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result of the close proximity of adjacent acid-bearing sidechains in the lower equivalent
weight ionomers. This proximity allows more facile exchange of species from group to
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1.

Introduction

The process of conduction of protons in aqueous environments is one of the most fundamental aspects of physical
chemistry. It is well known that protons exhibit excess
mobility relative to other ions in aqueous (or other
hydrogen-bonded) systems [1,2]. A large body of work exists
attempting to explain these phenomena. Our understanding
has evolved from a cartoonish picture superposing ‘vehicular’ transport, in which protonated water carries the protonic charge, onto ‘Grotthus’ hopping of protons associated

with rotationally mediated ‘hand-off’ of proton from water
molecule to water molecule (or water cluster to water
cluster) [3]. Theoretical and experimental studies over the
past decade have replaced this appealing but demonstrably
incorrect mental construct with a more nuanced picture.
Rather than an almost pairwise serial interaction implied by
this picture, extended hydrogen-bonded water clusters
form. A series of small amplitude, low energy adjustments
allow a proton to effectively translate through the network,
with an excess proton rapidly transferred from water
molecule to water molecule [4e6].
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Ion conduction processes in ‘confined’ regions are central
to many processes. In particular, proton conduction plays
important roles in ion conduction through pores and channels
in biological systems [7] and in materials used in technological
applications. Our understanding of these processes in the
latter context has advanced substantially over the past 25
years, partly driven by the interest in proton exchange
membranes (PEMs) used in PEM fuel cells (PEMFCs). In the
principal materials used in PEMFCs, such as Nafion, other
perfluorosulfonic acid (PFSAs) membranes and sulfonated
hydrocarbon membranes, the tendency toward clustering of
sulfonic acid groups as well as phase segregation processes
drive the formation of nanoporous morphologies [8]. The
nanopores in turn are thought to facilitate proton transport in
these membranes. (It should be noted that we use the term
‘nanopore’ in a generic sense; the detailed physical form(s) of
these structures is still an issue of debate.) [9e12] Proton
conduction is, in general, closely coupled to hydration of the
material and critical processes of proton dissociation and
hydration take place within the confined space of the nanopore. Extensive work has elucidated these processes. The
basic observation has been that for normal ranges of water
uptake, the proton conductivity and associated water mobility
increase significantly with water content, with conductivity
approaching or exceeding 0.1 S/cm for ‘fully hydrated’ materials exposed to pure liquid water or water at high relative
humidity (RH) [13,14]. This is sufficient conductivity to render
losses due to internal resistance in the fuel cell nearly insignificant [15].
Since the water uptake by the polymer membrane depends
strongly on the RH and the temperature, a decrease in conductivity by more than an order of magnitude is observed in
conventional membrane materials when the RH is lowered to
w25% or less or when the temperature approaches or exceeds
100  C. Suggestions that fuel cells should operate in this range
of RH and at elevated temperature have driven the push toward development of materials that show adequate conductivity with substantially less water. A great many pathways
have been tried in attempts to meet this goal.
Here we present work along one such path that indicates
important new features related to the mechanisms underlying ion and water mobility in proton-conducting membranes.
In particular, we find that increasing the density of sulfonic
acid groups along the polymer chain has substantial and
surprising effects on the local and long-range mobility of
protons and water at low water contents. The work employs

Fig. 1 e Structure of 3M short sidechain PFSA.

PFSA membranes based on the 3M Ionomer. The structure of
the 3M Ionomer is shown in Fig. 1, where the ration of n:m
varies from about 2 to 7 in this study. As illustrated, these
ionomers [16] have a slightly shorter sidechain than the
Nafion ionomer and are without the pendant eCF3 group in
the sidechain. This provides the 3M PFSA membranes with a
higher degree of crystallinity and higher modulus at a given
equivalent weight (EW). They show excellent conductivity and
improved mechanical properties and durability under hot and
dry conditions [17].

2.

Materials and methods

PFSA polymers and casting dispersions were prepared as
described in Reference [16]. Membranes were cast onto a
Kapton liner, dried and annealed at 200  C.

2.1.

