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cDepartment of Physics, University of Helsinki, PB 9, FIN-00014 Helsinki, Finland

Radiation grafted and sulfonated poly(vinylidene fluoride), PVDF, membranes have been studied by thermal analysis and X-ray
di�raction to determine the changes in membrane crystallinity and structure during preparation. Commercial PVDF films were
irradiated with an electron beam, grafted with styrene and finally sulfonated. Both the crystallinity and the size of the crystallites of
PVDF decrease in the grafting reaction. A further decrease in crystallinity is observed in the sulfonation reaction. The residual
crystallinity of PVDF was considerable (10–20%) even in membranes which had been subjected to severe reaction conditions.
These results can be explained by assuming that the grafting takes place mainly in the amorphous region of the PVDF, and close
to the surfaces of the crystals, but that grafts do not penetrate into the crystals. The proton conductivity of the grafted and
sulfonated PVDF membranes reached values comparable to those of Nafion membranes.

Membranes with high protonic conductivity are potentially values measured for Nafion were reached. It was found that
the proton conductivity of the new membranes depended onuseful as separators and electrolytes in electrochemical cells
several factors, among them the crystallinity of the matrixsuch as fuel cells. Among the first proton-conducting mem-
polymer, and of the resulting graft, respectively. Residualbranes used in fuel cells were sulfonated, crosslinked poly-
crystallinity was found in membranes which had been subjectstyrenes.1 In recent years Nafion films have been extensively
even to the most severe reaction conditions, hence the resultingstudied as proton-conducting membranes2 for use in fuel cells.
membranes are inhomogeneous. Inherent inhomogeneity alsoNafion is, however, a very expensive material, and other
results from the preparation in which the macromolecules ofmaterials are being sought.
the original film act as the backbone with long branchesIn the development of new membranes, functionalisation of
formed by the grafts. Because of the incompatibility of the twoa preformed polymer material o�ers many advantages, in
polymers the grafts are probably present as microdomains.particular with respect to the price and the mechanical proper-
The bulk properties of the modified film, in this case mostties of the matrix material. Functionalisation is possible by
importantly the proton conductivity, will depend on polymer–grafting. Among many grafting techniques available, radiation-
polymer and polymer–water interactions, and on the distri-initiated grafting is one of the most useful.3,4 The electron
bution and the phase separation of the grafts, as well as onbeam pre-irradiation method is useful due to its simplicity and
the crystallinity.17short irradiation times, which makes the method attractive for

The introduction of the styrene grafts and of the hydrophilicscale-up production. Radiation grafting methods have been
sulfonic acid groups into the strongly hydrophobic PVDFextensively studied.3–5
matrix produces a very complex structure with the sulfonatedMany studies have been reported on grafting di�erent
grafts mainly in the amorphous region of the PVDF.14 In themonomers onto fluorine-containing polymers by the radiation-
present investigation the melting behaviour and the crystal-induced grafting technique.6–14 In order to obtain proton
linity of the matrix material, the styrene grafted membranes,exchange membranes, styrene is usually grafted onto a fluoro-
and of the sulfonated membranes, respectively, have beenpolymer and the graft copolymer is subsequently functionalised
studied with thermal analysis, and with X-ray di�raction, inwith sulfonic acid groups.15 Because of the chemical stability
order to evaluate the role of the grafting conditions, and ofneeded, the backbone polymers have been limited to the fully
the sulfonation, on the microstructure of the membrane. Thefluorinated polymers poly(tetrafluoroethylene), PTFE, or poly-
matrix polymer is a non-porous film of PVDF, and the(tetrafluoroethylene-co-hexafluoropropylene), FEP. Styrene
resulting styrene grafted and sulfonated membranes are protontogether with divinylbenzene, DVB, has been grafted onto
conducting in wet conditions.FEP followed by sulfonation. In fuel cells these membranes

show good performance and stability.6,7 Poly(vinylidene fluor-
ide), PVDF, is an interesting alternative, which apart from
good stability also has a competitive price. Partially fluorinated Experimental
membranes that fulfil the stability requirements in electrolysis

