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ABSTRACT

The polymerization of vinyl monomers initiated with the system
of polyvinylferrocene (PVFc) and carbon tetrachloride {(CCls)
was carried out in dark. Methyl methacrylate (MMA) and
acrylonitrile (AN) could be polymerized, while styrene (St) was
hardly polymerized under the conditions used. The polymeri-
zation proceeded through a free-radical mechanism and was
concluded to be initiated by attack of vinyl monomer, having

a polarized vinyl group, on the charge-transfer complex of
PVFc/CCls. In the polymerization of MMA, the initiating
ability of PVFc was much larger than that of ferrocene (Fc-H)
or poly(ferrocenylmethyl methacrylate) (PFMMA) and was com-
parable to that of polyferrocenylenemethylene (PFM). The
overall activation energy was estimated to be 34.2 kJ/mole.

INTRODUCTION

The homogeneous solution polymerization of vinyl monomers
initiated by ferrocene (Fc-H) and carbon tetrachloride (CCl4) in the
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dark was already reported [ 1]. The following results were obtained:
(1) methyl methacrylate (MMA) and acrylonitrile (AN) could be polym-
erized but styrene (St) could not; (2) CCly was necessary for the re-
action; (3) a charge-transfer complex (CT complex) of Fc-H/CCls was
involved in the initiation; (4) the rate of polymerlzatlon of MMA m
benzene solution was proportional to [ Fe-H]™® [CCL]™® [ MMA]'*®
and (5) the polymerization proceeded through a free-radical mechan—
ism. We therefore presumed that the radical species was formed by
the attack of vinyl monomer having a polarized vinyl group on the CT
complex,

Moreover, the macromolecular effect on the polymerization was
investigated, by using poly(ferrocenylmethyl methacrylate) (PFMMA)
[2] or polyferrocenylenemethylene {(PFM) [ 3] instead of Fc-H. The

&
Fe-H PFMMA
CHy—CH
ot
Fe e
n n
PFM PVFc

initiating activity increased in the order PFM > PFMMA > Fc-H.
The following two considerations were made to explain why the initiating
ability of PFMMA was smaller than that of PFM: (1) the PFMMA unit
has a pendent ferrocenyl group and (2) the PFMMA unit has a carbonyl
group which can interact with positively charged iron atom.

The present paper is concerned with the polymerization of vinyl
monomers with the system of CCls and polyvinylferrocene (PVFc)
whose unit has a pendent ferrocenyl group and no carbonyl group.

EXPERIMENTAL

Materials

PVFc¢ was prepared by the scheme (1), according to the method of
Arimoto et al. [ 4].
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Vinylferrocene. Ferrocenyl methyl ketone (I) was prepared
as described in the literature [ 5]. I was obtained as orange colored
needlelike crystals; theoretical yield 56%; mp 95.8-96.9°C. The IR

showed v, _ ) 1660 cm™t,

Analysis Caled for Ci2H;2OFe: C, 63.20%; H, 5.30%. Found:
C, 63.15%; H, 4.95%.

Ferrocenylmethylcarbinol (II) was prepared by the method of
Arimoto and Haven [ 4]. II was obtained as orange-red needlelike
crystals; theoretical yield 92%; mp 79.2-79.8°C, The IR showed
Pop 3190-3250 cm ',

Analysis: Calcd for C,2H,4,OFe: C, 62.64%; H, 6.13%. Found: C,
62,52%; H, 5.81%.

Ferrocenylmethylcarbinyl acetate (III) was prepared by the method
of Arimoto and Haven [ 4]; theoretical yield 93%; mp 69.3-90.4°C.

-1 -1
The IR spectrum showed v, _ 1710 em ™, c—o 1220 cm™", The

crude acetate was distilled under reduced pressure into a glass tube

packed with glass wool. As the tube was heated to 175°C, the acetate
was decomposed to crude vinylferrocene (IV). The theoretical yield

was 73%. IV obtained (IR, Yo—c 1630 cm ') was a viscous liquid

and was used without further purification.

Polyvinylferrocene (PVFc). Polymerizations of the
two kinds of VFc were carried out at 60°C with 2,2'-azobisisobutyro-
nitrile as an initiator, as described in the literature [ 4, 6-8]. Each
polymer was purified two times by reprecipitation from benzene and
methanol, They were yellow powders. Pn measured by vapor pressure

osmometry method in benzene at 37°C were 15 and 22, respectively.

