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Synopsis

The supermolecular structure and viscoelastic and diffusion properties of a perfluorinated polymer
containing sulfonic acid (Nafion) were investigated. The breakdown of time—temperature super-
position for the dry salt and and acid in the presence of 0.5 HyO/SO3H as well as the results of
small-angle x-ray scattering suggest that the ions in this material are clustered. Above 180°C, the
reestablishment of the time-temperature superposition in the salt suggests that ions in the clusters
become mobile. Dynamic mechanical studies were performed over a temperature range from —190°C
to above the glass transition temperatures T of the materials. The T} of the salts is found at ca.
220°C, while in the acid it occurs at 110°C. A 8 peak in the acid is found at ca. 20°C, while in the
salts it occurs between 140°C and 160°C. The 8 peak shifts to a lower temperature with the addition
of water in both the acid and the salts, while the « and v peaks are unaffected. The latter is located
at ca. —110°C at 1 Hz. Dielectric behavior has also been studied as a function of water content for
the acid sample and the potassium salt at frequencies of 100 Hz to 10 kHz. Two relaxations with
different activation energies were observed. The position of both peaks shifts to a lower temperature
as the water content increases. Finally, the diffusion of water in Nafion in the acid form has been
determined. The diffusion coefficient can be represented by the equation

D =6.0 X 107% exp(—4.8 kcal/RT) cm?*/sec

INTRODUCTION

The presence of ions in organic polymers affects a very wide range of properties,
not only in solution but also in bulk. A series of recent studies has been devoted
to the elucidation of the effect of ions on the viscoelastic properties and structure
of ion-containing polymers.123 The bulk of the evidence suggests that at low
ion concentration, the ions are present as multiplets, acting as transient cross-
links, while at higher concentrations, more extensive aggregation is encountered,
leading to the formation of clusters which contain not only ionic material but
also a considerable portion of the organic polymer.2421.23  These clusters, in turn,
act as a reinforcing filler, giving the sample some of the properties of phase-
separated systems such as are encountered in some block copolymers or partly
crystalline materials. The onset of clustering differs from material to material,
occurring, for example, at <1 mole % of ions in polyethylene, at ca. 12-15 mole
% in ethyl acrylate-based materials, and not at all in the linear polyphos-
phates.20
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The physical properties of only very few ionic copolymers have been studied
in some detail. These are all hydrocarbon-based materials and include poly-
ethylene,!- polystyrene,'%-15 polybutadiene,'6-18 as well as some polar polymers
containing low molecular weight salts;!° the phenomena which arise from the
presence of ions are quite similar in all of these.

The organic ionomers that have been studied to date are based on materials
which have a narrow range of dielectric constant or cohesive energy density
values. It was, therefore, of considerable interest to explore the dependence of
ion-related properties in a completely different material, differing from the
preceding both in structure and composition. Any similarities in those properties
found for all the materials would thus indicate a truly general trend rather than
specific interactions. The Nafions represent an excellent choice of such a system,
since they not only are based on completely fluorinated polymers, but since the
ion is placed at the end of a side chain. Furthermore, while most of the me-
chanical studies of copolymers were performed on materials containing metal
carboxylate ions, the Nafions contain the sulfonic acid group.

The Nafions were developed recently by the du Pont Company as separators
in electrochemical applications.2428 They are based on the perfluoroethylene
backbone, containing a side chain of the structure

—€0—CF.CF »—O0CF.CF,S0.H

CF,

where x is small. Ionization can be performed easily by immersing the polymer
sheet in an aqueous solution of an appropriate base. The equivalent weights
are in the range of 1000 to 2000. A number of physical properties relevant to
the proposed commercial applications were summarized recently,2?3% and a more
detailed report is in press.3!

It is completely beyond the scope of this introduction to review the literature
on the physical properties of ion-containing polymers. Several reviews are al-
ready in print in the area,?%3233 and a book is in preparation.3* Only a very brief
summary will be given here, and only those properties which have a direct bearing
on the present work will be summarized.

For most ion-containing systems, it has been found that the glass transition
temperature (as determined, for example, by DSC) increases with increasing ion
content. At low concentrations, this increase is linear, but as the concentration
increases through the clustering region, the rate of increase also rises. Loss
tangent measurements in the glass transition region generally reveal two peaks.
At low ion concentrations, this correlates with the DSC value of glass transition;
but at high ion contents, deviations may appear. Usually, the lower loss tangent
peak is due to the glass transition of the ion-poor material, while the peak at
higher temperatures is due to the ionic regions.

