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During the pulsed-electron beam direct grafting of neat
styrene onto poly(tetrafluoroethylene-co-hexafluoropropy-
lene) (FEP) substrate, the radiolytically-produced styryl
and carbon-centered FEP radicals undergo various desired
and undesired competing reactions. In this study, a high-dose
rate is used to impede the undesired free radical homopoly-
merization of styrene and ensure uniform covalent grafting
through 125-lm FEP films. This outweighs the enhancement
of the undesired crosslinking reactions of carbon-centered
FEP radicals and the dimerization of the styryl radicals. The
degree of uniform grafting through 125-lm FEP films
increases from ’8%, immediately after pulsed electron
irradiation to 33% with the subsequent thermal treatment
exceeding the glass transition temperature of FEP of 398C.
On the contrary, steady-state radiolysis using 60Co gamma
radiolysis, shows that the undesired homopolymerization of
the styrene has become the predominant reaction with a
negligible degree of grafting. Time-resolved fast kinetic
measurements on pulsed neat styrene show that the styryl
radicals undergo fast decays via propagation homopolyme-
rization and termination reactions at an observed reaction
rate constant of 5 3 108 l � mol–1 � s–1. The proton conductivity
of 25-lm film at 808C is 0.29 6 0.01 s cm–1 and 0.007 s cm–1 at
relative humidity of 92% and 28%, respectively. The aims of
this work are: 1. electrolyte membranes are prepared via
grafting initiated by a pulsed electron beam; 2. postirradi-
ation heat-treated membranes are uniformly grafted, ideal
for industry; 3. High dose rate is the primary parameter to
promote the desired reactions; 4. measurement of kinetics of

undesired radiation-induced styrene homopolymerization;
and 5. The conductivity of prepared membranes is on par
or higher than industry standards. � 2018 by Radiation Research

Society

INTRODUCTION

For a material to be a viable candidate for use as a proton
exchange membrane within a fuel cell, it must have high
proton conductivity (approximately 10 ms � cm–1) and be
impermeable to hydrogen and oxygen (1–4). Additionally, it
must display high chemical and thermal stability, high
mechanical strength and be compatible with all of the
components in a fuel cell. The conventional means of
producing such membranes are based on wet chemical
processing techniques, which require initiator chemicals and
are limited in terms of temperature and monomer choices.
The production of membranes using radiation grafting
removes the need for initiators, which can add residual
impurities to the product, and offers the ability to employ a
wide range of reaction temperatures and monomers (5–10).
However, the existence of additional undesired degradation
and crosslinking reactions must be taken into consideration
when radiation techniques are employed for grafting
reactions (11, 12).

Recently, there has been a great deal of interest in the
optimization of radiation grafting of fluoropolymers and
styrene derivatives for fuel cell membrane applications (13–
15). Published reviews by Gubler, Nasef and Kabanov
describe the application of radiation towards the grafting of
styrene onto various fluorocarbon polymeric substrates (16–
20). The radiation grafting of styrene onto the poly(tetra-
fluoroethylene-co-hexafluoropropylene) (FEP) polymer
substrate produces membranes with a high degree of
homogeneity, although there is a sharp decrease in
resistivity upon an increase in the degree of grafting (21–
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23). The decrease in resistivity is attributed to an increase in
proton mobility, which is associated with an increase in the
hydration of the sulfonic acid groups within the membrane
(24, 25).

The published works of Lyons and Sheirs includes a
detailed discussed on the radiation chemistry of FEP in the
presence and absence of oxygen at various doses and dose
rates (26, 27). The radiolytic chemical structures and the
radiation chemical yields (G values) of irradiated FEP have
been reviewed elsewhere (28, 29). Radiolysis of FEP yields
various types of C-centered radicals. Along the backbone of
the FEP chains, the scissions of the C-C bonds produce
chain-end primary alkyl radicals, and the scissions of the C-
F bonds produce secondary alkyl radicals within the chain.
The cleavage of the C-C bonds directly decreases the
average molecular weight and subsequently leads to a
decrease in the mechanical properties of the FEP. The
original published work of Florin and Wall showed that at
radiation doses up to 160 kGy, FEP undergoes crosslinking
rather than scission (30) due to the presence of the
hexafluoropropylene group. Therefore, C-centered free
radicals produced on the backbone of the chain through

C-F scission is more probable than that of C-C ruptures, as

is the case in tetrafluorpolyethylene. This makes FEP a very

suitable material for the synthesis of membranes via

ionizing radiation. This suggestion has been supported by

the fact that the CF4 yield of irradiated FEP is 10 times

higher than irradiated polytetrafluoroethylene (PTFE) (31).

In general, at very high doses of 2,000 kGy and above, the

G value was estimated for scission to be G(S)¼ 1 per 100

eV (32). Furthermore, there was only a 25% decrease in the

FEP tensile strength at the high dose of 100 kGy (33).

