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The diffusion coefficients in proton-exchange perfluorosulfonated membranes fabricated by different techniques
have been analyzed in the temperature range from 200 K to 300 K using NMR diffusometry in a static magnetic
gradient field. The influence of the water content as well as the effects of the membrane thickness and the side-
chain length on the diffusion coefficient was analyzed. It is found that the fabrication by the extrusion cast
method leads to faster diffusion as compared to the solution cast fabrication method. Shorter side chains are also
preferable for faster diffusion. Both the decrease of the temperature and the water content leads to a reduced
diffusion coefficient, affecting the transport micromechanism in a similar way by increasing the role of the water
on the pore walls with respect to proton transport. The model of confined water in Nafion pores has been applied
to analyze the results. It is proposed that both conductivity and diffusion at low temperatures are determined by
protonic transport of the surface water via bond defects in contrast to the bulk water or ice, where the ionic

defects are responsible for the mass transport.

1. Introduction

The most developed technology for direct conversion of chemical
energy to electric energy without combustion involves proton-exchange
membrane fuel cells (PEMFCs) [1-4]. PEMFCs operate in the following
way: an oxidizer (usually air) is supplied on an electrochemical cell from
the cathode side and fuel (usually hydrogen) is fed from the anode side.
A chemical reaction at the anode produces proton-electron pairs. The
electrons are sent to a load, while the protons migrate through the
membrane, thereby reacting in the cathode region with oxygen to water.
Electrolytic membranes currently used in PEMFCs are per-
fluorosulfonated polymers such as Nafion, where the proton transport
occurs via water confined in nanochannels. In this case, the migration of
protons through the membrane is accompanied by electroosmosis: the
moving protons entrain the neutral water molecules from anode to
cathode. It was established that in this type of polymers each proton
picks up about three water molecules [5,6]. As a result, a deficit and an
excess of water arise in the anode and the cathode regions, respectively,
causing a concentration gradient and, therefore, an inverse diffusion
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flow of Hy0 molecules. Thus, the processes of diffusion play a significant
role in the operation of PEMFCs and it is important to study how it
depends on the water content and the temperature. The temperature
range must be wide, taking into account the practical applications in
various climatic conditions.

2. Studies of water diffusion in sulfonated polymer membranes

Water diffusion in perfluorosulfonated membranes was intensively
studied in the past [7-17]. These studies were performed primarily on
commercial Nafion 117 membranes obtained by the extrusion cast
method. The water content in Nafion 117 membranes is usually related
to the equivalent weight of sulfite groups in the polymer: A = Ny20/N-
sosy at room temperature. It was found that the diffusion coefficient
increases rapidly with increasing water content if A is below ~3-4
whereas the diffusion coefficients dependence from the amount of water
became more flatten at A > 5 [7-17] and this behavior safe at
sub-freezing temperatures [18]. A similar dependence of the diffusion
coefficient on A was also observed for other types of membranes, while
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the values of the diffusion coefficients can differ significantly for sam-
ples, which have the same nominal composition [7,8,13].

Such discrepancies could result from different conditions of mem-
brane preparations, irreproducible saturation with water, etc. In
particular, inconsistent diffusion coefficients were obtained for extru-
sion Nafion 117 and Nafion 112 membranes at low temperatures [10,
12]. The authors of [10] detected a stepwise decrease in the
self-diffusion coefficient of water in the Nafion 117 membrane at ~253
K. At the same time, the self-diffusion coefficient measured for the
Nafion 112 membrane varies smoothly with temperature, showing only
a small change in the slope [12]. Authors [18] also did not observed any
stepwise anomalies in diffusion coefficients of Nafion 117 membrane
measured at 98% humidity but they did not present A data, which do not
allow us to directly compare with ref’s 10 and 12. It is noteworthy that
the Nafion 117 and the Nafion 112 membranes are distinguished by
their thickness. Thus, it is still interesting also to determine the influence
of the membrane thickness on the diffusion coefficient and its temper-
ature dependence at close water contents.

