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SYNOPSIS 

The nature of water in proton exchange membranes, obtained by radiation grafting of 
styrene onto poly(tetrafluoroethy1ene-co-hexafluoropropylene) (FEP) films and subsequent 
sulfonation, was investigated by differential scanning calorimetry. I t  was found that the 
membranes contained three different types of water, which were categorized as freezing- 
free, freezing-bound, and nonfreezing water. The degree of grafting had a considerable 
influence on the relative ratios of these three types of water molecules. The nonfreezing 
water per ion-exchange site ratio was found to be independent of the degree of grafting. 
However, freezing-free and freezing-bound water per ionic site ratios increased with in- 
creasing graft levels. A correlation between the water uptake and the structural changes 
occurring in the membrane as a function of the degree of grafting was established. 0 1995 
John Wiley & Sons, Inc. 

INTRODUCTION 

The state of water in proton exchange membranes 
plays an important role in determining the transport 
behavior of protons. Several studies have been de- 
voted to investigate the nature of water in different 
radiation-grafted mernbrane~.'-~ The water directly 
associated with ionic sites in a membrane may be- 
have in a way different from the normal water due 
to its strong association in the form of hydrogen 
bonding and polar interaction. This type of water 
shows no phase transition, such as crystallization 
or melting in the temperature range of 273-200 K, 
and is referred to as the nonfreezing water. However, 
water with well-defined transitions, such as bulk 
water, is defined as the freezing water. 

The evaluation of the states of water sorbed in 
membranes has been carried out by different meth- 
ods including nuclear magnetic spectroscopy, 4-6 
sorption-desorption isotherm, dielectric measure- 
ments,8 infrared spectroscopy, 9~10 and differential 
scanning calorimetry (DSC ) .11-15 DSC offers an 
useful method in terms of quick evaluation of the 
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phase transition of water as well as small size of the 
sample. Both the melting and crystallization tran- 
sitions have been followed in studies on water using 
DSC. In these measurements, a sample is cooled 
down to below OOC, at which temperature the free 
water freezes leaving behind nonfreezing water as- 
sociated with ionic sites. The monitoring of the 
melting of the frozen water by DSC, therefore, leads 
to information about freezable water in a membrane. 

Membrane preparation by radiation grafting 
of vinyl and acrylic monomers onto poly(tetra- 
fluoroethylene-co-hexafluoropropylene ) ( FEP ) 
films has been carried out by several workers, and 
the relation between physicochemical properties and 
the degree of grafting has been e~tablished.'~-~l 
However, these membranes have not been investi- 
gated with respect to the nature of the sorbed water. 
In a graft copolymer membrane, the grafted chains 
remain dispersed within another polymeric matrix 
of different physico-chemical nature. Therefore, it 
is the nature and distribution of the ionic component 
in the matrix which determines the swelling and, 
hence, the fractional ratio of different types of water 
 molecule^.'^ Any kind of physical or chemical vari- 
ation in the membrane structure that alters the total 
water uptake would also influence the relative con- 
tent of the different states of water. As a result, the 
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diffusivity of a species would also be considerably 
infl~enced.~' .~~ It becomes, therefore, interesting to 
study the nature as well as the fractional variation 
of different types of water in radiation-grafted 
membranes as a function of the degree of grafting. 
We have reported membrane preparation by simul- 
taneous radiation grafting of styrene onto FEP films 
and subsequent ~ulfonation.'~ These membranes 
were investigated with respect to their thermal be- 
havior and crystallinity  change^.'^-^' In the present 
study, the investigation of the states of water and 
its fractional variation in FEP-g-polystyrene sul- 
fonic acid ( FEP-g-PSA ) membranes containing dif- 
ferent degrees of grafting is carried out. A correlation 
between structural changes and the water content 
is established. 

EXPERIMENTAL 

Materials and Grafting Procedure 

Membranes were prepared by simultaneous radia- 
tion grafting of styrene onto FEP films of 50 pm 
thickness (supplied by DuPont) and subsequent 
sulfonation, as reported earlier.25 The reaction tubes 
containing styrene were evacuated by freeze-thaw 
cycles at torr. The grafting was carried out by 
placing reaction tubes in a thermostated water bath 
maintained at 60°C and subsequent irradiation from 
a Co-60 source operating at a dose rate of 0.5 Gy/ 
min. The degree of grafting refers to the percent 
increase in the weight of the FEP film after the 
grafting reaction: 

x 100 w, - wo 
WO 

Degree of grafting (%) = 

where Wo and W, are the weight of the ungrafted 
and grafted films, respectively. 