Therefore, it can be concluded FEP is a viable substrate for

radiation grafting, especially when the doses are lower than

100 kGy. In our work, the maximum dose is approximately

80 kGy.

During the direct irradiation of styrene and FEP, as shown

in Fig. 1, both species are expected to form C-centered free

radicals. The high electronegativity of fluorine causes the C-

F bonds in FEP to be sensitive to radiation-induced scission

on the backbone of the FEP chains. As a result, FEP is

expected to generate radicals much more rapidly and with

higher yields than styrene.

FIG. 1. A selection of possible chemical reactions between FEP and styrene during direct and indirect irradiation. The high-energy electrons
may interact with either FEP or styrene to produce an excited state species that will result in radical species. These radical species undergo
propagation reactions that result in the polymerization of styrene, as shown in the desired polymerization of styrene on FEP and the undesired
homopolymerization. There are also desired termination reactions such as the grafting of styrene, or the undesired FEP crosslinking.
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In radiation grafting, the penetration of the monomer into
polymer substrates is greatly enhanced at temperatures
above the glass transition temperature (Tg) because the
amorphous region of the polymer is converted from a rigid
to a rubbery form. The transport of the grafting species has
important implications for the uniformity of the grafted
monomer throughout the film and it affects the final
properties of the product. There are different techniques that
may be employed to produce such grafted materials. These
include: 1. direct irradiation of the substrate immersed in the
monomer; 2. preirradiation of the substrate followed by
introduction of the monomer; or 3. preirradiation of the
substrate followed by introduction of the monomer and then
an additional dose (34). These techniques are commonly
referred to as direct, indirect and combined indirect and
direct. The radiation parameters may be adjusted for an
optimized chemical composition, uniformity and proton
conductivity of the resulting styrene-grafted FEP material.

Competing reactions during electron-beam irradiation, as
shown in Fig. 1, include desired reactions, which enhance
the covalently bonded styrene onto FEP, and undesired
reactions, which enhance the homopolymerization and
crosslinking. Once the homopolymerization is removed by
washing, the added mass is quantified as the degree of
grafting (DOG). In the current study, the mechanism of the
radiation grafting of styrene to FEP is further investigated.
In particular, the effects of the radiation dose, dose rate and
postirradiation heat treatment on the yield and homogeneity
of the graft within the substrate are explored.

MATERIALS AND METHODS

Materials

FEP substrate sheets of 125 lm (CS Hyde Co., Lake Villa, IL) and
25 lm (DuPont, Wilmington, DE) thicknesses were cut into 2 3 4 cm
rectangular segments. The density was reported to be 2,150 kg/m3

with approximately 35% crystallinity. While the 25-lm films are more
representative of common membranes used in fuel cell applications,
the thicker 125-lm films allow for a more detailed characterization of
the progress of the grafting process. Styrene, xylene, chlorosulfonic
acid and dichloromethane (Sigma-Aldricht LLC, St. Louis, MO) were
used as received.

Radiation Grafting

Samples where irradiated at the radiation facilities of the University
of Maryland (College Park, MD). Two types of ionizing radiation
were used in this work: 1. electron radiation from a pulsed electron
linear accelerator (model no. 5V-7715, energy of 7 MeV, pulse length
of 3 ls, pulse frequency of 60 Hz, dose of 2–4 Gy per pulse; Varian
Medical Systems Inc., Palo Alto, CA); and 2. steady-state radiolysis
using gamma radiation from a cobalt-60 (60Co) source (model no.
200364, 1.7 3 1013 Bq activity, 0.17 Gy/s dose rate in water; Neutron
Products Inc., Dickerson, MD). The absorbed dose was calibrated
using nine film dosimeters (Far West Technology Inc., Goleta, CA)
placed in an array that covered the area of the FEP film.

For both electron-beam and 60Co-gamma irradiation, the FEP films
were fully immersed in argon-saturated solutions of styrene in heat-
sealed aluminized polyethylene bags. Immediately after irradiation,
the sealed specimens were placed in an oven at 608C for varying
periods of time up to 25 h. After this postirradiation heat treatment, the

films were removed from the aluminized polyethylene bags, sonicated
in a xylene bath to remove residual styrene monomer and
homopolymer not grafted to the substrate, and air-dried at room
temperature. Dosimetry was performed using FWT-60 radiochromic
films traceable to National Institute of Standards and Technology. All
reported doses have an uncertainty of 3%.

Sulfonation

The styrene-grafted FEP films were sulfonated by immersing them
in a boiling 0.2 M solution of chlorosulfonic acid in dichloromethane
at 408C for 8 h. After washing with water, the sulfonated films were
hydrated in water at 808C for 12 h. These samples were stored in
deionized water at room temperature.

