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Abstract

Crosslinked and non-crosslinked polytetrafluoroethylene films (RX-PTFE and V-PTFE films, respectively) were
irradiated by y-ray and then grafted with styrene in liquid phase. Microscope FT-IR spectroscopy, TGA, solid state
13C CP/MAS and high resolution HS/MAS NMR spectroscopy, wide-angle X-ray diffraction (WAXD) study were used
to get the structural information of the styrene grafted RX-PTFE and V-PTFE films. From microscope FT-IR spectra
of the grafted RX-PTFE films, the “grafting front mechanism” was proved. TGA analysis showed that the grafted films
have a small degradation step and two main degradation steps. In the '>*C CP/MAS NMR spectra of the non-grafted
films, there are no signal due to the absence of the hydrogen atom. While in the spectra of the grafted films, there are
signals attributed to the polystyrene grafts. In the '>*C HS/MAS NMR spectra of the grafted films, the relative intensity
of the peaks attributed to the polystyrene grafts increased while the relative intensity of the peak attributed to PTFE
matrix decreased with the increase in the DOG. From WAXD patterns, the intensity of the crystalline peak decrease
with the increase in the DOG. The grafted films were sulfonated by chlorosulfonic acid and the results of highest IEC
value exceeded 3.0. Those results will be reported in the near future.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction
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jp (M. Washio). ton exchange membranes (PEMs) are the important

0014-3057/$ - see front matter © 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.eurpolym;j.2004.10.008


mailto:jyli@waseda.jp 
mailto:washiom@waseda.	

548 J. Li et al. | European Polymer Journal 41 (2005) 547-555

component in the PEFCs, which separate the fuel gases
and transport the protons [4]. Among the PEMs, Naf-
ion® (Dupont de Nemours Ltd) membranes are the
widely used. However, the high cost of the Nafion mem-
branes encouraged the development of the cheaper and
better fluorinated or non-fluorinated PEMs.

Radiation induced grafting of functional monomers
into polymer films or membranes and successive sulfo-
nation was designed as an alternative route to obtain
the PEMs for PEFC applications [5,6, and the references
cited]. Typically, styrene and co-monomers were grafted
into the fluorinated polymer films or membranes and
successive sulfonated to prepare the PEMs. Especially,
the PEM obtained by grafting of styrene together with
divinylbenzene (DVB) into FEP films and then sulfona-
tion was reported to have a lifetime more than 10,000 h
at 60 °C and 2500 h at 80 °C [7], which makes this
method a promising way.

Several years ago, the crosslinked polytetrafluoroeth-
ylene (RX-PTFE) was developed by irradiation above
the melting temperature of PTFE under oxygen-free
atmosphere [8-11]. RX-PTFE showed remarkable
improvements in several mechanical properties, radia-
tion resistance, optical properties and so on, comparing
with the non-crosslinked PTFE (V-PTFE) [12-14].

RX-PTFE holds a radiation resistant and chemical
stable network structure, and the network structure
can lower the gases permeation rate [15]. Thus it is a
good candidate for the radiation induced grafting to pre-
pare the PEMs.

Our research group is developing the fluoro-contain-
ing PEMs for PEFC applications by grafting of styrene
into the RX-PTFE films under pre-irradiation method
in gas [16] and liquid phase [17], and the V-PTFE films
are also used as a reference. Previously, we have reported
the kinetic study of the graft polymerization in liquid
phase and some mechanical properties of the grafted
films [17]. As a continuous work, in this paper we will
report the study on the structure of the styrene grafted
RX-PTFE and V-PTFE films which give important
information on the grafting mechanism. Although there
are many papers reported the characterization of the sty-
rene grafted fluorinated films, the microscope FT-IR
spectroscopy analysis and the solid state '>*C NMR spec-
troscopy analysis results were rarely reported. Therefore,
we are devoted to give supplemental information of the
structure of the grafted films for the better understanding
of the graft polymerization mechanism and the effects of
the reaction conditions on the grafted films.

2. Experiments
2.1. Materials

V-PTFE films of 0.5 mm thickness labeled as G-192
was obtained from Asahi Glass Fluoropolymers Co.