Stress relaxation studies of noncrystalline ionomers reveal that for systems
which are clustered, time-temperature superposition fails, reflecting the exis-
tence of a secondary relaxation mechanism.3> This secondary mechanism is
associated with the clustered ionic regions. If the ions are present in low enough
concentrations so that they do not cluster but act as multiplets (or crosslinks),
no deviation from the time-temperature superposition is observed.
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In all the materials in which clustering of ions is encountered, this clustering
also manifests itself by a small-angle x-ray scattering peak. The Bragg distances
involved are usually of the order of 50 A, although smaller distances have been
found in some systems.

EXPERIMENTAL

Polymer samples were kindly supplied by Dr. W. Grot of E. I. du Pont de
Nemours & Company, in the form of 1.3-mm-thick sheets, of equivalent weight
of 1155 or 1365. Unless specified, all measurements were performed on the
sample with an equivalent weight of 1365.

Drying and Thermal Stability

A sample (ca. 1 g) which had been stored at ca. 40% relative humidity and which
had absorbed ca. 6 wt % water (based on a method of determining the dry weight
to be described below) was placed under vacuum at 25°C for several days until
there was no further weight loss (<0.1 mg), and its weight was determined.
Subsequently, the same sample was replaced in the vacuum system, this time
at a higher temperature, again for another few days until another constant weight
was reached. The procedure was repeated for temperatures up to 210°C for the
acid form and 330°C for the potassium salt. The results are shown in Figure
1 and will be described more fully below.

An inflection point is evident at ca. 170°C for the acid form,; this point was
taken as the optimum drying temperature since a sample of maximum modulus
is obtained at this temperature (see below). It is quite possible that some residual
water remains in this sample, but no means were available for determining that
amount. Subsequently, samples dried at 170°C for periods of over 24 hr will
be referred to as “dry” samples.

For the salt samples, a drying temperature anywhere from 90°C to ca. 240°C
yields identical results, and all the salt sample were dried at the glass transition
temperature T for a period of 24 hr or more.

Water Diffusion

A dry film sample, ca. 1 mm thick, was immersed in water in a constant-tem-
perature bath. After a certain time period, the sample was removed from the
water, dried on the surface, and the weight gain M, was determined. The same
sample was then replaced in the bath at the same temperature for a second time
period, and the weight was redetermined. The procedure was repeated until
there was no further weight gain; the total weight gain is referred to as the
equilibrium sorption M.. All the weighing procedures were done in less than
10 sec.

Glass Transition Temperatures

The glass transition temperatures were obtained from tan 6 maxima at ca. 1
Hz with heating rates of less than 1°C/min. They were compared with those
obtained with a Perkin-Elmer differential scanning calorimeter (Model DSC-1),
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Fig. 1. Drying and thermal stability curves for Nafion-H and Nafion-K.

employing heating rates of 10°C/min, and also with data obtained by measuring
the linear expansion coefficient.

Stress Relaxation

Stress relaxation measurements were made under a nitrogen atmosphere using
apparatus similar to that described previously.?® For each sample, the stress
at constant strain was measured for periods of time up to 2 X 10¢ sec for a series
of temperatures above and below the glass transition temperature. The tem-
perature variation during any one run was held below £0.1°C. High modulus
measurements were made in the bending mode, while those at lower moduli
(below ca. 5 X 10® dyn/cm?) were done in stretching.

Dynamic Mechanical Tests

Dynamic mechanical studies were mostly undertaken using a torsional pen-
dulum, described elsewhere,3” for frequencies of ca. 1 Hz. At higher frequencies,
a vibrating reed device3d was used. Heating or cooling rates were less than
1°C/min.

Dielectric Experiments

Dielectric measurements were carried out on a General Radio Precision Ca-
pacitance Bridge (Type 1616) using a three-terminal cell of a type previously
employed by McCammon and Work.3? Measurements were made over a tem-
perature range from —190°C to ca. 150°C and at frequencies from 40 Hz to 10
kHz. Heating rates of less than 1°C/min were employed. Three frequencies
were measured in one single experiment to assure the same experimental con-
ditions at each frequency.
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Fig. 2. Water sorption curves of Nafion-H (EW = 1155): (%) 0°C; (©) 28°C; (@) 56°C; (0)
99°C.