Characterization

Degree of grafting. The DOG was determined through at least
three measurements of the difference between the weight of the film
before grafting, W0, and its weight after grafting, Wg, according to Eq.
(1):

Degree of grafting wt%ð Þ ¼ Wg �W0

W0

3 100: ð1Þ

Morphology. Analysis of changes in the morphology of the surface
and cross-section of the grafted films as a function of various
preparation conditions was performed using atomic force microscopy
(AFM) and scanning electron microscopy (SEM). Samples were
embedded in epoxy and sputtered with gold prior to SEM analysis.
Energy dispersive X-ray spectroscopy (EDS) was employed to
measure the chemical composition of the material along its cross
section, thereby confirming the graft uniformity as a function of depth.

Chemical analysis. The samples were characterized by Fourier
transform infrared spectroscopy (FTIR) using a Nicolet Magna 550
FTIR spectrometer to verify successful formation of the grafted
material. Each spectrum was determined by averaging the data
obtained in 32 scans, each having a resolution of 4 cm–1. The
transmittance spectra were collected for both the entire 125-lm thick
film and for 10-lm microtome slices.

X-ray photoelectron spectroscopy (XPS) was performed using a
Kratos Axis 165 X-ray photoelectron spectrometer operating in hybrid
mode with monochromated aluminum Ka X rays (1,486.6 eV) at 300
W. Charge neutralization was used to minimize sample charging and
the pressure of the system was maintained at 1 3 10–8 Torr (1.3 3 10–6

Pa) or lower throughout the measurement. Survey spectra and high-
resolution spectra were collected at pass energies of 160 eV and 20
eV, respectively. Some sample degradation was noted during XPS
data collection, as reflected in a gradual decrease in the C/F ratio,
accompanied by changes in the C 1s peak shape and yellowing of the
sample with increased analysis time (35). Therefore, the XPS data
presented here were collected from samples that were X-ray irradiated
for a maximum of 20 min to ensure minimal changes to the C/F ratio.

Determination of Tg. To determine the value of the Tg of the FEP
film, differential scanning calorimetry (DSC) measurements were
performed on a TA Instruments Q100 DSC (New Castle, DE).
Approximately 5 mg of FEP film was placed in aluminum hermetic
pans in small pieces. Each sample, under nitrogen purge, was heated
up to 3008C at a rate of 108C/min and cooled back to 08C at a rate of
58C/min and cycled through the temperatures three times.

Proton conductivity. Proton conductivity measurement, performed
by the 3M Company (Maplewood, MN), was performed using an
alternating current impedance method using a standard, in-plane, four-
point probe conductivity apparatus with platinum electrodes. The cell
was electrically connected to a potentiostat (model no. 273; Princeton
Applied Research/Ametekt Inc., Berwyn, PA) and an Impedance/
Gain-Phase Analyzer (SI 1260; Schlumberger/Solartron, Hampshire,
UK). Alternating current impedance measurements were performed
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using ZPlott and ZViewt software (Scribner Assoc. Inc., Southern
Pines, NC). Temperature and relative humidity were controlled using a
temperature/humidity chamber (model no. 1007H; TestEquity LLC,
Moorpark, CA) (36). Measurements of conductivity were taken at
808C with 10% intervals where the relative humidity cycled from an
initial relative humidity of 70% to 20%, then to 90%. The results of
the styrene-grafted films were compared with those obtained with a
25-lm perfluoro sulfonic acid (PFSA) membrane Nafiont 112 and the
PFSA-type 3M ionomer with an equivalent weight (EW) of 825
(825EW) (37, 38), typical of membranes used in fuel cell applications.

Pulse Radiolysis

The pulse radiolysis of styrene samples with optical detection was
performed at room temperature using a 2-MeV Febetron with an
absorbed dose of 300 Gy per 50 ns pulse width at the National
Institute of Standards and Technology (NIST; Gaithersburg, MD). The
setup has been described in detail elsewhere (39).

RESULTS

Direct Grafting of Styrene onto FEP Using Pulsed-Electron
Beam

The degree of grafting of 125-lm-thick FEP films grafted

simultaneously with styrene using 50 kGy electron-beam

irradiation (applied over a time period of approximately 200

s to 400 s in pulses of 2–4 Gy at a frequency of 60 Hz) is

shown as a function of postirradiation heat treatment

temperature and time in Fig. 2. The Tg of the FEP film

was determined to be 39 6 0.58C via three independent

DSC measurements. Therefore, the FEP film is in a glassy

form at room temperature and not glassy at 608C. The DOG

of the FEP film at room temperature (glassy form) does not

increase over time. However, there is an increase of DOG

over time for the FEP film that received a heat treatment

above the Tg. This is due to an enhancement of the

diffusivity of the styrene monomer through the non-glassy

FEP film, causing the rates of the initiation step of the
grafting copolymerization process to increase. In an earlier
study, the initial rapid increase in DOG was attributed to the
predominance of the initiation and propagation steps of the
reaction, while the observation of the slower rate of grafting
at longer times was attributed to the significant increase of
the termination reaction. A similar pattern of change in the
rate of grafting was reported earlier by Gupta et al. (40).

