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MetabContaining tnitiator Systems. XXIX. 
Selective Initiation of Vinyl 
Polymerizations with Cobaltocene 

TAKAWKI OTSU and YANG-UN MUN 

Department of Applied Chemistry 
Faculty of Engineering 
Osaka City University 
Osaka 558, Japan 

A B S T R A C T  

The polymerizations of acrylonitrile (AN), acrolein (AL), 
butadiene (BD), and isobutyl vinyl ether (IBVE) with cobalto- 
cene were investigated. It was found that both AN and AL 
could polymerize in dimethyl sulfoxide through a coordination 
mechanism, but AN and BD polymerized by a radical mechanism 
in the presence of some organic halides, such as carbon tetra- 
chloride, benzyl bromide, and ally1 bromide. The initiator sys- 
tem of cobaltocene and organic halide also induced cationic 
polymerization of IBVE. On the basis of the results obtained, a 
mechanism for the selective initiation of polymerization is pro- 
posed and discussed. 
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INTRODUCTION 

OTSU AND MUN 

In previous papers [ 1-51 of this series, it was found that some 
metal-containing initiator systems, reduced nickel/organic halides 
[ 1, 21, metal acetylacetonate/organic halide [ 31, and bisbenzen- 
chromium or ferrocene/organic halide [ 4, 51 could selectively induce 
radical and ionic polymerizations, depending on the reactivities of 
vinyl monomers used. Since we recently found similar behavior for 
cobaltocene [ (CsH~)zCol  initiator, the present paper will describe 
the results regarding selective polymerization of vinyl monomers. 

E X P E R I M E N T A L  

M a t e r i a l s  

Cobaltocene was synthesized according to Wilkinson's method [ 61 
and purified by sublimation. Organic halides used in this study were 
purified by distillation from the commercially available reagents. 
Acrylonitrile (AN), acrolein (AL), butadiene (BD), and isobutyl vinyl 
ether (IBVE) were distilled in a stream of nitrogen just before use. 
The other reagents, such a s  dimethyl sulfoxide (DMSO), dimethyl- 
formamide (DMF), toluene, and methanol, were commercial materials 
used after distillation and purification. 

P o l y m e r i z a t i o n  P r o c e d u r e  

The polymerizations and copolymerizations were carried out in a 
sealed tube without light under shaking in a thermostat maintained 
at  a given temperature. After polymerization, the tube was removed 
from the thermostat and cooled in a Dry Ice-methanol bath. Then 
this tube was opened and its contents poured into a large amount of 
methanol (or diethyl ether in the case of AL) to precipitate the poly- 
mer. The resulting polymer was filtered, washed several times with 
precipitant, and then dried under vacuum. 

A n a l y s e s  of P o l y m e r s  

The intrinsic viscosity [ q ]  of poly-AN was measured in a s  the 
dilute DMF solution at 25"C, and the number-average molecular 
weight "I, was calculated from Eq. (1) [ 71 : 
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[ 17] = 57.4 x 

The microstructure of the poly-BD was determined from its infra- 
red spectrum according to the method of Morero [ 81. The composition 
of the copolymers of AN was determined from their nitrogen contents. 

R E S U L T S  AND DISCUSSION 

P o l y m e r i z a t i o n s  of AN a n d  A L  w i t h  ( C 5  H 5  ) z C o  

The results of polymerizations of AN and AL with (C5H5 )zCo a re  
shown in Table 1. 

