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The  conductivity  of  sulfonated  membranes  based  on hydrogenated  polynorbornene  functionalized
with  dicarboximide  side  groups,  specifically  hydrogenated  poly(exo,endo-N-phenyl-norbornene-5,6-
dicarboximide),  was  determined  by impedance  spectroscopy  in  the  temperature  range  10–40 ◦C.  Using
Nernst–Planck  transport  equations,  the  diffusion  coefficient  of  protons  in the  membranes  was  estimated.
The  diffusion  of  protons  was  also  measured  by  pulsed  field  gradient  (PFG)  NMR techniques  at  several
eywords:
roton exchange membranes
olynorbornenes
ulsed field gradient NMR

temperatures.  The  comparison  of  the  temperature  dependence  of the  diffusion  coefficients  of protons
obtained  by  the  two  techniques  suggests  that  a vehicular  type  mechanism  governs  the  transport.  Solid
state 23Na magic  angle  spinning  (MAS)  NMR  was  used  to  determine  the  state  of  sodium  counterions  in
membranes  equilibrated  with  1 M sodium  chloride  solutions.  The  spectra  exhibit  two  peaks,  one  narrow
and another  broad,  corresponding,  respectively,  to isolated  hydrated  sodium  ions  and  clustered  sodium
ions.
. Introduction

The study of the electrochemical characteristics of proton
xchange membranes (PEM) in terms of the chemical structure is a
ubject of great interest in the efforts toward the improvement of
he properties of solid electrolytes separating the fuel from the oxi-
ant in fuel cells. PEMs should exhibit stable chemical properties to
vercome the unfriendly oxidative degradation in fuel cell operat-
ng conditions [1,2]. Also, the mechanical properties of PEMS should
e good enough to allow the fabrication of membrane-electrode
ssemblies (MEAs). Aside from these important characteristics,
igh performance proton exchange membranes should display
igh protonic conductivity and negligible electronic conductiv-

ty. The strong dependence of polymeric acidic membranes on
ater content precludes their use at temperatures above 100 ◦C,

hus impeding the utilization of low quality platinum catalyst in
ow temperature fuel cells technology. To develop systems that
an conduct protons with little or no water content is one of
he greatest challenges facing fuel cell membranes technology

3].

The conductive process presumably involves dissociation of the
roton from the acidic site of the membranes by the action of

∗ Corresponding author. Tel.: +34 91 5622900; fax: +34 91 5644853.
E-mail address: riande@ictp.csic.es (E. Riande).

376-7388/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.memsci.2011.07.001
© 2011 Elsevier B.V. All rights reserved.

water, subsequent transfer of the proton to the aqueous medium,
screening of the hydrated proton from the conjugated base or fixed
anion, and finally diffusion of the proton in the confined water
within the polymer matrix [4].  The distribution of water in mem-
branes may  be inhomogeneous under operating conditions due to
electro-osmotic drag of water from the anode to the cathode and/or
back diffusion of the water produced in the cathode to the anode.
These facts in conjunction with water evaporation and change
of the water content caused by membrane electrode assembly,
strongly affect the conductivity of membranes. As a consequence, to
know the water profile across PEMs in working conditions requires
the knowledge of the electro-osmotic permeability and the diffu-
sion coefficient of water in the acidic ion-exchange membranes
[5–7].

The estimation of the proton conductivity in membranes pro-
vides an indirect way of determining the diffusion coefficient of
protons in the case that all protons in the membranes intervene
in the conductive process. On the other hand, pulsed field gradient
(PFG) NMR  techniques have been widely used to study molecular
diffusion of fluids in confined and non-confined geometries [8,9].
The technique has also been extended to determine apparent diffu-
sion constants of protons in acidic ion-exchange membranes with

different water uptake [10–15].  At first sight, a comparison of the
proton diffusion coefficients obtained from conductivity and PFG
NMR  techniques may  shed light on the transport mechanisms in
membranes.

dx.doi.org/10.1016/j.memsci.2011.07.001
http://www.sciencedirect.com/science/journal/03767388
http://www.elsevier.com/locate/memsci
mailto:riande@ictp.csic.es
dx.doi.org/10.1016/j.memsci.2011.07.001
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Polynorbornenes exhibit excellent properties for dielectric
pplications, such as interval dielectrics in microelectronics, and
or gas separation and packaging. In the literature, norbornene

onomers with alkyl [16] or fluoroalky [17] side groups have been
eported that were further polymerized via ring opening poly-
erization metathesis on bicycloolefins to yield polymer chains
ith cyclolinear backbone. More recently, Tlenkopatchev and co-
orkers [18–20] functionalized norbornenes with dicarboximide

roups which were further modified by substituting the hydro-
en of the imide group with different moieties such as phenyl,
yclohexyl, adamantly, etc. groups, giving rise to novel poly-
ers differing in physical properties. Membranes were cast from
odified polynorbornene solutions and a systematic study was car-

