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Introduction

Perfluorosulfonic acid ionomers (e.g., Nafion) are the current
benchmark materials for polymer electrolyte membrane fuel cells
(PEMFCs) and consist of a polytetrafluoroethylene backbone
with perfluorovinyl ether side chains that terminate with a
sulfonic acid functionality.1 Nafion is currently available com-
mercially from E.I. DuPont de Nemours and Co. and has the
following structure:

With the recent interest in high-temperature (>100°C) fuel cell
operations,2 a common misconception that Nafion has a glass
transition temperature (Tg) at 100 °C has led to concern
regarding the mechanical stability of these membranes at
elevated temperatures. Surprisingly, however, the fundamental
concept of a true glass transition temperature of this exhaustively
studied ionomer has yet to be precisely defined and widely
accepted for the most commonly applied H+-form of the
polymer.

The prevailing confusion regarding the assignment of aTg

for Nafion stems back to the early work of Eisenberg and co-
workers.3-5 With partially ionized and neutralized samples of
1200 equivalent weight Nafion (i.e., EW) the grams of
polymer per equivalent of sulfonate groups), dynamic mechan-
ical studies revealed two principal relaxations, labeledâ and
R, that were originally speculated to be associated with the glass
transitions of the ionic domains and the matrix, respectively.3

Subsequently, upon further considerations of underwater stress
relaxation behavior, the assignments were reversed.4,5 For over
20 years, these revised assignments suggesting that theâ- and
R-relaxations are associated with the glass transitions of the
matrix and the ionic domains, respectively, have remained
unconfirmed for the H+-form of the polymer.

Recently, through a correlation of dynamic mechanical
analysis (DMA) results with variable temperature19F solid-state
NMR and small-angle X-ray scattering (SAXS) results, we have
precisely defined the molecular and morphological origins of
theR- andâ-relaxations of Nafion neutralized with a series of
alkylammonium ions.6 In that study, the high-temperature
R-relaxation was found to be due to the onset of long-range
mobility of the ionomer main chains and side chains via a
thermally activated destabilization of the electrostatic interac-
tions, yielding adynamicnetwork involving significant ion-
hopping processes. With these convoluted molecular motions
and dynamic interactions, it is important to note that we have
refrained from classifying theR-relaxation as a common glass
transition. In contrast, however, the low-temperatureâ-relaxation
was found to be due to principally main-chain (backbone)
motions within the framework of astaticphysically cross-linked
(electrostatic) network. Moreover, in agreement with the
behavior of other semicrystalline polymers7 and the latter
consideration of Eisenberg,4 this â-relaxation was assigned as
the genuineglass transition of the neutralized ionomer.6

Although our studies of Nafion-containing alkylammonium
ions have provided fundamental information regarding the
influence of electrostatic interactions on chain dynamics in these
complex polymeric materials, it is recognized that these coun-
terion forms have little relevance in the context of proton
transport8 in PEMFC applications. However, in order to
understand the thermomechanical response of these ionomers
in fuel cell operations, it is now possible to build upon this
base of fundamental information in order to accurately define
and confirm the true glass transition temperature of PFSA
membranes. Thus, the purpose of this investigation is to identify
and verify the true glass transition temperature of H+-form
Nafion through correlations of relaxation behavior as probed
by DMA and dielectric spectroscopy.

Experimental Section

Materials. Extruded Nafion 117 (1100 g/equiv) was obtained
from E.I. DuPont de Nemours and Co. Tetrabutylammonium
hydroxide (TBAOH), 1 M in methanol, was obtained from Aldrich
Chemical Co. and used without further purification.

Preparation of PFSA Membranes.To remove impurities, the
membranes were cleaned in refluxing 8 M HNO3 for 2 h, then rinsed
three times with deionized water, and finally boiled in deionized
water for 1 h. Partial neutralization of the PFSA samples was
performed by stirring the membranes in TBAOH/methanol solutions
containing specified quantities of TBAOH for 12 h and then boiling
in pure methanol for 1 h. On the basis of the equivalent weight of
dry Nafion, the following ratios of H+-form to TBA+-form were
prepared: 100/0, 90/10, 85/15, 75/25, 65/35, 50/50, 25/75, 0/100.
All PFSA membranes were dried in a vacuum oven overnight at
70 °C after the neutralization step.