As shown in Fig. 2, a heat treatment of at least 1 h at 608C
generated a degree of grafting four times larger than that
obtained without heat treatment. This enhanced grafting is
attributed to the increase in the diffusivity of the styrene
monomer through the nonglassy FEP film, as discussed
above. These diffused styrene molecules then react with the
trapped radiolytically-produced FEP C-centered radicals,
initiating the grafting copolymerization process. Figure 2
also shows that the DOG reaches a plateau after
approximately 2 h at 608C. This may be due to the
temperature-induced enhancement of the termination reac-
tions of both styryl and FEP C-centered radicals.

Uniformity of grafted films. Figure 3 shows the SEM
image and EDS line scans of a 125-lm-thick FEP film,
which has been grafted with styrene by means of electron-
beam irradiation followed by heat treatment at 458C for 3 h.
The cross-section appears to consist of three distinct
regions, and the atomic composition of each of these
regions has been analyzed by EDS. In the central region of
the film, which is approximately 70 lm in thickness,
fluorine is the predominant element. The outer regions of
the film located on either side of this central region, which
are each approximately 50 lm in thickness, both contain
carbon as the predominant element. This indicates that
under the grafting conditions employed in preparing this
material, the styrene grafting front has penetrated to a depth
of 50 lm on either side of the FEP film. Of course, a thicker
film requires a longer treatment time for grafting to take
place throughout its entire thickness. Additionally, it
appears that postirradiation thermal treatment at a temper-
ature close to the Tg is not sufficient to achieve uniformity.

Grafting uniformity was indeed achieved with a thermal
treatment of 608C for 5 h. Figure 4 shows the SEM cross-
section micrographs of a 125-lm FEP film before and after
electron-beam grafting of styrene with heat treatments. The
substrate and monomer were simultaneously irradiated with
50 kGy, and then subjected to heat treatment. The
uniformity of the morphology of the cross section appears
to increase with heat treatment time, as can be seen by
comparing Fig. 4E with shorter heat treatment times. During
the first hour of heat treatment (Fig. 4B and C), the cross
section of the film appears to be divided into three distinct
regions. The outer regions of the film are grafted with
styrene, while the central region contains nongrafted FEP
substrate material. After 2 h of heat treatment (see Fig. 4D
and E), the grafted regions meet each other at the center of
the film, and the morphology of the cross-section becomes
homogeneous. These images show that styrene grafting is

FIG. 2. The average degree of grafting (wt%) of at least three
samples as a function of heat treatment time (h) after irradiation at 25
and 608C. FEP film (125 lm) and styrene monomer were
simultaneously irradiated with pulsed electron beam to a dose of 50
kGy at 2.8 Gy/pulse.
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initiated at the surfaces of the FEP film, and then proceeds

toward the center of the film to produce a uniform grafting,

which extends through the entire depth of the film.

Figure 5 shows the EDS line scans for carbon and

fluorine of FEP after electron-beam grafting with styrene

followed by heat treatment for different times. This analysis

serves as an additional way to observe the uniformity of the
depth of the grafting by monitoring the elemental
composition along a cross-section of the material. The
nongrafted FEP substrate contains a higher concentration of
fluorine than the concentration of carbon throughout the
entire depth of the material. All data shown in Fig. 5 are
from samples that have been irradiated with 50 kGy and
stored in an oven at 608C for various lengths of time. The
sample that was only heat treated for 30 min exhibits a
concentration of carbon exceeding that of fluorine up to 50
lm from either edge into the film depth. These regions of
higher carbon content are regions that are grafted with
styrene. The depth of these grafted regions increases with
heat treatment time. At heat treatment times of at least 2 h,
the carbon concentration exceeds that of fluorine throughout
the entire depth of the film. At even greater heat treatment
times, the profiles of both carbon and fluorine become more
uniform. This conclusion is also supported by the
observation that increasing the heat treatment time up to 2
h results in an increase in the weight of the grafted film.

Chemical structure of grafted films. Figure 6 shows the
comparison between the FTIR spectrum of nongrafted FEP
film and the FTIR spectra of 10-lm microtomed sections of
a 125-lm thick styrene-grafted FEP film. The absorption
bands near 1,265 cm–1 to 1,110 cm–1 and 975 cm–1

correspond to the CF2 and CF3 stretching vibrations,
respectively, of the FEP substrate (41). New bands arise
in the spectrum, which are attributed to styrene, and are

FIG. 3. SEM cross-section image (panel A) and EDS line scans of
styrene-grafted (panels B and D) and nongrafted (panel C) regions of
FEP film (125 lm). Grafting was performed through direct irradiation
of FEP and styrene with electron beam (50 kGy, 2.8 Gy/pulse),
followed by heat treatment at 458C for 3 h. Degree of grafting: 24.3
wt%.