The grafted films were sulfonated using a chlo- 
rosulfonic acid/l,l,2,2-tetrachloroethane mixture at 
90°C for 5 h.25 The degree of sulfonation in mem- 
branes was found to be ca. 95%. Membranes con- 
taining degrees of grafting in the range of 1 5 4 0 %  
were evaluated as to the nature of the sorbed water. 

Differential Scanning Calorimetry (DSC) 

The equilibrium swelling of membranes with dif- 
ferent degrees of grafting was achieved by placing 
them in boiling water for 6 h. High-purity water 
(Seralpur 90 CN, 18 MQ) was used for all exper- 
iments. Before DSC measurements, the water- 

swollen membrane samples were blotted with an 
adsorbent paper to remove water adhering to the 
surface and kept in the microbalance at  room 
temperature for different periods of time to obtain 
membranes with different water uptakes. Each 
membrane sample was weighed before the DSC 
run in a Perkin-Elmer DSC-7 system, calibrated 
according to Perkin-Elmer Standards, and a typ- 
ical run was made using 2-3 mg of the sample. The 
thermogram was studied in the temperature range 
of -50-5°C. The sample was cooled down to 
-50°C and the melting thermogram was obtained 
at  a constant heating rate of 5 K/min under ni- 
trogen atmosphere. After the run, the A1 pan was 
evacuated at 120°C under vacuum (- 1 torr) and 
the weight of the sample was determined. The wa- 
ter uptake of membranes was represented as the 
amount of water per gram of the dry membrane: 

(2) 
ws- wd 
wd Water uptake (W,) = 

where wd and W, are the weight of the dry and wet 
membranes, respectively. 

The amount of water from DSC was calculated 
from the heat of melting value as obtained from the 
area under the thermogram. The heat of melting of 
ice was used as 334 J/g.34 

The crystallinity of membranes was obtained 
from DSC thermograms of samples as reported in a 
previous communication.30 

Apparent Proton Mobility 

The membrane conductivity was determined at am- 
bient temperature (20 f 1°C) by ac impedance mea- 
surements using a frequency response analyzer (So-  
lartron 1250) in combination with an electrochem- 
ical interface (Solartron 1 186).23235 An apparent 
proton mobility ( p )  was calculated from the following 
relationship: 

p = neon (3) 

where (T is the specific conductivity of the membrane, 
eo is the elementary charge, and n is the number of 
charge carriers per cubic centimeter. In order to de- 
termine n, a defined size of the wet membrane was 
taken and exchanged with 0.5M KC1 solution. The 
protons released into the medium were titrated with 
0.05M KOH and were calculated as meq/cm3 of the 
wet membrane. The value of n was obtained by mul- 
tiplying the meq/cm3 value with Avogadro's number. 
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RESULTS AND DISCUSSION 

DSC thermograms for a FEP-g-PSA membrane with 
degree of grafting of 40% containing different water 
uptakes are presented in Figure 1. Since, these 
membranes were found to undergo no transitions 
between -50 and -35OC, for simplicity, thermo- 
grams are presented in the temperature range of 
-35-5°C. The broken line in Figure 1 shows the 
thermogram of bulk water with a sharp melting at 
-0.5OC. However, the membrane with a maximum 
water uptake (0.962 g/g) shows two well-defined 
peaks in the thermogram. One of the peaks (peak 
I )  is quite close to that of bulk water, while the other 
one (peak 11) shows melting at  a lower temperature. 
This indicates that the membrane contains at least 
two types of water molecules. One of them behaves 
as free water and the other one, showing phase tran- 
sition at  lower temperature, exhibits weak interac- 
tion with the ionic network in the membrane. From 
Figure 1, the total amount of water obtained from 
the area under the thermogram for the membrane 
with maximum water uptake showed it to be 0.666 
g/g. However, the water uptake from gravimetry, 
as per eq. ( 2 )  was found to be 0.962 g/g. These ob- 
servations suggest that there is another type of water 
in the membrane which does not crystallize during 
the cooling process down to -50°C and is not visible 
in the melting thermogram. This water may, there- 
fore, be termed as the nonfreezing water. 

