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ABSTRACT: 2-Phenylbutadiene was polymerized by SnC14, BFaOEt2, and PhsCSnCls 

in ethylene dichloride. The kinetic study showed a rapid initiation in the cases of 

SnC14 and BF30Et2, but a rather slow initiation in the case of PhaCSnCls. The initial 

rate of polymerization in the cases of SnCl4 and BFaOEt2 or the maximum rate in the 

case of PhaCSnCls was expressed as follows 

Rpo(Rp max)=k[M]o[CJo=kp[M][MnEB] 

The molecular weight of the polymers obtained in these cationic polymerizations was 

independent of concentrations of both monomer and catalyst; hence, the monomer 

chain transfer was proposed as a terminating reaction. By IR, UV, and NMR spectro

scopies, it was shown that the microstructure of the polymers obtained in these cationic 

polymerizations was a 1,4-structure and about a half of the double bonds in the polymers 

was consumed by a novel cyclization whose scheme was proposed. The UV spectrum 

of the propagating species of 2-phenylbutadiene in the cationic polymerization was also 

found to be the same as in the case of 1-phenylbutadiene. 
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The polymerizations of 2-phenyl-1,3-butadiene 

(2-PB) have been shown in several papers. 1 - 7 

The polymerization of 2-PB by Ziegler-type cata

lysts has been performed and the structure of 

the polymers obtained was determined. 1 •2 The 

high l ,4-cis polymers were obtained using iso

Bu3Al-TiC14
1 and AlHCI 2-0Et2-All3-TiC14 2 as 

catalysts, and a polymer with 73-% l ,4-trans 

structure was also reported for the former cata

lyst in benzene. It has also been reported that 

the complexed catalyst has given a polymer 

having a cyclic structure such as phenanthrene 

by dehydration. 3 In studies of anionic polymeri

zation of phenylbutadienes, one of us has already 

reported that 2-PB has been polymerized to living 

polymers by means of sodium-naphthalene in 

tetrahydrofuran (THF) or butyllithium in ben-

zene, and the polymer prepared had the high 

cis-1,4 structure; the microstructures of poly(2-

PB) prepared by alkyllithium in various solvents 

have also been discussed. 4 

* A rna jor part of this study was presented at 

the 20th Annual Meeting of the Society of Polymer 

Science, Japan, at Tokyo, May, 1971. See Abstracts, 

p 48. 

In the cationic polymerization of 2-PB, the 

results obtained previously were only concerned 

with the polymer structure. Poly(2-PB) prepared 

by SnC14 had about 50-% 1,4-structure in olefin 

double bonds, but further details of the structure 

could not be shown because of a partial gelation 

of the polymers. 5 ' 6 Recently, Higashimura, eta!., 

have reported the cationic polymerization of 2-

PB, showing results for the rate of polymeri

zation, the structure of the polymer obtained, 

and the copolymerizations of styrene with ring

substituted 2-phenylbutadienes. 7 

In preceding papers, the present authors have 

reported the cationic polymerization of 1-phenyl

butadiene8 and the initiation of phenylbutadienes 

by Ph3CSnCl5 • 9 It has been shown that reactivity 

of phenylbutadienes toward trityl cations de

creased in the following order at 25°C 
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1-phenylbutadiene > 2-phenylbutadiene > 

1, 1-diphenylbutadiene > 1 ,2-diphenyl

butadiene > 2,3-diphenylbutadiene 

The low activation entropy found for the reac

tion of 2-PB with Ph3CSnC15 suggested that the 

reaction involved a more restricted intermediate 

than that of 1-phenylbutadiene in the transition 

state. 

In this paper, we have investigated the kinetics 

of the polymerization of 2-PB and the structure 

of the polymers obtained in order to make clear 

the reactivity of 2-PB in cationic polymerization. 

EXPERIMENTAL 

Materials 

2-PB was synthesized as described in the preced

ing paper. 9 Catalysts and solvents obtained com

mercially were further purified by distillation on 

calcium hydride in a vacuum line. 