FIG. 4. SEM cross-section micrographs of (panel A) nonirradiated FEP (125 lm) and electron-beam
irradiated FEP/styrene (50 kGy, 2.8 Gy/pulse) with postirradiation heat treatment at 608C for (panels B–E) 0.5,
1, 2 and 5 h, respectively.
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present in the spectrum of every slice analyzed. This verifies

that grafting has taken place throughout the entire depth of

the FEP film. The bands near 3,200 to 3,000 cm–1 are

associated with the stretching vibration of aromatic CH

groups of the grafted styrene. The bands at 2,910 and 2,840

cm–1 are associated with the asymmetric and symmetric

stretching vibrations of CH2, respectively. Bands associated

with the grafting of styrene are observed at 1,597 cm–1,

1490 cm–1 and 1,444 cm–1 (41, 42). In addition, the grafting

with styrene onto FEP gives rise to the appearance of bands

around 758 cm–1 and 698 cm–1, which may be attributed to –

C-H bending and the ring-puckering effect (42). FTIR

analysis of each slice of the grafted film offers clear

evidence of the production of a homogeneous styrene graft

within the FEP film. Thus, slice-by-slice measurements of

the FTIR spectrum, in contrast to a single measurement on

the entire film, confirms styrene has been grafted uniformly.

Surface morphology and composition. XPS spectra were

analyzed using CasasXPS software and quantification was

based on relative sensitivity factors obtained from the

Kratos Vision library, 1.000 for fluorine and 0.278 for

carbon. The C 1s spectra were fitted with peaks of equal full

width at half maximum, with a 50/50% Gaussian/Lorentzian

product function peak shape after removal of a Shirley

background. Data were collected for two samples: a

nonirradiated FEP substrate (Fig. 7A) and an electron-beam

styrene-grafted FEP (Fig. 7B). The degree of grafting

shown in Fig. 7B was 38.5 wt.%.

Figure 7A shows the C 1s and F 1s regions for the

nonirradiated FEP substrate, for which the calculated F/C

ratio is 2.2. The observed spectrum in the C 1s region can be

fitted to a combination of five peaks and, assuming minimal

sample degradation and hydrocarbon contamination from

the air, this is consistent with the expected structure. The

first two peaks on the high-energy side are probably due to

sample degradation and a small amount of oxidized

hydrocarbon contamination, which can be expected to

occur to some extent on the surface of all samples exposed

to the atmosphere (43).

Figure 7B shows the C 1s and F 1s spectra after electron-

beam grafting of styrene. The calculated F/C ratio was 0.69;

this marked decrease in fluorine concentration is expected

with increased carbon content due to significant styrene

incorporation into the film. The C 1s spectrum shows an

almost complete disappearance of the peak due to CF at

’290.0 eV, while there is still a significant peak due to CF2

at ’292.2 eV (44, 45). This indicates that the styrene bonds

preferentially at the CF groups. Additional evidence of

FIG. 5. EDS line scans of fluorine and carbon across the cross-sections of (panel A) nonirradiated FEP (125
lm) and electron-beam-irradiated FEP/styrene (50 kGy, 2.8 Gy/pulse) with postirradiation heat treatment at
608C for (panels B–E) 0.5, 1, 2 and 5 h, respectively.
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styrene incorporation is provided by the large increase in the

number of C-C and C-H bonds. Angle resolved spectra (not

shown here) demonstrate that the grafting of styrene is

homogeneous over the entire depth at which XPS is

sensitive, ’10 nm.

The XPS technique only generates atomic bonding

information from the top surface, to a maximum depth of

10 nm, and since the results show almost no fluorine and

only C-C bonding, it is likely that only styrene species

(polymers or oligomers) are present on the top surface. Due

to the low-dose rate of the gamma radiation, it is possible

that homopolymerization of styrene occurs instead of a

rapid production of free radicals on both styrene monomer

and FEP. For instance, the surface region may consist of a

brush-like structure of polymerized styrene, containing

many carbon atoms, which is bound to the FEP membrane

through a single C-F bond at a considerable distance from

the outer surface.

Direct Grafting Using Steady-State Radiolysis

Attempts were made to directly graft neat styrene onto

FEP using steady-state radiolysis via 60Co-gamma irradia-

tion, however negligible increases in gravimetric measure-

ments were observed. A gamma radiation dose of 50 kGy
resulted in a substrate with a sticky polystyrene or styrene
oligomer layer. Prior to characterization, these samples were
treated using a xylene solvent and sonication to remove, at
least partially, the sticky layer. The SEM and EDS analysis
of the steady-state radiolysis grafted styrene onto FEP
reveal that the film produced with a dose of 50 kGy was not
uniform. The composition profile (not shown) indicates that
carbon is the predominant element in the outer 10 lm of the
film, while fluorine predominates within the innermost
regions of the film.