Preparation of the grafted and sulfonated membranes, PVDF-cells have been described.16
g-PSSAWe have recently reported the preparation and characteris-

ation of proton-conducting membranes with porous poly- PVDF was supplied by Goodfellow as 80 mm thick films made
(vinylidene fluoride), PVDF, films as matrices.14 The prep- by melt processing. Proton-conducting films were prepared in
aration involves the pre-irradiation of PVDF film with an a three-step procedure.14 Pre-irradiated films (electron beam
electron beam, graft polymerisation of styrene monomer into under nitrogen gas, dose 100 kGy) were grafted in a solution
the matrix and sulfonation of the grafted film. The degree of of styrene in tetrahydrofuran (80520, v/v) at 67 °C, or in a
grafting and degree of sulfonation are controlled by the reaction solution of styrene in toluene (50550, v/v) at 70 °C, to various

degrees. The membrane with degree of grafting (d.o.g.)=2%time and conditions. Proton conductivities corresponding to
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was prepared at ambient temperature, reaction time 4 h. The measured with Mo-Ka1 radiation, monochromated with a
siliconmonochromator crystal in the incident beam, at ambientgrafting time varied from 0.5 to 12 h at 67 °C. The grafted

membranes were dried to constant mass and the d.o.g. was temperature and at 170 °C with annealing in vacuum. A h–h
di�ractometer with a high-temperature chamber was used indetermined gravimetrically, using eqn. (1)
symmetrical transmission mode. The heated sample was meas-d.o.g.=[(m1−m0 )/m0]×100% (1) ured again after 12 h at ambient temperature and after a few
weeks. The scattered intensities were measured with a scintil-where m0 is the mass of the original film and m1 the mass of
lation counter. The SAXS measurements were made with athe grafted membrane. The grafted membranes were fully
sealed copper anode fine-focus X-ray tube, used in pointsulfonated [degree of sulfonation (d.o.s.)=100%] with 0.5 
focusing mode. The Cu-Ka1 radiation was monochromated bychlorosulfonic acid in 1,2-dichlorethane for 24 h. The sulfon-
means of a nickel filter and a totally reflecting glass blockation occurred mainly at the para position of the phenyl rings.18
(Huber small angle chamber 701 ). The scattered radiation was
measured in the horizontal direction (beam width) by a linearThermal analysis by di�erential scanning calorimetry (DSC)
one-dimensional position-sensitive proportional counterThermograms of films with d.o.g. between 2 and 100% were (MBraun OED-50M). The space between the sample and themeasured with a Perkin-Elmer DSC-7 calorimeter with a detector was evacuated to 0.05 mmHg using 13 mm polyimideheating rate of 20 °C min−1 in the temperature range −50 to foils as X-ray windows. The scattering distance was 150 mm.200 °C. The samples were dried for 7 days at 50 °C in vacuo A narrow vertical slit was used before the sample to minimiseprior to the measurement, after drying the membranes were background scattering. The beam height at the sample waskept in a desiccator at ambient temperature. The measurement approximately 10 mm. The primary beam was narrowwas repeated three times for each sample in order to determine (FWHM<0.002 Å−1). Together with the detector height pro-the e�ect of annealing on the shape of the melting peak, and file, the FWHM of the instrumental function in the verticalon the melting temperature. The overall percentage crystallinity direction was about 0.044 Å−1 . The magnitude of the scatteringof the sample (Xc) was evaluated from the heat of fusion of vector is defined as k=(4p/l) sinh, where h is half of thethe sample [eqn. (2)] scattering angle, and l is the wavelength. The smallest achiev-
able k was 0.015 Å−1 . The experimental SAXS curves wereXc(%)=DHf/DH100×100% (2)
corrected for absorption, air scattering and experimentalwhere DHf is the measured enthalpy of fusion of the sample, smearing due to the vertical instrument function.DH100 is the enthalpy of fusion of the 100% crystalline

sample=104.7 J g−1 .19
Results and DiscussionBecause of the amorphous nature of the polystyrene the

measured enthalpy of fusion can be attributed to the PVDF PVDF films have been chosen as matrix materials for func-
crystallites in the membranes. The mass fraction of PVDF in tionalised membranes due to their high reactivity in electron
the grafted membranes is given by eqn. (3) beam irradiation grafting. Our previous results showed that

