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ABSTRACT: Dielectric relaxation of poly(tetrafluoroethylene-co-perfluorovinyl ether) (PF A) grafted by ethyl methacrylate 
(EMA) and vinyl acetate (V Ac) of different compositions prepared by direct radiation was studied at O.l, 1, 10, and 100kHz 
between 273 and 550 K. Two well resolved relaxation peaks are observed in all films except that with EMA/V Ac of compositon 
10j90wt% in which the second peak is masked. In PFA film grafted by EMA/VAc of 50/50 wt% at low temperature the third 
relaxation was observed. The activation energy for the relaxation was determined from Arrhenius plots. The ac conductivity 
of the films was investigated and the activation energy of conduction was evaluated. X-Ray diffraction patterns and IR spectra 
were also measured. 
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Measurement of dielectric loss (s") and relative per­
mittivity as functions of frequency and temperature is 
a well established method of detecting molecular mo­
tion in macromolecules, particularly in the solid state. 
Amorphous polymers may exhibit five types of relaxation 
regions2 : (1) motion of the entire chain as a unit; (2) 
motion of a chain segment of perhaps 50-100 carbon 
atoms, i.e., glass transition; (3) motion of a 2, 3, or 4 
carbon atom moiety about the chain axis; (4) motion of 
a side group about an axis at right angles to the chain, 
and (5) very low temperature loss which may or may not 
be the same as (4). Not all relaxation processes are 
observed in dielectric experiment. A process is dielec­
trically active only if it involves the reorientation of the 
dipole-moment vector. 3 

The dielectric properties of flexible polar side-amor­
phous polymers depend on the position and direction 
of the dipolar group with respect to the chain back­
bone. Two main kinds of relaxation are generally ob­
served in this type of polymer. A high temperature re­
laxation (I)() associated with chain backbone motion 
and a low temperature relaxation (p) which results from 
the side group motion.4 •5 

Even in amorphous polymers without side groups, such 
as amorphous polyesters, 6 two kinds of relaxation are 
also observed. The molecular mechanism of the high­
temperature relaxation is also the large-scale conforma­
tional rearrangement of the main chains; the low-tem­
perature relaxation is due to the local twisting modes 
of main chains when the large-scale conformational 
rearrangement of main chain is frozen. 7 - 9 This is also 
called P relaxation since it has characteristics similar to 
the p relaxation in polymers with flexible polar side 
groups, both originate in local motions. 10 

Relaxation of methacrylate polymers has been the 
object of many studiesY - 13 The dielectric behaviour 
of poly(vinyl ester) is of particular interest to many 
authors. 15 - 17 In poly(vinyl acetate) (PVAc) two relaxa­
tion regions, (I)() and (p), are observed. 14•15 In this study, 
the dielectric relaxation of poly(tetrafluoroethylene-co-

perfluorovinyl ether) (PF A) film grafted with different 
compositions of ethyl methacrylate and vinyl acetate 
comonomer is investigated. 

EXPERIMENTAL 

Poly(tetrafluoroethylene-co-perfl.uorovinyl ether) (PF A) 
film of thickness 50 J.lm (Mitsui Fluoro Chemical Co., 
Ltd., Japan) was used. PFA was washed with acetone and 
dried in a vacuum oven at room temperature. Vinyl 
acetate (Merck) and ethyl methacrylate (Merck) of purity 
99% were used. The other chemical reagents were used 
as received. 

The direct radiation grafting method was used in a 
nitrogen atmosphere. A glass ampoule containing the 
monomer solutions in ethyl acetate as diluent and film 
sample was deareated by bubbling nitrogen for 5-7 
min, sealed and then subjected to Co60 y-radiation at a 
dose rate of 0.2 Gy s- 1 . The grafted film was washed 
thoroughly with hot acetone and soaked overnight in 
acetone in order to extract any residual monomers or 
homopolymers possibly included in the film. This proc­
ess was also repeated using ethyl alcohol. The grafted 
film was then dried in a vacuum oven at 60°C for 24 h 
and weighed. The degree of grafting ( G%) was determin­
ed by the percentage increase in weight: G% = 100 
( Wg- W 0 )/ W0 , where Wo and Wg represent the weight 
of original and grafted films, respectively. 