Dynamic Mechanical Analysis.Dynamic mechanical analysis
of the membranes was performed on a TA Instruments DMA Q800
analyzer in tensile mode using clamps for thin film samples. All
samples were cut from dried membranes (70°C vacuum, overnight)
with a width of 5.3 mm and run in triplicate to verify results and
reduce experimental error. The membranes were analyzed at a
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frequency of 1 Hz from-120 to 200°C with a heating ramp of
2 °C/min. The temperature range was chosen in order to span all
three mechanical relaxations:R, â, andγ.

Dielectric Spectroscopy.Dielectric spectra were recorded using
a Novocontrol GmbH Concept 40 broadband dielectric spectrometer
over the frequency range of 0.05 Hz to 3 MHz. The range of
isothermal temperatures tested, to within(0.2 °C, was-50 °C to
130 °C in increments of 5°C. Samples were punched with a
25.4 mm diameter circular die and were 0.178 mm (7 mil) thick,
and they were tightly pressed between 20 mm diameter gold-coated
copper electrodes. In order to determine the characteristic relaxation
times at each temperature,9 isothermal dielectric permittivity data
were first fitted (using the Novocontrol WinFit program) to the
Havriliak-Negami equation:10

In this equation,ε*(ω) is the complex dielectric constant,ε′(ω) is
the real component associated with material polarizability,ε′′(ω)
is the imaginary component associated with energy loss per signal
cycle, σ0 is the dc conductivity having units of S/cm,ω is the
angular frequency) 2πf, andε0 is the vacuum permittivity. The
exponents (0 < s e 1) characterizes the nature of the conduction
process in terms of charge hopping pathways. The symboln in the
summation is the number of relaxation peaks fitted (n ) 1 in this
case) to the data. The dielectric strength∆ε is equal toεR - ε∞
which is the difference between the relaxed and unrelaxed dielectric
constants at low and high frequencies, respectively.τHN is the
Havriliak-Negami relaxation time, which is related to the actual
relaxation timeτmax ) 1/2πfmax, wherefmax is the frequency at the
maximum dielectric loss andR andâ are constants that quantify
breadth and asymmetry in the distribution of relaxation times,
respectively. Given these three data-fitted parameters, eq 2 was used
to determine the relaxation time for the peak maximum for each
isothermal peak, using the following relationship:9

Results and Discussion

Dynamic Mechanical Analysis (DMA). As demonstrated
in our previous work,6,11,12 the principal dynamic mechanical
relaxations of Nafion are strongly dependent on the strength of
interactions between the side-chain terminal-SO3X groups. For
the neutralized ionomers, theR-relaxation can vary over
250°C depending on counterion (X+) size (e.g.,R(Na+) ) ca.
230°C vsR(TBA+) ) 115°C). As the counterion size increases,
the weakened electrostatic interactions yield progressively lower
R- andâ-relaxation temperatures. For the H+-form of Nafion,
the interactions are principally hydrogen-bonding interactions,
which are significantly weaker than the corresponding electro-
static interactions in neutralized samples. Thus, theR-relaxation
in H+-form of Nafion is observed at a relatively low temperature
near 100°C.4,6

Figure 1 compares DMA data, plotted as the loss tangent
(tan δ) vs temperature, for TBA+-form and H+-form Nafion.
For the TBA+-form sample, distinctR- and â-relaxations are
observed at ca. 115 and 75°C, respectively. In contrast, the
H+-form sample appears to show only one principal relaxation
in the vicinity of 100°C. Upon closer inspection of the DMA
data for the H+-form sample, a weak peak near-20 °C is
observed. In addition, both samples show aγ-relaxation at ca.
-80 °C, which is independent of neutralization or counterion
type and has been attributed to local motions of the fluorocarbon
-CF2- backbone chains.4

By convention, the peak at-20 °C observed for the H+-
form sample is assigned as aâ-relaxation. While this relaxation
is similar in temperature to theâ-relaxation observed for 1200
EW Nafion in the early work of Eisenberg,4 it is not reasonable,
however, to attribute this relaxation (without further analysis)
to the same molecular motions as those known to occur at the
â-relaxation for the neutralized samples (i.e., the glass transi-
tion).6 To further clarify the molecular origins of this weak
relaxation, we invoke rule-of-mixture concepts common to
studies of polymer blends13 or copolymers. By evaluating the
dynamic mechanical behavior of samples prepared with partial
neutralization, and assuming that the TBA+ counterions are
homogeneously distributed among the sulfonate groups, the
â-relaxation should show a clear compositional dependence if
both relaxations are of a similar molecular origin.