Ltd. (Japan). The molecular weight of V-PTFE was
about 1.0 x 107 from the determination of heat of crys-
tallization using Suwa’s equation [18]. The RX-PTFE
films were made of V-PTFE films by electron beam
(EB) irradiation around 340 =5 °C under argon gas
atmosphere, as described in our previous paper [10].
The RX-PTFE films used in this paper were crosslinked
by irradiation with the dose of 100 kGy. The pre-irradi-
ation induced grafting of styrene into RX-PTFE and
V-PTFE films in liquid phase were described in our
previous paper [17]. The degrees of grafting were deter-
mined as the weight increase of the samples according to
the following equation:

Degree of grafting (DOG) (%)
W= W,

T 100%, )

where W, and W, are the weights of the samples after
and before grafting, respectively.

2.2. Measurements

The microscope FT-IR spectroscopy analyses were
performed by a JIR-700 FT-IR instrument with an IR-
MAUI124 microscope unit, JEOL, Co., Ltd. (Japan).
Samples were cut along the thickness direction and
sliced samples with thickness of 50-100 um were pre-
pared. The IR beam was focused in a 50 x 50 pm area
and the sliced samples were analyzed from one edge to
the other with a step of 50 um, which is shown in
Scheme 1.

Thermogravimetric analysis (TGA) curves were re-
corded by a TGA 50H instrument, Shimadzu Co., Ltd.
(Japan). The samples were heated from 50 to 750 °C
at a heating speed of 5 °C/min under the nitrogen
atmosphere.

Solid state '*C cross-polarization (CP), magic angle
spinning (MAS) NMR spectra were recorded with a
JEOL CMX400 spectrometer operated at 100 MHz.
The samples were rotated at a rate of 8 kHz at room
temperature. CP spectra were acquired with a 3.1 ps pro-
ton 90° pulse and the contact time was 1ms. Typically
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Scheme 1. The sampling method for the microscope FT-IR
spectroscope analysis.
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700 transients were collected over a spectral width of
40 kHz.

Solid state high resolution '3C high-speed (HS),
magic angle spinning (MAS) NMR spectra were re-
corded with the same spectrometer as mentioned above.
The samples were rotated at a rate of 5 kHz at 150 °C.
Typically 700 transients were collected over a spectral
width of 40 kHz.

Wide-angle X-ray diffraction (WAXD) patterns were
performed by a RINT-1100 instrument, Rigaku Co.,
Ltd. (Japan) using Cu-Ka irradiation. The voltage was
set to 40 kV and the current was set to 20 mA. Data were
collected at a rate of 2°min~! with a step of 0.01° over
the range of 20 = 5-50°.

3. Results and discussion
3.1. Microscope FT-IR spectroscopic analysis

Generally, the graft polymerization of the styrene
only begins at the surfaces of the pre-irradiated RX-
PTFE and V-PTFE films, and then penetrates into the
interior, which was called “grafting front mechanism”
[19-21]. In the matrices of the films, the interfaces be-
tween grafted and non-grafted base polymer was called
“grafting fronts”. The moving rate of the grafting fronts
is determined by the diffusion coefficient, the solubility
of the polymer in the monomer, and so on. At certain
reaction temperature, when the grafting period is long
enough, the two grafting fronts will meet in the middle
of the films and then disappear. For the applications
in fuel cells, the films should be thoroughly grafted by
styrene to achieve the bulk proton conductivity.

We use the step analysis by microscope FT-IR across
the grafted films to observe the distribution of the PS
grafts. The grafted films were cut along the thickness
direction and thin slides with thickness of 50-100 um
were gotten as showed in Scheme 1. Only grafted RX-
PTFE films were sampled, and the grafted V-PTFE films
were too brittle to be cut into a thin slide. Then, the thin
slides were mounted on the analysis holder. The FT-IR
spectroscopy analyses were then performed from one
edge of the slides to the other with a step of 50 pm
and the FT-IR spectra across the films were gotten.