Procedures 

The experimental operations were carried out 

in a high vacuum technique, with air pressure 

less than ro-s mmHg. The rate of polymeri

zation was followed by means of dilatometry. 

UV and visible spectra of the solutions during 

polymerization were measured by use of the 

quarts cell shown in the preceding paper. 8 The 

polymerization was stopped by addition of 

methanol which contained a small amount of 

aqueous ammonia; the mixture was then poured 

into a large excess of methanol. The polymers 

which precipitated were filtered, washed with 

methanol, and dried under vacuum. The intrin

sic viscosities of the polymers obtained were 

measured at 30°C in toluene. IR and 1H NMR 

spectra of the polymers obtained were also meas

ured as described in the preceding paper. 8 

RESULTS AND DISCUSSION 

Polymerization of 2-Phenylbutadiene by Various 

Catalysts 

The time-conversion curves of the polymeri

zation of 2-PB by Ph3CSnC15 in ethylene dichlo

ride (EDC) at 25°C are shown in Figure I. The 

sigmoid curve of these time-conversion plots 

suggests a slow initiation. The maximum rates 

of polymerization calculated are shown in Table 
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Figure 1. Time-conversion curves of polymeri

zation of 2-PB catalyzed by Ph3CSnCls in EDC at 

25°C: [M]o, 0.62-0.64 M; [C]o, 12.2 mM (6), 3.1 

mM (3), 1.3 mM (4), 0.96 mM (5); [C]0 , 1.3-1.4 

mM; [M]o, 1.09 M (1), 0.79 M (2), 0.64 M (4), 0.41 M 

(7), 0.25 M (8), 0.10 M (9). 

Table I. Maximum rates of polymerization of 

2-PB by Ph3CSnCls and intrinsic 

viscosities of the polymers• 

Run 2-PB, Ph3CSnCls, Rpmax, ['}], 
no. moljl moljl molj/min dljg 

1.09 1.4 X 10-3 3.0x I0-3 0.038 

2 0.79 1.3x 10-3 3.3 X 10-3 0.043 

3 0.64 3.1xi0-3 1.4x I0-2 0.040 

4 0.64 1.3 X 10-3 5.0>-. 10-3 0.037 

5 0.63 0.96x I0-3 2.9x 10-3 0.043 

6 0.62 12.2x I0-3 3.9x 10-3 0.038 

7 0.41 1.4x I0-3 7 .4x I0-3 0.040 

8 0.25 1.4 X I0-3 5.5 X 10-3 0.035 

9 0.10 1.4 X I0-3 2.0x IQ-3 0.035 

a Solvent, EDC; temp, 25°C. 

I along with the intrinsic viscosity of the poly

mers. The dependency of these maximum rates 

on the initial monomer concentration is not 

simple, that is, at higher concentrations of mono

mer than around 0.5 moljl, the rates decreased 

as the monomer concentration increased. Such 

slow rates of initiation have already been reported 

in the preceding paper, where the initiation rate 

constant of 2-PB by Ph3CSnCl5 has been shown 

to be about one tenth of that of 1-PB. A stable 

n-complex formation between 2-PB and SnC1 4 

which competes with the initiation by Ph3CSnCl5 

has been proposed; in such a case this complex 

formation will reduce the effective concentration 

of initiator, Ph3CSnCl5 , and hence the rate of 
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Figure 2. Time-conversion curves of polymeri

zation of 2-PB catalyzed by SnC14 in EDC at 25°C: 

[M]o, 0.62-0.64 M; [C]0 , 12.9 mM (4), 3.7 mM (3), 

2.0 mM (6), 0.66 mM (5), 0.15 mM (7); [C]o 2.0-

2.1 mM; [M]0 , 0.86M (1), 0.76M (2), 0.62M (6), 

0.42 M (8), 0.26 M (9), 0.10 M (10). 
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Figure 3. Time-conversion curves of polymeri

zation of 2-PB catalyzed by BF30Et2 in EDC at 
25°C: [M]0 , 0.62-0.64M; [C]0 , 19.1 mM (4), 5.5 

mM (3), 1.8 mM, (5), 0.44 mM (6); [C]o, 1.8 mM; 

[M]o, 0.87 M (1) 0.77 M (2), 0.62M (5), 0.42M (7), 

0.25M (8), 0.10M (9). 

polymerization will be decreased at high mono

mer concentrations. 