Based on the above observations, it may be stated 
that there are three types of water molecules in a 
graft copolymer membrane, i.e., freezing-free water 
( Wff ) , freezing-bound water ( W,) , and nonfreezing 
water ( Wnf ) . The most interesting observation from 
Figure 1 is that with the decrease in the water up- 
take, it is the peak for the free water (peak I )  which 
preferentially diminishes, followed by a decrease in 
the freezing-bound water (peak 11). Moreover, at 
lower water uptake, peak I1 becomes broader and 
shifts to lower temperature. The area under the 
melting thermogram decreases as the water uptake 
in the membrane is lowered (Fig. 1). No melting 
transition could be detected for the membrane con- 
taining 0.051 g/g of water. This indicates that the 
membrane does not have any freezing-free or freez- 
ing-bound water in its matrix, but the nonfreezing 
water is still present. 

Different observations have been made by authors 
in various systems. Boake and Yeager 36 investigated 
the nature of sorbed water in Dow perfluorosulfonic 
acid membranes by Fourier transform infrared 
( FTIR) . Authors could distinguish spectroscopically 
among three distinct waters. On the other hand, 
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Figure 1 DSC thermograms of water and FEP-g-PSA 
membrane with different water uptakes. Degree of graft- 
ing, 40%. 

Takigami et al.15 found by DSC that acrylic-acid- 
grafted membranes show three distinct types of wa- 
ter molecules as discussed above, while nylon-g- 
polystyrene sulfonic acid ( SS-GN ) membranes 
contain two types of water, i.e., the nonfreezing wa- 
ter and the freezing water. The membrane showed 
only one melting peak temperature and no differ- 
entiation of freezing water into freezing-bound and 
freezing-free water was observed. The discrepancy 
between the two types of membranes, i.e., FEP-g- 
PSA and SS-GN, appears because of the difference 
in the heating rate in these two systems. We have 
used a heating rate of 5 K/min instead of 10 K/min 
being used by Takigami et al.15 for SS-GN mem- 
branes. We have observed that a t  low heating rates 
of 1-5 K/min, membrane showed two melting peaks 
for the freezing-free and freezing-bound water. As 
the heating rate was increased to 10-20 K/min, two 
peaks merge together and only one broad melting 
peak was observed. It may, therefore, be assumed 
that in the studies of Takigami et al.15 it is the rel- 
atively higher heating rate of 10 K/min which is 
responsible for the origin of one single peak in the 
melting thermogram. 

The relation between freezing water W, (cumu- 
lative weight fraction of W, + W,) and total water 
uptake W, was determined according to the following 
expression.’ 
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w, = w, + w, = w, - w,, (4) 

where W, is the total water content, W,, is the freez- 
ing-free water, Wfi is the freezing-bound, and W,,, 
is the nonfreezing water content. 

This relation as presented in Figure 2 for a 40% 
grafted membrane shows a linear increase in freezing 
water (WE + W,) with increasing total water up- 
take. Extrapolating the plot to the X axis gives a 
value of 0.27, which represents the nonfreezing water 
( W,, ) strongly associated with ionic sites. The non- 
freezing water as obtained from eq. (4) increases 
initially with increasing water uptake and reaches 
a saturation value. A similar trend has been observed 
in acrylic acid and methacrylic acid/ hydroxyethy- 
lacrylate grafted polypropylene membranes as well.' 
From the results in Figure 2, it may be stated that 
the very first water molecules are incorporated into 
the membrane as the nonfreezing water. These water 
molecules disrupt the interionic hydrogen bonding 
and get associated at the core leveL7 As soon as all 
the ionic sites are saturated, the very next molecule 
is introduced as the freezing water, and this tran- 
sition takes place at  a total water uptake of 0.27 g/ 
g. This value corresponds to 7.8 water molecules per 
ionic site as discussed later. From the results in Fig- 
ures 1 and 2, it may be stated that it is the freezing 
water fraction which preferentially changes and 
makes a considerable contribution to the water up- 
take of the membrane. The freezing water in a 
membrane with 96% water uptake constitutes to 
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72%, which decreases to 0% in the same membrane 
with lower water uptake of 5%. 

