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Kinetic Studies on the Radiation-Induced 
Solution Polymerization of Tetrafiuoroethylene 
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Yokohama, Japan 

YONEHO T.4BATA 

Departz-ent of Xuclear Engineering 
University of Tokyo 
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A B S T R A C T 

Kinetic studies on the radiation- indu c e d polymerization 
and postpolymerization of tetrafluoroethylene were ca r -  
r ied out using chlorofluorohydrocarbons as the solvents. 
The mechanism of the radiochemical formation of radicals 
and the kinetics of the radical decay during in-source and 
postpolymerization a r e  discussed. The remarkabie  post- 
polymerization is explained by the unusually slow ra t e  of 
the bimolecular chain termination. The mechanism of 
chain transfer reactions is also discussed. 
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I N T R O D U C T I O S  

Severs1 papers on the radiaticn-induced polymerization of 
tecrafluoroethylene have been published in the last  decade [ 1-4j. 
From these investigations it i n s  found that tetrailuoroethylene 
can be polymerized by radiation vith a considerably high rate, 
and a remarkable postpolymerization, which is considered to be 
a r a r e  case, takes place. Several kinetic studies indicate that 
tetrafluoroethylene polymerizes via radical mechanism and i ts  
remarkable postpolymerization seems to be due to the slow 
recombination ra te  of growing radicals. However. Iittle infor- 
mation is available as to the role of solvents and the rnec.bnisrn 
of the postpolymerization. 

Kinetic studies on the initiation, propagation, and termination 
processes of the polymerization have been made using chioro- 
fluorohydrocarbons as the solvents. The effects of the solvents 
on radical formation, the rate  of propagation, and the cnain 
termination a r e  discussed. The kinetics of the radical decay 
is a l so  discussed. 

E X P E R I 11 E N T X L 

M a t e  r i a l s  

41 o n  o m e r . Tetrafluoroethplene (C2Fr) was prepared by 
pyrolyzinp chlorodifluoromechane in a platinum- lined tubular 
reactor at  700-1300'C. .After the product mixture was washed 
with water to remove a by-product of hydrogen chloride, CZF,  
monomer w a s  distilled by using 3 taw-tempenture distillation 
column. X purity higher than 29.9% was confirned by gas 
chromacographical analysis of the CZ F, obtained. 

R- 113). dichlorcdif luorornethe (CCtzFz ,  R- 12), and chlorodi- 
fluoromethane tCHCIF2, R-22) were used as solvents without any 
purrfica tion. 

S o Iv  e n t s . Commercial trichlorotrir'luoroetbme \CClFaCClaF, 

P r o c e d u r e s  

The polymerizations were carr ied out by using a 90-ml and a 
1.8-liter stainless stee! autoclave. The autoclaves were degassed 
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by rwo freeze-thaw cycles under pumping, after the monomer solu- 
tions a r e  introduced. In- source polymerizations were done by 
y-raps from a YO source at  various temperatures. Postpolymer- 
izations were conducted in a ternperature rmge  between -30 azd 
-1O'C. The reaction te*nperature was  controlled by circulating 
coolant from a refrigerator through the jacket of the autoclave. 
The temperature in the autoclave was maintained within rl.O"C. 
The unreacted monomer and the solvent were distiIIed out after 
the polymerization. then the polymer wzs placed in an electrical 
oven r~aintai?ec at 12O'C for longer than 10 h r  to remove the 
small amount of soivent absorbed by the polymer. The polymer 
yield was determmed gravirnetricallp. 

The dried polymer was then crushed to a fine. powder of less  
than 30 u in order  to measure the physical and mechanical 
properties. Polq'tetrafhoroethylene can not be dissolved in 
most solvents: so  that the molecular weight of the polymer can 
not be deterr-ined by solution viscosity measurement. However, 
i t  is known that the density.of the fabricated polymer is related 
to  the molecular weight [ 51 .  Both the fabrication of the specimen 
and the measurement of the de3si:p were carr ied out according to  

The measurement of :he tensile strength was also done under 
JIj conditions. 

The radicel con.centrztions in the po!ymerization systems 
were a!so measured. Diphenylpicrylhydrazyl [DPPH!, which 
caq exhibit the polymerization co.xp!ece!y, was used as the radical 
scavenger. The radical concentrations ;vere determined from the 
amourts of DPPH consumed. The concsntration can be measured 
Sy an eleccrophotomerer using a red fi l ter  (655  ms). 