ied out on the properties of these membranes in gas separation
21–24].  This novel type of polymers allows anchoring different
ypes of moieties to the imide groups that can be further sul-
onated to obtain new cation-exchange membranes. The aim of this
aper was to study with PFG NMR  the 1H intradiffusion coefficient

n this type of membranes, paying special attention to the effect
f the ion-exchange capacity and water content on proton trans-
ort. In parallel, the diffusion coefficient of protons attached to the
xed ionic groups accounting for the proton conductivity was esti-
ated from conductivity measurements using Nernst–Planck type

quations. The comparison of the diffusion coefficients of protons
stimated by PFG NMR  and conductivity may  provide information
oncerning proton transport in the membranes.

In addition, since solid state 23Na magic angle spinning (MAS)
MR can directly observe sodium ions, this technique has been
sed to obtain information on the local environment of fixed ions
anions or cations) bound to ionomers [25]. With this technique, it is
ossible to identify the presence of isolated, hydrated and clustered
odium ions in sulfonated polymers based upon differences in their
hemical shifts. Here, 23Na MAS  NMR  was used to study the state
f free ions or counterions in neutralized polynorbornene based
ation-exchange membranes.

. Experimental

.1. Cation-exchange membranes

Poly(N-phenyl-exo,endo-norbornene-5,6-dicarboximide)
PPhNDI) was synthesized by ring-opening metathesis polymer-
zation of N-phenyl-exo,endo-norbornene-5,6-dicarboximide
s indicated elsewhere [26]. The values of the number-average
olecular weight, Mn, polydispersity index, Mw/Mn, and glass

ransition temperature were, respectively, 2.1 × 105, 1.3 and
22 ◦C. The double bonds of the norbornene residues in PPhNDI
ere hydrogenated at room temperature using pressures ranging

rom 1 to 115 bars, employing suitable catalysts. The hydrogenated
olymer (PPhHNDI) was further sulfonated in dichloromethane
olution with acetyl sulfate in an ice bath. By varying the sul-
onation time two polyelectrolytes soluble in common organic
olvents such as dimethyl sulfoxide, dimethylformamide, and N,N-
imethylacetamide, were obtained. A scheme of the repeating unit
f the polyelectrolytes is shown in Fig. 1. Cation-exchange mem-
ranes (SPPhHNDI) were cast from solutions of the polyelectrolytes

n dimethyl sulfoxide.

.2. Water uptake and ion-exchange capacity of membranes
Water uptake was obtained from the weights of dry- and
ater-equilibrated membranes. The ion exchange capacity of the
embranes was obtained by equilibrating the membrane in the
Fig. 1. Repeating unit hydrogenated poly(N-phenyl-exo,endo-norbornene-5,6-
dicarboximide), partially sulfonated.

acidic form with a 1 M sodium chloride solution. The hydrochloric
acid liberated in the interchange reaction

R–H + Na+ → R–Na + H+

was titrated with a 0.01 M sodium hydroxide solution. The values
of the water uptake in g H2O/(g dry membrane) and ion-exchange
capacity (IEC) in mequiv. H+/(g dry membrane) were, respectively,
0.187 and 0.64 for the membrane with acronym SPPhHNDI1 and
0.284 and 1.18, respectively, for the membrane with acronym
SPPhHNDI2.

2.3. Conductivity measurements

The complex impedance of the membranes in the acid form,
equilibrated with distilled water, was  measured at different tem-
peratures ranging from 10 to 40 ◦C. The measurements were
performed with a Novocontrol broadband dielectric spectrometer
(Hundsagen, Germany) integrated by a SR 830 lock-in ampli-
fier with an Alpha dielectric interface in the frequency range
10−2–106 Hz. The electrodes used were gold disks of 10 mm of
diameter. The temperature was  controlled by a nitrogen jet (QUA-
TRO from Novocontrol) with a temperature error of 0.1 K during
every single sweep in frequency.

2.4. NMR  measurements

The NMR  experiments were performed in a Bruker AvanceTM

400 spectrometer equipped with a 89 mm wide bore, 9.4 T super-
conducting magnet (Larmor frequencies of proton and 23Na at
400.13 and 105.86 MHz, respectively).

To determine the diffusion coefficients of water in the SPPhH-
NDI membranes with NMR, the samples were initially hydrated
overnight by immersion in distilled water, blotted to remove
droplets and transferred to a 5 mm o.d. NMR  tube and closed with
a plastic cap and wrapped with paraffin film. In successive steps,
water in the membrane was partly evaporated in a controlled atmo-
sphere until the reported concentration was reached. In all cases,
the proton NMR  measurements were performed after allowing 12 h
for equilibration of moisture within the tube volume. Samples were
weighted with a precision of 0.1 mg  before and after measurements
and no significant weight loss was observed (<1%).