The degree of grafting has considerable influence 
over the variation and the nature of water in mem- 
branes (Fig. 3) .  In the following, results for three 
membranes with degrees of grafting of 15, 26, and 
40% are presented. Both the DSC-detectable and 
total water content show considerable reduction with 
the decreasing degree of grafting. The extrapolated 
values on the X axis also show a decreasing trend. 
This can be attributed to the decrease in the number 
of ionic sites at lower levels of grafting in the mem- 
brane. These extrapolated values are, therefore, re- 
ferred to as the critical water content ( Wcr), which 
is needed to achieve the nonfreezinglfreezing water 
transition in a membrane and depends on the degree 
of grafting. It is important to note that the critical 
number of water molecules per ion-exchange site as 
calculated from eq. (4) remains nearly the same for 
all three membranes. The results are presented in 
Figure 4. The total number of water molecules per 
ionic site increases with increasing degree of graft- 
ing. This is evident from the increase from 12  for 
15% to 25 for 40% degree of grafting. However, it is 
the free or freezing-bound water which varies with 
the change in the degree of grafting. The nonfreezing 
water (which corresponds to the Wcr) per ionic site 
remains nearly constant, i.e., 6-8 water molecules 
per ionic site in membranes with degree of grafting 
in the range of 15-40%. These observations in 
grafted membranes are well in agreement with the 
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Figure 2 
membrane. Degree of grafting, 40%. 

Variation of freezing and nonfreezing water with water uptake in FEP-g-PSA 
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Figure 3 
different degrees of grafting. 

Variation of freezing water with water uptake in FEP-g-PSA membranes with 

studies of Escoubes and Pineri37 on Nafion perfluo- 
rosulfonic acid membranes as well as Hatakeyama 
et al.13 on the water uptake in sodium polystyrene 
sulfonate polymers by DSC. Authors found that the 
nonfreezing water in such polymers was 5-7 H20 /  
ionic site. 

As evident from Figure 4, an increase in the num- 
ber of water molecules per ionic site can be attributed 
to both the physical as well as chemical changes 
occurring in membranes due to the grafting and 
subsequent sulfonation. These changes are in the 
form of an increase in the hydrophilicity and a de- 
crease in the crystallinity of the membrane with in- 
creasing degree of grafting, as discussed in the sub- 
sequent section. 

Based on our earlier ~ t u d i e s , ~ ~ , ~ '  a three-phase 
model may be proposed for the FEP-g-PSA system 
where PSA chains remain grafted into the hydro- 
phobic amorphous region of the FEP matrix. The 
PSA chains are amorphous in nature and remain 
dispersed in the FEP matrix. The membranes, 
therefore, contain hydrophilic ( PSA-grafted) 
amorphous regions, hydrophobic (ungrafted) amor- 
phous FEP chains, and highly ordered crystalline 
FEP zones. Since grafted chains are hydrophilic in 
nature, this introduces hydrophilicity in the hydro- 
phobic amorphous region of the FEP film. Based on 
this model, the fractional hydrophilicity (by weight ) 
of the amorphous region in a membrane may be ob- 
tained from the following equation: 

(5) fhydrophilicity - - WPSA 

WPSA + WFEPam 

where WpsA and WFEPam are the weight fraction of 
sulfonated polystyrene grafts and amorphous FEP 
in a membrane, respectively. 

The variation in the fractional hydrophilicity of 
the amorphous region of copolymer membranes 
versus degree of grafting is presented in Figure 5. 
This indicates how the membrane matrix is gradu- 
ally transformed into a more and more hydrophilic 
structure with increasing degree of grafting. At low 
graft level, the number of PSA chains is low, and 
they remain distributed sparingly within the per- 
fluorinated matrix. The water associated with these 
ionic chains, therefore, remain isolated from each 
other. As the degree of grafting increases, the num- 
ber of PSA chains also increases and the ionic do- 
mains lie much closer to each other. A t  the same 
time, the hydrophilicity of the amorphous region in 
a membrane increases (as visible in Fig. 5). Under 
such circumstances, the three-dimensional network 
formation among water domains within the hydro- 
philic matrix is facilitated. The water uptake, as a 
result, increases to such an extent that the number 
of water molecules per ion-exchange site rises from 
12 to 25% for an increase in the grafting from 15 
to 40%. 