IR spectra were obtained for all grafted films using a 
Perkin-Elmer 1430 Ratio Recording Infrated Spectro­
photometer. X-Ray patterns were determined for all 
films with Phillips apparatus (pw 1390 channel control 
and pw 1373 goniometer supply) using nickel filtered 
Cu-Ka radiation. 

Measurements of dielectric constant (s') and loss 
tangent (tan <5) were made with a model SR 720 LCR 
meter which can be operated at 5 frequencies of the 
applied potential ranging from 0.1 to 100kHz. Fre­
quencies are accurate to 0.01% and error associated 
with tan Dis approximately ± 0.0001. Furnace capability 
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permitted measurement from 273 to 550 K. Temprature 
was controlled to ± 0.5°C. 

To use the sample as dielectric medium in a parallel­
plate capacitor, different electrodes were tested. Silver in 
the form of a silver emulsion paint in which the silver is 
suspended in a fast-drying solvent was used. 

RESULTS AND DISCUSSION 

Effects of Comonomer Composition 
Table I shows the effects of comonomer composition 

on the degree of grafting onto poly(tetrafluoro ethyl­
ene-co-perfluoro vinyl ether) (DF A) films in the pres­
ence of ethyl acetate as a diluent. It is obvious that the 
degree of grafting increases as the content of V Ac in 
the binary monomers decreases to reach a maximum for 
comonomer composition of 20/80 wt% of V Ac/EMA. 
Thereafter, at higher conent of EMA the degree of grat­
ing falls to the lowest value for 100 wt% EMA. 

These results indicate that the presence of EMA may 
increase the diffusion of both monomers onto the 
polymer substrate. The homopolymerization process of 
both V Ac and EMA is thus reduced. This leads to 
enhancement of grafting and a higher grafting yield 

(a l 

4000 3500 3000 2500 2000 Cm-1 

Figure 1. IR spectra of original and grafted PFA films having 
different degrees of grafting: (a) original PFA film; (b) PFA-g-PEMA; 
(c) PFA-g-P(EMA/VAc) of composition 80/20wt%; (d) PFA-g­
P(EMAjVAc) of composition 40j60wt%; (e) PFA-g-P(EMA/VAc) of 
composition 20/80 wt%; and (f) PFA-g-P(EMA/VAc) of composition 
l0/90wt%. 
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was obtained. However, with increasing content ofEMA 
in the binary system ( > 80 wt% EMA) growing radicals 
of EMA may enhance the termination rate and hence, 
final grafting yield is lowered. 

IR-Spectra 
Figure I shows the spectra of the original and grafted 

Table I. 

(EMA/VAc) Degree of 
s 

w 
graftmg 

[; .l. 273 280 290 300 
wt% eV 

G% K K K K 

100/0 25.9 3.24 0.99 0.97 0.92 0.85 0.58 
90/10 240 3.60 0.95 0.93 0.92 0.85 0.67 
80/20 266 3.30 0.85 0.80 0.80 0.75 0.63 
60/40 156.9 3.15 0.75 0.75 0.7 0.39 
50/50 144.9 3.20 
40/60 132.9 4.30 0.70 0.85 0.70 0.65 0.77 
20/80 170.5 3.20 0.75 0.70 0.65 0.60 1.06 
10/90 50.6 1.0 0.66 0.64 0.62 0.60 0.58 
0/100 37.7 2.35 0.60 0.58 0.57 0.56 0.20 

44 36 

29 
Figure 2. X-Ray diffraction patterns of the original PFA film and 
graft copolymers: (a) PFA-g-PVAc; (b) original PFA film; (c) 
PFA-g-PEMA; (d) PFA-g-P(EMA/VAc) (40/60); (e) PFA-g-P(EMA/­
VAc) (60/40) and (f) PFA-g-P(EMA/VAc) (80/20). 
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PF A films having different degrees of grafting. The 
characteristic band of PV Ac and PEMA graft chains 
appear clearly in the spectra at 1700-1740cm-l, 
confirming the existence of carbonyl groups of both 
vinyl acetate and ethyl methacrylate. The intensity of 
this band increases as the degree of grafting increases. 
So the degree of grafting can be followed from the 
intensity of this band. The absorption which appeared 
at 2900-3000 em - 1 was assigned to -CH 2 asymmetric 
stretching. 18 