Fig. 1 shows the FT-IR spectra of the styrene grafted
RX-PTFE film with DOG of 11%. The film was grafted
at 60 °C for 2 h. From the spectra, it is observed that the
two 100 pm slides from the surfaces were grafted by PS,
where the bands which are attributed to the PS grafts
and the RX-PTFE matrix all exist. The absorption
bands are assigned according to the literature
[14,22,23]. The bands from 3100 to 3000 cm ' are the
=C-H stretching vibration of the PS grafts. The band
at 2924 cm ™! is the asymmetric stretching and the band
at 2849 cm ™! is the symmetric stretching of the aliphatic
CH, group of the PS grafts. The bands at 1600 and 1583
cm ™! are the skeletal C=C stretching vibration where
the bands at 1492 and 1452 cm™! are the skeletal C=C
in-plane deformation of the PS grafts. The bands from
1140 to 1267 cm™' are the stretching vibration of CF,
in the RX-PTFE matrix and the bands from 943 to
982 cm™! are the stretching vibration of CF; in the
RX-PTFE matrix. The band at 842 cm™" is due to the
aromatic out-of-plane C-H deformation of the mono-
substituted benzene ring. The intensities of the absor-
bance peaks are weak at the surface part due to the
irregular of the film surface due to the grafting, thus
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Fig. 1. FT-IR spectra of the styrene grafted RX-PTFE film across the thickness direction. DOG is 11%.
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the analysis area is not fully covered by the samples to be
analyzed.

In the matrix of the film, that is 150 pm from the both
surfaces to the middle of the film, only the CF, and CF3
signals of the RX-PTFE matrix are exist, and no signal
of the PS grafts. It is obvious that there is no graft poly-
merization taken place. While in the slides of 100-150
um from the both surfaces, there are weak signals of
the PS grafts with strong signals of the RX-PTFE ma-
trix. This means that the grafting fronts moved into
about 100 um from the both surfaces of the film in 2 h
at 60 °C.

FT-IR spectra of the styrene grafted RX-PTFE film
with DOG of 39% are shown in Fig. 2. The film was
grafted at 60 °C for 6 h. Similar to the case shown in
Fig. 1, there are two grafting fronts at about 250 um
from the both surfaces of the film. From the surfaces
to the grafting fronts, the RX-PTFE was grafted by sty-
rene and there are signals attributed to both the RX-
PTFE matrix and the PS grafts. Between two grafting
fronts, the RX-PTFE was not grafted and there are only
signals attributed to the PTFE chains.

FT-IR spectra of the styrene grafted RX-PTFE film
with DOG of 91% are shown in Fig. 3. The film was
grafted at 60 °C for 16 h. Different from the above cases,
there are signals attributed to the PS grafts together with
signals attributed to the RX-PTFE matrix across the
film, no grafting fronts were found in the film. That
means the grafting fronts met in the middle of the film
and disappeared, and the film was grafted by styrene
thoroughly. In such a case, the film is possible to be
thoroughly sulfonated and to serve as the proton
transporter.

The moving rate of the grafting fronts could be calcu-
lated by dividing the thickness of the grafted layers by

the reaction time under same reaction temperature.
However, in our cases the step of 50 pm was used in
the scanning, it was difficult to get the exact thickness
of the grafted and non-grafted parts in the layer contain-
ing the grafting front. This will introduce large error in
the calculation of the moving rate of the grafting fronts.
Also, the irregular of the grafted surfaces of the films is
another source for the possible error in calculation.
Therefore, we did not calculate the moving rate of the
grafting fronts as the error estimated may be over 10%.

3.2. Thermogravimetric analysis

Fig. 4 shows the TGA curves of non-grafted and
grafted V-PTFE films. For the non-grafted V-PTFE
film, it began to degrade at 490 °C and ended at 620
°C [14]. For the grafted V-PTFE films, there are mainly
two separated steps degradation pattern in the TGA
curves. The first degradation step began at 340 °C and
ended at 425 °C and the second degradation step began
at 490 °C and ended at 620 °C. It is clearly that the first
degradation step should be attributed to the degradation
of PS grafts [24] and the second degradation step should
be attributed to the degradation of the V-PTFE matrix.
However, besides these two main degradation steps,
there is a small degradation step from 130 to 235 °C.
Since the homopolymer was carefully washed off by
hot solvent and the solvent was droved off by heated
in vacuum as reported in our previous paper [17], this
step of degradation should be attributed to the degrada-
tion of the random scissions due to the so called “weak
links” in the backbone of the free-radical-initiated poly-
styrene as reported [25,26]. The weight percent of this
degradation step increases with the increasing in the
DOG. The weight percents of the small degradation step
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Fig. 2. FT-IR spectra of the styrene grafted RX-PTFE film across the thickness direction. DOG is 39%.
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Fig. 3. FT-IR spectra of the styrene grafted RX-PTFE film across the thickness direction. DOG is 91%.