JIS- K- 6 89 1, 

R E S U L T S  A X D  D I S C U S S I O N  

I n i t i a t i o n  S t e p  

Recent sturiies on the rab t ion- in i t ia ted  polymerization of 
tetrafluoroetfiylene have indicated that the solution polymerization 
proceeds at  a higher ra te  t km the. bulk polymerization, and the 
sensitizing effect may be explained by an increase in the initiation 
and propagation reactions due to the presence of the solvent [ 21. 
Furrhermore? i t  is h o r n  t,hat the raie  of the solution polyrneri- 
zation is affected by the kind of solvent used, znd perfluoro- 
chloroh:;arocarbon gives a higher rat2 and a polymer oi higher 
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molecular weight than can be obtained by using other solvents [ A ] .  
In order  to clarify the role of the solvent in the initiition reac- 

tion of the polymerization, the ndiochernical yields of f ree  radical 
(GR) in the CaF,-solvent systems were measured by using the 

D P P H  method, and the results are given in Fig. 1. In the presence 
of perfluorochlorohgdrocarbon, e.g., R- 113 and R- 12, a sensiziza- 
tion for the radical formation was observed. In contrast, R-22, 
which has a hydrogen atom in i ts  molecule, showed a protective 
affect. 

I 
c u 

" c- 
I0 

s 

t .-- 
I r 
c L kf 

i .i 

Concantrotion o f  C2F4 (mole 551 

FIG. 1. G-values of free radical production in mixtures of 
CaFq with various chlorofluorocarbons. 1 * CzC'uF3-C2Fi. 
\ * )  CClzFo-C2F.r. L .! CHCIFZ-C~F~ .  

These effects oi the perfluorochlorohydrocar5ons on GR can 

be e.Pplained by the energy transfer mechanism. Energy transfer 
processes a r e  schematically summerized as [ 6 1 
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POLY?;IERIZATIOX OF T ETRAFLCOROETHTLE?X 

where M and S represent a monomer and a so!vent, respectively, 
and S* and >I* a re  excited species produced by the absorption of 
radiation energies. S. and M. represent a solvent and a monomer 
radical. K is a constant which only depends on the unit of the 
dose rate  I. 

Provided the stationary state treatment can be applied with 
respect to the excited species S' and M*, and further by intro- 
ducing the following constants Os, xw and x3, 

199 

the concentrations of radicals in the solvent-monomer mixture can 
be expressed as 

where m is the ratio of the concentration o 
the solvent (m = M/S. M S = 1.0). 

the monomer to that of 

x3* and x represent the probahilities or' transfer of excitation S 
energy from monomer to sokent  and from solvent to monomer, 
respectively. oM and o a r e  equivalent to the race constant of S 
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f ree  radical production in pure monomer and solvent, respectively. 
The ratio xJI., xS can be calculated from Eq. r2) by using the experi- 
mental values of GR in Fig. I, and the results a r e  given in Table 1. 

TABLE 1. Energy Transfer  Rate in 
Perfluorochlorohyarocarbon- ?Jonomer 
Binary Mixture 

SoIvent 

R- 113 0.26 3.3 

R- l Z a  0.20 0.3 

In the range of concentration of CaFt a 
between 0 and 50 s o l e  3. 

The lines for both R- 113 and R- 12 in Fig. 1 represent the 
theoretical relationship based on Eq. !2) calculated vith the 
values of Table 1. The good agreernent between che theoretical 
lines and experimental data supports the idea that the e n e r g  
transfer reactions are involved in the radical formation in this 
binary mixture. It is also shown from Table 1 that the e n e r g  
transfer from solvent to monomer predominates in the system 
since the ratio 
as to %hy R-22 shows a protective effect, but it may be duo its 
eifect on radical formation. 

Therefore, the increase in the rate of polymerization by che 
use ai perfluorochlorokjdrocarbon m a y  be attributed to the sen- 
sitization of the solvent for radical formation. However, the :ow 
rate of bulk postpolymerization may be caused by other mechanisms. 

supplied by irradiation duriig the Li- source polymerizadon, siiice 
the thermt l  polymerization of C z F, can he. neglected at low 
temperatures. 

