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Radiation-Induced Emulsion Copolymerization 
of Tetrafluoroethylene with Propylene. I 

OSAMU MATSUDA, JIRO OKAMOTO, NOBUTAKE SUZUKI, 
MASAYUKI ITO, and YONEHO TABATA* 

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

A B S T R A C T  

Formulus and reaction conditions for  the radiation- induced 
emulsion copolymerization of tetrafluoroethylene with 
propylene were studied at room temperature in  order  to 
obtain higher molecular weight copolymer than those ob- 
tained in bulk or solution. It was found that ammonium 
perfluorooctanoate as an emulsifier is most suitable to  
obtain a stable latex of high molecular weight copolymer 
with good reactivity. The high molecular weight copolymer 
is obtained by using the emulsifier at high mole fraction of 
tetrafluoroethylene under the saturated vapor pressure of 
the monomer mixture. The molecular weight range of co- 
polymers obtained in this experiment was from 3.0 X lo4 to 
8 X lo', and these are higher than those obtained in bulk or  
solution. 

*Correspondence should be mailed to: Department of Nuclear 
Engineering, University of Tokyo, Tokyo, Japan. 
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776 MATSUDA ET AL. 

It was found that low molecular weight copolymer is a 
by-product of the polymerization in monomer droplets 
when the radiation-induced emulsion copolymerization 
is carr ied out in the presence of excess monomer. 
This is a characterist ic feature of the radiation-induced 
emulsion copolymerization of tetralluoroethylene with 
propylene and has  not been observed in common emulsion 
polymerizations. 

I N T R O D U C T I O N  

In 1964 Tabata et  al. reported the radiation-induced copolymeriza- 
tion of tetrafluoroethylene with propylene at low temperature in the 
liquid phase [ 13. in 1969 a patent of E. L du Pont about a process of 
emulsion copolymerization of the same monomer system initiated by 
ammonium persulfate was registered in the United States [ 21. Both 
reports  stated that the copolymers obtained consist essentially of 
tetrafluoroethylene units and propylene units in the mole ratio of 
about 1:l and a r e  convertible to  elastomers. 

In order  to develop and improve the  process  of copolymerization 
of tetrafluoroethylene with propylene, considerable research work 
has been carr ied out at the Japan Atomic Energy Research Institute 
by means of radiation initiation since 1967. Several Japanese patents 
relating to the processes of radiation-induced copolymerization have 
been issued [ 3- 61. More detailed investigations on radiation-induced 
bulk and solution copolymerization were reported [ 7, 81. These papers 
reported that t he  copolymerization of tetrafluoroethylene with 
propylene proceeds to give a highly alternating copolymer in the 
molecular weight range of 0.4 X lo4 to 5 X lo4 in bulk and 1.0 X lo4 
to 3 x lo4 in solution. 

Furthermore,  in the bulk copolymerization of tetrafluoroethylene 
with propylene, the copolymer was insoluble in monomers. Although 
the viscosity of the liquid phase is not greatly altered by the separation 
of polymer phase, the polymerizing system as a whole becomes stiff 
and difficult to agitate. 

In solution copolymerization the monomers a r e  dissolved in  an 
appropriate solvent and polymerization is brought about by radicals 
produced from the  radiolysis of solvent. The copolymer is soluble in 
1,1,2-trichloro- 1,2,2-trifluoroethane (R-113) and is insoluble in 
tert-butyl alcohol. In solution polymerization the viscosity increases 
greatly as the polymerization proceeds. As the result ,  agitation of the 
polymerizing system becomes difficult and resul ts  in poor dispersion 
of the heat of polymerization. 

This heat accumulation, of course, leads to  an increased rate  of 
polymerization, and t h e  f'run-awayff reaction may culminate in serious 
explosions. 
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RADIATION- INDUCED EMULSION COPOLYMERIZATION. I 777 

It is thought that emulsion polymerization is suitable for the pro- 
duction of sticky, rubbery polymers such as tetrafluoroethylene- 
propylene copolymer. One of the principal advantages of emulsion 
polymerization is to  obtain high molecular weight polymers. 

molecular weight of polymers should be high enough. Cross-linking 
is easi ly  obtained in the high molecular weight polymers and resul ts  
in  good mechanical properties. 