In Figures 2 and 3 are shown the time-con

version curves of polymerization of 2-PB cata

lyzed by SnC14 and BF30Et2, respectively. For 

both cases, the time-conversion curves are not 

sigmoid, in contrast with the case of Ph3CSnCl5 , 

so that a slow initiation could not be suggested. 

The initial rates calculated from the initial slopes 

of the first-order plots of the time-conversion 

curves for the cases of SnC14 and BF30Et2 are 

shown in Tables II and III, respectively. The 

first-order plots of monomer concentration in the 

case of SnC14 are shown in Figure 4: here a 

Polymer J., Vol. 8, No. 1, 1976 

Table II. Initial rates of polymerization of 2-PB 

by SnCl4 and intrinsic viscosities of 
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Figure 4. The first-order plots of polymerization 

of 2-PB catalyzed by SnC14 in Figure 2: 0 (1); 

(2); • (4); D (6); .... (10). 

linear relation could be seen, but a deviation 

appeared at high conversions of about 70%. 

Similar results have been indicated in the case 
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of 1-PB. It is reasonable that the deviation 

should be ascribed to a chain transfer to the 

polymer, which forms more stable cations than 

the propagating carbonium ion. 

The maximum rate calculated in the case of 

Ph3CSnCl5 and the initial rates of polymerization 

of 2-PB by SnC14 and BFa0Et2 are plotted against 

monomer concentrations and initial concentra

tions of catalysts in Figures 5 and 6, respectively. 

As can be seen in Figure 6, the initial rates of 

polymerization were proportional to the initial 
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Figure 5. Dependence of [M]o on Rvo (Rp max in 

the case of PhaCSnCh). Log-log plots of the initial 

monomer concentration and the initial rate (the 

maximum rate in the case of PhaCSnCls) of poly

merization: L';., SnCl4; 0, BFaOEtz; Q, PhaCSnCh. 
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Figure 6. Dependence of [C]o on Rpo (Rv max in the 

case of PhaCSnCls). Log-log plots of the catalyst 

concentration and the initial rate (maximum rate 

in the case of PhaCSnCh) of polymerization: L';., 

SnCl4; 0, BFaOEtz; Q, PhaCSnCh. 
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concentrations of catalysts in all cases of SnC14, 

BF30Et2, and Ph 3CSnC15 • The dependency of 

the initial rate on the monomer concentration 

was unique, as has been described above in the 

case of Ph3CSnCl5 • In all cases of SnC14, BF3-

0Et2, and Ph 3CSnCl5 , a proportional relation be

tween the initial rates and the monomer concen

trations could be seen at concentrations lower 

than ca. 0.5 moljl. 

The intrinsic viscosities of the polymers ob

tained are shown in Tables I, II, and III, and 

it can be concluded that the molecular weight 

of the polymers is independent of both the 

monomer concentration and the catalyst con

centration. The fact suggests a predominant 

chain transfer to monomer as a terminating 

reaction. 

From these results the rate of polymerization 

could be expressed in the following equations. 

In the cases of SnC14 and BF30Et2 , which in

volved a rapid initiation, eq 1 could be applied 

for the initial rates. 

( 1 ) 

However, in the case of Ph3CSnCl5 , because of 

the slow initiation, the maximum rate has ap

peared after 10-20 min, indicating the comple

tion. Hence, for this maximum rate eq 2 could 

be applied. 