The polymerization systems of both monomers changed from 
black-violet to black-brown during the polymerization. Table 1 
shows that AN could easily polymerize with (C5Hs)zCo in DMSO 
to give polymer with low intrinsic viscosity. The rates of polymeri- 
zation increased with increasing polymerization temperature. The 
resulting polymers were pale yellow-colored powders, soluble in 
DMSO, DMF, arid acetone but insoluble in carbon tetrachloride, 
chloroform, acetonitrile, and nitrobenzene. Under similar condi- 
tions, AL quite rapidly polymerized with (CsH5)zCo even at 30°C 
in DMSO and in DMF, and the polymers obtained were white powders. 

with (CsH5)zCo were also investigated. As can be also seen from 
Table 1, AN polymerized both in DMSO and in DMF, but i s  hardly 
polymerized in toluene. Thus the polymerization activity was found 
to change according to the solvent used in the following order: 
DMSO > DMF > toluene. However, when a small amount of ethylene- 
diamine (ED) dipyridyl (Dipy), triphenylphosphine (PPHB), or diethyl- 
enetetramine (DETA) which could coordinate with (C5Hs)zCo was 
added, the activity in toluene was in almost agreement with that in 
the absence of these additives. 

In a previous paper [ 91, these additives were found to show a 
marked accelerating effect on the polymerization of AN with (CsHsbNi, 
unlike the case with (C5H5)zCo. This reason for the difference i~ be- 
havior seems that either (CsH5)Co rapidly reacts with these additives 
having a bidentate ligand such a s  amine or forms a stable complex, 
because the activity of (C5H5)2Co is higher than that of (CsH5)zNi. 

To clarify this polymerization further, a study of the kinetics of 
the polymerization of AN with (C5H5)zCo was performed. The time- 
conversion relations obtained in DMSO at 50-80°C a re  shown in 
Fig. 1. 

The effects of solvents and additives on the polymerization of AN 
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TABLE 1. Polymerization of Acrylonitrile (AN) and Acrolein (AL) 
with (C5H5)2Coa 

Additive 

Concn. Temper- 
(mole/ ature Time Yield 

Monomer Solvent Type liter) ("C) (hr)  

AN 

AN 

AN 

AN 

AN 

AN 

AN 

AN 

AN 

AN 

AL 

AL 

DMSO 

DMSO 

DMSO 

DMSO 

DMF 

Toluene 

Toluene 

Toluene 

Toluene 

Toluene 

DMSO 

DMF 

- 

ED 

DiPY 
PPh3 

DETA 

60 

70 

80 

90 

70 

70 

0.09 70 

0.04 70 

0.04 70 

0.09 70 
30 
30 

12 
12 

12 
12 

12 

15 

15 

15 

15 

15 
0.25 

0.25 

37.2(0.12) 

58.8 

81.8 

93.7( 0.07) 

9.2 

1.2 
3.1(0.05) 

3.5 

1.8 

3.3 
100 
90 

Polymerization conditions: [ ( C ~ H ~ ) ~ C O ]  = 2 X mole/liter; a 

bValues in parentheses indicate values of intrinsic viscosity (dl/g 
[AN] = 7.6 mole/liter; [ AL] = 7.5 mole/liter in solvent. 

in DMF). 

The yield of the polymer increases linearly with time a t  every 
temperature, From the Arrhenius plots of the logarithms of polym- 
erization rates with reciprocal polymerization temperatures, as 
shown in Fig. 2, the overall activation energy was obtained as 9.3 
kcal/mole. This value is considerably lower than that of ordinary 
radical polymerization. 

In order to investigate the polymerization mechanism of AN with 
( C ~ H ~ ) ~ C O ,  the polymerizations of AN with methyl methacrylate (MMA), 
styrene (St), and AL were carried out in DMSO at 70°C. The monomer- 
copolymer composition curves obtained a re  shown in Fig. 3, from which 
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1787 

FIG. 1. Effects of temperatures on the polymerization of AN with 
( C ~ H ~ ) ~ C O ;  [AN] = 7.6 mole/liter; [ (CsH&Co] = 2 x 
liter in DMSO. 

mole/ 

FIG. 2. Arrhenius plot of log R with 1/T: [ A N ]  = 7.6 mole/liter; 
P 

[ (C5H5)2Co] = 2 X mole/liter in DMSO. 
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1788 OTSU AND MUN 

AN I N  COMONOMER (MOLE%) 

FIG. 3. Copolymer composition curves in the copolymerizations 
of AN with various monomers: ( ) AN-MMA; ( 0 ) AN-St; ( a  ) 
AN-AL. [ (C5H&Co] = 2 X mole/liter in DMSO a t  70°C. 