Figure 2 snows the radical concentrations as a function of the 
molar ratio of monomer to solvent irnrnediately after preirradiation 
neasured  by the DPPH method in the case of the solution polymeri- 
zation in R-113. The radical concentration calculated from GR of 

xs is smaller  than unity. It is not yet explained 

All the radicals responsible for the postpolyrnerizacion should be 
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I5 
! 
i 

#C-- I 
! I  

l o t  @#--- 

CzF4/ C z C f  3F3 molar ratio 

FIG. 2. The radical concentrations immediately after pre- 
irradiation as a function of CrF4/ C2CI3F3 molar ratio. The 
dotted line is calculated from a G-va!ue C J ~  Fig. 1. Irradiation: 
2 x 10‘ R hr x 2 . 3  min at  :30’C. 

Fig. 1 is represerited by the dotted line which corresponds to  the 
concentration. if it is assumed that the radicals formed do not 
decay. Figure 3 shows the effect of irradiation time on the 
rariical concentration as in Fig. 2. 

It is apparent from Figs. 2 and 3 that bimolecular chain ter-  
mination or radical decay occurs during in-source polymeriza- 
tion, since the radical concentrations measured a r e  exclusively 
lower than the calculated ones. Moreover.it is interesting that 
the concentration of che radical t&t survives preirradiation 
depends on the CaF,; R- 113 mole ratio and has a maximum value 
at  a C2F4;R-113 mole ratio of 0.5 to 0.7. The effect of solvent 
on the concentration of the surviving polymer radicals is difficult 
to explair. clearly. However. in the higher solvent concentration 
region, the polymers wouid have low- molecular weights, large 
mobility and the viscosity of the system would be expected to be 
low, so that the greater decay of radicals would be due to the 
large probability of collision of polymer radicals. 

The relationshp between CtF,,’R- 113 mole ratio and radical 
concenrration can be ae:ived from the postpolymerization rate. 
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a02 

t 

0.5 1.0 

C2fq/C2CI 3F3 motor ro t lo  

FIG. 3. The effect oi irradiation t ine on the  radical concen- 
tration irrrr.ediately aiter preirradiation as a function of the molar 
ratio of monomer to solvent. Dose rate: 2 x 104 R, hr .  Irradiation 
temperature: - 30 C. 

The rate of postpolymerization at  ai? early s tase  cm be written as 

Rp = kpp[ M] [ P. 13) 

where k 
tion of the monomer. The concentration of the prowi.3 polymer 
radical [ P-] is only related to the in-source poIynerization condi- 
tions and is proportional to the dose or irradiation t ine  tR when 
the dose or the dose ra te  is relatively small. 

is the prougntion rate  constact and [ > I ]  is the concentra- P 

Combining Eqs. ( 3 )  and (4) gives 
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In t h s  equation, K’ is only dependent on monomer concentration if 
the dose rate is constant, and also i t  i s  apparent from Eq. ( 4 )  that K‘ 
is proportional to the concentration of the radical surviving pre- 
irradiation. The resillts a r e  given in Table 2. 

TABLE 2. Comparison of Radical Concentration Derived from Post- 
polymerization Rate at Various CnF+,  R- 113 Ratios 

CzF.+, R-113 k RP kPK 
( min,, hr  ) mole ratio imin) (molej Liter h r )  

1.0 2.2 0.375 9.029 

0.7 1.9 0.331 0.043 

0.5 2.1 0.200 0.030 

At a CaF4, R- 113 mole ratio of @.7 ,  the value of RPK is a 
maximum. Since postpolymerization was conducted a t  the same 
temperature, 1; is consmt%o that K is a maximum at a C2F.d 

R- 113 mole ratio of 0.7. These results are in agreement with 
those of Figs. 2 and 3. The effect of the solvent on the concen- 
tration of the surx-iving growing radical may be partly explained 
by the low rate  of bulk postpolymerization. 

P 

P r o p a g a t i o n  S t e p  

The overall activation energy f o r  the postpolymerization rate  
in the initial stage may be equivalent to that of the propagation 
reaction since the postpolymerization rate  is expressed by Eq. ( 3 ) .  