This may very well be attributed to the predominance of
the undesired homopolymerization of the styrene under
steady-state radiolysis conditions. The formation of the
polystyrene on the surface and underneath the surface
impedes the diffusion of the styrene monomers leading to
the inhomogeneous grafting.

SEM micrographs of FEP films after styrene grafting
using gamma radiation at an accumulated dose of 50 kGy
are shown in Fig. 8. The striated distributions of material on
the surface of the grafted films are more pronounced after
gamma irradiation than after electron-beam irradiation. An
increase in surface roughness involving the formation of a
bubble morphology on polyethylene after radiation grafting

FIG. 6. FTIR spectra of nonirradiated FEP film (125 lm) and FEP/styrene-grafted film microtomed into 10-
lm sections parallel to film thickness. Grafting was performed through direct irradiation of FEP and styrene with
electron beam (50 kGy, 2.8 Gy/pulse), followed by heat treatment at 608C for 3 h. Degree of grafting: 38.5 wt%.
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with styrene has also been reported (46). Under the lower
dose-rate conditions, the primary reaction is the styrene
homopolymerization. The produced homopolymer layer
prevents the styrene monomers from diffusing into the FEP.

Indirect Grafting

To eliminate the undesired homopolymerization reaction
of the styrene, attempts were made to achieve a reasonable
DOG of styrene onto FEP with the indirect grafting
approach. This is where the FEP is irradiated under
anaerobic conditions with a dose of ’80 kGy followed by
the addition of argon-saturated neat styrene. However, the
DOG values for these indirect grafting experiments were
very low, ,5%, compared to the direct-grafting DOG
results. This can be attributed to the fast crosslinking of the
FEP C-centered free radicals during the postirradiation heat
treatment at 608C, which is higher than the Tg of FEP. As a
result, there are no FEP C- centered free radicals available to
the diffused styrene monomer to initiate the grafting
reactions.

Pulse Radiolysis of Neat Styrene

Pulse radiolysis was performed to elucidate the radiation-
induced grafting mechanism of the styryl free radicals and
to evaluate the competition between the undesired homo-
polymerization reaction and the grafting reaction.

Figure 9 shows the transient spectrum of the styryl C-
centered radical 3 ls after the pulse in pulse-irradiated
samples of neat styrene saturated with N2. The main
spectral feature observed is an absorption band with a
maximum of approximately 315 nm to 320 nm. This

observation generally agrees with results reported else-
where (47, 48). The capture of the solvated electrons by
styrene to produce styrene anion and cation radicals is
extremely fast (49). It is expected and reported to be
completed within a couple of nanoseconds (50). There-
fore, it is impossible to follow this reaction with our pulse
radiolytic setup, which has a pulse width of 3 ls. The fast
buildup in Fig. 9, which is completed within 2 ls,
represents the protonation reaction of the styryl radical
anion to form the neutral C-centered radical (Sty

�
). The

decay of the Sty
�
, which is the basis of the radical

polymerization, was monitored at 315 nm. The kinetics of
this decay are determined by a combination of the
propagation and dimerization-termination reactions. The
inset in Fig. 9 also shows that the absorption does not
decay to zero even 2 ms after the pulse. The transient
spectrum at 3 ls represents the Sty

�
. The Sty

�
would then

undergo the following two competing decay reactions: the
dimerization reaction between two Sty

�
producing Sty-Sty

and the addition of Sty
�

onto the double bond of Sty
(propagation reaction) producing another free radical Sty-
Sty

�
. This is a clear indication that this transient is the

spectrum of the growing free radicals. Based on a G value
of 0.0155 lmol � J–1 (0.15 radical per 100 eV) of
absorbed energy (49), we calculated the molar absorptiv-
ity of the styryl radical at 315 nm to be e315 ¼ (2.2 6

0.1) � 103 l � mol–1 � cm–1. Since the kinetics fit a second-
order rate constant, it is concluded that the predominant
reaction is dimerization reaction (Sty-Sty) instead of the
propagation reaction, which would be expected to be
pseudo-first order. The observed second-order rate
constant for the decay is 5 � 108 L � mol–1 � s–1. This
fast reaction decay of styryl radicals clearly demonstrates
that the radiolytically produced styryl radicals undergo
fast reactions that can compete with the grafting reaction
on FEP, resulting in the formation of a styrene
homopolymer and dimers.

Proton Conductivity

Because the 125-lm FEP films were shown to be
uniformly grafted under the experimental conditions
described above, it is expected that the same is true for
the thinner 25-lm films. Therefore, all conductivity
measurements were performed on uniformly grafted 25-
lm FEP films similar to those used in fuel cell applications.
Table 1 shows the DOG averages of three or more films that
were directly grafted with styrene using electron-beam
irradiation under various total doses and heat treatment
times at 608C. This indicates that heat treatment times
longer than 2 h and a total dose of at least 60 kGy do not
generate significant increases in the grafting yields.