it is  clear that in both AN-MMA and AN-St systems, the homopolymer 
of AN is obtained almost exclusively, independent of the monomer 
feed. However, the copolymerization of AN with AL i s  found to give 
the homopolymer of AL, probably due to the higher reactivity of AL 
toward (CsH5)2Co than AN. These results strongly indicate that the 
polymerization of AN and of AL in DMSO is performed through a 
coordination mechanism, not ordinary radical and anionic mechanism. 
Similar results were also found for the polymerization of AN with 
(c6H6)zCr and (C5H&Ni [ 9, lo]. 

tions a re  shown in Fig. 4. A s  can be seen from this figure, only the 
absorption band due to poly-AN is observed in the copolymers ob- 
tained from the AN-MMA and AN-St systems, but that due to poly-AL 
is found in the copolymers obtained from the AN-AL system. There- 
fore, the polymerization of AN (and also of AL) with (C5H5)aCo in 
DMSO seems to proceed via a coordination mechanism involving a B -u 
rearrangement of the B -complex formed initially between (C5H5)zCo 
and AN monomer [ Eq. (2)]. 

A similar mechanism was proposed for the polymerizations of 
AN and AL with some metal n -complexes [ 9, lo], and the detailed 
results will be described in a subsequent paper. 

The IR spectra of the copolymers obtained by these copolymeriza- 
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WAVENUMBER (CM-l) 

FIG. 4. Infrared spectra of the copolymers obtained from: (A) 
AN-MMA; (B) AN-St; (C) AN-AL systems. 

P o l y m e r i z a t i o n  of V i n y l  M o n o m e r s  w i t h  ( C S  H5 ) z C o -  
A l k y l  H a l i d e s  ( R X )  

The results of polymerization of AN with (CsH&Co-RX systems 
a re  shown in Table 2. AN polymerizes in the absence of RX to give 
low molecular weight polymer, but in the presence of halides such a s  
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TABLE 2. Polymerization of Acrylonitrile with (C5H5)2Co at  70"Ca 

Halide 
~~ ~ ~~~~ 

Concn. 
(mole/ Time Yield [ v ]  - 

Solvent Type liter) (hr) (%I) (dl/g) Mn 

Toluene 

Toluene 

Toluene 

Toluene 
Toluene 

Toluene 

Toluene 

DMF 

DMF 

DMF 

DMF 

DMF 

cc14 

CHCL 

CsH5 CHzCl 

C6H5 CHzBr 

CH2=CHCHzCl 

CH2 =CHCH2Br 

None 

cc14 

CsH5 CHzBr 

CH2=CHCHzBr 

CH2 =CHCHzCl 

None 

0.1 18 5.4 

0.1 18 0 

0.08 18 0 

0.08 18 1.2 

0.1 18 0 

0.1 18 0.6 

- 18 1.2 

0.1 7 14.3 1.87 62,000 

0.1 18 11.0 4.90 240,000 

0.1 18 10.3 

0.1 16 2.2 
- 18 6.4 0.07 710 

a Polymerization conditions: [ (C5 H5 )zCO] = 2 X mole/liter; 
[AN]  = 7.6 mole/liter. 

CCL, CsH&H2Br, and CH2=CHCH2Br the polymerization of AN is 
accelerated much more in DMF than in toluene. The activity of RX 
in DMF decreases in the following order: CC14 > CsHsCHzBr > 
CH~=CHCHZ Br > CHZ=CHCH~C~ > C6H5 CH2C1. This order was in 
almost agreement with that observed with (CsH6)2Cr [ 41, (C5H5)zFe 
[ 41, and (C5Hs)zNi [ 51. It is noted that all of the resulting polymers 
obtained are white powders of high molecular weight ( lo5 - lo6). From 
these results, it seems that these polymerizations with (C5 H5 )zCo 
in the presence of RX proceed through a mechanism other than the 
coordination mechanism described above. 