A very important structural feature of perfluorosulfonated polymers
is the presence of a system of pores connected by nanochannels, through
which the diffusion of water molecules and proton transport occurs
[19-21]. The state of confined water is significantly different from the
state of bulk water. In particular, water in perfluorosulfonated polymer
membranes can be in a free state with the characteristics corresponding
to bulk water, in a state strongly coupled to sulfonic acid groups with
lower dielectric relaxation frequencies, and in a weakly coupled state
with higher dielectric relaxation frequencies [22-25].

The model for the water behavior in nanochannels of porous mate-
rials, in particular in proton-exchange membranes, has been presented
in ref’s [22,23], where were suggested that the water in nanochannels
exist in two different states. The first state is bulk water in the center of
the pores with usual characteristics. The second state is the surface water
with an abundance of hydrogen bonds in the wall vicinity and strong
violations of the ice rules [26]. Similar behaviors are known for water in
various types of confinements [27-31].

The application of NMR to study the diffusion coefficients of HyO in
Nafion has a long tradition, starting almost three decades ago [7].
Nowadays NMR diffusometry is an established method and we will
apply it to proton-exchange membranes. Specially, the 'H diffusion
coefficients in various membranes are measured using an ultrahigh
static gradient magnetic field (SFG NMR) in the temperature range from
200K to 300 K. The studies are performed on membranes obtained from
Chemours (Nafion membranes), fabricated by extrusion cast and solu-
tion cast methods and from Fumatech (Fumapem membranes) with
different lengths of the side chains but the same equivalent weights
fabricated by the solution cast method. The goal of this work is to
compare diffusion coefficients in proton-exchange membranes fabri-
cated by different methods, differing also by their thicknesses and
side-chain lengths in a wide temperature range. Another goal is to show
that the model [21] enables an explanation of the experimental data.

3. Experimental
3.1. Sample preparation

The commercial membranes were first pretreated by cleaning. The
samples were boiled in 3 wt % hydrogen peroxide solution (Hz032)
during 1 h and rinsed with distilled water to eliminate organic impu-
rities. To remove residual hydrogen peroxide, the membranes were
boiled in distilled water for 1 h. The final protonation procedure
included exposition of the samples to 0.5 M sulfuric acid (HoSO4) for 1 h
and followed by boiling in distilled water for 1 h in accordance with [7].
The cleaned membranes were cut into 1 cm x 5 cm stripes. To erase
memory effects, the membranes were annealed at 80 °C in a vacuum
under 0.1 bar for 20 h and were kept at T = 25 °C under 0.1 bar for 20 h.
Finally, the samples were dried at 25 °C under 5 x 10~® mbar for 48 h.
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In order to obtain the desired water content in the samples, the
membrane stripes were placed in a desiccator containing a saturated
solution of the proper salt to control the humidity (MgCl,-33%RH,
KBrO3-98%RH). The desiccators were darkened and kept at a temper-
ature of 23 °C. The weight of the samples was stable after 14 days of
wetting. Afterwards the samples were inserted into the NMR tubes,
which were closed by teflon caps. In order to avoid a humidity loss, the
caps were sealed with a small amount of epoxy resin. The samples were
weighed at the beginning and at the end of the experiment to ensure the
absence of water loss.