From the point of practical  application of radiation methods, 
emulsion polymerization may be one of the most suitable processes.  
Not only are the kinetic chain lengths usually extremely high due to  
the inherent peculiari t ies of the mechanism, but also the G value of 
water are high enough, being 5.5. The high rate of polymerization 
is due t o  the high concentration of growing chains compared with 
homogeneous systems. This  arises from the isolation of the growing 
radicals in  the emulsified particles,  and this delays the mutual ter- 
mination process ,  resulting in high molecular weight polymers. 

ization process  of tetrafluoroethylene with propylene has  been in- 
vestigated in detail. 

In this paper, we describe the processing equipment and the re- 
action conditions that are suitable for the copolymerization of 
tetrafluoroethylene with propylene in  an  emulsion system in o rde r  
t o  obtain higher molecular weight copolymers. 

In o rde r  to achieve excellent properties in e las tomers ,  the 

In view of these factors,  the radiation-induced emulsion copolymer- 

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

M a t e  r i a l s  

The tetrafluoroethylene (C, F4 ) used was obtained from Asahi 
Glass Co. (stated purity 99.9%). Propylene (C, H, ) was supplied as a 
resea rch  grade (purity 99.7%) by Takachiho Kagaku Co., Tokyo. 
Fluorosurfactants were obtained from Ryoko Kagaku Co. , Tokyo, and 
were produced by Minnesota Mining and Manufacturing Co., United 
States. Distilled water was used. 

A p p a r a t u s  a n d  P r o c e d u r e  

The polymerization vessel used was a 200-ml s ta inless  s t ee l  
autoclave equipped with a magnetic coupled paddle-type agitator, the 
Bourdon gauge, a rupture disk for  safety, and a valve for  charge o r  
purge of gases. The maximum pres su re  of the autoclave was 200 
kg/cm2. The schema is shown in Fig. 1. 

Monomers and water were introduced into the autoclave by using a 
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778 MATSUDA ET AL. 

FIG. 1. A 200-ml autoclave with a magnetic coupled agitation 
system. (1) Pressure gauge, ( 2 )  valve, ( 3 )  rupture disk, ( 4 )  inside 
of autoclave, (5)  paddle-type agitator, (7)  flange, (8)  cover of flange, 
(9)  bolt, (10) magnetic coupled agitator. 

stainless steel pressure line designed for the operation of gases at 
high pressure. 

autoclave was purged twice by evacuating and flushing with nitrogen 
gas and finally evacuated. Then monomer gases were supplied into the 
autoclave at liquid nitrogen temperature by the t rap method in the 
order from propylene to tetrafluoroethylene. The amount of monomer 
introduced was determined from both the pressure drop of monomer 
gas in the reservoir and its volume. Then 100 ml of oxygen-free 
water was injected into the autoclave by a compressor through the 
pressure line. The necessary amounts of the emulsifier were put in 
the autoclave and it was  sealed. 

The autoclave was connected with the pressure line, and air in the 

I r r a d i a t i o n  

The irradiation w a s  carried out at room temperature by y-rays 
from “Co sources. In order to promote the diffusion of monomers in 
the aqueous phase, the reaction system w a s  s t i r red  for about 10 
min before irradiation. 
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RADIATION-INDUCED EMULSION COPOLYMERIZATION. I 779 

The dose rate inside of the autoclave was determined by the Fricke 
dosimeter. 

P u r i f i c a t i o n  of C o p o l y m e r s  

After irradiation, residual monomer gases were removed. 
Copolymers were isolated from the emulsion in an air oven at 90 to 

100" C. The residues consist of copolymers and emulsifiers. Then the 
copolymers were dissolved in tetrahydrofuran. The solution was con- 
centrated by the evaporation of solvent on a hot plate, and it was poured 
into a large quantity of methanol. Only copolymers were precipitated 
in methanol and washed by methanol more than two times.  Then the 
copolymers were dried at 100°C for 16 hr  and weighed. 