100

80

60

Weight (%)

40
20

. L

T T T T T T T T T T T T
100 200 300 400 500 600 700

Temperature (°C)

Fig. 4. TGA curves of (a) V-PTFE film and styrene grafted V-
PTFE films with DOG of (b) 6%, (c) 15% and (d) 23%.

and two main degradation steps of non-grafted and
grafted V-PTFE films are listed in Table 1.

Fig. 5 shows the TGA curves of non-grafted and
grafted RX-PTFE films. For the non-grafted RX-PTFE
film, it began to degrade at 420 °C and ended at 620 °C.
The beginning temperature of the degradation of RX-

Table 1

PTFE film is lower than that of V-PTFE film, which is
due to the crosslinking under irradiation at high temper-
ature which caused partial scission of PTFE chains and
introduced unstable structure like double bonds [14].
For the grafted RX-PTFE films, there are mainly two
continuous steps of degradation patterns in the TGA
curves. The first degradation step began at 340 °C and
ended around 420 °C and then second degradation step
ended at 620 °C. It is considered that the first degrada-
tion step should be attributed to the degradation of PS
grafts and the second degradation step should be attrib-
uted to the degradation of the RX-PTFE matrix but the
end part of the first step was overlapped by the begin-
ning part of the second step. Similar to the grafted V-
PTFE films, there is a degradation step from 130 to
235 °C due to the degradation of the random scissions
of the PS grafts. The weight percents of the small degra-
dation step and two main degradation steps of the
non-grafted and grafted RX-PTFE films are listed in
Table 2.

3.3. Solid state >C NMR analysis

The solid state '*C CP/MAS NMR spectra of the
non-grafted and grafted RX-PTFE films are shown in

The weight loss percents of the non-grafted and grafted V-PTFE films in the three degradation steps

DOG (%) Wi (%) (130-235 °C) W, (%) (340-425 °C) Wi (%) (490-620 °C)
0 0 98.6
6 0.6 92.8
15 0.9 85.9
23 2.5 80.9

Wi, W, and W3 are the weight loss percent of the three degradation steps.



552

Weight (%)

T T T T T T T T T
300 400 500 600 700

T T
200

100
Temperature (°C)

Fig. 5. TGA curves of (a) RX-PTFE film and styrene grafted
RX-PTFE films with DOG of (b) 14%, (c) 39%, (d) 97% and
(e) 133%.

Fig. 6. Due to the absence of the hydrogen atoms in the
RX-PTFE chains, there are no signals of the non-grafted
RX-PTFE under CP/MAS mode which is shown in Fig.
6(a). When styrene was grafted into RX-PTFE films,
several peaks are appeared on the spectra as shown in
Fig. 6(b)—(d). In the spectra of the grafted RX-PTFE
films, all the signals are attributed to PS grafts and thus
it is difficult to compare the component changing with
different DOG by use RX-PTFE matrix as an inner ref-
erence. The attribution of the signals is according to Ref.
[27]. In the spectra, the methylene and methine carbons
of PS grafts have broad resonance frequencies at 42
ppm. The signal of aromatic carbons at 128 ppm and
the signal of the quarterly carbon atom in the benzene
ring at 147 ppm were also assigned to PS grafts. The
methyl peak at 25 ppm was assigned to the end groups
of the PS grafts. Due to the high intensity of the peak,
it can be assumed that the number of PS chains is large
and that the chain length of the PS grafts is relatively
small. The peak intensities in CP/MAS spectra changed
largely on the experimental parameters of the measure-
ment, thus the estimation of the chain length of the PS
grafts is still difficult. The shape of the spectra and the
attribution of the peaks of the non-grafted and grafted
V-PTFE films are similar to those of the non-grafted
and grafted RX-PTFE films.