The results of proton conductivity measurements using the
alternating current impedance method on the 25-lm films in
Table 1 are shown in Fig. 10, together with results obtained
for a 25-lm film of 3M 825EW ionomer and the Nafion 112.

FIG. 7. C 1s and F 1s XPS of (panel A) nonirradiated FEP (125
lm) and (panel B) FEP/styrene-grafted by electron-beam irradiation,
50 kGy at 2.8 Gy/pulse and HT at 608C for 3 h, DOG: 38.5 wt%.
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The results show that at low humidity the proton conductivity
of the FEP films grafted with styrene sulfonate prepared in
the current study is lower than that of the PFSA film.
However, the proton conductivity of the styrene-grafted films
described above becomes at least as large as that of the PFSA
film at relative humidity of 60% or higher.

DISCUSSION

The effects of the postirradiation temperature on the
degree of grafting can be related to the Tg of FEP. For the
post-heat treatment at 608C, FEP is no longer in the glassy
form and results in the enhancement of the diffusivity of the
styrene monomer into the FEP film. During the direct
radiation grafting, C-centered free radicals of styrene (Sty

�
)

(Sty
�
) and FEP (

�
FEP (–H)) are produced.

In the absence of oxygen, these free radicals decay
through the following competing undesired and desired
grafting reactions:

Sty� þ Sty!k1
Sty� Sty� ð1Þ

2 Sty� !k2
Sty� Sty ð2Þ

2 �FEP �Hð Þ!k3
FEP� FEP ð3Þ

�FEP �Hð Þ þ Sty� !k4
FEP� Sty ð4Þ

�FEP �Hð Þ þ Sty!k5
FEP� Sty� ð5Þ

The first three chemical reactions represent undesired

outcomes, specifically the initiation homopolymerization

reaction [Eq. (1)], the dimerization reaction [Eq. (2)], and

the crosslinking reaction [Eq. (3)]. The last two chemical

reactions listed represent the desired grafting [Eqs. (4) and

(5)].

�d Sty½ �
dt

¼ k1 Sty�½ � Sty½ � þ 2k2 Sty�½ �2 þ k2 Sty�½ �2

þ k4 Sty�½ � �FEP �Hð Þ½ �
ð6Þ

� d FEP �Hð Þ½ �
dt

¼ 2k3
�FEP �Hð Þ½ �2 þ k4

�FEP �Hð Þ½ � Sty�½ �
þ k5

�FEP �Hð Þ½ � Sty½ �:
ð7Þ

The kinetics of the grafting of styrene onto FEP are

described by Eqs. (6) and (7). The undesired reactions, Eqs.

(2) and (3), would become the predominant reactions at

high-dose rates, and in pulsed irradiation, Eq. (1) would be

dominant at very high concentrations of styrene. In addition

to the above reactions, H-transfer reaction also takes place,

enhancing the undesired homopolymerization reaction.

Pulse radiolysis results show that the undesired reactions,

FIG. 8. SEM micrographs of the surface and cross-sections of FEP (125 lm) simultaneously 60Co gamma-
irradiated in argon with styrene monomer to a dose of 50 kGy at 0.17 Gy/s.
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Eqs. (1) and (2), are very fast with combined observed

reaction rate constant of 5 3 108 l � mol–1 � s–1.

The most effective technique of styrene grafting to FEP,

investigated in this study, involved direct electron-beam

irradiation followed by a postirradiation heat treatment. This

approach produced a styrene graft throughout the entire

thickness of a 125-lm FEP film, with a degree of grafting of

over 30 wt% and a smooth-surface morphology. The

uniformity of grafting as a function of depth in the FEP

substrate was observed by EDS to be highly dependent on

the length of time that the irradiated samples were exposed

to heat treatment. The results, including data from the FTIR

spectra, SEM micrographs and EDS line scans, indicate that

after 50 kGy electron irradiation and a postirradiation heat

treatment of 608C for 2 h, a uniform graft forms within the

FEP film. Shorter heat treatment times produce ‘‘grafting

fronts,’’ which indicate that the styrene has only diffused

partially through the film.

In general, the proton conductivity of hydrophilic FEP-

based membranes exhibits a large increase with rising

temperature in the range of 110–1208C, where the

conductivity levels off (51). Sulfonated membranes pre-

pared by radiation-induced grafting of styrene onto FEP

films have high thermal stability (except for a loss of the

part of the water content that is weakly bound) up to

temperatures of approximately 2908C (14).