The crystalline-amorphous changes in mem- 
branes are another important factor in influencing 
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Figure 4 
branes. 

Variation of water/ionic site ratio with degree of grafting in FEP-g-PSA mem- 

the water uptake. There is a decrease in the crys- 
tallinity of membranes due to its dilution by the 
incorporation of amorphous PSA chains and partial 
disruption of inherent crystallites of the FEP com- 
p ~ n e n t . ~ '  With the decrease in crystallinity of the 
membrane, water molecules can easily approach 
sites in the noncrystalline region. The water uptake, 
as a result, increases with an increase in the graft 
levels. The contribution of the decrease in crystal- 
linity of the membrane in regulating the water pen- 

etration is in addition to the increase in the hydro- 
philicity of the amorphous region. 

The variation in the apparent proton mobility in 
membranes with different degrees of grafting is pre- 
sented in Figure 6. As discussed in an earlier pub- 
l i c a t i ~ n , ~ ~  the proton concentration per unit volume 
remains nearly constant for all the membranes. This 
explains the contribution of higher hydration states 
of ionic sites to the increase in the apparent proton 
mobility. However, the results may best be under- 
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Figure 5 
membranes. 

Variation of fractional hydrophilicity with degree of grafting in FEP-g-PSA 
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Figure 6 
in FEP-g-PSA membranes. 

Variation of proton mobility with amorphous content and water/ionic site ratio 

stood on the basis of the cumulative effect of the 
hydration number and increase in the amorphous 
fraction in the membrane. Moreover, the crystalline 
regions act as crosslinks in a polymer.38 These im- 
permeable crystalline regions increase the path 
length of species by impeding the motion across 
them. With the decrease in the crystallinity, proton 
movement in the three-dimensional network in- 
volving water domains within the amorphous region 
is facilitated. The decrease in crystallinity, therefore, 
not only increases hydration states of the ionic sites 
but also enhances the apparent proton mobility. 

portant changes are in the form of crystalline/ 
amorphous ratio and hydrophilicity of the amor- 
phous fraction in the membrane, both of which make 
the membrane structure more amenable to water 
and facilitate the proton transport. 

The authors are grateful to the Swiss Federal Office of 
Energy (BEW) for financial support in carrying out this 
work on polymeric membranes as a part of the fuel cell 
research program. The authors wish to thank Dr. Hans 
Brack for the critical reading of the manuscript. Thanks 
are also due to DuPont (Luxembourg) for supplying FEP 
films and Mrs. I. Kusar for the graphics. 

CONCLUSION 
REFERENCES 

Proton exchange membranes obtained by radiation 
grafting of styrene onto FEP films and subsequent 
sulfonation contain three different types of water 
molecules, which may be referred to as the freezing- 
free, freezing-bound, and nonfreezing water. The 
relative ratio of these different types of water mol- 
ecules depends on the degree of grafting. The non- 
freezing water per ionic site remains independent of 
the degree of grafting. It is the freezing-free and 
freezing-bound water per ionic site which increases 
with increasing graft levels. The apparent proton 
mobility increases with an increase in the degree of 
grafting. This is due to the changes in the physico- 
chemical structure of the membrane. The most im- 

1. K. Chan, T. Hirotsu, and T. Hatakeyama, Eur. Polym. 

2. S. Takigami, M. Ohyama, and Y. Nakamura, Sen-i- 

3. S. Takigami, Y. Maeda, and Y. Nakamura, J. Appl. 

4 .  K. Erdmann and A. Narebska, Colloid Polym. Sci., 

5. M .  F. Froix and R. Nelson, Macromolecules, 8, 726 

6. N. Sivashinsky and G. B. Tanny, J. Appl. Polym. Sci., 

7. T. Iwaki and H. H. G. Jellinek, J. Colloid. Znterf. Sci., 

J., 9,1021 (1992). 

Gakkaishi, 43,223 ( 1987). 

Polym. Sci., 24,1419 (1979). 

256, 1172 (1978). 

( 1975). 

26,2625 (1981). 

6 9 , 1 7  (1979). 



862 GUPTA, HAAS, AND SCHERER 

8. 

9. 

10. 
11. 

12. 

13. 

14. 

15. 

16. 

17. 
18. 

19. 

20. 

21. 

22. 

23. 