Conductivity and water absorption experiments

Membranes used in conductivity and water absorption measurements (l) were soaked in hot DI water (80e100  C) for
30e60 min, and then dried at room temperature prior to the
measurement.
Proton conductivity was measured at 80  C using a standard, in-plane, 4-point probe conductivity apparatus with
platinum electrodes. The cell was electrically connected to a
potentiostat (Model 273, Princeton Applied Research) and an
Impedance/Gain Phase Analyzer (SI 1260, Schlumberger). AC
impedance measurements were performed using Zplot and
Zview software (Scribner Associates). Temperature and relative humidity were controlled with a constant humidity oven
(TestEquity Model 1000H). Water absorption measurements
were also done at 80  C. The samples (approximately 1 g) were
suspended from a 5 g load cell (Transducer Techniques)
mounted in a constant humidity oven (TestEquity Model
1000H). For both the conductivity and water absorption measurements, the samples were equilibrated for about 2 h at
each RH, at which point the conductivity was relatively stable.

2.2.

NMR experiments

After releasing the membrane from the liner by soaking in DI
water, membranes of EW > 600 were pretreated by boiling in
1M nitric acid (HNO3 from Fisher Scientific) solution for two
hours to remove any impurities, followed by boiling in deionized water for another two hours is to remove any residual acid. Membranes of lower equivalent weight (EW < 600)
may dissolve while boiling so these were pretreated at room
temperature.
After pretreatment, precut membrane samples were dried
by suspending over phosphorus pentoxide (P2O5, used as
received from Fisher Scientific) in sealed glass bottles at
25  Ce30  C. The weight of each membrane is monitored daily
until it reaches a steady value of dry weight after wfive days.
The equilibration process then follows. The completely dried
samples were suspended over aqueous lithium chloride (LiCl)
solutions of different water activities in a sealed glass jar.
Solutions of LiCl are prepared (98.5þ% pure from Fisher Scientific) with different molalities to create the desired relative
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humidity. The water uptake is monitored under isothermal
conditions in which temperature is kept at 30  C in a temperature bath. After five to seven days, a steady state is
reached where the weight of wet membranes is constant.
Water uptake at 80  C was measured by attaching a 1e2 g
membrane sample to a 5 g load cell mounted in a constant
humidity oven (TestEquity Model 1000H).
NMR experiments were run using a Bruker Avance 400 MHz
spectrometer to determine the 1H diffusion coefficients and
the 2H spin-lattice relaxation times. A micro-imaging probe
equipped with gradient coils and an appropriate RF insert to
apply the pulsed field gradient stimulated echo NMR technique for the diffusion measurement. The inversion recovery
sequence was used for the relaxation measurement.
Samples of 3M membranes of different EWs, equilibrated
under different relative humidity (RH) conditions, were placed
in a 10 mm diameter tube and sealed to minimize water loss. A
coiled heater inserted into the center of the probe, a thermocouple connected to the top of the probe and a flow of dry air
into the probe maintained a constant temperature for these
measurements at 30  C. The experiment time ranged from
minutes to hours, depending on the number of scans required
to achieve an adequate signal to noise ratio (SNR). Membranes
with lower levels of hydration are problematic for these
measurements due to their SNR and error ranges are accordingly larger for such samples. Measurements on samples were
repeated at least twice in order to ensure reproducibility and
reliability of results.

3.

Results and discussion

Proton conductivity and water mobility of 3M-PFSA membranes with different EW were determined as functions of
temperature and relative humidity. The degree of humidification of the membranes, expressed as lambda (l), or the
number of water molecules per sulfonic acid group, was also
measured. The effect of EW on the PFSA conductivity as a
function of relative humidity (RH) and ionomer humidification
is shown in Fig. 2. At every RH value, the low EW membranes
have higher conductivity than the higher EW materials, with

Fig. 2 e Conductivity of 3M PFSA membranes as a function
of EW at different RH at 80  C.
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Fig. 3 e Proton mobility in 3M PFSA membranes as a
function of water content for a series of polymers with
different EW at 80  C.