Figure 4 shows examples of the time-conversion relation in 
postpolymerization. The activation energy for the pcxkpolymeri- 
zation rate  i? R-113 solution was calculated to be i1.7 kcal, mole, 
which is slightly larger than the 10.3 kcal. mole for ‘-1lIk post- 
polymerization observed 5:; Oshima et al. [ 11, 
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a o t  

I 2 3 4 5 6 

Time ( h r )  

FIG. 4. Temperature dependence on the rate  of postpoiymeri- 
zation. C Z  S,, CIC'UFJ molar ratio: 1.0. In-source poIymerizarion: 
2'x lo4 R! hr x'3 main a t  -3O'C. 

The slightly larger activation energy may be due to the procective 

From these results, together with those of the preceding seccion, 
effect of the soivent on the  growing poi:mer end. 

the propagation rate  constant k c a n  be calculated as 3.6 x 10'' P 
e.xp(- 11700/ RT) ( l i ter ,  mole sec!. The relatively large k p  may 
explain the h g h  _oostpolymerization rate. 

T e r m i n a t i o n  S t e p  

In the solution polymerization or' CZF+ the resultant polymer 
precipitates from the solvents since the polymer can not be dis-  
solved in the solvents. Therefore the gronsing radicals may be 
occluded in the polymers formed and then bimolecular chai i  
termination would be considerably suppressed. The remarkable 
after-effect seems to be due to this fact. However, as was men- 
tioned previously, the radical decay by c.hain ternination occurs 
to some e.xtent in the early stage of polymerization in which the 
viscosity of the rystem is relatively low. 
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The rate of Simolecuiar chain termination. that is, the rate of 
radical decay, is formulated by 

-d[P.]/dt = kt[ P.]' i 6 )  

where k is the rate  cons'ant for the termination. Integrating Eq. !61: t 

where [ Pa] o and [ P-1 represent the initial radical concent, Fation and 

the concentration after polymerization time t, respectively. Combin- 
ing Eqs. ( 3 )  and (7): 

t 

l,'Rpt - l,/Rpo = (k  /k [ M])t 
t P  

where Rpo and Rpt a r e  the polymerization rate at  t = 0 and t = t. 

respectively. 
is proportional to Pt 

polymerization time t, if the concentration of the  monomer remains 
constant throughout the postpolymerization. The reciprocal of the 
experimental rate of the postpolymerization vs reaction time at 
constant monomer concentration is plotted in Fig. 5. 

the reaction pressure in the course of polymerization, and the 
concentration of the monomer can be kept constant because the 
solubility of the polymer in both monomer and solvent is negligibly 
small. The good h e a r  relationship in Fig. 5 suggests the presence 
of bimolecular termination in the postpolymerization. From the 
gradient'of the line which corresponds to the value of kt , ,kp[  M] ,  

k was  calculated to be 1.8 X 10 liter/moie sec at  O'C. This kt is 
exmemely low compared with those of the other monomers (see 
Table 31. The remarkabls after-effect can be explaiied by this 
low rate  of termination and the negligibly small  decay of the 
polymer radical. 

and negligible decay of the growing radicals, it is assumed that 

From Eq. (8)  the reciprocal of the rate R 

Monomer is supplied to the polymerization vessel to maintain 

t 

Ln postpolymerization in which there is no supply of radical 
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3.0 !- 

I 0 ,- 
i 

I I ,  , I I I I I , !  

I 2  3 4 5 6 7 8  

Time f k r l  

FIG. 3. Postpolymerizacion rate as a function a€ the duration of 
polymerization. CZF~; C z C t F s  rnolai ratio: 0.3, which was kept. 
constant during postpolymeritation. In-source polymerization: 
2 x lo4 R / h r  X 2.0 min ar -3O’C. ,Postpolymerization tengerature:  
O’C. 