The proton diffusion reported data were acquired at 15, 25 and
35 ± 1 ◦C with a Bruker diffusion probehead Diff60 using 90◦ 1H
pulse lengths between 6.0 and 6.5 �s. A pulsed field gradient stim-

ulated spin echo pulse sequence illustrated in Fig. 2 was used. The
echo time between the first two 90◦ rf pulses, �1, was 2.71 ms.  The
apparent diffusion coefficient of protons, Dapp, was measured at
several diffusion times, �,  with gradient pulses of 1.6 ms,  and vary-
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frequency increases Z (ω) drops reaching a second plateau that
slightly decreases with increasing frequency. The value of |Z*(ω)|
in the second plateau at which �(ω) reaches a maximum is taken
as the ohmic resistance of the membrane, R0. Notice a significant

R0

Rp

CPE1

R0

Rp

CPE1
Fig. 2. Sketch of pulse sequence used in the PFG NMR  experiments.

ng their amplitude between 0 and 14 T m−1. The diffusion time was
aried from 10 to 40 ms  and the repetition rate was  3 s. The total
cquisition time for these experiments varied from 15 to 80 min.
he decay of the echo amplitude was monitored typically to, at
east, 35% of its initial value and the apparent diffusion coefficient at

 given � was calculated by fitting a stretched exponential function
o the decay curve.

Previously, the gradient was calibrated according to the spec-
rometer manufacturer protocol, using a sample of water doped
ith CuSO4 at 1.0 g L−1 and a value of the water diffusion coeffi-

ient equal to 2.3 × 10−9 m2 s−1. Furthermore, the calibration was
erified at the range of gradient values used experimentally by
easuring the diffusion coefficient of dry glycerol. It was found

 value of D = 2.23 × 10−12 m2 s−1, in good agreement with those
eported [27].

The 1H longitudinal relaxation times, T1, of water in mem-
ranes were estimated using an inversion-recovery (�–ti–�/2)
ulse sequence.

The solid state 1H and 23Na NMR  spectra were acquired with a
tandard Bruker double resonance 4 mm cross-polarization/magic
ngle spinning NMR  probehead using ∼35◦ 1H and 23Na pulse
engths between 1.0 and 2.0 �s, and recycle delays of 5 and 20 s,
espectively. Samples were placed in 4 mm  zirconia rotors and spun
t the magic angle at a rate of 8.0 kHz. For the 23Na NMR  spectra,
igh power proton decoupling was used. The 1H and 23Na spec-
ra were externally referenced to TMS  and 1 M sodium chloride
olution, respectively.

. Results

.1. Conductivity measurements

The equivalent electrical circuit for ideal acidic membranes is
n ohmic resistance R0 that accounts for the proton ohmic resis-
ance in series with a parallel RC circuit where R and C represent
espectively the polarization resistance and the capacitance of the
embrane. For real membranes the capacitor must be replaced by

 constant phase element (CPE) with admittance Y*(ω) = Y0(jω�)n

ith 0 < n ≤ 1, where � denotes an average relaxation time [28].
he complex impedance of the circuit is given by

∗(ω) = R0 + R

1 + Y1(jω�)n
(1)

ere Y1 = RY0 is a dimensionless quantity. An inspection of Eq. (1)
hows that for the Z′′(ω) vs.  Z′(ω) plot or Nyquist diagram, the fol-

owing conditions for the frequency limits hold

limω→∞Z ′(ω) = R0; limω→∞Z ′′(ω) = 0
limω→0Z ′(ω) = R; limω→0Z ′′(ω) = 0

(2)
Fig. 3. Nyquist plots at 10 ◦C (�), 25 ◦C (�) and 40 ◦C (�). Inset: details of the exper-
imental data at high frequencies, at 10 ◦C.

Accordingly, the intersection of the Z′′(ω) vs Z′(ω) curve with the
abscissa axis yields R0. An illustrative Nyquist plot for the SPPhH-
NDI1 membrane equilibrated with water, illustrated in Fig. 3,
exhibits two curves where the high- and the low-frequency sides
of the low- and high-frequency curves intersect with the abscissa
axis, respectively, at the same point. In principle, the ohmic resis-
tance of the membrane is assumed to be the value of the real
impedance at the intersection point. Then, the equivalent circuit
modeling the impedance of the membrane sandwiched between
the electrodes consists of a constant phase element CPE1 in paral-
lel with the equivalent circuit of the membrane described by Eq.
(1) (see Fig. 4). At low frequencies, Eq. (1) describes the impedance
arising from the polarization of the membrane whereas at high fre-
quencies the polarization is nil and the impedance is modeled by
the ohmic resistance of the membrane in parallel with the constant
phase element CPE1.