E l e m e n t a l  A n a l y s i s  

The carbon, fluorine, and hydrogen content in copolymers was 
measured by means of the elemental analysis to  determine the co- 
polymer composition. Fluorine was generated by combustion of 
copolymers in an oxygen-filled flask. After combustion, the HF 
formed was absorbed in water. The aqueous solution was t i trated with 
0.01 N sodium hydroxide by using a glass electrode and a caromel 
electrode. 

M o l e c u l a r  W e i g h t  a n d  M o l e c u l a r  W e i g h t  D i s t r i b u t i o n  

Molecular weights were determined by measuring the viscosity of 
copolymers in tetrahydrofuran at 30"C, and using [ 71. 

Molecular weight distribution was measured by GPC, Model 200, 
Waters Associates, at 30°C with tetrahydrofuran as the solvent. 

R E S U L T  AND D I S C U S S I O N  

E m u l s i f i e r  

In emulsion polymerization, the emulsifier plays two important 
roles: the loci of polymerization and the stabil izer of the latex 
particles produced. Accordingly, it is important to select  suitable 
emulsifier which promote the emulsion polymerization without co- 
agulation of the polymers. 

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



T
A

B
L

E
 1

. 
E

ff
ec

ts
 o

f 
S

ur
fa

ct
an

ts
 o

n 
R

ea
ct

iv
it

y 
of

 t
he

 E
m

ul
si

on
 C

op
ol

ym
er

iz
at

io
na

 a
nd

 o
n 

L
at

ex
 S

ta
bi

li
ty

 

K
in

d 
of

 
su

rf
ac

ta
nt

 
N

ot
at

io
n 

M
ai

n 
co

m
po

ne
nt

 

Se
le

ct
iv

e 
b 

P
ol

ym
er

 
ra

ti
o 

C
M

C
 

co
nv

er
si

on
 o

f 
la

te
x 

R
p 

Io
ni

c 
(w

t%
) 

(w
t%

) 
(w

t%
/o

) 
g/

(l
it

er
)(

hr
)]

 m
nc

 

H
yd

ro
- 

L
T

-2
21

 
Po

ly
ox

ie
th

yl
en

e-
 

ca
rb

on
 

m
on

ol
au

ra
te

 
N

aL
S 

1 
2 

2 
5 

N
aS

04
 

N
on

io
n 

- 
12

.6
 

A
ni

on
 

- 
14

.7
 

Fl
uo

ro
- 

FC
-9

5 
ca

rb
on

 
FC

-9
8 

FC
- 

12
8 

FC
- 

14
3 

FC
- 

17
0 

FC
-1

76
 

M
ix

tu
re

 
FC

-1
43

+ 
FC

- 1
70

 
FC

- 
14

3 +
 

N
aL

S 

C
,F

,,S
O

SK
 

A
ni

on
 

0.
22

 
15

.1
 

A
ni

on
 

A
bo

ve
 

15
.8

 

C
,F

, 
,S

02
N

( C
, H

 5
)C

H
2 C

O
O

H
 

A
ni

on
 

0.
38

 
14

.0
 

C
 , F

, 
C

O
O

N
H

, 
A

ni
on

 
0.

68
 

15
.4

 
C

 , F
, 

S
O

2 N
( C

, H
5 )

 ( C
2

 H,
 0

),
 , H

 N
on

io
n 

0.
1 

10
.7

 
- 

N
on

io
n 

- 
12

.7
 

C
nF

2n
+l

S0
3N

H
49

 
1.

0 
n

=
4

,6
,8

, 
..

. 

FC
-1

43
 1

.5
%

) 
FC

-1
70

 1
.5

%
) 

A
ni

on
+

 
9.

1 
no

ni
on

 
FC

-1
43

 1
.0

%
) 

N
aL

S 
2.