Carbon tetrachloride was passed through a column filled with
alumina and distilled at atmospheric pressure. MMA, St, AN,
benzene, and dimethylformamide (DMF) were purified by the usual
methods,
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Procedures

The polymerization of vinyl monomer was carried out in a sealed
glass ampoule, Monomer, ferrocenyl compound, CCls, and solvent
were placed in the ampoule. The ampoule was flushed with nitrogen,
frozen, and sealed in vacuo. The order to carry out the homogeneous
solution polymerization, benzene was used as solvent for MMA and
St, and DMF for AN, The polymerization was carried out with shak-
ing in a thermostat., After the reaction, the contents were poured
into a large amount of methanol to precipitate the polymer formed.
The polymer was filtered, washed thoroughly with methanol, and
dried under vacuum at 80°C. The conversion of the monomer was
calculated by Egs. (2) and (3) for PVFc and Fe-H, respectively.

[ Total precipitates] (g) - [PVFc] (g)

Conversion {PVFe) (%) =
Monomer

x 100 (2)

Precipitate (g)
Conversion (Fe-H) (%) = — x 100 (3)
Monomer (g)

RESULTS AND DISCUSSION

Selectivity of Vinyl Monomer

A mixture of 5 cm® of monomer, 3.52 X 10" mole/dm® of ferro-
cenyl unit (F. U.), 0.2 em?® of CClg, and 5 cm® of solvent was heated
under vacuum at 85°C for 5 hr. The results, listed in Table 1, show
clearly that MMA and AN could be polymerized with the PVFc/CCl,
system, while St was hardly polymerized. The presence of CCly was
indispensable. These results were the same as those of the cases
of Fc-H, PFMMA, and PFM. The promoting effects of the ferrocenyl
compounds on the polymerization rate increased in the order, PFM,
PVFc > PFMMA > Fc-H. The reason why St could not be polym-
erized is its nonpolarizing property, which will be discussed in the
last section of the present paper.

Effect of the Concentration of PVFc

The polymerizations of MMA were carried out with varying concen-
tration of PVFc as shown in Fig. 1. As can be clearly seen, the rate
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TABLE 1. Vinyl Polymerization Initiated with PVFc or Fc-H?

Ferrocenyl CClq Conversion
Monomer Solvent compound (ecm®) (%)
MMA Benzene - 0 1.39
- 0.2 1.37
Fc-H 0 3.21
Fc-H 0.2 4,09
PVFc 0 7.22
PVFc 0.2 39.76
AN DMF - 0 0
- 0.2 0
Fc-H 0 0
Fc-H 0.2 4,76
PVFc 0 0.12
PVFc 0.2 32.68
St Benzene - 0 1.61
- 0.2 1.55
Fc-H 0 1.59
Fc-H 0.2 0.58
PVFc 0 2.48
PVFc 0.2 4,09

aPolymerizai:ion conditions: monomer, 5 cms; ferrocenyl com-
pound, 3.52 X 10" % mole/dm® of F. U.; solvent, 5 cm®; 85°C; 5 hr.

of polymerization initiated by PVFc is comparable to that by PFM and

is much larger than that by PFMMA or Fc-H.

Effect of the Amount of MMA

Polymerizations of MMA were carried out in benzene at 85°C for
3 hr on varying [ MMA] and keeping [ PVFc] and [ CCl4] constant.
The results obtained are shown in Fig. 2, Figure 2 shows also that
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FIG, 1. Effects of the concentratmn of ferrocenyl compound on the

polymenzatmn of MMA. MMA, 5 cm®; CCly, 0.2 cm®; total volume,
10 cm® (benzene); 85°C; 3 hr.
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FIG. 2. Effects of the amount of MMA on the polymerization,
Ferrocenyl compound, 1, 01 X 1072 mole/dm F. U.; CCl,, 0.2
; total volume 10 cm® (benzene); 85°C; 3 hr.
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FIG. 3. Effects of the amount of CC14 on the polymerlzatlon of
MMA Ferrocenyl compound, 1.01 X 10”2 mole/dm ® F. U.; MMA,
5 cm®; total volume 10 cm® (benzene); 85° C; 3 hr.

the rate of polymerization of MMA with the PVF¢/CCly and PFM/CCl,
systems were very much larger than those with the PFMMA/CClq

and Fc-H/CCl, systems. The promoting effects increased in the
order PFM > PVFc > PFMMA > Fc-H.

