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Dynamic and equilibrium sorption isotherm measurements were carried out on hydrated
perfluorosulfonate polymer membranes in potassium salt form (Nafion®-S0O;K, 1190 EW),
at 22 and 40°C respectively. Despite the glassy state of the membrane the diffusion process
is Fickian with an average diffusion coefficient D in the range 2.8-30 x 10~° cm?/s. The
equilibrium sorption isotherms may be quantitatively analyzed according to the GAB
equation for multilayer sorption processes up to the activity value of « =0.79, which
corresponds to 1.0 site-bound water molecules per (-SO3K) group. The analysis of the
equilibrium sorption isotherm, using the method of Zimm and Lundberg, suggests
clustering of the water molecules for activities @ > 0.79. The apparent polymer-water
interaction parameter x (Flory parameter), was found to have a maximum at
a=0.79(1.07 < x <1.95). Also, dielectric relaxation studies of the same hydrated Nafion®
membranes have been carried out in the frequency range of 1072 — 5 x 10® Hz and in the
temperature range of 223-295 K. Two relaxation mechanisms were observed which both
sift to higher frequencies by increasing the water content. The low frequency relaxation
mechanism is due to interfacial polarization which takes place in the hydrated ionic
regions. The high frequency relaxation mechanism, is a dipolar mechanism which may be
attributed to the rotation of (-SO3) group-water complexes at the end of the side chains.
© 2000 Kluwer Academic Publishers

1. Introduction Small angle X-ray scattering (SAXS) provides ev-
Perfluorinated ionomer membranes are used or suddence for the existence of ionic rich domains or
gested for to be used in many industrial applications;clusters” and this somewhat ill-defined hydropho-
such as battery separators [1], as separators in fuel cellgc/hydrophilic micro-phase separation in the form
[2] and in photoelectrochemical systems [3]. Nafion of sulfonate-rich ion clusters (about 4 nm in diam-
is the trade name of the perfluorosulfonated polymerster) embedded in a crystalline perfluorocarbon ma-
and was first developed by E. I. Du Pont de Nemourdrix [4, 5]. It has been proposed that clusters act as
and Coin the 1960’s. Nafi@rin the sulfonate form has multifunctional “electrostatic” crosslinks due to their
the polymeric structure strong coulombic nature [6] and this results in very
good thermal and chemical stability of the perfluo-
rosulfonated polymers. The acid and salt forms are

~CR-CF-(CR-CR)n~ hydrophilic and the most of the absorbed water in

| Nafior’ membranes is located in the hydrophilic ionic
regions [7].

O-CR-CF(CFR)-O-CR-CFp-X In hydrated perfluorosulfonate polymers in potas-

sium salt form, dynamic mechanical and dielectric

studies have been carried out by Yeo and Eisenberg
where X=SO,F, SGQH, SO;Na or SQK. The poly-  [8]. They reported that dynamic mechanical measure-
meric composition is expressed in terms of equivalentments gaver, 8 andy relaxation processesg. relax-
weights EW, defined as the weight in grams of polymeration which in dry membranes appears at about 423 K,
containing 1 eq. of acid. The backbone TFE segmenshifts to lower temperatures by the absorption of wa-
tends to crystallize the structure, while the side groupger, while« andy relaxations have been found to be
hinder crystallization. The degree of crystallinity de- unaffected by the absorbed water. In isochronal dielec-
creases with decreasing EW due to the increasing cortric measurements two dispersions were observed inthe
centration of side-chain material with decreasing EW. g-relaxation region and both components were found
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to shift to lower temperatures with increasing the waterform (1190 EW). The Nafichmembranes were sheets
content of the samples [8]. of about 0.063 mm thickness.

Dielectric measurements have been carried out on The method adopted for the determination of the
dry perfluorocarboxylate polymers in potassium saltdry weights was that of drying the samples in vacuum
form by Perusictet al. [9]. Four dielectric relaxation (5x 10~2 Torr) at 380 K for 2 days. The water con-
were observedy-relaxation is related to the motion of tentn, have been defined as the ratio,1SQ;K) of
the vinyl ether side chairg-relaxation is due to the es- the number of HO molecules to the number of SK
ter group (-CQK) motion at the end of the side chain. groups.
y-relaxationis related to a crankshaft motion of (;9F Equilibrium water sorption isotherms were measured
groups along the polymer backbone. The mobile O-Kat40°C. The sample was allowed to equilibrate in atmo-
ends of the side group produgeelaxation. spheres of different water activities, which were mon-