X-Ray Diffraction 
Figure 2 illustrates the X-ray diffraction of the origi­

nal PFA film and films grafted with PV Ac and PEMA 
and films grafted by different compositions of EMA and 
VA c. As seen from Figure 2b, for the original PF A, a 
strong reflection at 28 = 18° and two weaker reflections 
at 28 = 31.6° and 36.8° appear. These reflections are 
measures of the crystalline phase in the PF A film. A 
broad reflection at 28 = 39.2° is also seen in PFA pattern. 
This pattern is associated with the amorphous phase in 
the sample. The sharp and broad reflections indicate 
semicrystallinity. 18 The X-ray patterns of the grafted 
films with PV Ac and PEMA are given in Figures 2a and 
2c, respectively. These patterns differ from that given for 

300 350 400 45 0 500 

T ( K) 

PF A. The intensity of the reflection ascribed to the 
crystalline phase of PF A decreases in Figures 2a and c. 19 

The reflections at 31.6° and 36.8° disappear completely 
in the pattern of the film grafted with PV Ac (Figure 2a). 
This is correlated with the higher G% with amorphous 
PV Ac than with PEMA (Table 1). Figures 2d, e, and f 
show the patterns for the PF A films grafted with 40/60, 
60/40, and 80/20 wt% of EMA/VAc, respectively. This 
figure shows that the pattern of all films exhibit one or 
two diffuse halos. This indicates that all films had essen­
tially amorphous morphology. 19 The intensity of the 
crystalline reflection at 28 = 18° decreases gradually by 
increase of grafting, indicating increase of the amor­
phous phase in the grafted films. The less intensive re­
flections at 31.6° and 36.8° disappear completely in 
Figures 2d, e, and f. The halo at 28= 39.2° decreases in 
intensity while a new halo appears at 28 < 15 indicating 
the amorphous phase of the PEMA/PV Ac copolymers. 
The intensity of this halo increases to maximum intensity 
for the highest grafting film (80/20, Figure 2d). In this 
film, the intensity of the reflection at 18° decreases to 
30% its value for the original PF A. 

Dielectric Relaxation 
The temperature dependence of the dielectric con-

300 350 4 50 550 

T ( K ) 

Figure 3. Temperature dependence of the dielectric constant (8') for PFA grafted films at: (0) 0.1; (e) 1.0; (6) 10.0; (D) lOOkHz. 
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stant (e') of the investigated PF A films grafted with 
EMA-V Ac with different compositions and different 
grafting % is shown in Figure 3. This figure shows the 
following general trends in the dielectric data for all 
films: 

1. The grafted films differ in their dielectric constant 
at any given frequency and temperature. Table I gives 
e' values in 0.1 kHz at room temprature for all 
samples. 

2. e' is inversely dependent upon frequency at all 
temperatures. 

3. Except for the lowest frequency measurements 
(100Hz), the dielectric constant remains almost inde­
pendent of temperature up to 325-340 K and there­
after increases with temperature. Such increase in e' 
may be expected to occur above the glass transition 
temperature (Tg). 

4. Measured dielectric constants, ranging from 0.1 
to 9.0, are low. 

5. Increasing the ratio of EMA in the grafted films 
up to 60wt% increases at any frequency. 

6. Increase in e' with temperature reaches higher 
values as the frequency is decreased. The average increase 
in e' by heating to 550 K is most obvious in films grafted 
by 80/20 and 90/lOwt% at all frequencies. These two 
films have similar compositions and similar high grafting 
%. This indicates that e' may depend on either the com­
position of the film and/or its grafting % on the PF A 
film. 