X-Ray Diffraction

X-Ray diffraction patterns were obtained at room temperature using a Kiessig
vacuum camera with nickel-filtered CuK, (1.54 A) radiation (40 kV, 20 mA).
The exposure times were of the order of 100 hr. The photographs were micro-
densitometered using a Joyce—Loebl double-beam recording microdensitome-
ter.

RESULTS

Desorption of Water and Thermal Stability

Figure 1 shows the desorption of water with increasing temperature presented
both as the number of water molecules per sulfonic group (H,0/SO3H) and as
wt %. For the sake of comparison, the weight loss in the degradation region is
also described in the same terms. These plots were discussed above. It is evident
that the incorporation of ions into the polymer improves its thermal stability.

Diffusion of Water

For short times, the amount of diffusant M; taken up by the sheet in time ¢
is given by the following equation:4Y



880 YEO AND EISENBERG

1

25

M, _  /Dt\12
Mm_4<12> [

30 35
(/T °K]x10°
Fig. 3. Log D vs. 1/T for Nafion-H (EW = 1155).

1
xl2

— 42 i (=1)"ierfc
n=0

nl]

2(Dt)1/2

where D is the diffusion coefficient, { is the thickness of the sheet, n is an integer
and ierfc X = (1/71/2) exp(—X?2) — X erfc X, where erfc X is 1 — erf X, erf being

the error function.

TABLE I
Glass Transition () and § Dispersion Determined by Various Techniques
Linear
expansion
Dynamic studies by
(ca. 1 Hz) Calorimetric studies? LVDT®
Ty, °C T3,°C Ty, °C Tp,°C T,,°C
PTFEc¢ ca. 127 18 to 53
Nafion—H
(OH,0/S0O,H) 111 23 104 + 1 122+ 11d
(3 H,0/SO, H)¢ 109 -62
Nafion—CS 211 160 212+ 15 116
Nafion—-K 225 150 213+ 20 109 + 22
Nafion—Na 235 140 238 + 25 132+ 15
Nafion—Li 217 147 212+ 18 120+ 9

3 The temperature at which the slope of the lines changed (as determined by the in-
tersection of the extrapolated straight line segments) was taken as the position of the

transition or dispersion.

b A. Eisenberg and T. Sasada, Proc. Second Internat. Conf. Physics of Non-Crystal-
line Solids, Delft, J. A. Prins, Ed., July 1964, p. 99.

¢ Reference 42.

d Expansion coefficients above and below T, were estimated as 8.2 X 107> deg ™' and

2.3 x 107? deg™?, respectively.

¢ This water content was determined at the end of the experiment.
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Fig. 4. Original stress relaxation curves and master curve for Nafion-H as well as master curves
for polystyrene PS and two styrene ionomers PS 3.8 (Na)h, and PS 7.9 (Na)l. Ties = T

Figure 2 shows typical sorption curves at several temperatures. The linearity
of the plots below M;/M.. = 0.5 suggests that a constant diffusion coefficient is
operative. The values of D were calculated from the initial slope of the plots,
i.e., by setting the second term in the bracket equal to zero.#! The induction time
is estimated to be 3 sec.

Figure 3 shows a plot of log D versus 1/T. The behavior is of the Arrhenius
type, leading to the expression

D =6.0 X 10713 exp(—4.8 kcal/RT)cm?/sec

Glass Transition

Table 1 shows the glass transition temperatures of Nafions with different
counterions and of poly(tetrafluoroethylene) (PTFE)42 for comparison. The
incorporation of ions into the polymer extends the glassy state to a higher tem-
perature. Except for lithium, the increase in glass transition temperature is
inversely proportional to the ionic size. The addition of 3 HoO/SOsH has a
negligible effect on the glass transition of the acid sample.