Rpmax=k[M]o[CJo=kp[MJ[MnEBJ ( 2) 

In both equations [M,. EB] was not determined 

directly, but in eq 1 it was assumed that [Mn EBJ 

was approximately equal to [C] 0 , since the initia

tion was found to be rapid. Hence kP was cal

culated as kp(25°C)=22ljmo1 min. This value 

is twice as large as that of 1-PB, where kp= 10 

ljmol min. 

The monomer reactivity of 1-PB was found to 

be larger than that of 2-PB after further study 

of the copolymerization. 10 Therefore, the fact 

that the kP of 2-PB is twice as large as that of 

1-PB means the carbonium ion produced from 

2-PB is much more reactive than that of 1-PB. 

In anionic polymerization, the authors found 

that the kp of 2-PB is larger than that of 1-PB 

in benzene. 11 

After consideration of the kinetic data, the 

molecular weight, and the structure of the poly

mers, a total scheme of cationic polymerization 

Polymer J., Vol. 8, No. l, 1976 
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of 2-PB in EDC was proposed as follows. It is 

the same as that of 1-PB except for the rr-com

plex formation between 2-PB and catalysts in the 

initiation step. 

Initiation 

SnCl4 + Ph3CCI Ph3CEBSnC1 5 8 ) 

SnCl4 + M M · SnCl4 Ph3CSnCl5 

Ph3CEB + M M 1 EB 

SnCl4 + EDC EDC · SnCl4 

SnCl4 + M M · SnCl4 

ki 

EDC · SnCl4 + M M 1 EBSnCl 5 8 

BF3 +Et20 BF3Et20 

BF3 +M M·BF3 

ki EB e 
BF30Et2+M M 1 BF3Eto-

Propagation 
kp 

MnEB+M M;¥+1 

Monomer transfer 
ktrM 

MnEB+M-----> Mn+MEB 

Polymer transfer 
ktrP 

Mn EB + p -----> Mn + pEB 

Cyclization 

pEB -----> p + HEB 

) SnCI, 

) BF,OEt, 

In this scheme, monomer transfer is described 

as the same reaction as in the case of 1-PB, pro

ducing an indenyl end. 

In case of 2-PB 

EB 
--CH2-c=c1r=cH2 + M 

I 
Ph 

In case of 1-PB 

ffi 

-cH2-cfi=cir=cH + M 
I 
Ph 

CH 

/ ' --. -CH2-CH CH + MEB 

"' / 
<Q) 

Polymer J., Vol. 8, No. 1, 1976 

The polymer transfer and cyclization will be 

discussed in a later section. 

Structure of Poly(2-phenylbutadiene) Obtained in 

Cationic Polymerization 

The microstructure of poly(2-phenylbutadiene) 

polymerized by the cationic catalysts was deter

mined qualitatively by the IR spectrum of these 

polymers, then quantitatively by the NMR and 

UV spectra. 

A weak absorption band at 840 cm-1 due to an 

out-of-plane vibration of trisubstituted olefinic 

proton was observed in the IR spectra of the 

soluble white powder of poly(2-PB) obtained by 

Ph3CSnC15, SnC14 , and BFaOEt2 in EDC, whereas 

no absorption bands at 990, 910, and 890 cm-1 

were observed in the IR spectra of these poly

mers. Therefore, it is suggested from these 

results that 2-PB was polymerized mainly in the 

fashion of 1 ,4-propagation. 

The NMR spectrum of poly(2-PB) prepared 

by SnC14 is shown in Figure 7, together with 

that of poly(2-PB) polymerized by Na-naph

thalene in tetrahydrofuran (THF) for comparison. 