An alternative and often more convenient method to analyze
the impedance results is the Bode diagram that involves the plot
of the modulus of the impedance, |Z*(ω)|, against frequency. In this
case, at the extreme frequencies, it is obtained that

limω→∞|Z∗(ω)| = R0; limω→∞�(ω) = 0
limω→0|Z∗(ω)| = R0 + Rp; limω→0�(ω) = 0

(3)

where � = tan−1[Z′′(ω)/Z′(ω)]. Bode diagrams for the SPPhHNDI1
and SPPhHNDI2 membranes saturated with water are shown at
several temperatures in Figs. 5 and 6, respectively. As usual, the
curve representing the evolution of the modulus of the impedance
with frequency exhibits a plateau at low frequencies. However, as∣

∣ ∗ ∣
∣

CPECPE

Fig. 4. Equivalent circuit of the acidic SPPhHNDI1 membrane sandwiched between
electrodes.
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Table 1
Resistance, R0, conductivity, � and diffusion coefficients of protons, D(H+), for the
membrane SPPhHNDI1 at several temperatures.

T, ◦C R0, �a � × 104, S/cm D(H+) × 1012, m2 s−1

10 56.79 1.14 4.93
20 39.30 1.65 7.39
30  23.41 2.77 12.83
40 16.57 3.92 18.76
0 C (� for � and solid line for |Z*(ω)|) to 40 C (� and short dash dot lines) in steps
f  5 ◦C, increasing the temperature in the direction indicated by the arrows shown
n  the figure. Inset: details of the diagram at high frequencies.

ecrease in |Z*(ω)| at frequencies above those associated with �max

orresponding to the high frequency curve in the Nyquist diagrams.
he proton conductivity of the membranes, �, was obtained from
0 by means of the following expression

 = l

R0S
(4)

here S and l are, respectively, the area and thickness of the
embranes. In general, the values of conductivities obtained from
yquist and Bode diagrams are rather close, the difference between

hem being only of a few percents; for example the values of
his quantity determined from Nyquist and Bode diagrams are
.5 × 10−4 and 3.9 × 10−4 S/cm for the SPPhHNDI1 membrane, at
0 ◦C. In what follows the values of R0 obtained from Bode dia-
rams were used and the corresponding proton conductivities of
he SPPhHNDI1 and SPPhHNDI2 membranes saturated with water,
t several temperatures, are collected in Tables 1 and 2, respec-
ively.

1
.2. H PFG NMR  measurements

PFG NMR  methods to measure diffusion of protons in cation-
xchange membranes are based on the relationship between the

ig. 6. Bode diagram for the PPhHNDI2 membrane equilibrated with water from
0 ◦C (� for � and solid line for |Z*(ω)|) to 40 ◦C (� and short dash dot lines) in steps
f  5 ◦C, increasing the temperature in the direction indicated by the arrows shown
n  the figure. Inset: details of the diagram at high frequencies.
a The area and thickness of the membranes are 0.7854 cm2 and 51 ± 3 �m,  respec-
tively

resonance frequency of the nucleus of interest and the external
magnetic field it experiences, as expressed by the Larmor equation:
ω0 = −	 B0. The application of a magnetic field gradient across the
sample volume labels magnetically molecules having NMR  sensi-
tive nuclei enabling the tracking of their motion over a given time,
the diffusion time. In practice, this is accomplished using a spin
echo type of pulse sequence, as first described by Stejskal and Tan-
ner [29]. In the present work, a PFG stimulated spin echo sequence
shown in Fig. 2 was  used. The application of three consecutive and
suitably spaced �/2 radiofrequency (rf) pulses generates an observ-
able NMR  signal (echo) centered at a time equal to 2�1 + �2 from the
first rf pulse, where �1 is the time separation between the first two
rf pulses and �2 is the time elapsed between the second and the
third rf pulses. The magnetic labeling is accomplished by applying
two gradient pulses of amplitude and duration g and ı, respectively,
spaced by a time �,  the diffusion time. In the absence of motion, the
loss of phase coherence of the NMR  signal caused by the first gradi-
ent pulsed would be compensated by the second gradient pulse, but
this would not be the case if molecular diffusion occurs during the
time �.  Then, an attenuation of the echo is observed as expressed
by

A(g) = A(0) exp(−bD) (5)

where A(g) and A(0) are the amplitude of the echo in the presence
of a gradient pulse with amplitude g and 0, respectively, b = (	gı)2

(� − ı/3) where 	 is the gyromagnetic ratio of the nucleus being
observed, and D is the diffusion coefficient. Knowing D and consid-
ering that the mean square displacement in one dimension is given
by

〈x2〉 = 2D
 (6)

the PFG NMR  measurements allow probing the membrane mor-
phology at molecular level and its effect upon transport properties.