3.2. NMR diffusometry

In order to quantify the influence of the sample characteristics on the
dynamic properties, the self-diffusion coefficients of protons were
measured using 'H Static Field Gradient (SFG) NMR diffusometry [32,
33]. The SFG method has high gradient of magnetic field and allows to
measure the systems with short T; and T, relaxation times, since SFG
does not require gradient switching. For these measurements a three
pulse stimulated echo sequence was used which provides an echo
amplitude S, the decay of which is mainly governed by spin relaxation
and diffusion:

—t, -2t 2 (2
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While t, is the interval between the first two RF pulses of the
stimulated-echo sequence and t;, is the interval between the second and
the third pulses in this sequence, T; and T3 are the spin-lattice and spin-
spin relaxation times respectively, y is the 'H gyromagnetic ratio, g is the
field gradient and D is the diffusion coefficient. To independently
determine the decays due to spin relaxation, we performed a separate
experiment in a homogeneous field at the same frequency and temper-
atures. The T; and T, times were measured using standard NMR tech-
niques and all measured T; dependencies have shown mono-exponential
behaviour. The T, filtering method was applied to cut off the contri-
bution to the NMR signal from the ice phase. Typical diffusion lengths
during experiments were in the rage from hundreds of nm to tens of pm.
The static field gradient was generated by a specially constructed
magnet with anti-Helmholtz arrangement of superconducting coils,
yielding a maximum field gradient of 180 T/m [32,34,35]. The 'H NMR
frequency in our experiment was 162 MHz, the field gradient was 141
T/m and the length of 90-degree RF pulses was 0.7ps. The measurements
were carried out in a temperature range from 200 to 300 K. The tem-
perature was set with an accuracy of 1 K and stabilized to 0.1 K. The
diffusion coefficient errors were calculated at fitting echo signals. The
major uncertainty in NMR diffusion coefficient arising from the deter-
mination of the magnetic field gradient, which is below 1% and from the
unavoidable experimental noise of the measured echo amplitude S(tp, ty,
g), affecting the fitting with Eq. (1). Experimental noise is controlled by
the number of accumulations to get the final accuracy usually better
than 3%. At temperatures below 250K the diffusion becomes slower
while the T; and the T, relaxation times becomes shorter. The proper
exponents with relaxation terms in Eq. (1) get dominating over the
exponent with diffusion coefficient, which leads to a gradual decrease in
accuracy to 10%.

4. Results
4.1. Influence of membrane thickness and fabrication method

Fig. 1 shows the Arrhenius plot of the diffusion coefficients D for
Nafion 211, 212 and 117 membranes at a high water content (wetted at
98% RH, A ~ 6-7). Nafion 211 and 212 were obtained by the solution
cast method and have thicknesses d of 25 and 50 pm, respectively. Their
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Fig. 1. Temperature dependent self-diffusion coefficients for the Nafion 211,
Nafion 212 (solution cast method) and Nafion 117 (extrusion cast method)
membranes at high water content A.

self-diffusion coefficients are nearly the same indicating that proton
transport does not depend on sample thickness. For the Nafion 117
membrane (d = 180 um) obtained by extrusion, the self-diffusion coef-
ficient is, within the entire temperature range, about 1.5 times higher
than for the solution cast membranes. Thus, the difference in thickness
hardly affects the diffusion, while the fabrication method does.

The D(T) dependencies for all investigated samples reveal two tem-
perature intervals where they obey to the Arrhenius law:

D(T) =Dy - exp (;5) 2

where Dy is the pre-exponential factor, E, is the activation energy, T is
the temperature, k is Boltzmann constant. For all samples the diffusion
coefficients demonstrate a change in slope (knee) at around 7 = 240 K.
This corresponds to two different regimes with activation energies F, of
~0.20 eV above 240 K and 0.35-0.43 eV below 240 K. However, the
transition between the two regimes is smooth. The activation energies £,
for all samples are collected in Table 1.

It should be noted that the knee on D(T) dependences is close to the
value of the singularity temperature for confined water in Nafion
determined in Ref. [36]. The nature of this singularity in bulk water has
been the subject of some discussion [37-39]. The authors [36] suggested
that at this temperature the orientation motion of water molecules is
frozen. Therefore, the observed increase in the activation energy of the
diffusion coefficients at T < 240K indicates a change in the diffusion
micromechanism, which is discussed below.