Effect of the Concentration of Carbon Tetrachloride

On mamtaming the total volume at 10 cm®, various amounts of
CCl4, 5 cm® of MMA, and 1.0 x 10°% mole/dm of F. U. of ferrocenyl
compound were heated in benzene at 85°C for 3 hr. The results shown
in Fig. 3 were obtained. The presence of CCls is necessary for the
polymerization, and the rate of polymerization of MMA increased in
the order PFM > PVFc > PFMMA > Fc-H.

As Figs, 1, 2, and 3 show, in all cases the polyferrocenyl compounds
have larger initiating activities than monomeric ferrocene (Fc-H).
This is the macromolecular effect. Macromolecules can incorporate
the reacting substances and promote the reaction.

Proof of Radical Mechanism

To a mixture of 5cm® of MMA, 1.01 X 1072 mole/dm of F, U, of
PFVe, and 0.2 cm® of CCly, and benzene (to a total volume of 10 cm®),
was added 0.1 g of diphenylpicrylhydrazyl (DPPH) as a radical
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FIG. 4, Inhibition of the polymerization by DPPH: ( o) no DPPH;
(9)0.1¢g DPPH. MMA, 5 cm®; PVFe, 0.0211 g (1.01% 10" % mole/
dm’ F. U.); CCls, 0.2 cm®; total volume 10 cm® (benzene); 85°C.

scavenger. As can be seen in Fig. 4, the polymerizations were com-
pletely inhibited. Therefore the polymerization of MMA initiated
with PVFc and CCl, was found to proceed through a radical mech-
anism.

Effect of Temperature

In order to estimate the overall activation energy, the polymeri-
zations of MMA were carried out at 85-90°C. As shown in Fig. 5,
after about 1 hr, the time-conversion relationship can be expressed
by a straight line. The slopes of the lines were considered to be
the rate of polymerization Rp, and the Arrhenius equation was applied.

The plots were obtained as a straight line (Fig. 6). From the line,
the overall activation energy was estimated to be 34,2 kJ/mole.

Comparison of Overall Activation Energy

Overall activation energies of four kinds of ferrocenyl compound/
CCl4/MMA systems are shown in Table 2. PFMMA and PVFc, which
have a ferrocenyl group in the side chain, had small activation energies,
while PFM, having a ferrocenyl group in the main chain, had a higher
activation energy. As stated above, PFM and PVFc had almost the
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FIG. 5. Effect of temperature on the polymerization of MMA with
PVFc/CCls system: (o) 65°C; () 75°C; ( @) 80°C; (o) 85°C;
() 90°C. PVFec, 1.01x 10" mole/dm® F. U.; MMA, 5 cm®; CCly,,
0.2 cm®; total volume 10 cm® (benzene).
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FIG. 6. Arrhenius plot.
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TABLE 2. Overall Activation Energies

Ferrocenyl Activation energy
compound (kJ/motle)

Fc-H 54,3

PFMMA 39.4

PFM 7.7

PVFc 34.2

same activities. Accordingly, the overall activation entropy in the
case of PFM is more convenient to the initiating reaction than that
in the case of PVFc. At the present time, the exact reason is not

clear.

Initiation Mechanism

Formation of the CT complex of ferrocene with CCl, was reported
[9-11]. The initiating species (CCls-M-) was considered to be formed

—CHy—CH—

+ .J

Fe + co, = Felta®=cay

PVFc

—CH,—CH—

M:monomer

CT-complex

Felt-cf=—cciy

SR

(4)
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from the CT complex by the attack of vinyl monomers having electron-
attracting vinyl groups. Thus, the mechanism of initiation can be
expressed by Eq. (4), as in the cases of PVFc, PFMMA and Fc-H.

In Eq. (4) MMA or AN forms a complex with PVFc¢ and CCls, by
its polarized structure, white St is a weakly polarized molecule and
forms hardly the complex.

As Figs. 1-3 show, the initiating ability of PFMMA was very small.
Nevertheless, the overall activation energy was only 39.4 kJ/mole.
Therefore, the low activity of PFMMA is due to the interaction of
ferrocenyl group with carbonyl group, to form an intramolecular

CH4
—CHQ—C—

7 g 0=C
\O
\ b /

< CH,

complex. In other words, the most reaction sites of PFMMA were
blocked by the carbonyl group.
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