very e�cient grafting and sulfonation can be achieved inWPVDF=mPVDF/(mPVDF+mstyr ) ( 3)
porous PVDF films, and considerable proton conductivity is

where mPVDF is the mass of the PVDF, mstyr the mass of obtained.14 The grafting and sulfonation of non-porous films
polystyrene grafts and WPVDF the mass fraction of PVDF. The of PVDF requires longer reaction times, and the d.o.g. in these
crystallinity of the PVDF is then obtained [eqn. (4 )] films is therefore generally lower. Several membranes of non-

porous PVDF grafted with styrene were prepared. The degreeXPVDF(%)=DHf/WPVDF×100% (4)
of grafting varied between 2 and 100%. The grafted membranes

The following relationship [eqn. (5)] was used for the grafted were fully sulfonated,14,18 and the proton conductivity was
and sulfonated membranes measured with ac impedance spectroscopy. The proton conduc-

tivity at room temperature increased with increasing d.o.g.
WPVDF=

mPVDF
mPVDF+mstyr+mSO−3

( 5) reaching values around 100 mS cm−1 for d.o.g. around 100%.
The chemical and the electrochemical characterisation of these

where mSO−3 is the mass of sulfonic acid groups. The mass of membranes will be published elsewhere.19,20 In the following
sulfonic acid groups was calculated from the amount of styrene. we report the e�ects of the reaction conditions in the membrane
The crystallinity of PVDF in the PVDF-g-PSSA membranes preparation on the melting behaviour and crystallinity of the
was then calculated according to eqn. (4 ). PVDF-g-PSSA membranes with non-porous matrices.

The melting behaviour of pure PVDF has been extensively
Thermogravimetry (TG) studied.21,22 The partial crystallinity of this material has been

described as the result of two factors; the polymer is inherentlyThe thermal degradation of the PVDF-g-PSSA membranes easy to crystallise because of the simple structure of thewas measured with a Mettler TG-50 thermobalance in the repeating unit, but complete crystallisation is inhibited due totemperature range 50–250 °C with a heating rate of the presence of head-to-head bonds in the polymer backbone.10 °C min−1 . Samples of 5–8 mg were dried in vacuo at 50 °C The crystalline phase in a solution-cast PVDF film shows afor 18 h prior to measurement. double endotherm in the melting region characteristic of a
form crystals. Results from DSC measurements at di�erent

X-Ray di�raction measurements heating rates and electron microscopy indicated that the two
endotherms were caused by a temperature dependent bimodalThe PVDF-g-PSSA membranes were measured at ambient

temperature in symmetrical transmission and reflection geo- distribution of lamellar thicknesses. The lower melting peak is
attributed to melting of crystals originally present, and themetries with Cu-Ka radiation (1.542 Å), using a h–2h

di�ractometer. The Cu-Ka radiation was monochromated with higher melting peak is attributed to melting of crystals reorgan-
ised on heating. According to Nakagawa and Ishida19 lamellara quartz monochromator in the incident beam. To reduce the

e�ects of preferred orientation the sample was rotated during thickening occurs in the larger crystals during the heating
process, and the smaller crystals melt out. The material formedthe measurement. The background was measured separately

and subtracted from the intensity curves of the membranes. by the partial melting is proposed to recrystallise in the cooling
process. This is proposed to be the reason for the doubleThe intensity curves were also corrected for absorption and

background due to air scattering. The original PVDF film was endotherm observed in the melting region of the a form on
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Fig. 1 Melting thermograms, second scan, of pre-irradiated styrene Fig. 2 Cooling thermograms, second scan, of pre-irradiated styrenegrafted PVDF membranes, heating rate 20 °C min−1 . From bottom: grafted PVDF membranes, cooling rate 20 °C min−1 . From bottom:original PVDF, d.o.g. 23%, 54%, 83% and 100%, respectively. original PVDF, d.o.g. 23%, 54%, 83% and 100%, respectively.