0%
 

12
.8

 

45
.0

 
4.

76
 

56
.1

 
6.

90
 

56
.2

 
7.

15
 

54
.0

 
7.

14
 

56
.3

 
6.

61
 

75
.5

 
9.

73
 

43
.5

 
3.

91
 

69
.5

 
5.

83
 

49
.0

 
3.

75
 

53
.7

 
5.

79
 

3.
2 

x 
10

' 

3.
4 

x 
lo

4 
7.

8 
x 

lo'
 

- - 7.
8 

x 
10

' 

5.
6 

x 
10

' 

5.
1 

x 
10

' 

3.
4 

x 
10

' 

- 

%
ra

di
at

io
n 

w
as

 c
ar

ri
ed

 o
ut

 a
t 

a 
do

se
 r

at
e 

of
 2

.0
 X

 lo
4 

R
/h

r 
at

 r
oo

m
 t

em
pe

ra
tu

re
 f

or
 1

0 
hr

. 
bR

at
e 

of
 p

ol
ym

er
iz

at
io

n.
 

C
T

he
 n

um
be

r-
av

er
ag

e 
m

ol
ec

ul
ar

 w
ei

gh
t. 

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



RADIATION-INDUCED EMULSION COPOLYMERIZATION. I 781 

The polymerizations were ca r r i ed  out by using anionic surfactants,  
nonionic surfactants,  and their  mixtures. The resul ts  are summarized 
in Table 1. 

The emulsion copolymerizations shown in Table 1 were ca r r i ed  out 
with C, F,/C,H, in a molar ra t io  of 75/25, with an emulsifier concentra- 
tion of 3.00/0and at a dose rate of 5.0 X lo4 R/hr. The irradiation t ime 
w a s  10 hr. A total  of 84 g of monomer mixture was used. 

tion in the presence of anionic surfactants such as FC- 143, FC- 95, 
FC-98, and sodium lauryl sulfate is l a rge r  than in  the case of a non- 
ionic surfactant system, and that the selective rat io  of latex (see 
Appendix) is usually low in polymerizations in which nonionic surfac- 
tants are used as the emulsifier.  The latex stability was evaluated by 
the selective rat io  of latex. 

surfactant system are lower than that in  the fluorocarbon surfactant 
system. It is assumed that the hydrocarbon surfactant has sma l l  affinity 
with tetrafluoroethylene monomer o r  copolymer. In the case of co- 
polymerization using FC- 143, the molecular weight is the highest and 
the rate of polymerization is the largest .  The reactivity in  the FC-95 
system is good, but the stability is not good. Neither reactivity nor 
stability is good in  the mixed surfactant systems,  that is, FC-143 and 
170, o r  FC-143 and sodium lauryl sulfate, and the molecular weight is 
very low in these systems. The copolymer is colored by the impurity 
in the FC- 128 system. 

It was the main purpose of this work to  obtain a stable latex of high 
molecular weight copolymers with a high polymerization rate.  From 
this  viewpoint, ammonium perfluorooctanoate of the anionic fluorocarbon 
surfactant FC- 143 o r  FC- 126 is a suitable emulsifier for  reactivity and 
latex stability, and FC-143 is excellent for obtaining high molecular 
weight copolymer. Therefore,  the surfactant FC-143 w a s  used as the 
emulsifier in this study. 

It is obvious from the resul ts  of Table 1 that the r a t e  of polymeriza- 

The molecular weights of copolymers obtained in the hydrocarbon 

E f f e c t  o f  S t i r r i n g  S o e e d  

In emulsion polymerization, how the monomer is t r ans fe r r ed  to  the 
chief loci of polymerization, i.e., the micelles and polymer particles,  is 
an important problem. It appears  that it must be t ransferred chiefly by 
diffusion through the t rue aqueous phase. The dominant determining 
factors of the diffusion process  are the solubility of monomer in  the 
aqueous phase and the surface area of monomer droplets. 

propylene, both monomers are slightly soluble in  water. Therefore,  
s t i r r ing  speed is a very important factor t o  determine whether the re- 
action proceeds as the rate- o r  the diffusion-determining process.  

latex are shown in Fig. 2. 