Prior to performing the diffusion measurements, the proton
signal corresponding to water absorbed in the membranes was
analyzed. The results are summarized in Table 3. A single peak was
detected at ∼4.8 ppm and the lineshape was broad, varying the peak
full-width at half-height, �1/2, from 230 to 430 Hz with decreas-
ing water content, from 0.195 to 0.094 g H2O/(g dry membrane),
respectively. The broadening could be attributed partly to the het-

erogeneity of the protons environment and residual amounts of
transition metal-based catalyst used in the synthesis of the poly-
mer  still present in the membrane. As a consequence, the effective

Table 2
Resistance, R0, conductivity, � and diffusion coefficients of protons, D(H+), for the
membrane SPPhHNDI2 at several temperatures.

T, ◦C R0, �a � × 103, S/cm D(H+) × 1010, m2 s−1

10 3.44 3.78 0.97
20  2.36 5.50 1.46
30  1.62 8.02 2.19
40 1.16 11.20 3.16

a The area and thickness of the membranes are 0.7854 cm2 and 102 ± 3 �m,
respectively.
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Fig. 7. Plot of A(g) (arbitrary units) vs. b (s mm−2) corresponding to water protons
in  SPPhHNDI2 obtained at 25 ◦C with a diffusion time, �, equal to 40 ms and water
content of 19.5% (a) and 10.0% (b). The duration of the gradient pulse, ı, was  kept
constant to 1.6 ms  and the amplitude of the field gradient, g, in T m−1,  was  varied
between 0.16 and 5.60. The dashed (- - -) line corresponds to a mono-exponential
(Eq. (5)) fit and the solid line represents the fit to a fractional exponential (Eq. (7)).
L. Garrido et al. / Journal of Me

ransverse or spin-spin relaxation time, T∗
2 = 1/��1/2, of protons in

hese membranes is short. On the other hand, the T1 measurements
howed an increase from 140 to 230 ms  with a reduction in water
ontent from 0.195 to 0.094 g H2O/(g dry membrane), respectively.
ince the PFG methods are based on the observation of an echo,
he rapid decay of the proton signal (short T∗

2) leads to a signif-
cant reduction in the signal-to-noise ratio of the spectrum, thus
imiting the practical range of some experimental parameters, i.e.,
iffusion times, and requiring an increase in signal averaging to

mprove detection. Thus, a stimulated spin echo sequence was  cho-
en because it allows short echo times and the diffusion time is
imited by T1. The proton signal of membranes saturated by immer-
ion in an aqueous solution of NaCl was ∼23% higher than the signal
orresponding to those saturated in distilled water. A proton signal
oss of about 2.5% was measured 24 h after placing the membrane
n a NMR  capped tube. Proton spin echo signals in dried membranes

ere not observed.
The diffusion data fit well to a monoexponential function in

embranes with high water content. However, an increasing devi-
tion from a monoexponential fit with decreasing water content
as observed. Since a continuum spectrum of diffusion coeffi-

ients might be a more realistic description of the systems under
onsideration than that provided by a set of discrete values (i.e.
ultiexponential fit), the data were fitted to a stretched exponen-

ial

(g) = A(0) exp[−(bDapp)
ˇ] (7)

here  ̌ is a “stretch” parameter lying in the range 0 <  ̌ ≤ 1, Dapp

s the apparent diffusion coefficient and the rest of the variables
s previously described. Fig. 7a and b illustrates the results of
he monoexponential and stretched exponential fits in SPPhHNDI2
ith a water content of 0.195 and 0.10 g H2O/(g dry membrane),

espectively. The results of PFG NMR  measurements at various tem-
eratures are summarized in Table 4. It is observed that the values
f Dapp are very sensitive to the water content and ion-exchange
apacity of the membranes. Thus, considering a � of 20 ms,  a
eduction in water content of 36% and 49% in the SPPhHNDI1 and
PPhHNDI2 membranes, respectively, decreases the value of the
iffusion coefficient at 25 ◦C in 19% and 33%, respectively. At the
ame time, in membranes with approximately the same water
ontent, an increase of the ion-exchange capacity from 0.64 to
.81 mequiv. [H+]/(g dry membrane) leads to a ∼10 times increase

n the value of Dapp.
A small influence of the diffusion time upon the values of the

roton diffusion coefficients is noted. At fixed ion-exchange capac-
ty, a nearly constant or slight decrease in the values of Dapp with
ncreasing diffusion time is observed, although the reduction seems

ore evident at low water contents.
The Arrhenius activation energy associated to the proton dif-

usion process in these membranes was found to increase from
.5 to 13.4 kcal/mol with water content decreasing from 0.195 to
.094 g H2O/(g dry membrane), respectively.