repeated heating.20 In this study X-ray scattering was measured Results are collected in Fig. 3 and 4. It is seen that thefrom samples of PVDF at ambient temperature and at 170 °C. crystallinity of the PVDF matrix is only slightly a�ected byA change in the WAXS pattern was observed, and the new the grafting process, and the decrease in crystallinity at higherpattern was still observed from the sample after 24 h at room d.o.g. is a few per cent, see Fig. 4. Thus we conclude that thetemperature. The original pattern of the monoclinic a form irradiation has not formed reactive radical sites inside thewas recorded after the sample had been standing for several crystallites. The decrease in the overall crystallinity of theweeks.23 The conclusion is drawn that heat annealing produces grafted membranes is therefore mostly an e�ect of dilution, seea crystalline phase which is not thermally stable at room Fig. 3. It is also noteworthy that the degree of crystallisation,temperature. as calculated from the enthalpies of fusion, does not changeThe thermal behaviour of the PVDF film, the grafted with repeated heating cycles, hence the ordered part of PVDFmembranes, and of the PVDF-g-PSSA membranes, respect-
ively, were studied by di�erential scanning calorimetry and
thermogravimetry. The thermal behaviour of the styrene
grafted membranes will be discussed first. Typical melting
thermograms of the second scans from these samples are
presented in Fig. 1. Melting thermograms were recorded in
three subsequent scans. The glass transition of PVDF at
−40 °C24 could not be detected in the grafted PVDF. A
bimodal melting endotherm is seen in all the thermograms.
The shape of the bimodal melting endotherm changed when
the samples were reheated so that the area under the lower
melting peak increased and the area under the higher melting
peak decreased. The change in the total enthalpy of fusion in
subsequent scans of PVDF, and of grafted membranes, was
very small. The melting temperatures were the same in the
di�erent samples irrespective of d.o.g., and of number of heating
cycles, and they were ca. 163 and 167 °C.

Fig. 3 Overall crystallinity of membranes as a function of the d.o.g.The shape of the bimodal melting peak of the grafted Styrene grafted PVDF membranes from calorimetric measurements
membranes resembles that of pure PVDF, and changes slightly (%), and from WAXS measurements (&), PVDF-g-PSSA membranes
with d.o.g. The melting range broadens as the d.o.g. increases. from calorimetric measurements (#), and from WAXS measurements

($). Calorimetric data from second scan.The melting peak of the reorganised thicker lamellae decreases
with increasing d.o.g. Hence, the lamellar growth in the melting
region is inhibited with formation of the polystyrene grafts.
The conclusion is drawn that the grafting takes place in the
entire amorphous region, also in areas very close to the
crystallite surfaces of the lamellae. Cooling thermograms of
the grafted PVDF membranes are shown in Fig. 2. The crystal-
lisation temperature decreases slightly with increasing d.o.g.,
possibly indicating mixing of polystyrene grafts into the crys-
tallisable part of the PVDF melt. However, the polystyrene
grafts are not miscible with the matrix PVDF polymer, most
probably they form a separated phase within the amorphous
region of the styrene grafted PVDF.7 A very weak transition
around 100 °C24 which can be attributed to the glass transition
of polystyrene, can be observed in the first DSC scans of
grafted PVDF membranes with high d.o.g. The transition is
obscured in calorimetric studies of the grafts with low d.o.g.

Fig. 4 Crystallinity of the PVDF moiety in membranes as a functionbecause of the annealing e�ect of the sample drying process of the d.o.g. Styrene grafted PVDF membranes from calorimetric(7 days at 70 °C) immediately before the measurement. measurements (%), and from WAXS measurements (&), PVDF-g-
The crystallinity of the grafted PVDF and the PVDF-g- PSSA membranes from calorimetric measurements (#) , and from