Stress Relaxation

Acid and Salts. The results of the stress relaxation runs are shown in Figures
4-6 with T' = T} as the reference temperature and T, = t/ar, where ar is the shift
factor. Computer programs*? were used to obtain the master curves along with
the shift factors and relaxation spectra from the individual curves of modulus
versus time. Figure 4 also shows the stress relaxation master curves for styrene
and for two styrene ionomers!3 for the sake of comparison. The latter are labeled
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Fig. 5. Original stress relaxation curves and pseudomaster curve for Nafion-H with 0.5 HoO/SOsH.
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Fig. 6. Original stress relaxation curves and pseudomaster curve for Nafion-K. Trer = T

by giving the mole % of methacrylic acid followed by letters in parentheses in-
dicating the counterions, followed by a letter indicating the molecular weight
range.

Effect of Water. In contrast with the behavior of the thermorheologically
simple dry acid, shown in Figure 4, time-temperature superposition breaks down
with the addition of 0.5 H;0/SO3H as shown in Figure 5. Since the overlap was



PERFLUORINATED ION-CONTAINING POLYMERS 883

log H(T)

"Nafion"=~K

\PS 3.8 (Na)h

1 ' 1 i

10 20 30

ies

log 7

Fig. 7. Distribution of relaxation times for Nafion-H. Nafion-K, PS, and PS 3.8 (Na})h. Ter
= 25°C.

maximized in the short time region, pronounced deviations appeared at long
times. This shifting procedure results in a pseudomaster curve, rather than a
true master curve which was obtained for the dry acid. It can be seen that the
rate of stress relaxation is enhanced by the presence of water.

Effect of Neutralization. Figure 6 shows the stress relaxation data of
Nafion-K (100% neutralized). It is evident that below 180°C, time-temperature
superposition is not applicable, whereas above 180°C it is reestablished. Some
other features are noteworthy: The stress relaxation is slowed down by neu-
tralization, so that a broadening in the distribution of relaxation times results,
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Fig. 8. 10-sec modulus vs. temperature for Nafion-H, Nafion-K, PS, PS 3.8 (Na)h, and PS 7.9
(Na)l.

as shown in Figure 7. Again, data for styrene and a styrene ionomer!3 are shown
for comparison. The rubbery region for the Nafion-K is more pronounced than
that in Nafion-H. Distinct viscous flow is observed at high temperatures.

Effect on Degradation. A comparative plot (not shown) of the master curves
for a degraded (11% wt loss) and an undergraded Nafion-H sample shows that
the glassy modulus after degradation decreases, whereas that in the rubbery
region increases, revealing a conversion from a plastic-like material to a more
rubber-like one as degradation takes place. Possibly, some crosslinking occurs
with increasing degradation. Time-temperature superposition remains appli-
cable.

Modulus-Temperature Curves

The simplest way of characterizing the elastic properties of a polymer is to
measure its elastic modulus as a function of temperature. The 10-sec modulus
is plotted versus temperature in Figure 8 for both the acid and the potassium
salt. Curves for styrene and two styrene ionomers!3 are shown for the sake of
comparison. Arrows indicate the glass transition for each material.

Dynamic Mechanical Studies

Effect of Water. Figure 9 shows the loss tangent of Nafion-Cs over the
temperature range of —150° to +250°C, along with a plot for the material in the
acid form for the sake of completeness. Both materials were run on a free vi-
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Fig. 9. Mechanical loss tangent vs. temperature for Nafion-H and Nafion-Cs at ca. 1 Hz. Dashed
lines represent values for the 8 peak above background.

bration torsional pendulum at ca. 1 Hz. Three dispersion regions are evident
in these plots, as well as in those for the Li, Na, and K salts (not shown); they are
the « region, with tan & values in the range of 0.5 to 0.6, the 8 region present as
a shoulder or a small peak with tan & values above background of 0.03 to 0.06
{shown also after subtraction from background as a dashed line), and the v region
which occurs at the same temperature as that of pure poly(tetrafluoroethyl-
ene).

Figure 10 (bottom) shows the loss tangent (at ca. 1 Hz) for Nafion-H with
various water contents as a function of temperature in the 8 and « regions; the
8 peak, as can be seen, shifts to lower temperature with the addition of water.
For three of the samples (0, 0.5, and 2.5 HyO/SO3H), the shear storage moduli,
G’, are shown at the top of Figure 10. It can be seen that G’ decreases as the
water content increases.

Effect of Degradation. In Figure 11, the loss tangent and shear modulus
G’ of Nafion-H with different degrees of degradation (defined as % weight loss)
are plotted as functions of temperature. It is evident that the 8 peak is not
present in the degraded samples.