the difference increasing dramatically below 700 g/eq. The
effect is most pronounced at low RH. For lower EW polymers,
the decrease of conductivity with decreasing RH is substantially less than typically observed for commonly used PFSAs of
EW w1000 or greater. For 580 EW, conductivity approaches
that (100 mS/cm) set as a target by automakers and the US DOE
for operation of automotive fuel cells at 25% RH and elevated
temperature.
At high water content, the conductivity increases 2.6-fold
from the highest EW (1100 g/eq) to the lowest (580 g/eq).
Under such relative humidity conditions, substantial water
is imbibed into the polymer and protons are moving in a
rather watery environment [18]. However, at low water
content (l ¼ 2) we see that the increase in conductivity at
low EW is very large. The conductivity of 580 EW is 13.8-fold
higher than that of 1100 EW under these drier conditions. It
is under these conditions that it becomes intriguing to understand the mechanism of proton conductivity and hence
the factors controlling conductivity. Also shown is the
conductivity of perfluorobutane sulfonic acid as a function
of lambda. This model compound represents the lowest EW,
shown here at 300, the MW of the acid. It is interesting to
note that the conductivity is substantially lower that the low
EW ionomers, emphasizing the role of the phase separated

Fig. 4 e 2H spin-lattice relaxation time of deuterated water
in different EW 3M PFSA membranes as a function of water
content (l) at 30  C.
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Fig. 5 e Comparison of self-diffusion coefficients of water
in different EW 3M PFSA membranes as a function of
membrane hydration (l) at 30  C.

ionomer morphology in providing a path for efficient proton
transport.
In general, the conductivity of the polymer electrolyte will
be a function of both concentration and mobility of Hþ:
sHþ fmHþ CHþ
The concentration of protons is determined by the EW of
the polymer, its density and by the extent of dissociation of
the acid group in the polymer. The extent of dissociation
should be similar for this series of polymers. It is most likely
controlled by the water content and the type of acid group.
The perfluorinated sulfonic acid is likely to be dissociated
even down to the lowest RH values used here, as is the case for
the monohydrate of the triflic acid, an analogue of the terminal acid moiety. It has long been known that the triflic acid
forms a completely dissociated monohydrate, the triflate
anionehydronium cation ion pair, for which crystal structures
have been obtained [19]. As shown in Fig. 3, correction for EW
and density (i.e. concentration) does not substantially alter
the trend observed before. Indeed, the calculated mobility of
the proton is seen to increase for the lowest few EWs while
remaining almost constant for the higher EWs.
The behavior of protons is closely coupled to that of water
in the polymer. Combining the conductivity data with NMR
diffusion measurements (a long-range probe of water motion)
and NMR relaxation data (a molecular scale probe) sheds

additional light on the behavior of water and protons in this
environment. NMR diffusion coefficients and relaxation times
as a function of water content at 30  C for different EW polymer are shown in Figs. 4 and 5. At low water content 2  l  4
e we see that at the lowest EW (585), the water diffuses faster
over both long and short range. The relaxation data for various
EW polymers, which reflect the limiting molecular scale motions and thus interactions of water in a given local environment, show that T1 values are similar over much of the range
of water content except for the crucial low water content region 2  l  4. For the 585 EW material, the relaxation rates are
significantly slower, indicating faster water motion. Since in
this range of water content, the water is primarily in the solvation sphere of a sulfonate/proton complex, this result reflects lower ‘friction’ between water and sulfonates to hinder
motions. This effect is also reflected in the long-range diffusion coefficient at low water content.
To develop a hypothesis explaining these results, we
consider factors controlling conductivity in fixed-site proton
conductors. Based on the argument related to Fig. 3, we focus
on factors that could influence the mobility of the proton. The
most important factor is the water content of the polymer, We
eliminate this as a factor since all comparisons are made at
similar water contents, expressed as lambda (l), water molecules per sulfonate.
This implies that some other factor(s) must play a role in
the excess proton mobility observed. Two remaining possibilities are (i) changes in morphology as a function of EW,
resulting in a more open proton conduction pathway and (ii)
changes in the proton transport mechanism such that water
molecules more readily ‘hop’ from one cluster of 2 or 3 water
molecules plus a sulfonate anion (plus a proton) when the
separation of the sulfonate groups is smaller (i.e. for the low
EW case).
First, the morphology of the polymer most likely does
change somewhat [20]. The morphology effect is likely best
developed at high water content and therefore most purely
reflected in the longer-range diffusion and conductivity patterns seen for high water content. In that case, factors of w2.5
increase of conductivity and w1.5 increase in diffusion coefficient are observed with decreasing EW [21]. Note also that
the diffusion coefficients measured here and for other PFSAs
are within a factor of 2e3 of those for water in liquid water, the
‘morphology-free’ extreme. These considerations suggest that