The signals at 2.9, 4-5, and 7-9 r were as

signed to phenyl, olefinic, and methyne-methyl

ene protons, respectively. From the ratios of the 

peak areas of these proton signals based on a 

1 ,4-structure, the olefinic double bond of poly(2-

PB) obtained by the various cationic catalysts is 

shown to be isomerized to a saturated bond to 

an extent of about 50%. This was also supported 

by the large increase of the area of methyne

methylene proton signal. The poly(2-PB) obtained 

by Na-naphthalene in Figure 7 has already been 

shown to be a cis-1 ,4 structure and no isomeri

zation was observed in the NMR spectrum. 4 

a 

b 

3 4 5 6 7 8 9"( 

Figure 7. NMR spectra of poly(2-PB): a, poly(2-

PB) obtained by SnC14 in EDC; b, poly(2-PB) 

obtained by Na-naphthalene in THF. 
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The UV spectra of poly(2-PB) obtained by the 

cationic catalysts showed a strong absorption 

peak at 245 nm with cmax=4000-6000; on the 

other hand the polymer prepared by anionic 

initiator showed the same peak at 245 nm with 

cmax=Ca. 10000. Hence, from the results of UV 

spectra it was reconfirmed that about a half of 

the olefinic double bonds were consumed by a 

side reaction. 

Although we had proposed a cyclization of 

pendant double bonds in the case of 1-PB in the 

preceding paper, a novel cyclization in 1 ,4-struc

ture of 2-PB polymer was proposed as isomeri

zation reaction which is responsible for consump

tion of double bonds in the polymer without 

cross-linking. This cyclization was initiated by 

polymer transfer, then the total reaction proceed& 

as follows 

I I I I 
c c c c 

" / ' / " / ' / " / ' / " / ' / " CH2 CH CHz CH CHz CH CHz CH 

1 n8 withdrawing 

Ph Ph Ph Ph 

_.CH b CHz b CHz t CHz 

" / " / ' / " / ' / " / ' / " CH2 CH CH2 CH CHz CH CHz CH 

This cyclization would be quite similar to the 

intra-inter polymerization of I ,5-hexadiene de

rivatives, which is well known as a cyclopoly

merization. Furthermore, the above scheme will 

explain the consumption of double bonds as high 

as 50%, as was found in the experiments. The 

cyclization which involves a hydro-phenanthrene 

structure has already been reported in the poly

merization of 2-PB by complex catalysts. 3 

Visible Spectra in the Cationic Polymerization of 

2-Phenylbutadiene 

In Figures 8 and 9 are shown typical UV 

spectra observed in the course of the cationic 

polymerization of 2-PB catalyzed by SnC14 and 

BF30Et2 in EDC, respectively. Two absorption 

peaks are seen in the visible region of both UV 

spectra. There had been no absorption peak in 

the visible region in the initial stage of polymeri

zation, but a peak emerged at 545 nm as the 
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polymerization proceeded, then another peak was: 

observed at 488 nm in the final stage of poly

merization. 

For the same reason as described in the dis

cussion of the visible spectra observed in the 
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Figure 8. Visible absorption spectra observed dur

ing the polymerization of 2-PB by SnC14 in EDC 

at room temperature: [M]o, 0.629 M; [C]o, 8.9 mM; 

path length, 0.199 em; polymerization time, 1 min 

(1), 15 min (2), 70 min (3). 
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Figure 9. Visible absorption spectra observed dur

ing the polymerization of 2-PB by BF30Et2 in 

EDC at room temperature: [M]o, 0.626 M; [C]o, 

48.2 mM; path length, 0.199 em; polymerization 

time, 2 min (1), 20 min (2), 1 hr (3), 3 hr (4), 2 day 

(5). 

polymerization of 1-PB in the preceding paper, it 

is also indicated that the absorption at 545 nm 

could be assigned to an indenyl cation formed 

by hydride-withdrawing from an indenyl end 

which was formed by monomer-transfer termina

tion, as shown in the above section. This ab

sorption peak was observed at 570 nm in the 

spectrum of 1-PB because the positions on the 

indenyl end from which a hydrogen has to be 

withdrawn are different in the case of 1-PB and 

2-PB, as has been shown in the above section. 

The peak at 488 nm could be assigned to a 3-

phenylallyl-type cation formed by hydride-with

drawing from a 1 ,4-structure of the polymer as 

follows 

Polymer J., Vol. 8, No. 1, 1976 

The initiation of cyclization of double bonds in 

polymer with this polymer cation has already 

been indicated above . 
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