Table 2
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Fig. 6. Solid state '*C CP/MAS NMR spectra of (a) RX-PTFE
film and styrene grafted RX-PTFE films with DOG of (b) 14%,
(c) 39% and (d) 97%.

As the above analysis did not show the component
changing with the increase in DOG of the grafted films,
we performed the solid state high resolution '*C HS-
MAS NMR analysis of non-grafted and grafted PTFE
films. The '*C HS-MAS NMR spectra of the non-
grafted and grafted RX-PTFE films are shown in Fig.
7. In the spectrum of the non-grafted RX-PTFE film,
there is only one peak at 110 ppm for the perfluorometh-
ylene carbon [14]. After the grafting of styrene into RX-
PTFE films, the peaks at 127 ppm for aromatic carbons,
at 144 ppm for the quarterly carbon atom in the benzene
ring and at 40 ppm for the methylene and methine car-
bons of PS grafts appeared [28]. The relative peak inten-
sity is also changes with the increase in DOG. When the
DOG is low, the perfluoromethylene carbon peak at 110
ppm is the main peak and there is only a small peak at
127 ppm stand for aromatic carbons. With the increase
in DOG, the intensity of the peak at 127 ppm increased
remarkably and is similar to that of the peak at 110
ppm. As the DOG further increased, the peak at 127
ppm became the main peak. From the spectra it is clear
that the content of PS grafts in the grafted RX-PTFE
films increased with the increase in DOG. In the solid

The weight loss percents of the non-grafted and grafted RX-PTFE films in the three degradation steps

DOG (%) Wi (%) (130-235 °C) W (%) (340-420 °C) Ws (%) (420-620 °C)
0 0 0 98.8
14 1.0 8.3 89.9
39 27 24.3 71.2
97 48 38.5 54.9
133 4.6 44.2 49.1

Wy, W, and W3 are the weight loss percent of the three degradation steps.
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Fig. 7. High-resolution solid state '*C HS-MAS NMR spectra

of (a) RX-PTFE film and styrene grafted RX-PTFE films with

DOG of (b) 14%, (c) 39%, (d) 97% and (e) 133%.

state '*C HS-MAS NMR spectra of the non-grafted and
grafted V-PTFE films, the intensity of the peaks attrib-
uted to PS grafts increased with the increase in DOG
but the perfluoromethylene carbon peak still holds the
strongest relative intensity due to the relatively low
DOG. Since the sensitivity of the probe used in our
instrument is not high enough, and there was no signal
of the end groups of the PS grafts in the >C HS/MAS
NMR spectra, therefore it is difficult to estimate the
average chain length of the PS grafts.

3.4. WAXD diffraction measurement

WAXD patterns of the non-grafted and grafted
V-PTFE films are shown in Fig. 8. It is obvious that
the crystallinity peak for the non-grafted and all grafted
V-PTFE films appears at the same angle, where 20
equals to 18°. And there are the amorphous peak at 26
equals to 16°. This means that there is no change in
the structure after the grafting of styrene into V-PTFE
films. However, the peak intensities of all grafted films
are lower than that of non-grafted V-PTFE films, and
the peak intensities are decreased with the increase in
DOG. It was attributed to the dilution of the inherent
crystallinity by the grafted amorphous PS grafts, as re-
ported [22,29].

The diffraction patterns of the non-grafted and
grafted RX-PTFE films, which are shown in Fig. 9,
are similar to those of the V-PTFE films. Because of
the reduction in the degree of crystallinity of the non-
grafted RX-PTFE films, which was proved by DSC
analysis [15], the signals of the non-grafted RX-PTFE
films are much weaker than that of the non-grafted

200000+
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Cc
40000

10 20 30 40 50

Fig. 8. Wide angle X-ray diffraction patterns of (a) V-PTFE
film and styrene grafted V-PTFE films with DOG of (b) 6%,
(c) 15% and (d) 23%.
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Fig. 9. Wide angle X-ray diffraction patterns of (a) RX-PTFE
film and styrene grafted RX-PTFE films with DOG of (b) 14%,
(c) 39%, (d) 97% and (e) 133%.