In the emulsion copolymerization of tetrafluoroethylene with 

Effects of s t i r r ing  speed on the conversion and the selective rat io  of 
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7 82 MATSUDA ET AL. 

CI P 
v 

Stirring speed ( rpm) 

FIG. 2. Effect of s t i r r ing speed on polymerization rate  and selec- 
tive ratio of latex in emulsion copolymerization. Irradiation was 
carr ied out in the monomer mixture of C,F,/C,H, with a molar ratio 
of 75/25 at room temperature at a dose rate  of 1.0 x lo4 R/hr  for 5 h r .  
Fifty grams of the monomer mixture with emulsifier (concentration of 
1.0% vs H,O) was used. 

The conversion rises up to about 250 rpm and then appears to  level 
off. It was found that the polymerization proceeds by the monomer 
diffusion-determining step below 250 rpm. At s t i r r ing speeds above 
250 rpm the monomers a r e  supplied efficiently to the loci of polymer- 
ization. Conversion was observed even at 0 rpm. This indicates that 
monomers initially solubilized into micelles with s t i r r ing before 
irradiation polymerize slightly, 

Emulsion polymerization using water-soluble initiators can 
generally be distinguished from suspension polymerization by using 
oil-soluble initiators. In the former,  all of the initiators are generated 
in the aqueous phase. On the other hand, suspension polymerization is 
merely the normal bulk reaction occurring in small  globules. However, 
high-energy radiation penetrates both the aqueous phase and monomer 
droplets, its energy is absorbed in the medium, along the path, and 
radicals are generated. The radicals directly generated in monomer 
droplets cause initiation in the normal bulk polymerization. Accord- 
ingly, in emulsion polymerization by radiation, both emulsion and 
suspension processes coexist in the reaction system when monomer 
droplets exist. 

A comparison of the molecular weights of copolymers formed in 
bulk and emulsion copolymerization of tetrafluoroethylene with propyl- 
ene under s imilar  conditions is given in Table 2. Similar resul ts  were 
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RADIATION-INDUCED EMULSION COPOLYMERIZATION. I 783 

TABLE 2. Comparison of Bulk and Emulsion Copolymerization of 
Tetradluoroethylene with Propylenea 

Bulk Emulsion 

Dose ra te  3 X lo5 R/hr 3 X lo5 R/hr 
P ol y me r iz  at ion rate l.O%/hr 5.2%/hr 

Molecular weight 2.1 x lo4 6.0 x lo4 

%he reactions were carr ied out with C, F, /C, H, in  a molar ratio 
of 66/34. 

obtained in the polymerization of styrene [ 91. It is an inherent 
characterist ics of the mechanism of emulsion polymerization that the 
kinetic chain length is usually extremely high. The long kinetic chain 
lengths are due t o  the high concentration of growing chains compared 
with homogeneous systems. This arises from the isolation of growing 
radicals in the emulsified particles, thus delaying the mutual termina- 
tion process. 

The molecular weight of the copolymer of nonlatex in  this emulsion 
copolymerization, as described in the next section, is apparently much 
lower than that of latex. It seems,  in view of the low molecular weight, 
that the copolymer of nonlatex was produced by a bulk reaction in 
droplets of excess monomer. 