In a previous work we studied the dielectric prop-itored between 0.06 and 1, using different saturated
erties of Nafiofi membranes in potassium salt form salt solutions in various dessicators. The water regain,
(-SOsK) (1190 EW), using Thermally Stimulated De- was measured by periodic weighing on a A200S Sarto-
polarization Current (TSDC) spectroscopy [10]. Threerius analytic balance, until the sample reach equilibrium
dispersion regions have been observed. They wergsample weight changes less than 0.1 mg).
y-relaxation, a dipolar relaxation with a contribu- Dynamic water sorption isotherm measurements,
tion from an interfacial polarization mechanism in the were carried out at 2ZC, to study the kinetics of sorp-
B-relaxation region, and a dispersion which could betion and desorption. Samples after drying, were allowed
related to a phase or structural change in which a conto equilibrate in sealed jars of water activity= 0.08 for
tribution from electrochemical effects at the electrodeshe sorption measurements and of 0.95 for the desorp-
could not be excluded. The two components of thetion measurements. They were then allowed to equili-
B-relaxation, the dipolar mechanism and the interfaciabrate to the environment water activity £ 0.5), while
polarization mechanism were systematically studiedtheir weights were continuously recorded.

Both processes were found to shift to lower tempera- The dielectric relaxation measurements were car-
tures with increasing the water absorbed by the samplesied out using two different experimental set ups. In
The TSDC spectroscopy corresponds to measuring dihe frequency range 18-1¢° Hz and at room tem-
electric losses as a function of temperature at low freperature a Schlumberger frequency response analyzer
quencies in limited range of frequencies, 0.1-10 mHzS| 1260 was used, supplemented by a buffer ampli-
[10]. We attributed the dipolag-relaxation to the ro- fier of variable gain. The sample was clamped between
tation of (-SQ) group-water complexes at the end of gold electrodes. In the frequency rangé-1®x 10 Hz

the side chains. The interfacial polarization takes placand temperature range 223-&K a Hewlett Packard

in the hydrated ionic regions and is related to the direcHP 4192A impedance analyzer was used. The sam-
current (dc) conductivity of the samples. ples were clamped between stainless steel electrodes

In the present work, we continue the investigation ofin a three-terminal electrode configuration. The water
the interaction with water of the Nafiémembranesin content was adjusted over saturated salts solution in
potassium salt form (-S4K) (1190 EW), the same sys- sealed jars at controlled relative humidities and after
tem as in reference [10]. In this work we study the hy-weighing were rapidly enclosed between the electrodes
dration properties of this Nafidmembranes by means and cooled to 223 K in order to minimize water loss.
of equilibrium and dynamic water sorption isotherm For both set ups we performed complex admittance
measurements. We also study the effects of the wataneasurements.
absorbed by the material on the molecular mobility of The uncertainties were abati6.01 eV @1 kJ/mole)
the material by means of dielectric alternating currenin the activation energy angt0.1 HO/SQGK in the
(ac) measurements. water content.

The hydration properties studied in this work concern
the mechanism of the water sorption and desorption, the
diffusion coefficient of water in the membranes, the dis- . )
tinction of sorbed water in different states or phases, a3- Result and discussion
well as the effects of sorbed water on the structure of-1- Dynamic water sorption isotherms ,
the membranes. The dielectric ac measurements cofiid- 1 shows the normalized dynamic water sorption
cern the study of the dielectric relaxation mechanismdsotherm of a Nafioh membrane at 22ZC. The nor-
of the material and the mechanisms related to the diMalized dynamic water uptake (or los$);/Mc, is
rect current (dc) conductivity, such as the interfacialdefined as the water uptake or loss at tinf@orption or
polarization and conductivity relaxation, as well as thedesorption respectively), divided by the corresponding
influence of the water sorbed by the membranes on thémiting value at equilibriumd is the thickness of the

parameters which characterize the dynamics of these@Mple, presumed constant over the whole sorption or
mechanisms. desorption process. The observed linearity extending

to at leastM; /M., = 0.6 and the curvature concave to
the abscissa axis following the initial linear increase,
suggest that the sorption and desorption processes are
2. Experimental procedure controlled by a simple Fickian diffusion [11]. Systems
Measurements were carried out on Nafiomlembranes in the glassy state, as the Naffomembranes, usually
of E. I. Du Pont in perfluorosulfonate potassium saltdo not follow a simple Fickian diffusion process [12].
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Flgure'l Sorpt'(,)n and desorption curves of a perfluorosulfonate mem'Figure 2 Sorption and desorption isotherms of a perfluorosulfonate

brane in potassium salt form at22 membrane in potassium salt form at°@ Open points represent des-
orption while closed points represent sorption. The line is calculated
according to GAB equation (Equation 2).