Figure 12 shows the storage modulus at 0°C and ca. 1 Hz for the samples with
various water contents or various degrees of degradation. It can be seen that
G’ increases with decreasing of water content and a maximum G’ value is reached
as all the water is removed. Beyond this point, G’ decreases again as a result
of degradation. The position of this maximum was taken as an indication of
dryness.
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with varying degree degration (% weight loss) at ca. 1 Hz.

Effect of Counterions. In the presence of water, the 8 dispersion which, in
the salt is usually present as a shoulder, becomes a peak (tan é ~ 0.1) which moves
to lower temperatures with increasing water content. Eventually (at ca. 3
H,0/S037), the 3 peak merges with the y peak to yield a single dispersion. This
1s illustrated in Figure 13 for the Nafion-Li sample. The positions of the 3 peaks
at ca. 1 Hz for the dry polymers are also listed in Table I. Figure 14 compares
the v relaxation of the dry Nafion with different counterions. It is obvious that
the peak height is inversely proportional to the cation size, except for the acid.
A plot of log v versus 1/T for the v peak of Nafion-H and PTFE (not shown) re-
veals that the activation energies are 13 kcal/mole for both materials. This value
of the activation energy agrees with that one found by McCrum for PTFE.42

Dielectric Studies

Figure 15 shows the dielectric loss tangent of “Nafion”-H with 4 H,O/SOsH
at frequencies of 100 Hz, 1 kHz and 10 kHz. A major peak with minor peak
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Fig. 13. Mechanical loss tangent vs. temperature for Nafion-Li with varying water content at ca.
1 Hz.

adjacent to it are observed in the § relaxation region, while the -y relaxation is
dielectrically inactive, as expected. The « relaxation is difficult to observe due
to the fast desorption rate of water above room temperature. The g relaxation
region at 100 Hz as a function of water content is shown in Figure 16. It can be
seen that the 8 relaxation shifts to lower temperature as water content increases.
For water contents less than 1.7 Ho0/SO3sH, the minor peak appears at tem-
peratures lower than the major peak while above 1.7 HoO/SOsH water content,
the reverse occurs.
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Fig. 15. Dielectric loss tangent vs. temperature for Nafion-H with 4 H;0/SO3H at 100 Hz, 1 kHz,
and 10 kHz.

The dielectric major peak positions along with the mechanical 8 peak positions
as a function of water content are summarized in Figure 17.

Figure 18 shows the log » versus 1/T plots for the major peaks for varying water
contents. The minor peak is not well separated from the major peak in the region
of 0.7 to 2.1 HyO/SO3H. The activation energies are shown in Table II. The
dielectric loss tangent of Nafion-K with various water content is presented in
Figure 19.
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X-Ray Diffraction

Several diffuse halos were seen in the range 1° < 26 < 40°. The results are
listed in Table III, along with those for styrene and several styrene ionomers!5
for comparison. No evidence of crystallinity was found.

DISCUSSION

Glass Transition

While the agreement between DSC and tan 6 results for the glass transition
of the Nafions is gratifying, the values obtained by the above technique are
seemingly inconsistent with the low value of the 10-sec modulus, E, (10), for the
same materials at the glass transition temperature. As can be seen in Figure
8, for the styrene ionomers the E, (10) value at glass transition temperature is
of the order of 1010 dynes/cm2, while for the Nafions the value is two orders of
magnitude lower, both for the acid and the salt. Also, an inspection of Figure
4 reveals that in the glassy region the stress relaxation master curve for Nafion-H
is placed ca. 10 orders of magnitude of time below that for the styrenes, reflecting
the same problem as was found in the isochronal modulus curve.

On the basis of the stress relaxation or modulus temperature curves, it might
be tempting to think of the glass transition as being closer to 30°C for the acid
and to 100°C for the potassium salt. The acid does show a tan 6 peak (ca. 1 Hz)
at 23°C; this peak is extremely low (tan § = 0.07) by comparison to the glass
transition peak (tan 6 = 0.4). Furthermore, the salt shows no peak or shoulder
at 100°C, the § region appearing only 40° to 60° higher. However, here again
the peak value of tan é above the background is only 0.04 to 0.06, which suggests
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that it is, most probably, not the glass transition. Thus, in spite of the low value
of the modulus, it seems preferable to take the high-temperature tan é peaks (i.e.,
ca. 110°C for the acid and ca. 220°C for the salts) as glass transition temperature.
Also, the results of studies on wet samples, to be discussed later, support this
interpretation.