Fig. 6 e View of structure of 3M PFSA for EW [ 585 and EW [ 825 at lambda [ 4.
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morphology effects only account for a fraction of the observed
increase at low water content.
This leaves changes in the transport mechanism resulting
from the new structures as a primary cause of higher mobility.
The conduction process can be broken down into a series of
mechanistic steps. These are (i) dissociation, (ii) formation of a
solvent-separated ion pair, (iii) transport into a water network
and (iv) long-range transport. The latter is strongly affected by
morphology while the first three steps can be seen as successively increasing escapes of water and protons from the
influence of the sulfonate anion. At low water contents, it is
ordinarily expected that the first two steps are critical. Step (i)
occurs at l ¼ 1 or 2, step (ii) occurs at l ¼ 5 or 6 and step (iii) is
associated with transport at l higher than w6. Indeed,
Modeling studies performed by Paddison indicate that the
proton in a well-hydrated proton-conducting polymer occurs
with the proton moving through the center of the channel [22].
Since we can expect a similar (or worse!) degree of dissociation for the low EW polymer, steps (ii) and (iii) seem to be
central to explaining the observed results.
In the present case, we suggest that a different kind of connected
water network forms because of the close proximity of the sulfonate
groups in PFSAs with very low EW. Fig. 6 shows this schematically.
Since even two to four water molecules can effectively bridge
between sulfonates for EW ¼ 585, we suggest that there will be
significant connectivity along the pore wall of the membrane.
The polymer equivalent weight is such that only w2.5 additional
TFE units are present between sidechains. Furthermore, since
the homopolymer cannot be made, it is likely that random long
‘runs’ of closer sidechain spacing are not present [23]. As a visual
reference, Fig. 6 provides a picture of the spacing between acid
groups for EW_585 (right) and 825 (left), with l ¼ 4, in one
configuration, that which will provide the nearest approach of
the sidechains without their flexing toward each other. Clearly,
it is plausible that water can bridge the space between sulfonates for EW ¼ 585 but not for EW ¼ 825.
Given these data and our hypothesis of a continuous water
network along the pore wall, in which water molecules
effectively bridge between closely spaced sulfonate groups,
we propose a picture of the system formed at low water
content that is consistent with our data and our reasoning
above. We infer that transport of the water and protons is
controlled by this network. On average, for 2  l  4, a water
molecule will spend 25%e50% of its time in such a bridging
environment given the tendency of water to remain within
close proximity of the sulfonate and assuming one bridging
water molecule per sulfonate. We suggest that this bridging
leads to a more loosely bound water network than is normally
seen at higher EWs. The interaction between a given water
molecule and a given sulfonate anion is weakened by the
presence of another sulfonate exerting force on the water
molecule. The relatively high mobility of water in the water
content range 2  l  4 for 585 EW ionomer is a consequence of
this loose binding. The availability of this connected, mobile
water network promotes more facile proton transport.
We note that there is no requirement that the sidechain
move in this model to accommodate water and proton transport. In fact, substantial sidechain motion to facilitate water or
proton transport is likely to be significantly slower than water
motion and may even hinder water mobility [24]. Also, such
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motion only facilitates interactions between pairs of sidechains rather than forming a network. A sidechain flexing toward the next sidechain moves away from its other neighbor.
Nonetheless, it is important that the sulfonate-bearing entity
have some flexibility in forming the basic framework.
Our network hypothesis presents a rather different
mechanism for transport in synthetic polymers. It suggests
that high rates of transport can be achieved with tight packing
of sulfonates with an appropriate lateral geometry to allow
water bridging.

4.

Conclusions

In summary, results of experiments reflecting the mobility of
protons and water in 3M PFSA membranes show that significantly increased mobility at low water contents is present in
polymers with closely spaced sulfonate-terminated sidechains. We argue that this implies the development of a
connected pathway for transport along the pore wall of these
materials. We further suggest that higher local water mobility
arises from interactions of water molecules with more than
one sulfonate and that this mobility plays a significant role in
allowing the facile proton transport.
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