S. C. Harvey and P. Hoekstra, J .  Phys. Chem., 76 ,  
2987 ( 1972). 
W. A. P. Luck, Structure of Water and Aqueous Sys- 
tems, in Synthetic Membrane Processes, G. Belfort, 
Ed., New York, Academic Press, 1984, p. 21. 
A. Higuchi and T. Iijima, Polymer, 26,1207 ( 1985). 
R. Wycisk and W. M. Trochimczuk, J. Membr. Sci., 
6 6 , 8 9  (1992). 
K. Nakamura, T. Hatakeyama, and H. Hatakeyama, 
Polymer, 22,473 ( 1981 ) . 
T. Hatakeyama, K. Nakamura, H. Yoshida, and H. 
Hatakeyama, Thermochim. Acta, 88, 223 (1985). 
T. Hatakeyama, A. Yamauchi, and H. Nakamura, Eur. 
Polym. J., 2 0 , 6 1  (1984). 
S. Takigami, T. Kimura, and Y. Nakamura, Polymer, 
34,604 (1993). 
E. A. Hegazy, I. Ishigaki, A. M. Dessouki, A. Rabie, 
and J. Okamoto, J .  Appl. Polym. Sci., 27,535 (1982). 
Y. Gen, Desalination, 6 2 ,  265 ( 1987). 
A. Bozzi and A. Chapiro, Eur. Polym. J., 2 3 ,  255 
( 1987). 
A. Bozzi and A. Chapiro, Radiat. Phys. Chem., 32 ,  
193 (1988). 
B. Gupta and A. Chapiro, Eur. Polym. J., 10, 1145 
(1989). 
F. N. Buchi, B. Gupta, M. Rouilly, P. C. Hauser, A. 
Chapiro, and G. G. Scherer, Proc. IECEC, 3 ,  419 
(1992). 
X. Zhi-li, A. Chapiro, and N. Schmit, Eur. Polym. J., 
29,301 ( 1993). 
B. Gupta, F. N. Buchi, G. G. Scherer, and A. Chapiro, 
Polym. Adv. Technol., 5 ,  493 ( 1994). 

24. B. Gupta, F. N. Buchi, and G. G. Scherer, J .  Polym. 
Sci., Polym. Chem. Ed., 32,1931 (1994). 

25. M. V. Rouilly, E. R. Kotz, 0. Haas, G. G. Scherer, 
and A. Chapiro, J .  Membr. Sci., 8 1 , 8 9  (1993). 

26. B. Gupta, F. N. Buchi, G. G. Scherer, and A. Chapiro, 
Solid State Zonics, 6 1 ,  213 (1993). 

27. B. Gupta and G. G. Scherer, Angew. Makromol. Chem., 
210,151 (1993). 

28. B. Gupta and G. G. Scherer, J .  Appl. Polym. Sci., 60, 
2085 (1993). 

29. B. Gupta, J. Highfield, and G. G. Scherer, J. Appl. 
Polym. Sci., 5 1,1659 ( 1994). 

30. B. Gupta, 0. Haas, and G. G. Scherer, J .  Appl. Polym. 
Sci., 64,469 (1994). 

31. B. Gupta and G. G. Scherer, Chimia, 48,127 ( 1994). 
32. C. J. Hamilton, S. M. Murphy, N. D. Atherton, and 

B. J. Bighe, Polymer, 29,1879 (1988). 
33. L. C. Dong and A. S. Hoffman, J.  Contr. Release, 15, 

141 ( 1991 ) . 
34. K. Nakmura, T. Hatakeyama, and H. Hatakeyama, 

Polymer, 24,871 (1983). 
35. J. Halim, F. N. Buchi, 0. Haas, M. Stamm, and G. G. 

Scherer, Electrochim. Acta, 38 ,  1303 (1994). 
36. E. E. Boakye and H. L. Yeager, J .  Membr. Sci., 6 9 ,  

155 (1992). 
37. M. Escoubes and M. Pineri, in Perfluorinated Ionomer 

Membranes, A. Eisenberg and H. L. Yeager, Eds., ACS 
Symp. Ser., 180, 1982, p. 9. 

38. A. Sharples, in Polymer Science, A. D. Jenkins, Ed., 
Amsterdam, North-Holland, 1972, p. 251. 

Received June 21, 1994 
Accepted February 24, 1995 