If this low value of the modulus at the glass transition is correct, then some
type of unusual packing is to be expected in these materials. This unusual
packing, incidentally, might also correlate with the high water transport that
is observed. The densities of the materials are most revealing in this context.
The density of the Nafion precursor, i.e., the material in which the —SO3H group
is replaced by SOoF is ca. 2.1 for an equivalent weight of 2100.4¢ By contrast,
the densities of the acid and sodium salt are appreciably lower,** suggesting the
presence of voids. Clearly, further detailed work is required for an unambiguous
determination of the glass transition, since no more detailed explanation can
be given at this time for the low value of the modulus at that temperature.

Transient Studies

In spite of the absence of crystallinity, as revealed by x-ray studies, the stress
relaxation master curves for the Nafions (Figs. 4-6) are quite broad, resembling
those of the styrene ionomers in the clustered region much more than those of
styrene or other nonionic and noncrystalline polymers. Furthermore, time—
temperature superposition fails for both the dry salt and the acid in the presence
of small amounts of water. These facts, coupled with the existence of a small
angle scattering peak, suggest that in the Nafions the ions are clustered in the
same way as in the polyethylene ionomers or in styrene with ion contents above
6 mole %. It should be recalled, in this context, that clustering is taken to mean
not just simply small-scale ion aggregation of the type leading to crosslinking, -
but large-scale clustering incorporating a large number of ions and also some
nonionic material.

The failure of time—temperature superposition is a very strong indication that
the ionic regions contribute to the relaxation process. Most probably, this in-
volves a reorganization of the cluster, possibly a hopping of sulfonate-terminated
side chains. This would represent a secondary relaxation mechanism and con-
tribute to the total relaxation. The breadth of the distribution of relaxation
times (Fig. 7) as well as the breadth of the modulus—temperature curves (Fig.
8) also support the idea that this polymer is phase separated, since it parallels

TABLE II
Activation Energy of Dielectric Relaxation for Nafion—H
Water content E,, major peak, E,, minor peak,
(H,0/SO,H) kcal/mole kecal/mole
0.4 25.4
0.7 27.7 ca. 16
1.4 25.0 ca. 16
1.7 ca. 26
3.0 25.3 16.2
4.1 29.6 14.9

15.0 22.7
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Fig. 19. Dielectric loss tangent vs. temperature for Nafion-K with varying water content at 100
Hz.

the behavior in the styrenes. The fact that superposition applies in the dry acid
but fails in the presence of 0.5 HoO/SO3H is puzzling, but might indicate that
the secondary process, while present, contributes very little to the total relaxation
in the dry material. This is consistent with the finding in plasticized poly(sodium
acrylate) that water, even in large amounts, decreases the lifetime of the clusters
without destroying them.4?

The reestablishment of time-temperature superposition in the potassium salt
is also parallelled by the behavior of a low molecular weight clustered polystyrene
ionomer containing 7.9 mole % sodium methacrylate. In contrast to high mo-

TABLE III
X~-Ray Diffraction Data for Nafion—H, Nafion—Cs, Polystyrene, and Three Styrene
Ionomers
Samples Bragg angle (26)
Nafion—Cs 1°43’ 9°16’ 32°20
Nafion—H (dried) 3°9'a 9° 26’
Nafion—H (degraded) 9° 22 27°48'
Polystyrene 9°32' 18°38
PS 3.8 (Cs)h 4°40' 9° 32 18° 38’
PS 7.9 (Cs)l 1°28' 9° 32 18° 38
PS 9.7 (Cs)h 1° 34’ 9° 32 18° 38

aThis value is in close agreement with the one communicated to us privately by Dr.
W. Grot of du Pont.
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lecular weight styrene ionomers, which remain thermorheologically complex even
at the highest temperatures which were studied, in that particular low molecular
weight sample, time-temperature superposition is reestablished above ca. 180°C.
This suggests that at those high temperatures, the secondary mechanism does
not contribute appreciably to the relaxation, possibly because of a breakdown
or short lifetime of the clusters.