4.2. Influence of side chain length and water content

Effects of the side chain length are studied using Fumapem F950
membrane with long side chains and Fumapem FS 930 RFS membrane
with short side chains. The chemical structure of the perfluorite sulfo-
nated polymers with different side chains are described in detail in Refs.
[40,41]. Both membranes were obtained by the solution cast method
and have identical equivalent weight ~950 g/eq. In this way it is
possible to almost exclude an influence of SO3~ group concentration on
the diffusion coefficient and to obtain samples with water contents close
to each other after saturation in an atmosphere with a fixed humidity. In
addition, we analyze the role of the water content by preparing these
samples with high (A ~ 8) and low (A =~ 2) amounts of water. The
temperature-dependence of D values of these samples are presented in
Fig. 2.

We see that the temperature dependences of Dyur for A ~ 8 for both
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Table 1

The values of activation energy E, and pre-exponential factor Dy for measured
membranes. The errors of E, and Dy parameters were determined at fitting
experimental data with Eq. (2)

N2  sample d, EW, A temperature Do, m?/s E,, eV
pm g/eq interval, K
1 Nafion 183 1100 2.6 200-240 (1.25 + 0.46 +
117 0.01) 0.01
E-2
2 Nafion 50 1100 6.4  200-240 (9.74 + 0.37 +
212 0.03) 0.01
E-4
3 Nafion 25 1100 6.6  200-240 - ~0.35
211
4 Nafion 183 1100 6.7 200-240 (2.29 £ 0.34 +
117 0.03) 0.01
E-4
5 F 950 50 950 8.3 200-240 (1.94 + 0.42 +
0.01) 0.01
E-2
6 FS 930 30 930 8.6  200-240 (1.78 £ 0.37 +
RFS 0.02) 0.01
E-3
7 FS 930 30 930 1.4  250-300 (8.8 + 0.31 +
RFS 0.1)E-6 0.01
8 F 950 50 950 1.5 250-300 (7.7 £ 0.32 +
0.1)E-6 0.01
9 Nafion 183 1100 2.6 250-300 11+ 0.25 +
117 0.1)E-6 0.01
10  Nafion 50 1100 6.4  250-300 (8.0 + 0.23 +
212 0.1)E-7 0.01
11 Nafion 25 1100 6.6 250-300 (1.20 + 0.24 +
211 0.1)E-6 0.01
12 Nafion 183 1100 6.7  250-300 (7.8 £ 0.22 +
117 0.1)E-7 0.01
13 F 950 50 950 8.3 250-300 4.7 £ 0.20 +
0.1)E-7 0.01
14 FS930 30 930 8.6  250-300 1.4 + 0.22 +
RFS 0.1)E-6 0.01

_E_=0.20-0.22eV 0 F950 (long side chains), A=8.3
N N @ FS930RFS (short side chains), A=8.6
107° A F950 (long side chains), A=1.5
_ A FS930RFS (short side chains), A=1.4
~~ ‘\\9
'n 107" E N
s E =0.31-0.32eV ~ @ E =037-042eV
o e
12 [SIEEN
10 ~ l
(&) \\\
. S\
10" L
3.0 3.5 4.0 4.5 5.0 5.5
1000K/T

Fig. 2. Temperature-dependent self-diffusion coefficients for Fumapem F950
membrane with long side chains and for FS930 RFS membrane with short side
chains at high and low water contents A.

membranes are almost identical. The Dyyr values for these membranes
at high water contents appear somewhat higher than those for the
Nafion membranes at the same temperatures, see Fig. 2. However, the
activation energies £, = 0.20-0.22 eV and 0.37-0.42 eV above and
below ~240 K, respectively almost coincide with the activation energies
for the Nafion membranes. The self-diffusion coefficients at low water
contents are about an order of magnitude lower over the whole tem-
perature range, while the temperature dependences of Dyyr repeat the
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behavior measured for the samples with a high water content and can be
described by nearly the same activation energies (Fig. 2).