The values of the stretching parameter  ̌ seem to decrease with
ecreasing water content and appear to be independent of the dif-
usion time, at least within the time interval studied. In membranes
ith high water content, the value of  ̌ is about 1. The effect of

emperature on ˇ is observed in membranes with water content
f less than 15%, and its value increases up to an average value of
.87 with T increasing from 15 to 35 ◦C. In the evaluation of these
esults, it should be pointed out that the membrane having 9.4%
ater content exhibited the highest uncertainties of all measure-

ents performed, as shown in Table 4 (column six). This is due

artly to the fact that the corresponding proton spectra showed
he widest linewidths measured in the study and, consequently,
eading to data with poor signal-to-noise ratio.
3.3. Solid state 1H and 23Na NMR

The quadrupole moment possessed by nuclei with spin quan-
tum number I > ½ interacts strongly with the electric field gradients
surrounding the nucleus and, generally, dominates its spectrum
line shape and the relaxation behavior. Consequently, this interac-
tion is sensitive to the type of atoms and molecules nearby the
observed nucleus, as well as by the formation of complexes. To
observe the distribution of sodium ions by 23Na NMR in the poly-
mer  membranes, the ion-exchange was  performed by immersing
the membrane in a 1 M NaCl solution overnight, removed from
the solution and blotted to remove liquid droplets on the surface.
Fig. 8 shows the 23Na NMR  spectra corresponding to wet and dried
membrane samples. A narrow peak at 7.6 ppm with a linewidth of
300 Hz is observed in both spectra. This resonance is associated to
the presence of isolated sodium ions [25]. Also present is a broad
peak centered at −6.0 ppm in the spectrum corresponding to a wet
sample that shifts to −10.6 ppm after drying. This peak is attributed
to the presence of clustered sodium ions and the shift may  be caused
by the removal of hydration water. Hydrated sodium ions as present
in a sodium chloride aqueous solution exhibit a single narrow peak
at 0 ppm (data not shown).

The removal of water in the membranes after drying is illus-
trated by solid state proton MAS  spectrum of the wet and dried
membranes as shown in Fig. 9. The resonance associated to water

protons at 4.2 ppm is only present in the spectrum of the wet  sam-
ple.
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Table  3
Linewidth and T1 relaxation time measurements of water protons absorbed in SPPhHNDI membranes at 15 ◦C.

Sample Water content, g/(g dry membrane) (%) IEC, mequiv. H+/(g dry membrane) Linewidth (Hz) T1
a (ms)

SPPhHNDI1
14.6 0.64 280 160 (20)

9.4  430 230 (14)
19.5  1.18 230 140 (10)

4

P
t
p
r
a
b
m
fl
o
c
t
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e
o
f
c
o
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h

T
D

SPPhHNDI2 10.0  

a Standard deviation in parenthesis.

. Discussion

In general, reaching steady state values for Dapp measured with
FG NMR  depends on the heterogeneity and mobility of the chains
hrough which the diffusive process takes place [30]. For exam-
le, steady values of Dapp are obtained for the diffusion of CO2 in
ubbery materials at � = 10 ms,  but diffusion times of about 40 ms
re needed for obtaining steady diffusion of this gas in polycar-
onate glassy membranes. It should be noted that in these latter
embranes the diffusive gas species wander in microcavities until

uctuations of local segments of the membranes produce channels
f suitable radii through which the gas molecules slide to nearby
avities. Therefore, the distribution of cavities at the local struc-
ure of the membranes in conjunction with the local fluctuations
overn the diffusion and, as a result, it is necessary to get spin
cho responses over larger trajectories what implies larger values
f �.  To achieve steady values of D for CO2 in composite polysul-
one membranes containing ZIF-8 fillers requires diffusion times

lose to 1 s [31]. Substantial diffusion times are also necessary to
btain steady values of the diffusion coefficient of water protons
n acidic ion-exchange membranes owing to the wide variety of
ydrophilic/hydrophobic environments. It would be expected that

able 4
iffusion coefficients of water protons in SPPhHNDI membranes measured by PFG NMR  a

Sample Water content, % T, ◦C 

SPPhHNDI1

14.6

15

25

35

9.4

15

25

35

SPPhHNDI2

19.5

15

25

35

10.0

15

25

35
340 145 (10)

an increase in the heterogeneity of the membranes arising from
segregation of hydrophilic moieties from hydrophobic ones will
also increase the diffusion time required for obtaining steady val-
ues of Dapp. The apparent diffusion coefficient of protons in Nafion
obtained by PFG NMR  [13] drops rather sharply with increasing
values of � at low values of diffusion times (� between 4 and
10 ms) and, then, the decrease is moderate reaching steady value
at �∼= 40 ms  in most cases. However, an inspection of the values
of Dapp for the SPPhHNDI1 and SPPhHNDI2 membranes, presented
in Table 4, shows that the values of this quantity decrease as �
increases in such a way  that steady results for Dapp are not reached
at � = 40 ms,  presumably due to the heterogeneity of environment
caused by the rigidity of the chains that hinders effective segrega-
tion of hydrophilic an hydrophobic domains. These results suggest
that it would be necessary to determine Dapp at � > 40 ms, but
measurements with longer diffusion times are hampered by short
relaxation times of the absorbed water protons and low signal-to-
noise ratio. In view of these circumstances and in order to compare