In order to clarify the mechanism of polymerization with the 
(C5H5)zCo-RX system, the copolymerization of AN and St with a 
(CsHs)zCo-CCl4 system was carried out. The results are shown in 
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100 

AN I N  CONONONER (MOLE%) 

FIG. 5. Copolymerization of St (M1) with AN (M2) by (C5Hs)zCo- 
CC14 system: ( 0 )  in toluene; ( 0 ) in DMF. Copolymerization condi- 
tions: [ (C5H5)2Co] = 2 X mole/liter; [ CC14] = 1 X lo-' mole/ 
liter at 70°C. 

Fig. 5. The observed composition curve is in agreement with that 
obtained with the ordinary radical polymerization. The experimental 
points obtained in DMF lie on this composition curve. Therefore, 
the mechanism in the presence of RX i s  found to be that of radical 
polymerization proposed by Otsu and Kubota et al. [ 41 for the 
initiation by the (C5Hs)zFe-RX system [ Eqs. (3) and (4) ] ,  Namely, 
(C5H5)2Co can initially form a complex with RX like CCL, and one 
electron-transfer from (CsH5 )ZCO to CC14 occurs to produce the 
trichloromethyl radical, which can initiate the radical polymerization 
[ Eqs. (3) and (411. 

A similar mechanism was proposed from the results of product analy- 
sis by Hagihara et al. [ 111. 
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P o l y m e r i z a t i o n s  of BD a n d  IBVE 

The results of polymerization of BD and IBVE with (CsHdzCo-RX 
systems a re  shown in Table 3. Although little evidence of thermal 
polymerization of BD is observed, the addition of (CsH5)zCo inhibits 
this polymerization, However, the presence of RX with (CsHs)z Co 
catalyst is accelerated the polymerization. The resulting polymers 
a re  colorless, and their microstructures a r e  almost identical to 
those obtained from thermal and radical polymerizations. This 
result seems to suggest that these polymerizations proceed via 
a radical mechanism. 

From Table 3, however, it i s  also found that IBVE polymerizes 
with the (CsH5)zCo-CsH&HzBr system, similarly to polymerization 
of the (CsHs)zCr-CsHsCHzBr system [ 53. Since IBVE can polym- 
erize only with cationic catalyst, it is considered that the cationic 
polymerization of IBVE is induced by this catalyst system. 

S e l e c t i v e  I n i t i a t i o n  M e c h a n i s m  w i t h  (CR H, ) ? C o  
i n  t h e  P r e s e n c e  of R X  

As described above, it was found that the binary systems of 
(C5HdzCo and RX served as a selective initiator which induced 
both radical polymerization of AN and cationic polymerization of 
IBVE. In addition, (CsH&Co was also induced the coordination 
polymerization of AN and AL in the absence of RX. The radical 
polymerization of AN seems to be initiate from the complex I, 
from which the initiating radical i s  produced via either unimolecular 
one-electron transfer of I from metal to RX or  bimolecular reaction 
of I with the monomer (M) used [ Eqs. (5)  and (6)] : 

LzMe + R X  - [ LzMe-XR] 

I 

or  

I+M-  La Me'X- + RM. (6) 

where Me and L stand for metal and cyclopentadienyl ligand, respec- 
tively. The formation of a charge- transfer complex like I was deduced 
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1794 OTSU AND MUN 

spectroscopically by Tsubakiyama [ 121, who found complex formation 
between ferrocene and carbon tetrachloride. 

On the other hand, the initiation of cationic polymerization of IBVE 
by these systems is expected to occur by a cation produced through 
either unimolecular dissociation of I or  bimolecular reaction [ Eqs. (7) 
and @)I. 

I - R' + LzMeX- 

I + M  - RM'+LzMeX- 
or  

A similar selective initiation mechanism was also proposed by 
Razuvaev [ 131 with the bisarenechromium-RX system, and by Otsu 
et al. for reduced nickel-RX [ 21 and bisbenzenechromium-RX sys- 
tems [ 51. 
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