Thus, the diffusion mechanism in Fumapem membranes changes
near 7 = 240 K and this change is independent of the concentration of
sulfite groups, from the length of the side chains and also from the
diameter of the channels which is weakly dependent from A. We also
would like to note that the self-diffusion coefficient for the membrane
with short side chains at low water content, A ~ 2, is somewhat higher
than for the membrane with long side chains. Thus the short-chain
membranes have advantages for fuel cells while operating at low
humidity.

4.3. Comparison of NMR and conductivity results

There are several works presented behavior of protonic conductivity
in Nafion below water melting point [42,43,46] and proposed empirical
expression describing protonic conductivity in wide temperature and
water content ranges. However, more detail conductivity measurements
with precise water content determination for cooling and heating pro-
cesses were carried out in Ref. [44]. It can be seen from Fig. 3 that the
self-diffusion coefficient and the total conductivity [44] behave simi-
larly if the water content is high (A > 6), their activation energies are
close to each other and the conductivity temperature dependence also
exhibits a transition from high to low activation energy approximately at
the same temperature of 240 K. The activation energy is about 0.2 eV at
high water content in the high-temperature region, which is close to
0.16 eV of the high-frequency conductivity of bulk water [45].

At low water content (A =~ 2-3), the used methods yield different
results for the temperature dependence. At temperatures below 240 K
the activation energy of the electroconductivity amounts to 0.56 eV,
while NMR diffusometry gives only 0.46 eV. In the high-temperature
region these values are 0.34 eV and 0.25 eV respectively (Fig. 3). This
difference probably suggests a change in the conduction mechanism
when the water content A is reduced to values below 3.

Therefore, we conclude that the decrease of water content and
temperature reduce the proton mobility in Nafion membranes. The
mechanisms for diffusion and conductivity change at around 240 K,
(will be discussed below) affecting the activation energy. Furthermore,
conductivity and diffusivity show similar behavior at high water con-
tent, whereas the mechanism for charge transport deviates from that for
diffusion at low water content of A ~ 3. The similar temperature and
water contents effects on transport properties in Nafion were remarked
in recent review [46]. The authors [46] concluded that the complex
nature of conductivity involving water-mediated transport, proton

-

—o— o at 1=6 ref. [44]
—o— o at 2=2 ref. [44]

0Fr E =0.19eV —e—Data=6.7
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Fig. 3. Temperature dependences of the proton self-diffusion coefficient and
proton conductivity for the Nafion 117 membrane at similar water contents A.
The conductivity data are taken from Ref. [44].
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hopping, and segmental motion of chains, all contribute to the thermally
activated kinetics of proton mobility that changes significantly with
water content. However, no any microscopic description model of
transport properties in Nafion was proposed.

5. Model of confined water

For the interpretation of our results we describe water confined to
the nanochannels of the Nafion polymer films by a model which is based
on the theory of proton transport in ice [47-53]. The ice rules mean, that
the protons are distributed over all possible positions on hydrogen bonds
as: two protons near each oxygen ion and one proton on each hydrogen
bond [47-53]. The proton transport is prohibited in the system and
could be realized only via ionic and bond defects. The idea of present
description is that the structural properties of water at the membrane
walls are similar to that of ice where different defects resulting from
violations of the ice rules are possible. The Coulomb interaction between
such defects leads to a temperature-induced increase of their concen-
trations by 6-7 orders of magnitude [51]. This can be treated as a first
order phase transition, which is accompanied by a commensurate
decrease in the relaxation time and can be interpreted as the formation
of a liquid like state of dynamically disordered hydrogen bonds. The
approach is based on the Jaccard theory [26,47-53] initially developed
for electric properties of ice. According to this theory, the electric
properties of ice can be described in terms of proton point defects
H;0",OH", D, and L, which stem from the violations of ice rules as
shown in Fig. 4. The process formation of two ionic defects H30" and
OH- involve at the beginning the proton jump along the hydrogen bond
when a pair of charged defects (H30" and OH) is at the minimum
possible distance. Then ionic defects migrate on some distance by the
subsequent jumps of protons along the hydrogen bonds network, as
shown by arrows on Fig. 4. It is important to note that ionic defects are
always born in pairs, and that they are always connected by a string of
equally ordered hydrogen bonds, shown in this figure by arrows. Fig. 4b
shows the formation process of a pair of bond defects (L and D), that is,
hydrogen bonds with two (L) and zero (D) protons which accompanying
by broken of H-bond. These defects are called bond defects, or orien-
tation defects. As can be seen from Fig. 4b, they are also born in pairs,
carry an electric charge, and are also connected by a string of equally
oriented hydrogen bonds along the separation path.