7. In film grafted by EMA and by 60/40wt%, 
increase in e' at higher temprature and lower frequency 
is quite marked. This indicates the formation of a 
boundary layer of blocked ions at the electrode surface. 
The absence of increase of e' in the rest of the grafted 
films means that this increase cannot be attributed to the 
silver electrode effect. The reason for the increase in e' 
on using a silver electrode is believed to be that the 
silver electrode material is in fact a composite of silver 
and polymeric material. Large local concentrations of 
the latter can lead to insulating regions on the electrode 
surface. 20 

In Figure 4, the dielectric loss tangent (tan 6) of the 
investigated PF A grafted films is given as a function of 
temperature between 273 and 550 K at 10kHz. These 
curves are qualitatively similar to those obtained at 0.1, 
1, and 100kHz. Figure 4 reveals the existence of two 
well resolved relaxations in all investigated films except 
that grafted with 90/10. A sharp upturn in tan 6 is 
observed at some temperatures above that of the curve 
maximum. This is seen in film grafted by EMA and 40/60 
and is less in film grafted by 80/20. This effect derives 
from ionic impurities. The ionic conduction gives rise to 
its own electric loss and the effect is particularly strong 
as the polymer passes through Tg. 21 This increase in 
tan 6 is less in films grafted by 50/50 and I 0/90. 

When two phases are present, at temperatures above 
the first Tg, de loss in the lower temperature phase 
can swamp the loss which is attributed to the dipole 
motion, thus preventing observation of the upper tem­
perature loss peak. This explains the disappearance of 
the two loss peaks in the film grafted by 10/90. Since 
there is no capacitive component associated with un­
impeded ion transport, the appearance of the two loss 
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Figure 4. (a) Tan <'!-·temperature dependence for all grafted films at 
lOkHz. (b) L1 tan<'i-temperature dependence for PFA-g-P(EMA/VAc) 
of composition 10/90 wt% and 20/80 wt%. 

peaks in tan 6-temperature dependence may be con­
sidered evidence that all the rest of the samples form a 
single phase. 

Since it appears that the peak value and temperature 
of the Joss tangent are dependent on frequency, the 
composition and/or grafting % of the films, dielectric 
loss (e") values have been calculated for the data of 
tan 6 and e'. Since the frequency dependence of e" at 
different temperatures exhibits broad peaks while the 
temperature dependence of e" gives curves with sharp 
peak, e"-T dependence is given in Figure 5 for all 
films at different frequencies of measurement. These 
curves reveal the existence of two well resolved re­
laxations in all investigated films except that grafted 
with 10/90. The location and strength of the relaxation 
were determined from these figures. Both the maximum 
values of the dielectric loss (e;;.) and the position of these 
relaxations (Tm) are different for different films. The 
values of e;;. and Tm are dependent on frequency. The 
low-temperature relaxation is associated with local 
molecular motion, due to hindered rotation of the ethyl 
acrylate group or the acetate group about the C-C bond 
linking it to the chain backbone. Hereafter, this peak is 
called the {3 relaxation. The higher-temperature loss, 
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Figure 5. Dielectric loss (e"}--temperature dependence for the grafted PFA films at: (0) 0.1; (e) 1.0; (Lj,) 10.0; (D) lOOkHz. 

referred to as the oc-relaxation, is associated with the 
chain backbone motion. 1 - 5 

In film grafted by (50/50), the third peak (hereafter 
called y peak) appears clearly separated from the {3 peak 
on the low-temperature side. This y-transition tempera­
ture is very reducible at all frequencies using different 
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pieces of film. In this region, the main backbone chains 
are effectively "frozen in." The apparent third process 
(y-peak) in the 50/50 film is associated with additional 
segment motion faster than those of the {3 process, that 
occurs in all samples. The disappearance of this third 
peak in other films indicates that the intermolecular 
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potential in these samples is high enough to reduce either 
the number of molecular segments whose motion can be 
seen as a peak and/or cause them to completely freeze 
out within the time of measurement. 22 •23 