V-PTFE films. Also, the crystalline peak intensities of
the grafted RX-PTFE films are decreased with the in-
crease in DOG.

The degree of crystallinity was calculated from the
WAXD data according to the following formula [30]:

Degree of crystallinity (DOC) (%)

A

=T A x 100%, (2)
where A, is the area of the crystalline peak at 20 equals
to 18°, A, is the area of the amorphous scattering part
integrated in the range of 5° < 26 < 30°.

As it was reported that the PTFE crystalline was di-
luted by the amorphous PS grafts [22,29], we calculated
the expected degree of crystallinity only considering the
dilution effect. The expected degree of crystallinity was
calculated according to the following formula:
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where DOC,on-graried are the DOC calculated from
WAXD data of the V-PTFE and RX-PTFE before
grafting.

Fig. 10 showed the real dependence of the DOC on
the DOG and the expected curves. It was found that
the real DOC decreased with the increase in DOG.
But the decrease was quicker than the expected curves
when the DOG was lower than 60%. When the DOG
was higher than 60%, the DOC decreased very slowly
and the tendency of the decrease is the same with the ex-
pected curves. This means that the dilution effect is the
main reason for the decease in the DOC when the
DOG is high. But when the DOG is low, there should
be weak crystalline decomposition happened besides
the dilution effect. In the pre-irradiation procedure,
there were radicals appeared not only in the amorphous
domain but also in the crystalline domain of the PTFE.
Therefore, there was graft polymerization taken place in
the crystalline domain thus some crystalline decom-
posed. This may be the reason besides the extent of
phase segregation of PS and PTFE segments account
for the dramatic lost in the mechanical strength of the
grafted films as we reported in previous work [17].

x 100%

x 100%, (3)

4. Conclusion

Crosslinked and non-crosslinked polytetrafluoroeth-
ylene films (RX-PTFE and V-PTFE films, respectively)
were irradiated by y-ray to 30 kGy in air and then

grafted with styrene in liquid phase. Microscope FT-
IR spectroscopic study was carried out to get the distri-
bution of the polystyrene (PS) grafts in RX-PTFE films
and the “grafting front mechanism” was proved. For
grafted RX-PTFE film with DOG of 11%, two 100
um slides from surfaces were grafted by styrene and
the middle of the film there was not grafted. That means
the grafting fronts moved into about 100 pm from both
surfaces of the film. In the grafted RX-PTFE film with
DOG of 39%, there are two grafting fronts at about 250
um from both surfaces of the film. In the grafted RX-
PTFE film with DOG of 91%, it was grafted by styrene
thoroughly and no grafting fronts were observed in the
matrix. TGA analysis showed that the non-grafted
V-PTFE film has one degradation step. While the
grafted V-PTFE films have a small degradation step
of the random scission in the PS grafts and two main
separated degradation steps of the PS grafts and PTFE
matrix. The grafted RX-PTFE films have the similar
three degradation steps pattern. In the solid state '*C
CP/MAS NMR spectra of the non-grafted films there
are no signal due to the absence of the hydrogen atom
while in the spectra of the grafted films there are signals
attributed to the PS grafts. In the solid state high reso-
lution '*C HS/MAS NMR spectra of the grafted films,
the relative intensity of the peaks attributed to the PS
grafts increased while the intensity of the peak attrib-
uted to the PTFE matrix decreased with the increase
in DOG, which indicated the increase in the content
of the PS grafts with the increase in DOG. From
WAXD patterns of the non-grafted and grafted films,
the grafting of styrene into the films did not change the
crystalline structure of the PTFE matrix but diluted
the concentration of the crystalline zone. The degree
of crystallinity was calculated, and it decreased with
the increase in DOG. When the DOG is low, the de-
crease is due to some crystalline decomposition by graft-
ing and the dilution by amorphous PS grafts. When the
DOG is high, the decrease is mainly due to the dilution
effect.

The grafted films were sulfonated by chlorosulfonic
acid and the electrical properties and the chemical
structure of the sulfonated films are now in analysis.
The highest IEC value of the PEMs gained exceeded
3.0.
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