To provide a compact description of the charge transport we will turn
from the description of the electric processes in terms of strongly
interacting molecules to a quasi-particle representation with weak in-
teractions among excitations (the defects).

The main equations of the Jaccard theory are [26,47,53]:

0 o
== _mik 3)
k=1

) o
ji= 5 0B~ 0] ©)
k

Equation (3) describes the time evolution of the vector Q charac-
terizing the ordering (or polarization) of hydrogen bonds, which is
related to the arrangement of defects, as shown in Fig. 4. Egs. (3) and (4)
are the equations of linear response theory to describe the fluxes induced
by the electric field E and the configuration vector Q. In Eq. (4), the
subscripts k =1, 2, 3,and 4 specify H;0", OH™ ,D, and L defects
respectively; n, = +1, -1, —1,+1 are the coefficients characterizing the
way of polarization of hydrogen bonds (see Fig. 4); and j is the defect
flux density. In Eq. (4), ex and oy are the effective charges and partial
conductivities of defects, respectively, ® = 8kTry/+/3 specifies the en-
tropy force acting on a defect and it is calculated in Ref. [38], The co-
efficient Tr,, defines a generalized thermodynamic force, also called a
configuration or entropy force, on the side of the configuration vector.
The configuration vector characterizes the order of the proton subsystem
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Fig. 4. Formation and motion of H30",0H™ (a), D, L— defects (b): oxygen ions bound to three and one proton, and bonds with two and zero protons respectively.
Defects are indicated by corresponding ovals. Proton hopping leads to a displacement of defects and a polarization of the bonds over the covered distances.

resulting from the defects motions; T is the temperature and rog is the
distance between the nearest oxygen ions.

Equations (3) and (4) lead to a Debye type frequency dependent
conductivity, which can be written in the form

b1l +05)/er — (03 + 04) Jes)
1 —iwt

()

o(w)=0,+0,+03+04 —

] :<P[(61 +62)/612 + (634 04) /632] 6)

where 7 is the Debye relaxation time. In ordinary ice the conductivity
due to ionic defects must be equal to the conductivity due to bond de-
fects and the relation 61+05 = 63404 is satisfied in the static and high-
frequency conductivities and can be expressed in the form [26,47,48]:

o0)=°

e?

D
(61 +02), o(e0)=05+04, Tﬁl=e—2(63+64) @)
3

The dc or low frequency conductivity is determined by minority
carriers, which are slow, whereas the high-frequency conductivity and
relaxation times are determined by the fast majority carriers.

We emphasize that Eq. (7) is obtained for partial conductivities and
in the general case Egs. (5) and (6) should be used. The physical meaning
is the following: if an electric field is applied, the majority carriers carry
the main current and polarize the bonds. This stops the current of the
majority carriers (see Fig. 4) and in this polarized state only a weak
current of minority carriers is possible. Thus, in the ice the polarization
and the conductivity are present.