Dynamic Studies

A dynamic mechanical investigation of the « relaxation in the acid, which has
been ascribed to the glass transition, reveals that water (ca. 3 HyO/SO3H) has
only a minor effect on the magnitude or position of the peak. This tends to re-
inforce the identification of this peak as due to glass transition of the nonionic
phase. Water would not be expected to interact with the PTFE backbone, but
would interact strongly with the ionic regions. Therefore, if this peak were due
to the ionic regions, then a strong lowering of its position would be expected as
the water content is increased.

In the salts, the position of the « peaks for Na*t, K*, and Cs* salts is in quali-
tative agreement with the ¢/a effect which has been found operative in many
ion-containing polymers.46 This effect suggests that the glass transition should
be proportional to the ratio of the cation charge g to the distance between centers
of charge, a. The fact that the Li* salt does not fit this relation suggests possibly
that the effective average size of the Li* ion is larger than anticipated, probably
due to the presence of residual water which is associated with that ion. The effect
of water on the position of the « peak could not be studied since the salts lose
water at a very rapid rate at the glass transition.

The mechanical 8 peak in the dry acid occurs at 23°C at ca. 1 Hz and moves
to lower temperatures with increasing water content. Similar behavior is seen
in the salt, a shoulder appearing at ca. 150°C in the dry materials, and again
moving to lower temperatures with increasing water content, although now as
a small peak. The downward motion of the peak with increasing moisture
parallels the behavior found in many other materials, such as polyacrylamide,?’
nylon,*8 and poly (vinyl alcohol).#® This type of behavior is most probably due
either to a change in the nature of the moving group which is responsible for the
specific relaxation, or to a change in the barrier which hinders the motion of the
group, or to both. In the Nafions, however, a third possibility exists. Since the
polar groups probably exist in clusters, it is quite possible that we are dealing
with the glass transition of these highly polar regions. This is reinforced by the
drastic decrease in peak temperature with water content (Figs. 10 and 13). The
drastic effect of water is, incidentally, another bit of evidence against identifying
the 3 peak with the glass transition of the bulk phase, since PTFE would not be
expected to interact with HyQ. As can be seen, the o peak, at least in the acid,
is insensitive to water and is thus most likely the glass transition. With regard
to the 8 region, on the other hand, the much higher tan é value in the dielectric
experiments than in the mechanical tests leaves no doubt that we are dealing
with the polar regions. It is, however, also possible that the 8 peak is due to a
more specific motion within the ionic region or of a polar group, such as the ether
oxygen or a water—ether complex.
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Only very few experiments were performed on the mechanical 8 peak in the
salts. Inso far as it has been studied, its behavior as a function of water content
parallels that of the acid, except that the peak is much smaller in the dry salt than
in the acid, and it occurs at ca. +150°C. It is reasonable that the salt regions hold
together much more tightly than those of the acid, and thus contribute much
less to the relaxation.

Due to the identity of both the position and the activation energy of the y peak
in both the acid and salt with that of PTFE, there is little doubt that it is due to
the same mechanism. The height of the peak is affected somewhat by the type
of ion used, but this effect is not drastic. It is worth recalling that the height of
this peak is also affected by the level of crystallinity in PTFE.42

The dielectric results are most unusual. Clearly, the major relaxation of the
acid involves two peaks (Figs. 15 and 16), the mechanism of the higher peak being
probably independent of water content throughout the region. While the po-
sition and the height of that peak varies with water content, its activation energy
does not. It is conceivable, although by no means certain, that this peak is due
to the glass transition of the polar regions. This is supported by the rapid change
of the peak position with water content, but not by the constancy of the activation
energy. The nature of the minor peak remains unknown.

Small-Angle X-Ray Scattering (SAXS)

The presence of a SAXS peak strongly reinforces the clustering suggestion.
Many ion-containing polymers show this behavior, among them the ionomers
based on ethylene and styrene. Single peak data are difficult to interpret, but
the presence of such a peak, without a doubt, is related to the presence of distinct
scattering centers in the polymer.