TABLE 3. Conparison of kt of CaFi Solution Polymerization with 

Those of Other Homopolymerizations 

Mono me r Temperature (’C) kt (l i terjmole sec) 

25 

25 

26.3 

25 

0 

1.0 x lod 

1.8 x 10 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
1
8
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



PO LE'XERIZATION 0 F T ETRXFLUOROETHY LEKE 807 

the chain transfer reaction can be neglected. The molecular weight 
of polymer can be described as 

*(Rp dt (= j -dhIidt d: = -&f) is the polymer yield. so that the 

molecular weight does not depend on the kind of solvent but only 
on the polylcer yield and the initial concentration of the polymer 
radical [ P - ~ o  (which depends on the preirradiation dose). However, 
the moleclllar weight depends on the kind of solvent, as previously 
mentioned. Thereiore, the assumption of neglecting chain transfer 
processes may be ixapplicable to the polymerization. If the chain 
transfer reactions a r e  predoninant in chain termination, the 
molecular weight of polymer is e.xpressed by 

- 
P = j R p d t ,  { j R  tr dt [P-jo} (10) 

where R 

The fact that the decay of radicals is negligibly smal! and tha 
resultant polymers a r e  not dissolved in ?he soivent means that 
[Pa] and [S]  a r e  constant, SJ t!ut .) R 

polymerization time, and the molecular weight 
slightly with polymer yield or reaction time. The density and 
tensile strength of the fabricated polymer, both of which depend 
on the molecular weight of polyretrafluoroethylene, do not change 
with the polymer yield ( see  Fig. 6). Figure 7 illustrates the rapid 
decay of radicals in the absence of monomer at  higher tempera tues .  
These esperfmenrs were carr ied out as follows. Unreacted mono- 
mers  were removed after 2 hr of postpolymerization in R- 113, and 
thereafter the decay of radical was detected by using the DPPH 
method. These results support the idea that the chain transfer 
reaction is most important in chain termination, 

Kagiya et al. proposed an evaluation method for the activation 
energy of the radical substitution reactions based on the quantum 
chemistry [ 71. By using their proposed formula (Eq. ll), the 
activation energies of the chain transfer of the polymer radical 
to solvent were evaluated. The results a r e  given in Table 4. 

:= k [ P-! [ S ]  is the rate of the chain transier reaction. tr t r  

dt is proportional to the tr 
would vary D
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2 2 3 ,  

2.19 i- 

i 
2 I8 - 

I 
I 

2 17 - 
I 
1 

-40 

7 3 0  

2.16 1 ' I 
40 5 0  60  70 80  30 I00 

Conversion i%) 

FIG. 6. Standard specific gravity and aechanical strength of the 
fabricated polymer as a Paction of the extent or' postpolymerization. 
i 1 ) Standard specific gravity. ( : i Tensiie strength. 

Q = e.xp(0.0190Qj 

D. and D a r e  the bond dissociation energies a- the initial ani the 
1 f 

f i n a I  bonds, respectively, and (2 is the heat of reaction. The bond 
dissociation energies or' various solvents evaiuated by the method 
of Errede [ 8 ]  are shown in Fig. 8. The relative rate  constants K t f  
were calculated and a r e  give.? in Table 4, Sased on the assumction 
that the pre-e-xponencial factors are not altered in the same solvent. 
The real activation energies would be greater than those oi Table 4 
because the solvacion effect of solvent on golymer radical is dis- 
r e g r d e d  in our consideration. 

may be an abstraction of the fluorine atom by a radical. 
The results of Table 4 indicace that the chain t m s t ' e r  reaction 
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-78OC 8 10 

c 0 t \  
n 
‘ c 5  
a 

I - 
Y 

I 2 3 4 

Time ( h r )  

R G .  7 .  Temperature dependence on the radical decay after 
irradiation in the absence of the monomer. 

C O N C L U S I O N  

The radiation-induced solution polymerization and the post- 
polymerization of tetrafluoroethylene experiments mentioned 
above lead to the followmg conclusions: 

In the radiochemical formation of radicals, perfluorochloro- 
hydrocarbons exhibit a sensitizing effect which can be explained 
by the energy transfer mechanism. On the other hand, R-22 
shows a protecting effect. The difference in the rate of polym- 
erization between the different solvents may be attributed to 
these effects. 
The polymer radicals decay during the in-source polymeriza- 
tion, and the decav rate depends on the monomer concentrations. 
The remarkable postpolymerization is due to the unusually 
slow rate of bimolecular termination of the growing 
radicals. 
The solvent effect on the molecular weight of polymers can 
be explained by the chain transfer to solvent. 
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+ + +  

t i l l  
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Ckiorodif luorornetnane frichlororrtt luoroethone 31Chlorodif luoromethone 

FIG. 8. Bond dissociation energies (in kcal. mole, of various 
c hloroiluorohydrocarbons. 
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