The values of diffusion coefficienE), were calculated

from the initial slope ¥;/My <0.6) of the plots by ~ Guggenheim-Anderson-De Boer (GAB) equation [17]
using the relation [11]

n—n kfa @
M 16D\ V/2 t1/2 1= fa)1+ (k—1)fa)
—=—) = &
Moo ( b ) d n is the number of sorbed water molecules per380

group.np, is the number of sorption sites per (-8Q

The diffusion coefficient for the desorption experiment9rOUP (first monolayer sorption capacitiis the ratio
was found to be ® x 10-8 cn?/sec, one order of mag- of the binding constants of a water molecule directly

nitude higher than that found for the sorption experi-20und to the sorption site in the first layer and of one
ment, 28 x 10 cn?/sec. The experimental error for indirectly bound in the succeeding liquidlike layers.

D have been estimated to about 10-15%. A value off is the ratio of the standard chemical potential of the

about 16 x 10-8 crP/sec has been reported [8] for the !ndirectly bound water molecule to that of the molecule

sorption isotherm process of a Naffomembrane in N the bulk liquid state. _
acid form (1155 EW), which is three orders of magni- The values of the parameters have been derived from

tude higher than the value @ calculated above for the so_rption isotherm datg by usjng the linear form of
the Nafio? membrane in potassium salt form, at the Equation 2 [18]. After optimization of the parameter

same temperature. The difference between the sorptioh [18] were foundng, = 1.0(+0.1), k= 8.4(+0.3) and
and desorption isotherm diffusion coefficient, which = 0.67(0.02). Thus in the first monolayer capacity

is often observed in glassy systems, suggests a deff®I"esponds one molecule of water per (s8§group.

nite dependence of the diffusion coefficient upon the!@king into account that only the (-3K) groups are

permeant concentration. Generally, the diffusion coeflydrophilicin the structure of the membrane, one of the
ficient of diluents in polymers was found to increase'Vater molecules corresponding to the first monolayer

significantly with increasing diluent water concentra- @Pacity, could be attached to each (s8Dgroup. It

tion [13, 14]. Free volume concepts have been apMust be noted here that in our previous report [10], it

plied to describe the concentration dependencBof Was found that a water content of about 1G4SO;K

both, above and below the glass transition temperaturlé N€€ded to form a stable dipolar unit at the end of
[15, 16]. the side chains. The value kfis similar to that found

in poly(zwitterions) [19, 22]. This seems inconsistent

with the classification proposed by Galin-Galin [22] for

the strength of the specific site binding, according to
3.2. Equilibrium water sorption isotherm which strength for ion pair-tD should be greater than
Fig. 2 shows the sorption and desorption isotherm of d@hat for zwitterion-H0O. However, it must be taking into
Nafior membrane at 40C. The desorption isotherm account that the interactions between the side groups in
process exhibits a hysterisis with respect sorption. Fothe ionic regions could reduce the strength of the spe-
water activities less than 0.8, the water content decific site binding, because of the microphase separated
creases slightly by decreasing activity and at the lowemorphology of the Naficdhmembranes. Also, the value
value ¢ = 0.06) the membrane retains 1.6®/SG;K.  of f is relatively low compared with these reported in
This result suggests a modification of the physical structhe literature [17, 19, 22] and that is an indication of
ture of the Nafiofi membrane caused by the sorbeda higher stability tendency of the indirectly bound wa-
water. ter. This low value of the parametérprobably could

The sigmoidal-like shape of the sorption isothermbe related to the observed hysterisis of the desorption

allows us to analyze the data according to theisotherm with respect to the sorption (Fig. 2).
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However, the GAB equation fits the experimental per (-SQK) group at the same activity, 840/SG;K
data (Fig. 2) up tee = 0.79, a value for which the water (Fig. 2). This result is in accordance with experimental
content corresponds to the completion of about two layevidence [4, 5] leading to the conclusion that the sul-
ers of water molecules. The sorption of water increasedonated side groups of the Nafibrmembranes form
slowly after the completion of a monolayer ¢ 0.35—  sulfonate-rich ion “clusters”, because only these re-
0.79) and increased rapidly at activities- 0.79. This  gions are hydrophilic in the structure of the membrane.
large degree of upturn observed at higher activitiesMaking the assumption that all the absorbed water
may suggest clustering of water molecules. Zimm andnolecules exist in the ionic regions and taking into
Lundberg’s theory [20] describes a mathematical apaccount that two bound water molecules correspond
proach for determination of the tendency of penetranto each (-S@K) group, then it can be estimated that
molecules to cluster formation in a polymer. This the-the mean number of the (-3R) groups per ionic re-
ory based on a quantity called cluster integ@l;,  gionis 2. Otherwise, if the most of the absorbed water
which can be calculated from the equilibrium sorptionmolecules are located at the ionic regions [7], then it
isotherm data by the following Equation [20] can be estimated that 2—3 (-8Q groups correspond