The conductivities of the prepared membranes in this

study are slightly higher than those of typical membranes

developed for applications such as fuel cells under

conditions of high humidity, and lower than those of

such membranes at low levels of humidity. The lower

proton conductivity of the electrolyte membranes made of

poly(vinylbenzyl sulfonic acid)-grafted FEP in this study,

compared to that of perfluorosulfonic acid (PFSA)

membranes such as Nafion 212 and the 3M 825EW,

can be attributed to the fact that in general, the acid

strength of the PFSA SO3H is stronger than that of an

aromatic SO3H (pKa ’ –6 vs. ’ –3). In addition, the

PFSA may undergo phase separation into very distinct

ionic channels and fluoropolymer matrix, while the

sulfonated hydrocarbons have less tendency to undergo

phase separation (52, 53).

FIG. 9. The transient spectrum of the styryl free radical measured at 2 ls after the pulse in N2-saturated neat styrene. Insert: The observed
bimolecular decay of the styryl radical at 315 nm.

TABLE 1
Degree of Grafting of Styrene on 25-lm FEP Films as

a Function of Electron-Beam Radiation Dose
followed by Heat Treatment at 608C

Grafting dose (kGy) Heat treatment time (h) Degree of grafting

81.2 24 24.1 6 2.4
86.2 5 22.8 6 2.2
63.0 2 20.6 6 2.0
62.0 2 21.8 6 2.2
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CONCLUSION

Pulsed-electron beam provides a high-dose rate that can

impede the undesired homopolymerization reaction of the

styrene, but also enhances the undesired crosslinking of the

carbon-centered FEP radicals and the dimerization of the

styryl radicals, as evidenced by relatively low-DOG values

of 34.4 6 3.0%. The desired grafting copolymerization

reactions occur when irradiation reaches a DOG of 8.4 6

0.8% and additional grafting occurs subsequently during the

postirradiation heat treatment resulting in a DOG of 34.4 6

3.0%. During the first step (irradiation), the desired grafting

occurs mainly on the surface of the glassy FEP through the

carbon-centered FEP radical and the styryl to produce FEP-

styrene structures. The second step of the grafting takes

place during the subsequent thermal heating where the

diffusivity of the styrene monomer increases tremendously.

This is evident in the comparison of the increasing DOG

values of the heat-treated samples, in contrast to that of

room temperature samples, which exhibit constant DOG

values as a function of time. Our results show that, to

enhance the diffusivity of the styrene monomer, even

through relatively large-thickness (125-lm) FEP film, it is

essential that the FEP is not in a glassy state. Therefore, a

post-thermal treatment higher than Tg, 39 6 0.58C, is

essential to achieve a reasonable grafting density so that the

styrene monomers are able to diffuse into the bulk of the

FEP film. Importantly however, at the thermal treatment

temperature of 608C, a competition state is established

between the crosslinking reaction of the carbon-centered

FEP radicals and the diffusion of the styrene through the
FEP bulk with subsequent addition reaction of the double
bond of the styrene monomer with the carbon-centered FEP
radical. As a result of the crosslinking reactions of the FEP
radicals, there are few carbon-centered FEP radicals
available to react with styrene monomers and initiate the
grafting polymerization reaction. This explains why, even at
the highest styrene concentration (neat styrene), the DOG is
still relatively low at a value of 34.4 6 3.0%.

On the other hand, steady-state radiolysis enhances the
undesired styrene homopolymerization, leading to negligi-
ble DOG values. This is because under these radiation
conditions the homopolymerization predominates, leading
to the formation of nongrafted styrene oligomers and
polymers on the surface. As a result, these products of
homopolymerization impede the diffusion of the styrene
into the bulk of the substrate.

Despite the fact that utilization of indirect grafting
tremendously impedes the undesired homopolymerization
reaction, our results demonstrate negligible DOG values for
indirect grafting of FEP with neat styrene using pulsed-
electron-beam irradiation. This finding is in agreement with
the fact that FEP undergoes crosslinking rather than scission
at doses up to 160 kGy in the absence of oxygen. Therefore,
at the time the styrene is added, postirradiation, there is a
low concentration of carbon-centered FEP free radicals
available to react with the styrene monomers.

Overall, our approach shows that direct high-dose-rate
radiation grafting with subsequent heat treatment above the
Tg of the 25 lm-thick FEP produces proton conductivity
membranes. At high humidity, the prepared membranes in
this work are on par with the 3M 825EW membrane and
higher than the Nafion membrane with a measured proton
conductivity of 0.29 s cm–1 at 92% humidity. However, the
proton conductivity is 0.007 s cm–1 at low (28%) humidity,
which is lower than both industry standard PFSA
membranes tested here. This is due to the pKa value of
the sulfonated styrene being higher than the values of the
PFSA membrane. In addition, due to the low tendency of
the sulfonated styrene to undergo phase separation, fewer
distinct ionic channels are formed in comparison with the
PFSA membranes.
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