With increasing temperatures, the proton subsystem in ice can un-
dergo a phase transition to a new state where the defect density is many
orders of magnitude higher than the carrier density [50-52]. In this case,
the relative concentration of bond defects, which are in fact broken
hydrogen bonds, reaches about 10% immediately after the transition.
The sharp increase of concentration of broken hydrogen bonds results in
a sharp increase of the number of the oxygen vacancies and their
mobility. According to the Frenkel vacancy theory of melting, the last
property allows one to treat this new state as a liquid state. Thus, we can
interpret the water as ice with strongly broken hydrogen bonds. This is
an extremely radical treatment of water, but nevertheless it allows to
interpret the transport properties of water in a very accurate agreement
with experiments [10,50,51], where the properties of water confined in
nanochannels have been found fundamentally different from the prop-
erties of bulk water. According to the modern treatment, the water holds
more than 90% of hydrogen bonds, which allows to describe such water
with retained hydrogen bonds as ice. Finally, there are reliable experi-
mental indications that oxygen atoms in water confined in nanochannels
are noticeably more ordered than in the bulk water; i.e., it is more
similar to ice than to the bulk water [54,55].

Thus, the water confined in nanochannels of polymer membranes
can be described by the Jaccard theory, using modified parameters of
concentrations and motilities of defects.

In the following we will use this model to interpret our results on
electroconductivity and self-diffusion in polymer electrolytes.

6. Discussion

We will start from the results shown in Fig. 1. The higher diffusion
coefficient of water in polymer membranes obtained by the extrusion
method by a factor of 1.5 is due to a more ordered system of oriented
elongated channels. The change in the activation energy near 240 K can
be explained as follows: In a rough approximation, the water in cylin-
drical channels is separated into two types, the water near the walls of a
channel and the water in a central part, far away from the walls. The
properties of the wall water can be strongly different from the properties
of the bulk water. The origin of this difference is similar to that between
bulk ice and its quasi-liquid surface layer. We suggest that the wall water
has the diffusional activation energy of about 0.40 eV. At the same time,
the water in a central part of the channel is identical to the bulk water
with the activation energy of diffusion of about 0.20 eV. The central part
of the channel provides the main contribution to the NMR signal at high
temperatures because of its higher amount of molecules. Consequently,
the measured activation energy is similar to that of the bulk water. When
cooling to ~240 K water in the central part begins to crystallize or rather
transform to the vitreous state [46], which reduces its contribution to
the NMR signal because of a shorter spin-spin relaxation time in com-
parison with the wall water and larger loss of NMR signal during un-
avoidable dead time of spectrometer. It is remarkable that the maximum
supercooling temperature of water is close to 240 K [38,56-58]. Below
240 K, the NMR signal is determined by the surface water, which has an
activation energy of diffusion of ~0.40 eV. The transition at 240 K is
smooth for two reasons: The interface between the wall and the bulk
water is smooth and the channel diameters are distributed, leading to a
distribution of the freezing parts.

Let us consider the dependence of the diffusion coefficient on the
water content, presented in Fig. 2. It is reasonable to assume that by
filling the channels the water is condensed first on the channel walls.
Consequently, at a low water content the channels are filled incom-
pletely and the contribution of water at the wall is larger. This explains
the smaller diffusion coefficient at low water content. With increasing
water content, the contribution of the bulk water rises, which leads to a
higher diffusion coefficient measured by NMR. With decreasing tem-
perature NMR measures again preferably the wall water. The mecha-
nism of transition from bulk water diffusion at high temperatures to wall
water diffusion at low temperatures is rather identical. The transition
temperature is determined by crystallization of the bulk water; i.e., this
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temperature should be approximately the same for both, the low and for
the high water contents. In reality, since the amount of bulk water is
smaller at low water content, the transition to the wall water regime
should be slightly shifted toward higher temperatures, as can be seen in
Fig. 2.