WAXS measurements ($). Calorimetric data from second scan.PSSA membranes was calculated from the enthalpies of fusion.
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is changing very little in the grafting process. This is in The well known Debye formula was used, since the crystal size
is small. By fitting the intensities of crystalline PVDF andaccordance with results obtained by Gupta and Scherer25 in

investigations of proton-conducting membranes prepared amorphous material to the experimental intensity curves, the
crystallinity of the polymer is obtained as the ratio of theby c-irradiation induced styrene grafting of perfluorinated

polymer films. integrals of the intensity of the amorphous component and the
studied sample. Owing to the uncertainty in the determinationThe crystallinity of the PVDF, of the grafted PVDF mem-

branes, and of the PVDF-g-PSSA membranes was studied of the model intensity of the amorphous material, however,
the precision of the crystallinity is only 10%. By this methodwith wide angle X-ray scattering (WAXS) measurements. The

estimation of the crystallinity from the X-ray di�raction pattern a crystallinity of 44% was obtained for the PVDF film using
integration limits of 10∏2h∏50°.is based on the assumption that the measured scattering

intensity is a linear combination of the intensities from the Another method to determine the crystallinity from X-ray
data is to present the scattering intensity of the crystallinecrystalline and from the amorphous regions.26 The X-ray

di�raction patterns are shown in Fig. 6 and 7, and the results material as a sum of Gaussians or other suitable functions.28
The sum of these functions and a chosen background is fittedof the crystallinity calculations are included in Fig. 3 and 4.

The intensity curve from totally amorphous polystyrene has to the intensity curve. We applied this method by calculating
the powder di�raction pattern of PVDF by presenting thebeen used as the amorphous background, and the intensity of

crystalline PVDF is calculated from the atomic coordinates.27 reflections as Gaussians, and adjusting their widths to match
the experimental ones.29 For PVDF this method gave a
crystallinity of 35%, and for the calculated intensity of perfectly
crystalline PVDF a crystallinity of ca. 60% was obtained. This
model underestimates the di�use background due to the small
crystal size, and thus also the crystallinity.

The results of the analysis of the crystallinity from WAXS
measurements lead us to believe that the first described method
is the more accurate, and this method is therefore used in the
present investigation.

The di�raction patterns measured by reflection and trans-
mission geometries do not match perfectly due to preferred
orientation of the crystallites, Fig. 5. The 020 and 110 reflec-
tions are very intense in the di�raction pattern measured with
reflection geometry, but weak when measured with trans-
mission geometry. On the other hand, the 021 and 002
reflections are intense in the pattern measured with trans-
mission geometry but weak when measured with reflection
geometry. The precision in crystallinity is ca. 10% for pure
PVDF.

The size of the PVDF crystallites in the membranes was
determined from the WAXS measurements. In untreated PVDF
film, the measured average crystal size is around 15 nm, which
is larger than the size of the crystallites in the porous PVDF
membranes, 11 nm.14 With grafting a decrease in crystal size
is observed, at d.o.g. around 50% the crystallite size is 10 nm
in grafted membranes, and at 100% d.o.g. it is ca. 8 nm;

Fig. 5 WAXS intensity curves of PVDF membranes. The intensity sulfonation does not alter the crystallite size.
curves from top: measured in symmetrical reflection geometry, in Thus, the WAXS results indicate decrease both in crystal-symmetrical transmission geometry, and calculated intensity curve for linity and in crystallite size with increasing d.o.g. The decreasethe a form.

Fig. 7 WAXS intensity curves of PVDF-g-PSSA membranes. FromFig. 6 WAXS intensity curves of styrene grafted PVDF membranes.
From top: d.o.g. 23%, 54%, 83% and 100%, respectively. top: d.o.g. 23%, 54%, 83% and 100%, respectively.
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Fig. 8 Enthalpy of fusion of styrene grafted PVDF membranes as a
function of the d.o.g. The line denotes values of the enthalpy of fusion, Fig. 9 Melting thermograms, second scan, of PVDF-g-PSSA mem-
assuming that no decrease in crystallinity takes place during the branes. Heating rate 20 °C min−1 . From bottom: original PVDF, d.o.g.
grafting. 23%, 54%, 83% and 100%, respectively.

in crystallinity is steeper as measured from X-ray di�raction
data than from calorimetric measurements, Fig. 3 and 4. The
change in melting enthalpy corresponds to a dilution e�ect by
the grafts in the membrane at low d.o.g., but with increasing
d.o.g. the crystallinity seems to decrease more, Fig. 8. The
straight line represents the enthalpy of fusion of the grafted
membranes vs. the d.o.g. when the decrease in crystallinity is
caused by dilution only. A similar e�ect has been reported for
grafting of polyethylene, where crystal disruption is detected
with d.o.g. of over 30%.30