Figure 2 shows the DMA data for all seven partially
neutralized samples, ranging from pure TBA+-form Nafion to
pure H+-form Nafion. As the composition of TBA+ counterions
in the samples decreases, theâ-relaxation is observed to shift
systematically to lower temperatures and decrease uniformly
in magnitude. In contrast, theR-relaxation remains in the range
of 100-120°C with only a modest decrease in intensity between
75% and 50% neutralization. Furthermore, theγ-relaxation
temperature and magnitude are independent of the degree of
neutralizationsconsistent with the assignment of local backbone
motions4 that should be fairly insensitive to changes in side-
chain interactions.

By plotting the peak maxima vs TBA+ composition (shown
in Figure 3), a strong and uniform compositional dependence
is observed for theâ-relaxation, while theR-relaxation remains

ε*(ω) ) ε′(ω) - iε′′(ω) ) -i( σ0

ε0ω)s

+ ∑
k)1

n [ ∆ε

(1 + (iωτHN)R)â
+ ε∞]

(1)

τmax ) τHN[sin( πRâ
2(â + 1))/sin( πR

2(â + 1))]1/R
(2)

Figure 1. Dynamic mechanical tanδ vs temperature plots of Nafion
117 for (3) H+-form and (b) TBA+-form samples.

Figure 2. Dynamic mechanical tanδ vs temperature of partially
neutralized Nafion 117 for 100, 75, 50, 35, 15, 10, and 0% TBA+

counterion compositions.
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relatively independent of composition. This behavior strongly
suggests that the molecular origin of theâ-relaxation in H+-
form Nafion is the same as that of theâ-relaxation in TBA+-
form Nafion. Therefore, on the basis of our fundamental
understanding of the origin of theâ-relaxation in neutralized
Nafion samples,6 we now assign theâ-relaxation as the glass
transition of H+-form 1100 EW Nafion with a temperature in
the vicinity of ca.-20 °C. In a manner consistent with the
defined behavior of the neutralized ionomers, this glass transition
of H+-form Nafion is attributed to principally main-chain
(backbone) motions within the framework of astaticphysically
cross-linked (hydrogen-bonding) network.6

Dielectric Spectroscopy.Dielectric spectroscopy (DS) has
been a powerful tool in the study of chain dynamics in glass-
forming polymers and yields information that is complementary
to DMA. To confirm the assignment of theâ-relaxation in H+-
form Nafion as the true glass transition, the relaxation behavior
of dry samples of pure H+-form Nafion were probed using DS
in both the temperature and frequency regimes. In Figure 4A,
there is a relaxation that first appears at approximately-20 °C
at 0.1 Hz onε′′ vs temperature plots at various fixed frequencies.
This is theâ-relaxation as observed in the dynamic mechanical
spectra in Figure 1. The observed peak shift to higher temper-
atures with increasing frequency is interpreted in the usual
sense: as the oscillatory period) 1/f decreases, the characteristic
dipole motions must be more rapid by heating so to be detected
within a shorter experimental time frame, i.e., 1/2f. The curves
at the lowest frequencies should be compared with the dynamic
mechanical data for which the perturbation frequency is low (1
Hz). In Figure 4B, the peak in theε′′ vs f curves monotonically
shifts to higher frequencies, and the associated relaxation time
correspondingly shifts to lower values with increased temper-
ature.

By fitting eq 1 to the loss permittivity data points in Figure
4B, τHN, R, and â were obtained and substituted in eq 2 to
calculateτmax over the range of temperatures. Figure 5 is a plot
of ln τmax vs inverse Kelvin temperature. First, it is seen that
the points define a graph with upward curvature rather than a
straight line that would characterize an activated rate (i.e.,
Arrhenius-like) process such as observed for short-range mo-
tions.