the values of Dapp with those of D(H+) obtained from conductiv-
ity measurements, a decay function was fitted to the experimental
results of Dapp vs � for the two  membranes with higher water
content and the pertinent results are plotted as a function of tem-

t various temperatures (standard deviation in parenthesis).

�,  ms 1011 × Dapp , m2 s−1 ˇ

10 1.04 (0.07) 0.73 (0.07)
20  0.93 (0.02) 0.81 (0.03)
40  0.800 (0.001) 0.85 (0.02)
10 1.62 (0.07) 0.79 (0.04)
20  1.43 (0.04) 0.85 (0.03)
40 1.29 (0.02) 0.87 (0.02)
10  2.2 (0.1) 0.87 (0.06)
20  2.05 (0.06) 0.85 (0.03)
40  1.88 (0.02) 0.87 (0.01)
10  0.16 (0.02) 1.2 (0.2)
20 0.11 (0.02) 0.6 (0.1)
40 0.03 (0.02) 0.3 (0.2)
10 0.29 (0.02) 0.78 (0.07)
20  0.27 (0.01) 0.77 (0.05)
40  0.19 (0.01) 0.77 (0.08)
10  0.51 (0.01) 0.86 (0.04)
20  0.50 (0.01) 0.87 (0.03)
40  0.40 (0.01) 0.85 (0.03)
10  5.9 (0.1) 1.05 (0.03)
20 5.60 (0.02) 1.01 (0.01)
40 5.36 (0.01) 0.960 (0.003)
10  7.96 (0.04) 1.009 (0.006)
20  7.69 (0.02) 1.000 (0.003)
40  7.41 (0.02) 0.967 (0.004)
10  12.0 (0.6) 0.88 (0.05)
20 10.40 (0.03) 0.994 (0.004)
40  10.20 (0.06) 0.969 (0.008)
10 1.76 (0.05) 0.83 (0.03)
20  1.67 (0.04) 0.83 (0.03)
40  1.37 (0.02) 0.84 (0.02)
10  2.7 (0.2) 0.84 (0.05)
20  2.54 (0.06) 0.86 (0.02)
40  2.16 (0.02) 0.86 (0.02)
10  4.30 (0.2) 0.79 (0.04)
20  3.69 (0.07) 0.87 (0.02)
40 3.24 (0.06) 0.90 (0.02)
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-40-30-20-1050 40 30 20 10 0 ppm
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Fig. 8. Solid state 23Na MAS NMR  spectra corresponding to wet  and dried SPPhH-
NDI1 membranes, at 25 ◦C. High power proton decoupling was  used and the spectra
were externally referenced to the resonance of 1 M sodium chloride solution set at
0  ppm. The narrow peak observed at 7.6 ppm is attributed to the presence of iso-
lated sodium ions. The broad peak centered at −6.0 and −10.6 ppm in the wet and
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Fig. 10. Arrhenius plots for D(H+) in SPPhHNDI1 (filled squares) and SPPhHNDI2
(filled circles) membranes saturated with water. Arrhenius plots for D(1H)  in SPPhH-
NDI1 (open squares) and SPPhHNDI2 (open circles) are also shown; the water
contents of the membranes are 0.15 and 0.20 g/g dry membrane, respectively.
ried samples, respectively, is associated to clustered sodium ions. The right shift
bserved after drying the sample may  be due to the removal of hydration water in
he clusters.

erature in Fig. 10.  It is expected that these results are close to the
eal ones and in any case they will be upper-bound values for the
pparent diffusion of water protons.
After describing the determination and uncertainties of the
alues of Dapp, it is convenient to discuss what it means. In
cidic ion exchange membranes equilibrated with water, 1H nuclei