Both f3 and a-relaxations shift to lower temperature 
as frequency decreases. A change in the shape of the 
low- and high-temperature peaks is evident in Figure 5. 
This is seen either as a change in the rate of change of 
e" with temperature on the low temperature side of the 
peak, as the composition of the monomer and or its 
grafting % change, or as a change in the width at half 
height of the peak. This width decreases to 10 K for 
the !)-peak of the highest grafting % film (90/10) and 
increases to 75 K for the lowest grafted film (10/90). This 
width is nearly constant ( 60 K) for films grafted by 
40/60. The increase of the half width at half height of 
the peak in film grafted by 10/90 indicates either an 
increase in the distribution of relaxation time of the films 
and/or a second relaxation peak at lower temperature 
masked by a relatively large contribution to e" from the 
higher temperature f3 peak. 24 To determine which of the 
two effects dominates tan t5 and therefore e" of these films 
and wheather or not a second relaxation occurs in these 
films, the difference, Ll tan 6, between the tan 6 values 
measured at I and 10kHz, against temperature is plotted 
for the film grafted by 10/90 in Figure 4b. As described 
by Chung et al., 25 if Ll tan 6- T plot exhibits a peak, 
or a shoulder, another relaxation is pesent, but if this 
plot shows a rapid decrease of Ll tan 6 with decreasing 
temperature, no relaxation is present. From Figure 4b 
it is observed that Ll tan t5 shows a peak for the film 
grafted with 10/90. Therefore a second relaxation exists 
at this sample, but a large contribution to tan 6 from 
the high-temperature peak masks this second peak. The 
position of this second peak in the loss tangent­
temperature dependence cannot be easily resolved. In 
Figure 4b a sharp decrease in Ll tan 6 is observed as 
temperature decreases for 20/80 film for which Ll tan 6 
becomes almost zero at near 380 K. Therefore, no 
other relaxation exists in this film. This film is chosen 
as it is grafted with an intermediate composition between 
the film grafted by 10/90 where only one relaxation peak 
appears and the film grafted by 50/50 in which three 
relaxation peaks are observed. 

The !)-relaxation for PF A film grafted by EMA oc­
curs between 298 K at 0.1 kHZ and 303 K at 100kHz. 
Temperature obviously increases as EMA decreases in 
the grafted films. This continues to approximately 60/40 
where the loss peak temperature then remains constant 
at 348 K for 0.1 kHz and 396 K for 100kHz indepen­
dent of any further increase of PVAc. This may be due 
to the fact that the main amorphous relaxation in the 
EMA-V Ac copolymrers in the grafted films is a long 
and cooperative process. However, at some critical 
V Ac concentration, this changes and the principle 
moving groups become isolated polymeric units of vinyl 
acetate. 

The frequency for maximum e" is taken from e"-T 
curves at different frequencies and plotted against 
reciprocal temprature of maximum the dielectric loss 
(1 / T m) in Figure 6 to obtain the activation energies of 
a- and /3-relaxations. However, plots of the a-relaxation 
for some films are curved and cannot be described by a 

388 

5 

PEMAwt% 

0 100 ll: 1.0 
• 90 0 20 
'i7 80 • 10 
• 60 APVAr 
• so 

N 
I 2 "' ...:. -
"' 5 

3 

2 

2.0 

Figure 6. 
films. 

.. 
.. 

2.5 3 .0 3.5 

Arrhenius plots for the ct. and f3 relaxations for all grafted 

50 80 EMA 

9 '/, 

Figure 7. (a) Activation energy of a relaxation: (0) versus com­
position and (•) versus grafting %. Activation energy of f3 relaxa­
tion (0) versus composition and (e) versus grafting %. (b) Activa­
tion energy of conduction of the films versus composition at 0.1 kHz: 
(6) at low temperature range and ( x) at high temperature range. 

single activation energy. This non-Arrhenius behavior is 
typical of amorphous polymers. 1 The mean average 
energy for the two relaxations is plotted in Figure 7 as 
a function of the composition and grafting %. The 
activation energy of the f3 process of film grafted by V Ac 
or EMA is maximum. Its value decreases as the second 
monomer is added to reach a minimum for 50/50 film. 
The activation energy of the relaxation of the film grafted 
by V Ac or EMA is minimum and increases as grafting 
% increases or as the second monomer, either EMA or 
V Ac, increases. This indicates that the dipolar orientation 
is more restricted in the films grafted by PEMA-PV Ac 
than that grafted by PEMA or PV Ac. The activation 
energy of this relaxation becomes maximum for film 
grafted by 60/40. Film grafted by 50/50 shows an obvious 
drop in activation energy as expected. 

