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Radiation-induced Copolymerization of 
Tetrafluoroethylene and Propylene. 2. 
Copolymerization in Solution 

GEN KOJIMA and YONEHO TAaATA* 

Takasaki Radiation Research Establishment 
Japan Atomic Energy Research Institute 
Takasaki, Japan 

A B S T R A C T  

Copolymerization of tetrzfluoroethylene and propylene in 
chlorofluorohydrocarbon solvents was carried out below 
room temperature with p r a y s  from a ‘OCo source. A re- 
markable rate-accerelating effect was observed in these 
e lu t ion  systems, although the activation energies and the 
compositions of copolymers were almost the same as those 
in bulk system. The most effective solvent was found to be 
trichlorotrifluoroethane. 
Kinetic results of the copolymerization in trichlorotri- 
fluoroethane solution system revealed the role of solvent to  
be complicated, with the possibility of affecting almost all 
reaction steps of the polymerization. 

T o  whom correspondence should be addressed at Department of 
:.uclear Engineering, University of Tokyo, Tokyo, Japan. 
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I N T R O D  UCT 10 N 

Radiation-induced copolymerization of tetraffuoroethylene (TFE) 
and propylene in bdk vas reported in a previous paper [ 11. TFE 
homopolymerization and TFE-ethylene copoljrmerization, on the other 
hand, a r e  known to be accelerated by chlorotluorohydrocarbon 
solvents [ 2-41. 

hydrocarbon solution systems. The role of the solvent is discussed 
from the kinetic results. 

TFE-propylene copolymerization proceeds rapidly in chlorofluoro- 

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

Materials used, method of polymerization, and measurements of 
polymer properties a r e  s imilar  to those described in a previous 
paper [ 11. 

RESULTS A N D  D I S C U S S I O N S  

Copolymerizations were carr ied out in trichlorotrifluoroethane 
(R- 113), trichlorofluoromethane (R- ll), dichlorodifluoromethane 
(R- 12), dichloroterrafluoroethane (R- 114), and monochlorodifluoro- 
methane (R-22)  at various temperatures below room temperamre. 

to the high solubility or' the copolymer in these solvents, while co- 
polymerizations in other solvents proceed heterogeneously. 

hetrogeneous copolymerization reactions are shown in Figs. 1 and 2, 
respectively. Monomer conversions at various temperatures for 
both cases increase Linearly as the reaction time increases. This 
result suggests that copolymerization proceeds in the stationary state 
for both systems and that gelation is not so dominant as to  cause the 
T romm sdorf effect. 

Polymerfiation rates as a function of temperature obtained from 
the slopes of each curve in Figs. 1 and 2 and other data are shown 
in Fig. 3 compared tni.th those of bulk copolymerization. Rates in any 
solvent and in bulk increase rather rapidly as the temperature rises. 
The most eifective rate-accelerating solvent is R-113. 

polymerization Apparent activation energies are almost the same 
for all cases, including b u k  polymerization (3200 cal/mole). 

Copolymerizations in R-113 and R-11 proceed homogeneously due 

Typical time-conversion curves for both homogeneous and 

Irr Fig. 4 are shown the Xrrhenius plots for solution and bulk 

The compositions of copolymers obtained in solution and bulk 
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irradiation Time ( h r )  

FIG. 1. Time-convertion curves in  R- 113 solution polymerization. 
Irradiation was carr ied out with a C, F,/C,H, molar ratio of 2, 
monomers/salvent molar ratio of 1, at a dose rate of 3 X lo' r /hr ,  
a n d a t 2 5 ( ~ ) , 0 ( ~ ) , - 2 3  ( o ) , a n d - 3 6 " C ( a ) .  

systems a r e  the same s o  the solvents do not affect the monomer re- 
activity ratios. 

These facts suggest that solution polymerization proceeds 
essentially by the same scheme as does polymerization in bulk 

The molecular weights of copolymers obtained, on the other hand, 
vary with temperature as shown in Fig. 5. A maximum molecular 
weight is observed in any solution system, just as is the c u e  in 
bulk. The maximum molecular weight values a t  a radiation dose 
rate of 3 X 10' r /h r  in solution systems are  almost the same 
(12,000-14,000) and are observed at a polymerization tempera twe 
of 0" C f o r  all solvents examined, whereas the molecufar weight 
observed in bulk polymerization is 23,000 at -23" C. 

Polymerization ra te  and molecular weight of copolymer change 
as the monomer concentration in the reaction medium is varied. as 
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Irradiation Time (hr) 

FIG. 2. Time-conversion curves in R-12 solution polymerization. 
Irradiation was carried ’out vith a C 2F, /C, H, molar ratio of 2,  
monomers/solvent molar ratio of 1, at a dose rate of 3 X 10’ r /hr ,  
and at 2 5  (I), 0 (s), -23 (o), and -36°C (a). 

shown in Fig. 6. Both polymerization rate and molecular weight in- 
crease with monomer concentration and have a maximum value at 
the vicinity of 80% of monomer concentration (molar ratio of 
monomers/solvent = 4). 

The higher molecular weight oi copolymer obtained at 0’ C in 
solution system compared to the bulk system suggests that these 
solvents affect not only the inittatin3 step but also the propagation 
or the termination.step in the polymerization, although these seem 
to contradict the activation energy and the copolymer composition 
results mentioned above. 