in each ionic region.
G11 3(%) The Flory-Huggins theory assumes that the water va-
A = —(1-¢1) Toa -1 (3) por and the polymer segments are randomly distributed
P.T throughout the volume of the solution. The isotherm

whereVs, ¢ is the partial molar volume and the volume €duation is [21]

fraction of the penetrant water respectively, whilés

the water activity of the polymer environment. At a Ina =Ing + (1 — @) + x(L— @) 5)

given water activity the value gf can be calculated

fromthe equilibrium sorptionisotherm by the following \yhereg, is the volume fraction of water ang is the

equation interaction parameter for the water-polymer system.

vR Althought this theory does not describe a multilayer

= (4)  sorption process, it is interesting to point out any con-
1+vR centration dependence of the apparent interaction pa-

whereR is the equilibrium sorption regain (g water/g rametery [17, 22, 23].

polymer) and is the ratio of the density of the polymer  Fig. 4 shows the dependence on the activityf the

to the density of water. interaction parametey, for the experimental data of the
The quantity ¢,G11/Vy is the number of water sorption process (Fig. 2). The parametds an increa-

molecules in excess of the mean concentration of wasing function of the activity up te = 0.79 which means

ter molecules in the neighborhood of a given watera decrease of water-polymer interactions, while for acti-

molecule. Thus, clustering of water molecules is indi-vities « > 0.79, x decreases showing a corresponding

cated whem,G11/ V1 is greater than zero. Fig. 3 shows increase of water-polymer interactions. Such a beha-

¢1G11/ V1 as a function of activityr. The values of viour were already observed in some systems such

¢1G11/ V1 have been calculated from the equilibrium as poly(zwitterions) [22], poly(2-hydroxyethylmetha-

sorption data (Fig. 2), by using a 6th order polynomialcrylate) [17] and stoichiometric polyion complex

fitting to the /@1 vs « plot, and taking the deriva- poly(acrylic acid)-poly(4-vinylpyridine) [23].

tive at the corresponding values ef The values of The increase of the parametemwith increasing ac-

¢1G11/ V1 > 0fora > 0.79 suggest clustering of water tivity up toa =0.79 can be explained by he fact that the

molecules. The mean number of water molecules peincrease of the water content, in this range of activities,

cluster, 1G11/V1) + 1, atactivityx = 1 has been esti- decreases the number of sorption sites per ¢§O

mated to be 12.0, which is higher than the water conter@roup (first and second layer capacity) and thus the
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Figure 3 ¢1G11/ V1 as a function of the activityy, at 40C. Clustering  Figure 4 The interaction parameter, as a function of the activity, at
of the water molecules is indicated fer=0.79, wherep G117/ V1 > 0. ACPC.
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water-polymer interactions are reduced. The decreasg 9, at 295 K. At low frequencies, the linear part of
ofthe parametey fora > 0.79, is related to the cluster- the plot, the behavior is dominated by the presence of
ing of water molecules, according to Zimm-Lundberg effects related to the long range ion displacements (dc
theory [20]. When the clustering starts the interac-conductivity), which are at the origin of the high values
tions between the water molecules, through hydrogewnf ¢”. At higher frequencies two dielectric loss peaks
bonding, apparently are favored over water-polymerare observed, one at abouf18z, named the low fre-
interactions. For > 0.79, additional water molecules quency (I.f.) peak, and another at about 50* Hz,
decrease progressively the electrostatic interactions bexamed the high frequency (h.f.) peak. In order to ana-
tween the side groups, making them more flexible [10]lyze the plot into its components and find their charac-
The increase of the mobility of the side groups couldteristic parameters, the experimental data are fitted by
result in the generation of available volume in the ionictwo Havriliak-Negami expressions [24] for the two loss
regions, which means new hydration sites. Also, addipeaks and by the conductivity termwAS for the linear
tional water molecules, far > 0.79, increase the clus- part of the plot (excluding the lowest frequency points
ter size and this results in an increase of the degree dfecause of the electrode polarization contribution)
interconnectivity between the hydrated ionic regions.