To clarify the effects of grafting of PF A with the PV Ac 
and PEMA of different compositions on the conduc­
tion of the PF A films, the logarithm of the ac con­
ductivity (rrac) of the samples was studied as a function 
of 1/ T for four fixed frequencies (0.1, 1, I 0, and 100 
kHz) at 273-500 K. The general behavior of the rrac-T 
curves is very similar. The plot shows two linear depen­
dences in the low and high temperature ranges (Figure 
8). The only simple relationship that could be used to 
describe the functional dependence on temperature was 
= rr 0 exp(- W/ KT) where W was slightly frequency 
dependent. The value of the activation energy W at the 
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Figure 8. logCJ"'(l/T) for PFA grafted films: (0) 0.1; (e) 1.0; (,6.) 10.0; (D) lOOkHz. 

low and high temperature at different frequencies for all 
samples is written in eV in Figure 8 and is presented as 
a function of the composition of the comonomer in 
Figure 7 at 0.1 kHz. The sample with 60/40 has minimum 
activation energy in the high temprature range. That with 
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10/90 has minimum activation energy at low tempera­
ture range. It was usually possible to reproduce within 
about 10% the bulk value of the conductivity when 
using different samples cut from the same film. The 
ac conductivity is higher than the de conductivity. De 
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Figure 9. dependence at different temperatures for the 
grafted films; Ac] of composition (wt%): ( 0) 
100/0.0; (e) 90/10; ('V) 80/20; CTl 60/40; (.A) 50/50; (D) 20/80; (•) 
10/90; (Li) 0.0/100. 

conductivity was difficult to determine at low tempera­
ture because of the experimental difficulty of measuring 
current less than 10- 14 A. At higher temperature, the 
temperature dependence of the conductivity becomes 
strong and variation of the conductivity with frequency 
becomes small for most films (Figure 8). De conductivity 
was always less than the ac conductivity up to the highest 
temperature of measurement. 

At low temperature, the frequency dependence of the 
ac conductivity is, 

a.c=AWs 

where A and s are weakly temperature dependent pa­
rameters and characteristic of the mode of conduction. 
A and s are obtained from the experimental log a ac -log f 
curves and (fw= 2nt) is the measuring frequency (Figure 
9). For many amorphous solids, e.g., organic polymers, 
silicon, and aluminum oxides, s has a value in the range 
1.1-0.5 and frequency less than unity. 26 - 28 The values 
of the exponent (s) estimated from the slopes of log ac 
vs. logf at different temperature are given in Table I. 
The values of (s) decrease with decreasing PEMA 
concentration in the comonomer. The high values of the 
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exponent corresponding to measurements made at low 
temperatures for instance decrease from 0.99 to 0.56 
(when temperature increases from 273 to 350 K). The 
variation in the exponent s reflects the change in the 
nature of the conduction process with change in tem­
perature and composition. Thus, a free carrier model is 
not operative in low temperature regions in the grafted 
PF A films. This characteristic feature is well known in 
low mobility amorphous systems and even in crystalline 
materials and has been attributed to the distribution of 
relation time arising from local disorder. 29 •30 

To account for the temperature and frequency de­
pendence of ac conductivity, various theoretical mod­
els appear in literature. 29•31 The hopping model pro­
posed by Pike considers the hopping of the carriers be­
tween two sites over a barrier separating them, rather 
than quantum mechanical tunneling through the barrier. 
The distribution of relaxation time for this process arises 
from the exponent dependence of relaxation time on 
barrier height. A feature of this model is that the values 
of s, in excess of the maximum value of 0.8 permitted 
within the limit of the tunneling model, are readily 
obtainable. In addition, s is predicted to have tempera­
ture dependence and the magnitude of s at any tem­
perature is determined by the binding energy W of the 
carrier. The polaring activation energy31 is given by 
W=6KT/(l-s). 

The values of sat different temperatures and of Ware 
given in Table I. The values of W were highest for highly 
grafted film with EMA/V Ac of20/80 wt%. Wwas lowest 
for film grafted by V Ac and that grafted by EMA/V Ac 
of 60/40wt%. 
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