Time-conversion curves at various dose ra tes  €or the R-113 
solution system at 0°C ape shown in Fig. 7. Monomer conversion 
increases linearly at any dose rate. 

weight are shown in F i s  8. The imlymerization rate is proportional 
Dose rate dependencies of polymerization rate and molecular 
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Irradiation Temperature (%) 

FIG. 3. Polymerization rates  as a function of irradiation 
temperature. Irradiation was carried out with a C,F,/C,Hs molar 
ratio of 2, monomers/solvent molar ratio of I, and at a dose rate of 
3 x lo5 r/hr. 0 :  R-113. 0 :  R-11. 0 : R-12. X :  R-114. (5: R-22. 0 :  Bulk. 

to the 0.65 power and molecular weight is proportional to the -0.16 
power of the dose rate at 0°C. These dependencies differ from those 
in bulk polymerization where the dependencies are 0.45 and -0.42, 
respectively. 

Thus some contribution of the chain transfer reaction is suggested 
to exist in the case of the solution system. 

The degree of polymerization can be calculated as reported in a 
previous paper [ 11. Figure 9 snows the relation between the degree 
of polymerization and the polymerization rate at various dose rates. 
The reciprocal degree of polymerization ( P  ) and the polymerization n 
rate (R ) can be related, as in the bulk system, by 
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FIG. 4. Arrhenius  plots fo r  C, F,-C,H, copolymerization. Lr- 
radiation w a s  c a r r i e d  out with a C, F, /C,H, mola r  ratio of 2, 
monomers/solvent molar ra t io  of 1, and at a dose rate of 3 x 10' 
r/hr. 0 :  R-113. 2 :  R-11. 7 :  R-12. X: R-114. A :  R-22. 0 :  Bulk 

x 10' 
4r I 

3 I 

-4 -LO 0 LO a 
Irradlatron Temperature (% j 

FIG. 5. Molecular weight of copolymers as a function of ir- 
radiation temperature.  Irradiation was c a r r i e d  out with a C, F, /C, H 
molar ratio of 2, monomers/solvent mola r  r a t io  of I, and at a dose rate 
of 3 X lo3 r/hr. z : R-113. 2: R-11. '7: R-12. x :  R-114. : Bulk 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
2
1
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1
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x 104 
1 .Or 

lilonorner Concentration ~rnoIe%)  

FIG. 6. Polymerization ra te  and molecular weight as functions of 
monomer concentration in the initial reaction mixture. Irradiation was 
car r ied  out in R-113 with a C, F,/C3Hs molar  ratio of 2, at O’C, and at 
a dose ra te  of 3 X lo5 r/hr,  c : Polymerization rate. 0 :  Molecular 
weight. 

where [ M I ,  f S], kp, ktr, ktd, and ktc denote the concentration of monomers 
and solvent: and the ra te  constants of propagation, chain t ransfer ,  termina- 
tion by disproportionation, and termination by recombination, respectively. 

Figure 9 shows clearly that the above equation also fits in this solution 
system. The ratio of ra te  constant of chain t ransfer  to propagation ob- 
tained is 

chains as fragments from cklorinated solvents. Table 1 lists the 
chlorine contents of the copolymers, the number-average molecular 
weights, the average number of chlorine atoms contained in each 
polymer molecule, and the irradiation dose rate. (Chlorine content 
was measured by radioactivation analysis.) The average number of 
chlorine atoms in a copolymer molecule is nearly three,  corresponding 
t o  one molecule of R-113. This suggests that each polymer molecule 

for  equimolar monomer solvent mixtures. 
The copolymers obtained were found to  include chlorine in their  
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Irradiarion Time ( h r )  

FIG. 7. Time-conversion curves at different dose rates. Irradi- 
ation was carried out at 0" C vith a C, F, /C, Hq molar  ratio of 2, 
monomers/solvent .molar  ratio of 1 and at dose rates of 1 X 10" ( X ), 
3 x 10' ( D ) ,  7 X 10' (A), 2 x 10' (v), and 4.4 x lo3 ( 2 )  r /h r ,  
respectively. 

TABLE L Chlorine Contents in Copolymersa 

Dose rate C1 content Molecular Number of C1 
( r /h r )  ( PPm 1 veight per copolymer 

9.7 x 10' 7100 

3.0 X 10' 3640 

6 9  x 10' 3 680 

1.0 x 10' !LO 

1.5 x 10' 2.5 

2.6 x lo' 2.8 

Solvent: R- 113. a 
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10-Z! 103 
1 o4 lo5 106 

Dose Rate (r/’hr) 

FIG. 8. Dependencies of polymerization rate and molecular weight 
of copolymers 02 the irradiation dose rate in R-113 soltition copolymer- 
ization Irradiation was carr ied out with a C2F4/C1 Hs molar ratio of 
2, monomers/soivent molar ratio of 1, and at 0°C. 

c o ~ t a i n s  chlorine atoms at  its chain ends, and that ira,gments of the 
solvent initiate polymerization and chain transfer occurs mainly in 
the  solvent. 

C O N C L U S I O N  

Copolymerizations of tetxfluoroethylene and propplene a re  acceler- 
ated with chlorofluorohydrocarbon solvents. Trichlorotrifluoroethane 
(R-  113) is the most effective rate-accelerator among those solvents. 

The dose rate dependencies of polymerization rare ant? molecular 
weight in R-113 solution polymerization are 0.65 and -0.16, 
respectively. These dose rate dependencies and the chlorine content 
in copolymers suggest the existence of chain transfer to the solvent. 
The ratio of chain transfer constant to propagation constant is 
1 x lo-’ 
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FIG. 9. Relation between the reciprocal degee  of polymerization 
( l/pn) and the poiymerization rate  (R ) in R-113 solution copolymer- 
ization. Irradiation was carr ied out at 0°C  with a C ,F,/C, H, molar 
ratio of 2, monomers/solvent molar ratio of 1, and'at various dose 
rates. 

P 

R-113 is considered to affect the various steps in the copoiymeriza- 
tion such a s  initiation and propagation as well as chain transfer. The 
activation energy (3200 cal/znole) and the reactivity ratio oi monomers 
do not differ from those in bulk copolymerization. 
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