We now compare the results for proton diffusion with that for proton
conductivity [44], presented in Fig. 3. At high water contents (1 = 6.0
and 6.6) diffusion and electroconductivity consistently show a transition
at 240 K, with activation energy E, = 0.20 eV above 240 K and 0.40 eV
below. According to Ref. [58], the diffusion in bulk water is determined
by bond defects and the activation energy of diffusion is close to the
activation energy of migration of bond defects. At the same time, the
low-frequency conductivity should be determined by minority carriers,
which are usually ionic defects. The similarity of self-diffusion and
conductivity seemingly contradicts [58]. However, in this case of
Nafion, the number of ion defects generated by the protons from the
acidic side chains of Nafion is so large that the partial conductivity of
ionic defects becomes higher than the partial conductivity of bond de-
fects; i.e., the ion defects become the majority carriers. Then, according
to our model, the low-frequency conductivity is determined by bond
defects. In fact, the water in nanochannels of polymer films is in a spe-
cific state, where the majority and minority carriers are interchanged as
compared to pure bulk water. Such a phenomenon in physics of ice is
known as crossover.

The transition between the high- and low-temperature regimes at
low water contents (4 = 2.0 and 2.6) has specific features as compared to
the transition at high water contents. The activation energies at high
temperatures increases when reducing the water content at 1 < 2.6.
Such an increase can be attributed to a larger contribution of the wall
water whose fraction at low water content is higher and the activation
energy of diffusion in the wall water is higher. It is even possible that the
number of water molecules at 4 ~ 2.0 is so small that the wall water in
fact constitutes a monolayer of adsorbed molecules with a higher acti-
vation energy. In addition, the carriers are different for diffusion and
conductivity and the similarity between the temperature dependences of
diffusion and conductivity is violated, as seen in Fig. 3.

The most interesting and surprising result of our analysis is that the
majority carriers in water confined to nanochannels of Nafion films are
the ion carriers, whereas the low-frequency conductivity is determined
by bond defects. To confirm this conclusion, we present numerical es-
timates. The surface of the walls and the volume of the channel per unit
length of the channels are 2za and 7a?, respectively, where a is the
radius of the channel. Consequently, the surface density of injected
protons at which their number is equal to the number of bond defects
(per unit length) is y ~ ang /2. We estimate the defect density at 240 K as
ng ~ 1.3 x 10 m=3 and a = 2 nm for the channel radius. Then, the
surface density can be estimated as # ~ 1.3nm~2. This value corresponds
to almost half of the surface density of the sulfite groups ~ 78/ 32 ~
2.44 nm~2 [59]. This means that when half of the sulfite groups release
their protons to water, the resulting concentration of the H30" defects
becomes equal to that of the L defects. In reality, the ion defects will
become majority carriers even at lower concentration because their
mobility is higher than that of bond defects.

In summary, it can be concluded that a change in the type of the
majority and minority carriers in channels of polymer membranes
should take place, as confirmed by the similarity of Arrhenius plots for
the self-diffusion coefficient and the conductivity.

7. Conclusions

We can summarize the main results of this study as follows:

The water in nanochannels of proton-exchange perfluorosulfonated
membranes can be considered as existing in two states, wall water and
central or bulk water. The water in these states can be characterized by
different activation energies of diffusion and conductivity.
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A smooth transition between the high and the low temperature
diffusion regimes occurs at 240 K and is due to crystallization of the
central water.

At low water content, . < 3 the water molecules are preferably
located in the vicinity of the wall and its activation energy is high. The
proton injection from acid branches of side chains is so high that the ion
defects become the majority carriers. The low-frequency conductivity is
determined by the bond defects which are the majority carriers for this
method.

In order to increase the proton transport, it is necessary to increase
the concentration of the bond defects, which can be ensured by addi-
tional doping of the polymer matrix in a way that the dopant is induced
into the channels. If this dopant will be able to orient the water mole-
cules with their protons towards the dopant particles, an increase of the
most mobile L-type bond defects occurs, thus increasing the low-
temperature proton conductivity.
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