The selective ratio of latex increased with increased s t i r r ing speed. 
This can be explained as follows. Under the condition of low st i r r ing 
speed, there a r e  a small  number of monomer droplets of large volume 
in the reaction system together with solubilized large amounts of 
monomers in micelles and water. In this  case,  polymerization in the 
monomer droplets cannot be neglected. Since several  growing radicals 
a r e  generated in the same large droplet, they easily recombine, and as 
the result  the low molecular weight copolymer is produced. Under high 
s t i r r ing speed conditions, these monomer droplets are crushed to a 
large number of small  particles. If the s ize  of the monomer droplet is 
small  enough, polymerization conditions become similar  to emulsion 
polymerization as f a r  as the number of radicals produced in the droplet 
is concerned. Then none or  one radical is generated in each particle, 
and polymerization in the particles proceeds as in emulsion polymeriza- 
tion. A radical in one particle cannot terminate with radicals in another 
particle o r  propagate until another radical invades the particle. Con- 
sequently, the number of loci of polymerization is apparently increased 
by means of high s t i r r ing speed. The long propagation t ime of each 
radical is preserved, and the stable emulsion of the high molecular 
weight copolymer is obtained. 
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7 84 MATSUDA ET AL. 

I0 0 

Although two kinds of polymers are formed in radiation-induced 
emulsion polymerization in most cases ,  they are indistinguishable 
each other. 

In our  system, copolymers obtained in  latex can be clearly distin- 
guished from those obtained in  monomer droplets. This  is the 
characterist ic feature of the radiation-induced emulsion copolymeriza- 
tion of tetrafluoroethylene with propylene. This  is discussed later. 

The following experiments were ca r r i ed  out at 800 rpm t o  obtain 
highly selective rat ios  of latex. 

y 0 

P o l y m e r i z a t i o n  R a t e  a n d  M o l e c u l a r  W e i g h t  of 
C o p o l y m e r  

The  relation between concentration of latex ( see  Appendix) and 
irradiation t ime is shown in Fig. 3. 

In the  presence of monomer droplets, the  experimental data give 
l inear plots. The copolymerization is considered t o  proceed in a 
stationary s ta te  up to  the limiting conversion (see Appendix), which is 
about 41.5% in this experiment. 

proceeds in the aqueous phase regardless  of the amounts of monomer 
mixture added. 

The emulsion copolymerization of tetrafluoroethylene with propylene 

*- 

C O 1  
0 .- 
c 

2 

E 
c 
C 

C 
0 u 

Irradiation time (hrs) 

FIG. 3. Polymerization r a t e s  and molecular weights of copolymers 
in  emulsion copolymerization. Irradiation was ca r r i ed  out in the 
monomer mixture of C2F,/C3Hs with a molar ra t io  of 75/25 including 
emulsifier (concentration of 3.0% v s  H,O) at a room temperature  at 
a dose rate of 2.0 X lo4 R/hr under s t i r r ing  at 800 rpm. 
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In general, at the ea r ly  stage of reaction the  polymer par t ic les  are 
produced from the micelles at a constant ra te ;  that is, the reaction 
proceeds i n  a nonstationary state. In th i s  experiment the so-called 
induction reaction period was not observed in the  polymerization. 

The molecular weight of copolymer obtained is also shown in Fig. 3 
as a function of irradiation time. 

The molecular weight increases  gradually and then reaches a 
constant value. In contrast  t o  the polymer yield, the variation of 
molecular weight increased only at the  ea r ly  s tage of the reaction. In 
this  region the reaction is in the diffusion-determining step. After all 
the micelles have disappeared, the number of polymer par t ic les  and 
the rate of polymerization are kept constant, and it is assumed that 
equilibrium is established between the propagating and the  terminating 
reactions. 

E f f e c t s  of A m o u n t s  of M o n o m e r  M i x t u r e  A d d e d  

Figure 4 mixture on 

Amounts of monomer 
mixture added ( g )  

FIG. 4. Polymerization r a t e s ,  molecular weights of copolymers, 
and selective rat io  of latex as functions of amounts of monomer added 
in  emulsion copolymerization. Irradiation was ca r r i ed  out in a 
monomer mixture of C,F,/C,H, with a molar ra t io  of 75/25 in  the 
presence of the emulsifier (concentration of 3.0% vs H,O) at room 
temperature  at a dose rate of 2.0 X lo4 R / h r  for 6 h r  under s t i r r ing  at  
800 rpm. 
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786 MATSUDA ET AL. 

the rate of polymerization, the molecular weight of copolymers, and 
the selective ratio of latex. 

concentration and level off above 20 g. The amount of monomer 
mixture in  20 g of this reaction system is equal to the maximum 
liquefied quantity of the monomer mixture at room temperature [ 101. 
The rate of polymerization increases linearly with the pressure  of 
monomer gas below the maximum liquefied concentration of 
monomer mixture, and saturates above that concentration. Its value 
is kept constant at 9 g/liter h r  in  the system of 0.75 mole fraction of 
tetrafluoroethylene. And above the liquefied concentration, excess 
monomer mixture exists in the state of liquid monomer droplets. 