Three unrelated theories were used for the examina-¢"(w) = Aw™> +
tion of the sorption isotherms data. The GAB equation )

is based on the view of a localized multilayer sorption, Agj sin(gi ¢i)

while the Flory-Huggins equation is based on the as- = (1 1 2(,70 )% sin(05ma: N2(1-a)) 2
sumption of random mixing. Both theories can be con- =t {1+ 2(0m) (Q5rei) + (woi) )
sidered as complementary views of the water sorption (6)

in hydrophilic polymers. The Zimm-Lundberg theory, where

is a general statistical theory of binary liquid mixtures,

independent of any physical model views. For all the

above theories the value ef=0.79 is a characteristic i = arctan(
value of the water activity. The interpretations of the (
sorption isotherm data of the Naffdif-SO;K) mem-

branes which derived from one of these theories ard @ands are constants (& s < 1), A¢; is the contribu-
consistent with those derived from the others. tion to the real part of the dielectric function of each

relaxation mechanisny is the angular frequency with
w=2rf,a; andp; are fit parameters denoting the sym-
metric and asymmetric broadening of the relaxation
function of each mechanisngg is a characteristic re-
laxation time which is closely related to the relaxation
time tmax With tmax= 1/27 fmax, Where faxis the fre-
guency at the maximum dielectric loss for each mech-
anism.

; The parameters obtained from the best fit are=
0.20, 81 = 1, 701=1.89x 103 s, A¢} = 3.0 for the
low frequency peak (I.f.), and, =0.18, 8>, =0.57,
T02=7.80x 107 s, A¢}, = 1.69 for the high frequency
peak (h.f.). Thus the If. peak is described by a sym-
metric distribution of the relaxation times (Cole-Cole
behaviourg; = 1), while the h.f. peak by an asymmet-

(wt0))1* cos(Q5m ;)
1+ (wtgi) 1« sin(0.57mi))

3.3. Dielectric relaxation spectroscopy
measurements

The dielectric behavior of a material is usually de-

scribed by using the dielectric functiori(= &’ —ig&”).

g* =Y*/iwCy, whereY* is the measured admittance of

the sampleg is the angular frequency(= 2 f) and

Co is the equivalent capacitance of the sample holde

Fig. 5 shows the typical overall dielectric behavior in

log-log plot of the imaginary part of*, ¢”, versus fre-

guency,f, of a Nafior membrane with water content

ric one.
o exoari A The fit parameters for the conductivity term are:
xperimental points
100 F fitting curve A=46.922, s=0.87. The parametes reflects the

degree of interconnectivity of conducting elements [25]

which in our case are the hydrated ionic regions. In the

case of “pure” dc conductivity the parametetakes

the value of 1¢” = Aw~1) and corresponds to the ideal

charge drift across the sample. The valuesef 0.5

corresponds to tortuous conducting pathways where
o the diffusion of charges is dominant. The valuesof

s " found, 05 <s=0.87< 1, indicates that the Nafi6n

! : ' : ' ' ' ' ‘ membrane has random charge conducting paths across

10 the sample that may or may notintersect each other [26].

f(Hz) Fig. 6a and b show the dielectric loss tangentstan

Figure 5 The imaginary part”, of the dielectric function versus fre (tand ="/e7), as a function of frequencyf, for sam-

qugencyf ,ofa Nafi%r@ rr):err)nbrahe with water content= 0.9, at 295 K. ples with W.ater content 0.9 and 2.3@/SO;K respec-

The solid line is a fit according to Equation 6. The dotted lines showtlve”y’ at dlﬁe.rente temperatu_res. As we can see, two

the contribution of the two relaxations and the long-range conductivitypeaks apear in these plots which correspond to the low

processes to the total spectrum. frequency (1.f.) and high frequency (h.f.) peaks of Fig. 5.
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Figure 6 Loss tangenttah versus frequency, of a Nafior® membrane
atn = 0.9 (a) anch = 2.2 (b), for several temperatures given in the plot. Figure 7 Arrhenius plots of the maximum frequency of the &), for
the low frequency peak (a) and the high frequency peak (b), at several

The magnitude of the h.f. mechanism, which is a mea/ae contents given in the plot.

sure of the number of the relaxing units, does not seem
to change by increasing the water content or by inn=1.8 and 2.2 HO/SG;K respectively. Fon= 1.5,
creasing the temperature, it remains almost constant anly two experimental points were available giving a
a value of about 0.4. The magnitude of the |.f. mech-value of activation energy of 1.34 eV (129 kJ/mole).
anism increases by increasing the temperature but nbhe value of the activation energy for the h.f. peak
systematic change by increasing the water content hasries from 0.94 eV (91 kJ/mole) for=0.9t0 0.89 eV
been observed. Both relaxation mechanisms becom@6 kJ/mole) fon = 1.5 and it remains almost constant,
faster, by increasing the water content. This means th&.89-0.87 eV (86—84 kJ/mole), up to water content of
water acts as a plasticizer increasing the mobility of2.2 H,O/SG;K. The sift to higher frequencies by in-
the relaxing units which are responsible for the I.f. andcreasing water content is related to the change of the
h.f. loss peaks. These results present a manifestatiqore-exponential parametdg and not to activation en-

of the temperature-frequency-hydratidin § -h) super-  ergy change. In the rate theory, the Eyring equation
position principle proposed for hydrated polymers [27,[29] correlatesfy with the activation entropy S of the