Diffusion and Drying

The difference in the drying behavior between the acid and the salt is profound.
Figure 1 shows clearly that the interaction of water with the acid is much stronger
than with the salt; already at 100°C the salt can be obtained in a dry state, while
a temperature of over 160°C is necessary for the acid. It is also clear that the
salt is much more stable than the acid at high temperatures, the degradation
curve for the salt being ca. 130°C higher than for the acid. These results parallel
the findings of the du Pont group.#4

The diffusion coefficient for water in the acid is extremely high, higher than
that for any other partly ionic or nonionic polymer for which data are available.
It is comparable to that of the ion exchange resins and only one order of magni-
tude lower than the self-diffusion coefficient of water. Furthermore, the acti-
vation energy for diffusion is only 4.8 kcal, close to that for the ion exchangers
and for self diffusion of water. Table IV compares the diffusion coefficients and
activation energies for diffusion for a wide range of representative polymers,
showing that Nafion is, indeed, very permeable and comparable to the completely
ionic ion exchangers. This fact reinforces the suggestion of unusual packing of
the polymer chains in the Nafions. This low-density packing is undoubtedly
due to the presence of the ionic aggregates. It should be noted, however, that
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the presence of ions does not always increase the diffusion coefficient for water.
In the case of polystyrene, for example, at 9.7 mole % of ions (i.e., in the clustering
region), the diffusion coefficient vis-a-vis the nonionic material is decreased*?
by a factor of 500.

CONCLUSIONS

Perhaps the most interesting conclusion of this study concerns the supermo-
lecular structure of the Nafions. It is suggested that the ions in these materials
are clustered, i.e., present in large aggregates containing also some fluorocarbon
material. This suggestion is based on both the rheological properties of the
material and the presence of a halo at a low angle in SAXS.

The glass transition is much higher than would be expected on the basis of
rheological data alone. The discrepancy suggests an unusual packing effect,
which is also supported by the high value of the diffusion coefficient for water
and the low activation energy, as well as by the decrease of density on ioniza-
tion.

The failure of time-temperature superposition in the materials suggests the
presence of two relaxation mechanisms, one due to chain diffusion (as in normal
organic polymers) and the other to the presence of ionic clusters (as are also found
in the styrene ionomers, among others). The secondary mechanism most
probably involves a hopping of ion-terminated chains from one cluster to another.
The clusters seem to become mobile above 180°C, as suggested by reestablish-
ment of time—temperature superposition above that temperature in the salts.

The 8 peak in dynamic studies is probably also related to the ionic regions.
Its position is strongly affected by the presence of water and may reflect the glass
transition in those regions. Dielectrically, a double peak is observed which is
also highly sensitive to water. The v peak is of the same origin as in PTFE.

The diffusion coefficient for water is extremely high, higher than in any other

TABLE IV
Diffusion Coefficients of Water in Common Polymers and Self-Diffusion Coefficient
of Water
Tem-
pera- Ep,
ture, kcal/
°C D, em?/sec mole Reference
Seif-diffusion of water 26 3x 103 441 50
Nafion—H
(EW = 1155) 28 2.3x 10™° 4.8
(EW = 1365) 28 2.6 x 10~¢ this work
Polystyrene-sulfonate
(4% DVB) 25 9.1 x 10-¢ 4.6 51
(16% DVB) 25 2.2 % 10°¢ 5.2
Polystyrene 26 5.5 x 1077 43
Polyethylene (p = 0.922) 25 2.3x 1077 14.2 52
Ethy! cellulose 25 1.8x 1077 6.3 53
Poly(methyl methacrylate) 50 1.3x 1077 11.6 54
Poly(viny! chloride) 30 1.6 x 10~* 10 55
Nylon 6 25 9.7 x 107'° 6.5 56

Styrene ionomer 25 9.0 x 107t° 43
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nonionic or partly ionic polymer for which data are available, and comparable
to that of ion exchange resins, although the polymer has a very different structure.
The activation energy is comparable to that for self-diffusion in pure water.

It is evident that the Nafions resemble other organic ionomers in a wide range
of properties, notably in the presence of ion clustering and the resultant effect
on the rheology of the materials. By contrast, the dramatic decrease in the
density upon ionization and the accompanying increase in the diffusion coeffi-
cient for water are novel features, not encountered in other ionomers. The reason
for this difference needs to be elucidated. Finally, the dynamic mechanical
studies suggest that, at least in the presence of water, the glass transition of the
ionic regions may be lower than that of the matrix. This has also not been en-
countered in other ionics.

The authors are indebted to Dr. W. Grot of the Plastics Department of the du Pont Company for
supplying the material in the study. Also, the financial support of the Defence Research Board and
the National Research Council of Canada is gratefully acknowledged.
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