From the results the copolymerization in polymer particles 
emulsified proceeds as a rate-determining process above the liquefied 
concentration; that is, above the saturated vapor pressure of the 
monomer mixture at the temperature, Below th i s  point, polymeriza- 
tion proceeds as a diffusion-determining process. 

the rate  of polymerization and may be similarly explained. The value 
of the molecular weight leveled off at 6 X lo4 in Fig. 4. 

The selective ratio of latex is 100% below the liquefied point, and 
gradually decreases above it. In the presence of excess monomer 
above 20 g, both emulsion and suspension polymerization coexist in 
the same reaction system as described in the section on the s t i r r ing 
speed. Two kinds of copolymers were obtained above the concentra- 
tion of 20 g. One is high molecular weight copolymer in latex and the 
other is a sticky low molecular weight copolymer which adhered to the 
wall of the reactor as a nonlatex. The low molecular weight co- 
polymers obtained as a nonlatex are produced by bulk reaction in 
monomer droplets. A comparison of the two forms of copolymers a r e  
shown in Table 3, and their molecular weight distributions are shown 
in Fig. 5. 

The rate  of polymerization increases rapidly with the monomer 

The molecular weights of copolymers show the same tendency as 

Molecular weights and their distributions a r e  distinctly different. 
The fraction of polymerization in monomer droplets increased with 

the amounts of monomer mixture above the liquefied point. Sticky 
copolymers adhered to the walls of the reactor and the s t i r re r ,  and 
disturbed smooth stirring. Furthermore,  irregularity of the molecular 
weights is caused by homogeneous mixing of the latex above the 
liquefied point. 

saturated vapor pressure of the  monomer mixture without excess 
monomer droplets. 

In this experiment the reactions were carr ied out at  a concentration 
of 2 5  g. The most desirable condition is that the reactions a r e  car r ied  
out at the liquefied point and that the consumed monomer mixture is 
constantly led into the reactor during irradiation. The study of this 
continuous feed experiment will be reported later. 

It is desirable, therefore,  that the reaction be carr ied out at the 
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RADIATION- INDUCED EMULSION COPOLYMERIZATION. I 7 87 

TABLE 3. Molecular Weight and Its Distribution in Two Kind of 
Copolymers Obtained in  Emulsion Copolymerization in the Presence 
of Monomer Dropletsa 

- Molecular weight 
Mn - Yield 

Copolymer (g) (X  lo4) Mn/aw 

Latex 10.0 8.1 
Nonlatex 2.0 2.9 

3.54 
3.07 

a Irradiation was ca r r i ed  out at room temperature at a dose r a t e  of 
2 X lo4 R/hr for 13 hr.  The molar ra t io  of C,F4 to  C3Rs was 75/25, 
and 84 g of the monomer mixture with 3.0% emulsifier was used. The 
reactants  were s t i r r e d  at a r a t e  of 800 rpm. 

2 2  24 26 28 30 32 34 
Elution volume (Counts 

FIG. 5. Distributions of molecular weights of copolymers from 
latex and nonlatex. 

E f f e c t s  of C o n c e n t r a t i o n  of T e t r a f l u o r o e t h y l e n e  i n  
M o n o m e r  M i x t u r e  

Both the polymerization r a t e  and the molecular weight of the co- 
polymers were profoundly affected by the initial monomer composition 
as shown in Fig. 6. 