28]. It states that the plasticizing effect of increasingrelaxing units by the relation

water content at constant temperature is equivalent to

the effect of increasing temperature at constant mois- fo = k_T e (8)
ture, both leading to increased segmental mobility of 2h
the polymeric chains [28]. whereh is the Planck constank is the Boltzmann’s

Fig. 7a:and b show the frequency of maximum lossesgqnsiant andr is the absolute temperature. So, the
fmax, Versus reciprocal temperature (Arrhenius p|°ts)change of the parametéy, by increasing the water con-
for the If. and h.f. peaks at several water contentSieny reflects the change of the molecular environment of
The values of the activation ener@y were obtained  hg relaxing units which contribute to the h.f. relaxation
by least-square fittings of the Arrhenius equation mechanism, in the sense that this change increases the
@ number of the possible ways for rotation of these units.

In our previous report [10], using dielectric Ther-
where k is the Boltzmann’s constant anth a pre- mally Stimulated Depolarization Current (TSDC)
exponential parameter. By increasing the water contenneasurements, hydrated Nafformembranes have
the activation energ)g, for the |.f. peak changes from been studied. One of the main dielectric dispersion
0.77 to 0.74 eV (from 74 kJ/mole to 71 kd/mole) for (dispersion Il in the3-relaxation region) in the TSDC

E
fmax = fO e«
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spectrum obtained from Nafi®rmembranes has been  Fig. 6a shows that the low frequency peak has a max-
analysed in two components; one due to dipolar polarimum at about 100 Hz at a temperature of 278 K, from
ization and an other due to interfacial polarization. Wewhich a mean relaxation time of abou6@x 10~3 s
attributed the dipolar component of the dispersion Il tocan be calculated. Assuming an Arrhenius behavior of
the rotation of (-S@) group-water complexes formed the main component of the interfacial polarization in
at the end of the side chains [10]. It was found thatthe TSDC spectra mentioned above, a relaxation time
water content of about 1 4#D/SOsK is needed for the of about 162 x 102 s can be calculated for the tem-
formation of a stable dipolar unit at the end of the sideperature of 278 K. The good agreement of these values
chains and that the absorption of more water acts onlpf the relaxation time suggests that both relaxations
as a plasticizer without changing the polarization of thismay have the same origin. This means that the low fre-
dipolar mechanism. The interfacial polarization mecha-quency peak of the ac measurements (Fig. 5) may be
nism, which take place in the hydrated ionic regions, haslue to the interfacial polarization which takes place in
been found to be related to the dc conductivity [10]. Thethe hydrated ionic regions.
interfacial polarization mechanism becomes faster and |.f. and the h.f. peaks, correspond to the higher and
its magnitude is increasing by increasing the water conlower temperature peaks respectively, observed by Yeo
tent. This behavior enabled us to relate the conductioand Eisenberg [8], in isochronal dielectric measure-
mechanism with the water existing in the ionic regions.ments of hydratedn(> 1) perfluorosulfonate mem-
The dipolar mechanism appears to be faster than the ilsrane in potassium salt form. The above two peaks
terfacial polarization mechanism. The reason for that islominate in the8-relaxation region for water content
that the dipole rotations are local motions, while interfa-n > 1 [8]. As Fig. 5 shows at the lower frequency re-
cial polarization is related to the migration of charges ingion (linear part of the plot) the long-range conductiv-
longer distances through the hydrated ionic regions beity becomes dominant. This conductivity mechanism
tween the hydrophilic/hydrophobic phase boundaries.is related to the hopping of ions between the hydrated

Thermal Sampling (TS) analysis of the TSDC spec-ionic regions. A similar behavior in perfluorosulfonate
trum obtained from a Nafihmembrane with a water membranes equilibrated in aqueous Zp3Olutions,
contenin = 0.9, gave for the dipolar mechanism a main has been reported [25]. In these membranes a polymer
component located at, = 198 K with an activationen- chain polarization mechanism has not been observed
ergy of 0.88 eV (85 kJ/mole) and a pre-exponential fac{25]. This may be due to the fact that in the respec-
tor of 2.28 x 10~21s, and for the interfacial polarization tive frequency region, the conductivity contribution to
mechanism a main component locatediat=218 K the ¢” is dominant and covers any chain polarization
with an activation energy of 0.93 eV (90 kJ/mole) andcontribution.
a pre-exponential factor of 23 x 1072° s [10]. The electric modulus is defined agl*=M’+