Results reported by Gebel et al.31 are somewhat contradic-
tory. They studied styrene grafted and sulfonated PVDF
membranes prepared after c-irradiation. The irradiation dose
was relatively low, 1–100 kGy, generally lower doses than used
in the present investigation, and the matrix material consisted

Fig. 10 Cooling thermograms, second scan, of PVDF-g-PSSA mem-of only 25 mm thick films. The authors concluded from results
branes. Cooling rate 20 °C min−1 . From bottom: original PVDF, d.o.g.of WAXS and SAXS measurements that the grafting reac-
23%, 54%, 83% and 100%, respectively.tion takes place in amorphous zones without disturbing the

crystalline texture.
An explanation of the discrepancy between results in the up on sulfonation. The crystallisation in the PVDF-g-PSSA

membranes occurs at lower temperatures than in graftedpresent work from calorimetric measurements and from X-ray
measurements is that X-ray scattering has its origin from samples, indicating the restrictive impact of the polyelectrolyte

chains on the mobility and ability to crystallise of the unsubsti-highly ordered and crystalline areas in the PVDF membranes.
In layers close to the crystallite surfaces the grafting has caused tuted PVDF blocks in the chain. A bimodal crystallisation

endotherm is clearly seen at d.o.g. ca. 20%. We conclude thata decrease in the lamellar thickness, but chain ends and loops
present are not ordered enough to contribute to the melting crystallisable parts of the PVDF chains are present in two

di�erent surroundings at this d.o.g. which can be detectedenthalpy registered in the calorimetric measurements. Owing
to uncertainties in the estimation of the melting enthalpies of calorimetrically. A portion of the PVDF crystallises close to

the surface of the membranes where the graft density is large,the partly crystalline polymers, and the base line in the
thermograms, the precision in crystallinity measurements by while the remainder crystallises in the inner parts of the

membrane, into which the sulfonated grafts have not yetthermal analysis is relatively low, around 10%. From these
observations, the conclusion is drawn that the grafting reaction penetrated. Using energy dispersive X-ray analysis we have

shown that polystyrene sulfonic acid grafts become evenlyoccurs mainly in the amorphous regions of the PVDF, but
can occur very close to the surfaces of the crystallites in the distributed throughout the membrane at d.o.g. >ca. 30%.14

An exothermic enthalpy change over a wide temperaturematrix polymer so breaking up partly ordered chain structures.
The styrene monomer has not acted as a solvent of PVDF, range (100–200 °C) is detected in the first heating scan of the

PVDF-g-PSSA membranes and this e�ect is very pronouncedbut has di�used into the mobile amorphous regions to the
reactive sites. at high d.o.g. The behaviour was not found in the second and

subsequent scans, but was found again after storage of theNext we turn to the e�ect of sulfonation on the thermal
behaviour and the crystallinity of the membranes. Typical membranes under ambient conditions. This behaviour is prob-

ably due to the hygroscopic properties of the PVDF-g-PSSAsecond scan heating thermograms of PVDF-g-PSSA mem-
branes are seen in Fig. 9, the corresponding cooling scans are membranes, which bind water to the sulfonic acid groups. Not

even drying at 100 °C for long periods could remove all theseen in Fig. 10. The melting behaviour of the PVDF-g-PSSA
membranes resembles that of the polystyrene grafted PVDF water. This was also confirmed with thermogravimetry, where

the mass loss from the PVDF-g-PSSA membranes (dried atmembranes. The bimodal melting peak is detectable in all the
samples. The form of the endotherm di�ers slightly with the 50 °C for 18 h) was constant between 100 and 200 °C. Loss of

sulfonic acid groups or degradation of polystyrene is notintensity of the first melting peak increasing relative to
the second. There is a considerable decrease in the total melting probable in this temperature range, as shown in thermogravi-

metry measurements.enthalpy as the d.o.g. increases. This means that possible order
remaining after the grafting reaction has been partly broken WAXS measurements were made of the PVDF-g-PSSA
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formation of slightly ordered structures close to the lamellar
surface of the PVDF which do not contribute to the melting
enthalpy, but which are seen in X-ray di�raction.
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