The polymerization rate increases  rapidly with the concentration of 
tetrafluoroethylene in the monomer mixture. It increases  about 14 
t imes  as the tetrafluoroethylene concentration var ies  from 10 t o  90 
mole %. The  molecular weight of the copolymer also increases  re- 
markably with tetrafluoroethylene concentration in  the initial monomer 
mixture. 

The composition curve of tetrafluoroethylene-propylene copolymers 
is shown in Fig. 7. 
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7 88 MATSUDA ET AL. 

0 12 

Tetraf luoroethylene 
(mole %) 

FIG. 6. Relation between concentration of C, F, in copolymer and 
that in monomer mixture in  emulsion copolymerization. Irradiation 
was ca r r i ed  out at room temperature at a dose rate of 3.0 X lo4 R/hr 
under s t i r r ing  at 800 rpm. Eighty-four g rams  of the monomer 
mixture was used with the emulsifier (3.0% v s  H2 0) i n  this experiment. 

O b  I ' ' ' 50 ' ' ' ' ' 100 ' 
Tetraf luoroethylene 

(mole 
in monomer mixture 

FIG. 7. Polymerization rate and molecular weight of copolymers as 
a function of molar concentration of C, F, in  monomer mixture in  
emulsion copolymerization. 
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790 MATSUDA ET AL. 

It is abvious that copolymer composition changes very slightly with 
the concentration of tetrafluoroethylene in the initial monomer mix- 
tu re  in a wide range of monomer composition. In the range from 0.1 
to  0.9 mole fraction of tetrafluoroethylene, the copolymer obtained 
consist essentially of tetrafluoroethylene units and propylene units in 
a mole ratio of about 1:l. It seems that the copolymers have the 
same alternative construction as do those in bulk or  solution [ 7, 81. 

The experimental resul ts  mentioned above were analyzed below a 
conversion of 18 wt%. However, at higher conversions the polymer- 
ization becomes rather complicated. With an initial molar ratio of 
tetrafluoroethylene to propylene of 3.0, homopolymerization of tetra- 
fluoroethylene starts to  take place at about 41.5 wt% conversion, 
since almost equal moles of both monomers a r e  consumed. 

T e m p e r a t u r e  D e p e n d e n c y  of P o l y m e r i z a t i o n  

The effects of temperature on the copolymerization are summa- 
rized in Table 4. 

It is apparent from the resul ts  that the rate of polymerization is 
not strongly dependent on temperature. However, t he  average 
molecular weight decreases with increasing temperature. In order  
to  obtain high molecular weight copolymers with a high rate of 
polymerization, emulsion polymerization is better carr ied out at 
room temperature. 

weight copolymer with a high polymerization rate ,  it is desirable for 
the reaction to be carr ied out at  the saturated vapor pressure and 
with a high content of tetrafluoroethylene in the monomer mixture. 
High molecular weight copolymers of 6 X lo4 to 8 x lo4  were ob- 
tained in this study. 

It is concluded that for the purpose of obtaining a high molecular 

A P  P E N  D I X  

The definitions of t e r m s  used in this report: 
( 1) Limiting conversion (wt%) = conversion when either tetra- 

fluoroethylene or  propylene is consumed completely. For example, 
when copolymerization is carr ied out with an initial molar ra t io  of 
tetrafluoroethylene and propylene of 3, the limiting conversion is 
41.5 wt%, since an almost equal number of moles of both monomers 
a r e  consumed. 

weight of total copolymer ( g )  ( X  100). Note: Total copolymer = 
copolymer in latex + sticky copolymer as nonlatex. 

( 2 )  Selective ratio of latex (wt%) = weight of copolymer in  latex (g)/ 

( 3 )  Concentration of latex (wt%) = concentration of copolymer in 
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RADIATION- INDUCED EMULSION COPOLYMERIZATION. I 791 

latex = weight of copolymer in latex ( g )  /weight of latex (g)  ( X  100). 
( 4 )  Rate of polymerization (g/l i ter  h r )  = weight of copolymer in 

latex (g)/unit volume of water in  latex (liter) unit hour (hr). 
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