Fig. 8 shows an Arrhenius plot (lagvs 1/ T) forthe  iM” =1/¢* and it has been proposed to be used in the
h.f. peak of a membrane with= 0.9, in which a point  description of electrical relaxation phenomena [30]. In
from TS measurement is included. The TSDC pointthe M* formalism, the existence of the conductivity
corresponds to the positidiz, = 198 K and its charac- term Aw~° in a loge” vs logw plot, usually reveals a
teristic relaxation time (calculated from the Arrhenius peak in the plot oM” versus logy, related to the long-
equationt = 7o exp(E/kT)) of the dipolar component range conductivity relaxation mechanism[30]. In Fig. 9
mentioned above. The linear relationship in Fig. 8 iswe show theéVl” vslog f plot, by expressing the results
an indication that the dipolar component observed irof Fig. 5inM* formalism. A third peak appears atlower
the TSDC spectrum (dispertion 11) and the high fre- frequencies, which may be related to the long-range
guency peak of the Fig. 5 may be due to the same dipolar
mechanism.

eaEnrraral poei
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Figure 9 Imaginary partM”, of the electric modulus versus frequency
1000/ T (K") f, for a Nafio? membrane with water content = 0.9, at 295 K.

The solid line is a fit according to Equation 9 for the long-range and
Figure 8 Arrhenius plot of the relaxation time, for the high frequency  the short-range conductivity relaxation process, taking into account the
peak atn = 0.9. The open point is from TSDC measurements (details contribution of the higher frequency relaxation process. The dotted lines
in the text). show the contribution of each relaxation process to the total spectrum.
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conductivity relaxation mechanism. This peak corre-fit for the semicircular portion (excluding points of the
sponds to the linear par—3) of Fig. 5. In the same low frequency region where electrode effects are strong
figure we show the best fit of the sum of two Cole-Coleor dominant) which is described by the Cole-Cole ex-
expressions [23] pression [32].

M”(a)) — . R
- AM ((wt0)*~ cos(05ma)) 1+ (iwmo)t—

; 1+ 2(wto )t sin(05a;) + (wtg; )23

(10)

In Equation 1Qx is a shape parametdis the effective

9) dc resistance ant) is a characteristic relaxation time.
The best-fit was a circle with its centre beld&t axis

and the effective dc resistand®, was then calculated

from the intercept of the depressed arc withaxis.

Using the dimensions of the sample, thickndsand

effective areaS, a value of the electrical conductiv-

, o, of 45x 10719 S/m has been calculated using

e relationc =d/SR In order to check this value,

the dc conductivity of the same sample was measured

by a HP 4339 high resistance meter and found to be

4.7 x 10719 S/m. Also, a value of abouts 1071° S/m

for the conductivity relaxation and the interfacial polar-
ization mechanisms respectiveltM/, 7oi ande; are
the contribution to the real part &fi*, a characteristic
relaxation time and a shape parameter of the relaxatio
mechanisms. The values of the parameters obtained t{
the best fit areAM; = 0.133,a1 = 0.15, 791 =0.099 s
(1.6 Hz) for the conductivity relaxation mechanism and
AM,=0.134,0, = 0.22,70, = 8.2 x 10745 (194.7 Hz)
for the interfacial polarization mechar!lsfm. So, thehas been estimated from the low frequency plateau in
long-range and the short-range conductivity relaxatlor{he logoe Vs log f plot, taking into account the elec-
mechanisms can be described by a symmetric distrit- & ’

. C . rode polarization effect which occurs at the lowest
bution of the relaxation times. According to the Valuesfreque%cies
of the s_hape parameterthe short-range_conducnwty The shape parameterof the Cole-Cole expression
relaxation mechanism should be considered as more,

o . foun .10 and the char ristic relaxation
broadly distributed. This result could be related to thetiriz Su v(\jhtic():r? ?:c())rre(:);gor?dts ?OC tr?earcr;[zxisraﬁme gf ?rt]g
broad size distribution of the ionic regions. o

The complex impedance formalisght — 7/ —i 7" — semicircular portion, was found to be 0.118 s (an equiv-
1/Y* is usu%lly usgd in the form G ve;susz/ plo;s alentfrequency of 1.35 Hz). The valuemis very close

; . tﬂuta little higher than that obtained by the electric mod-
in order to separate the bulk from the eIectrode—materlaUIUS formalism, as expected for the case of non-“pure”
mterface phenomenaland to determine effective dc r:fc conductivity’[33]. Inthe case of “pure” dc conductiv-
sistance of the materials [?.’1]' The eIe_c_trode-maten ty the characteristic relaxation time is expected to take
interface phenomena are h|gh_ly capacitive phenom‘? e same value in both, electric modulus and impedance
and are, therefore, characterised by larger reIaxanFb ’

