {n the allylic group.

acter Fig. 19. In contrast, higher 1,4is contents

were obtained with an incremental increase in polar- 3.2, Effects of electronic character on catalytic

izability when phosphine ligand hag-donor charac-  activity

ter (Fig. 1b. P(2-CHCgH4)3 gave polybutadiene with

a 1,4¢is content of 87.0%; PRhand P(isopropyh In contrast to 1,4is stereoregularity, catalytic ac-
gave a 1,4is content of 95.3 and 98.0%, respec- tivity did not show a general correlation with polariz-
tively. P[2,4,6-(CH)3CsH2]3 was expected to have ability (Tables 1 and R (CsF5)2PPh and (gFs)PPh,
considerable difficulty in coordinating with Co due to  which had greater polarizability than R{&3)s3, gave
steric bulkiness. This would explain the high Lj4- higher conversions than P{Es)s. This seemed to
content of around 95% in spite of low polarizabil- show that polarizability had an effect on catalytic ac-
ity. It has been reported that the polymerization per- tivity in polymerization using a phosphine ligand with
formed with Co salt/AIEtCI/H,0 in the absence of  mw-acceptor character. However, no strong correlation
phosphine ligand gave 1@s contents of 94-97%  was observed for a phosphine ligand withdonor
[28]. Evidently, 1,4€is stereoregularity had a good character. There was no correlation between conver-
correlation with polarizability regardless of the elec- sion and polarizability.

tronic charactert®-acceptor or-donor) of phosphine Indeed, catalytic activity was affected only
ligands. when phosphine ligands were inordinately strong
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Fig. 1. The correlation between 1¢is stereoregularity and the polarizability of phosphine ligand havingrtagceptor and (by-donor
character.

w-acceptors and-donors. High conversions of about

phine ligands were inordinately strongracceptors

90% were obtained when phosphine ligands were and o-donors as observed with P{E5)3 and P(iso-

moderate w-acceptors ando-donors regardless of
their steric bulk Fig. 2). The conversion, however,

propyl)s, respectively.
It was still difficult to explain why polarizabil-

decreased significantly to below 50% when phos- ity did not have a general correlation with catalytic
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Fig. 2. Effects of the electronic character of phosphine ligand on the catalytic activity.

activity. However, the factors that might cause the
inordinate intensity in electronic character to affect
catalytic activity could be inferred. Conceivably, two
forces are operating in opposite directions when the
oxidation state of Co changes. The decrease in the
oxidation number of Co decreases its electronegativ-
ity. This makes Co more polarized and consequently
more able to insert the coordinated 1,3-butadiene.
However, the progressive filling of Co orbitals with
electrons should decrease the acceptor characteris-
tic of Co for monomer, thus decreasing the ability
of Co to coordinate with it. The converse of this
mechanism should also be true. Thus, an appropriate
balance of these two forces should be maintained to
optimize catalytic activity. This could be the reason
catalytic activity was affected mainly by the inordi-
nate intensity in the electronic character of phosphine
ligand.

3.3. Effects of electronic character on molecular
weight (My)

The phosphine ligand had a very notable effect on
the My, of polybutadiene. P(CgFs)3 gave polybuta-
diene with a My, of around 1,272,000; (CgFs)2PPh

and (CgFs)PPhy gave a My, of around 714,000 and
568,000, respectively. The M,y of polybutadiene sig-
nificantly increased with an increase in m-acceptor
character and steric bulk of phosphine ligand in poly-
merization using a phosphine ligand with -acceptor
character (entries 1-3). However, to ascribe this sig-
nificant increase in My, to an increase in steric bulk
could not be justifiable because the most sterically
hindered phosphine ligand, P[2,4,6-(CH3)3CsH2]3,
did not give the largest Myy,. Another example show-
ing that the increase in M,y might originate from an
electronic effect was seen in polymerizations using
(CGFS)ZPPh and P(isopropyl)g. (C5F5)2PPh had a
wider cone angle than P(isopropyl)s. Nonetheless,
P(isopropyl)s gave polybutadiene with a much higher
My. This clearly showed that the increase in My
observed in entries 1-3 was mainly from the elec-
tronic effect of phosphine ligand rather than its steric
effect. Thus, it was plausible that the M,y of polybu-
tadiene was primarily determined by the intensity in
ar-acceptor character in polymerization using a phos-
phine ligand with r-acceptor character. The chain
transfer reaction seemed to take place more frequently
with decreasing m-acceptor character of phosphine
ligand (entries 1-3).
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In contrast, the My, of polybutadiene was mainly
determined by theintensity in o-donor character when
using phosphine ligands with a-donor character, such
as PPhs, P[2,4,6-(CH3)3CgH2]3, and P(isopropyl)s.
The My, of polybutadiene increased with increasing
intensity in o-donor character of phosphine ligand.
Its steric bulk showed little correlation with the My,
of polybutadiene. There may be other unidentified
factors responsible for the deviation of the M, of
polybutadiene. The broadest molecular weight dis-
tribution (MWD) observed with P(2-CH3CgHj)3 in
entry 5 showed that the ligand increased the hetero-
geneity of active centers.

The polarizability of phosphine ligand did not
show a genera correlation with the My, of polybu-
tadiene. The M,y of polybutadiene increased with
decreasing polarizability when a phosphine ligand
with mr-acceptor character was used (Tables 1 and 2).
However, no such clear correlation was observed for
phosphine ligand with o-donor character. Apparently,
polarizability was not an appropriate parameter that
could elucidate universally the effect of phosphine
ligand on the My, of polybutadiene.

4. Conclusions

The effects of phosphine ligands on the polymer-
ization of 1,3-butadiene with Co(2-ethyl hexanoate),/
AIEt>CI/H,O were investigated. A good correla
tion was observed between polarizability and 1,4-cis
stereoregularity regardless of the electronic character
(-acceptor or o-donor) of phosphine ligands. On the
other hand, neither catalytic activity nor the My, of
polybutadiene showed a good correlation with polar-
izability. Variations in polarizability provided polybu-
tadienes with 1,4-cis contents ranging from 87.0 to
98.0%. The marked preference for a 1,4-cis unit
seemed to be derived from a coordination intermedi-
ate with an n*-cis-coordination of monomer and an
anti structure of the alylic group. Whether the stere-
oregularity was imparted to the 1,4-cis unit seemed
to be determined by variations in the geometry of the
catalytic complex. This was presumably caused by
the difference in the polarizability of phosphine lig-
and. Catalytic activity was affected only when phos-
phine ligands were inordinately strong wr-acceptors
and o-donors. High conversions of about 90% were

obtained when phosphine ligands were moderate
-acceptors and o-donors regardless of their steric
bulk. On the other hand, the electronic character of
phosphine ligand significantly influenced the M,y of
polybutadiene. In polymerization using a phosphine
ligand with sr-acceptor character, the My, of polybu-
tadiene was primarily dependent on the mr-acceptor
character rather than the steric bulk of phosphine lig-
and. The My of polybutadiene was mainly dependent
on the o-donor character of phosphine ligand when
using a phosphine ligand with o-donor character.
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