The Vogel-Fulcher-Tammann (VFT) equation can be well-
fitted to the data:14-16

τ0 is a hypothetical relaxation time at infinite temperature, and

B is a fitted parameter that is sometimes related to an apparent
activation energy.TV is the Vogel temperature that is often
interpreted as a temperature, that is reached upon quasi-static
cooling, at which chain segments become immobile. At tem-
peratures above this frozen-in state, the free volume is dynamic
and constantly redistributed with no change in energy according
to simple liquid state theories, the most notable being based on
the concepts of Cohen and Turnbull.17,18While the VFT equation
is empirical in origin, it has often been interpreted in terms of
free volume fluctuations in a liquid-like state in the same way
as used in the rationalization of the WLF equation for the
rubbery state of polymers.19 In fact, TV in some instances has
been called an “ideal glass transition temperature”.20

The data points in Figure 5 fit very well with the VFT
equation over the range of tested temperatures for theâ-relaxa-
tion for H+-form Nafion, as it does for many polymers at
temperatures above the dynamic glass transition.21 The extracted
values from the fit of the VFT equation forτ0 and TV are
1.63× 10-9 s and 146 K (-127°C), respectively.TV is usually
lower thanTg by as much as 100°C so that this value is realistic
in comparison with the relaxation centered at-20 °C.

In order to account for systematic deviation of the data points
in Figure 5 from the VFT fit, a derivative analysis, as performed
by Stickel et al.,22,23 was undertaken. In this analysis, the
behavior of the first derivative of the VFT equation vs
temperature is observed:

This equation is linearized as follows:

Thus, when the quantity on the left side of the equation is plotted
against temperature and the plot is linear, it can be concluded
that the VFT equation is indeed a good representation of the
relaxation data in this temperature range. The actual data fit,
seen in Figure 6, shows considerable agreement with VFT
behavior over the temperature range from 260 to 350 K.

As further confirmation of the consistency of the experimental
data with the VFT equation over this temperature range, it is
important to note that the derivative of eq 5 with respect toT
yields a temperature invariant value ofB over the range 260 K
< T < 350 K. In agreement with the analysis of Stickel et al.,22,23

this representation of the experimental data clearly indicates a
reasonable VFT fit over this range of temperatures.

VFT behavior is characteristic and is a signature of long-
range segmental motions not requiring an activation energy in
glass-forming liquids.20 In contrast, the Arrhenius equation does
not involve a lower bound on temperature (TV) at which long-
range motions are frozen-in. The relaxation time vs temperature
behavior and the existence of VFT behavior, as well as the
magnitude of the frequencies above theâ-transition, coupled
with the DMA results, strongly suggest that this is a glass
transition in the usual sense. While the conformance of the VFT
equation to relaxation data over a temperature range is not
sufficient proof of a liquid-like state as in rubbery polymers, it
is a necessary condition given the large volume of evidence
for numerous polymers. Given this rationale, and in agreement
with the latter assignment of Eisenberg and co-workers,4 it is

Figure 3. R- and â-relaxation temperatures as a function of TBA+

content from the dynamic mechanical analysis of Nafion 117.

τ ) τ0 exp[ B
T - TV] (3)

d log( τ0

τmax
)

dT
) B

(T - TV)2
(4)

[d log( τ0

τmax
)

dT
]-1/2

) B-1/2(T - TV) (5)
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concluded that theâ-relaxation of H+-form Nafion is agenuine
glass transition involving long-range segmental motions.

Conclusions

Through a correlation of dynamic mechanical analysis and
dielectric spectroscopy, the glass transition temperature of H+-
form Nafion is assigned to the weakâ-relaxation centered at
-20 °C. Building upon our previous studies of the molecular
and morphological origins of the dynamic mechanical relax-
ations of Nafion containing large organic ions, a strong
compositional dependence of theâ-relaxation in partially

neutralized samples suggests that theâ-relaxation of H+-form
Nafion and the neutralized ionomers have the same molecular
origin, namely backbone segmental motions. In the dielectric
spectroscopy studies, the relaxation time vs temperature behav-
ior, the existence of a Vogel temperature and the magnitude of
the frequencies above theâ transition, coupled with the DMA
results, strongly suggest that theâ-relaxation is a glass transition
in the usual sense, rather than a short-range, secondary relaxation
with Arrhenius temperature dependence.

With this understanding of the glass transition in H+-form
Nafion, it remains important to recognize that theâ-relaxation
is significantly weaker than the dominantR-relaxation observed
near 100°C. At temperatures between-20 and 100°C, main-
chain segmental motions are significant; however, the morpho-
logical organization of the hydrophobic and hydrophilic domains
is likely to be pinned within a static physical network.6 At
temperatures above theR-relaxation, the hydrogen-bonded
network becomes dynamic resulting in considerable molecular
mobility. Under these conditions, it is reasonable to consider
the possibility of morphological reorganization;12,24 however,
the extent of this potential change in structure and the impact
on membrane properties remains to be determined.
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