. o . ; rmalism [33].
times than the conductivity relaxation and the polariza- The lower frequency region in Fig. 10 is described by
tion mechanisms in the bulk. Fig. 10 shows #hevs impedanc@? = Zq(i wre) 2 The slope of the ol

; . ; s =Ze(iwte) 2. pe of the plot
Z' plot obtained by the transformation of the data ofIog 7" vs loge was found to b = 0.19. This behavior
Fig. 5 in Z* formalism. We can distinguish the bulk with « > 0) indicates that the impedan@ may be
from the electrode-material interface phenomena (lo f the capacitative type, caused by double layers in the
frequency region). The same figure also shows the bes Jectrode-material inter'face [34]

In the Z-plot of Fig. 10 there is no evidence for the
contribution of the short-range conductivity relaxation
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mechanism. This evidence implies that the resistance
corresponding to this conductivity mechanisms must be
orders of magnitude smaller than that corresponding to
the long-range conductivity relaxation mechanism.
The fact that the conductivity relaxation mechanism
is relatively slow (fnaxm» =1.6 Hz atT =295 K for
n = 0.9), combined with the limited available frequency
range (10°—10° Hz) and the restrictions in temper-
ature (the upper limit must be well bellow the room
temperature to avoid water loss), makes it difficult,
almost impossible, to study the temperature depen-
dence of the electrical conductivity in Nafio(SO;K)
membranes containing different amounts of water
(n>1).

4. Conclusions

Figure 10 Compleximpedance plot for a Nafimembrane with water
contentn = 0.9 at 295 K. The solid line is the best fit of the Cole-Cole
depressed arc. The closed point is the centre of the circle.

Dynamic and equilibrium sorption isotherm measure-
ments were carried out in perfluorosulfonate polymer
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membranes in potassium salt form. Although the memReferences

brane is in glassy state the diffusion process is found tol.
be Fickian.

The equilibrium desorption isotherm process pre-
sents a hysterisis with respect to the sorption isotherm
which suggests that the sorbed water molecules affect
the physical structure of the membrane.

The equilibrium sorption isotherm may be quantita- 4
tively analyzed according to the GAB equation up to .
the activity value ofe =0.79, which corresponds to
1.0 site-bound water molecules per (s group. As .
only the (-SQK) groups are hydrophilic in the struc-
ture of the Nafiofi membrane, from these site-bound 7-

2.

molecules one water molecule should be attached to
each (-SQK) group. 9

Clustering of water molecules, according to the
Zimm-Lundberg theory, is observed for activities> 10.
0.79. The calculated mean number of water molecules
per clusteris 12.0, at the maximum activig= 1. Also
the mean number of (-S®) groups per ionic region
is estimated to be 2-3.

The polymer-water interaction parametgr(Flory  13.
parameter), is an increasing function of water content
up toa =0.79 while fora > 0.79 is decreasing, show-
ing that the clustering of the water molecules increases
the hydrophilicity of the Nafioh membrane. 15.

Two relaxation mechanisms were observed in iso-
thermal dielectric relaxation measurements on hydrateét:
membranes. Both mechanisms shift to higher frequen;,
cies by increasing the water content. The low fre-g
guency relaxationis attributed to an interfacial polariza-
tion mechanism, produced by the migration of charge$9.
through the hydrated ionic regions, between the hy-
drophilic/hydrophobic phase boundaries. In a previou
work, using TSDC measurements we obtained evidencg;
that the interfacial mechanism must be related to the dc
conductivity and that the water located in the ionic re-22.
gions should be related to the conduction mechanism,

12.

The high frequency relaxation mechanism is a dipo-
lar mechanism and may be attributed to the rotation of,
(-SG;) group-water complexes at the end of the side
chains. This is supported by the fact that accordinge5.
to the GAB analysis one site-bound water molecule?®:
is attached to each (-S&) group. Also, the activa-
tion energy of this dipolar mechanism, remains prac-
tically constant by changing the water content in the
range ofn=15-2.2. The magnitude of the dissipa- 28.
tion factor (tars) of the dipolar mechanism also re-
mains almost constant, by changing the temperaturg,
or the water content in the range &= 0.9-2.2. Us-
ing the electric modulusM*, and the impedance,
Z*, formalism the conductivity mechanism has beensl.
studied. A long-range conductivity relaxation mecha-
nism related to long-range ion displacements has beeﬁ
identified.
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