-50100 50 0 ppm

Dry

Wet
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*

* 
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* **

ig. 9. Solid state 1H MAS  NMR  spectra corresponding to samples of wet  and dried
PPhHNDI1 membranes, at 25 ◦C. The resonance observed at 4.16 ppm in the wet
ample is not present in the dry sample and was assigned to water. The other peaks
orrespond to the protons present in the polymer chains. The spectra were externally
eferenced to TMS. The spinning sidebands are indicated by an asterisk.
exchanges rapidly between water and H+ where this later ionic
specie covers all forms, including aqueous complexes, of H+ in dif-
ferent environments of the hydrated acidic membrane. As a result,
the diffusion coefficient of 1H (D(1H) Dapp) is the weighted aver-
age of the diffusion coefficients for the separate environments. This
consideration suggests that the diffusion coefficient measured by
PFG NMR  in this work may  not exactly be the self-diffusion coef-
ficient of water in the membranes, unless water acts as protons
transport. The number of moles of water per fixed ionic group,
�, 16 and 13 for the SPPhHNDI1 and SPPhHNDI2 membranes, is
somewhat lower than that displayed by hydrated polyelectrolytes
with high conductivity that posses more than 20 mol of water
per each fixed ionic group [14,32].  As indicated above, water pro-
motes the formation of hydrophilic and hydrophobic domains in
the membranes. The latter domains give mechanical consistence to
the membranes whereas the former favor the formation of percola-
tion paths through which proton transport takes place. Segregation
and, therefore, formation of percolation paths is easier the higher
the flexibility of the molecular chains integrating the membranes
is. Recent work [33] carried out on highly hydrated polyimide
cation-exchange membranes shows that the diffusion coefficient
of protons as measured by PFG NMR  spectroscopy, D(1H), is much
lower than D(H+) for the fully hydrated membranes [15] with high
water uptake. The diffusion mechanism in this highly hydrated
membranes obeys to the Grotthuss mechanism that involves the
proton being handed off from one hydrogen bonding to another
one. However, the rather low values of D(1H) and D(H+) in the
SPPhHNDI membranes presumably are due to the presence of
imperfect files of water molecules across the membranes arising
from (a) the relatively low ion exchange capacity of the mem-
branes and (b) from the low flexibility of the chains arising from
the bulkiness of the functionalized norbornene groups that hin-
der an efficient segregation of the hydrophilic moieties from the
hydrophobic ones. The similarity of D(1H) and D(H+) suggests that
water moves the proton in the SPPhHNDI membranes and the con-
ductivity mechanism is of vehicle type.

The diffusion coefficient of protons contributing to the proton
conductivity may  be obtained from Nernst–Planck type equations.
In an acidic cation-exchange membrane partially or totally equili-

brated with water, electric current under a unidirectional electric
force field, d /dx, is transported by protons. Neglecting the pore
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iquid mobility or convention flow, the flux of protons, J+, across
he membrane is given by [33]

+ = c+u+ = −c+ū+
d 

dx
(8)

n this equation, c+ = −X−, where X− is the concentration of –SO3
−

ons in the membrane and ū+ = FD(H+)/RT is the ionic mobility of
he protons, D(H+) being the diffusion coefficient of conducting pro-
ons. Since the current density is j = FJ+, the electrical conductance
an be written as [14,33]

 = − j

d /dx
= c+F2D(H+)

RT
(9)

here F (=96,480 C) is Faraday’s constant.
Values of the diffusion coefficient of protons in SPPhHNDI1 and

PPhHNDI2 membranes saturated with water, obtained from Eq.
9), are shown as a function of temperature in Tables 1 and 2,
espectively. Arrhenius plots for these results, shown in Fig. 10,
ive straight lines from whose slopes activation energies of 8.4 and
.0 kcal/mol were obtained for the diffusion coefficients of protons,
(H+), in SPPhHNDI1 and SPPhHNDI2 membranes, respectively.
he activation energies associated with D(1H) obtained from PFG
MR experiments (see Fig. 10)  are 8.4 and 5.8 kcal/mol, respec-

ively, for the membranes SPPhHNDI1 (water content: 0.15 g/g dry
embrane) and SPPhHNDI2 (water content: 0.20 g/g dry mem-

rane). There are some points that should be highlighted: (a) The
alues of D(1H) are somewhat lower than those of D(H+) presum-
bly as a consequence of the fact that the PFG NMR  measurements
ere carried out in membranes with lower water content than

hose obtained from conductivity. As the results of Table 4 show, a
eduction of 49% in the water content of the SPPhHNDI2 membrane
ecreases D(1H) by about 71% for � = 40 ms,  at 25 ◦C and (b) the
ctivation energies of the diffusion coefficients obtained by the two
echniques are rather close. These facts suggest that proton trans-
ort that accounts for the conductivity of the acidic membranes

s not governed by the Grotthuss mechanism but it is of vehicular
ype, i.e. acidic protons are transported by water molecules.

Finally, a few comments on the 23Na MAS  NMR  spectra, which
how the presence of two pools of sodium ions, isolated and
lustered. The distribution of Na+ in the membranes could be
nvisioned as ions located discretely along channels seemingly con-
ecting domains of ion clusters. A comparison between the results
rovided by conductivity and NMR  diffusion measurements sug-
ests that the population of ionic groups in channels is insufficient
o provide an efficient bridging between ion clusters and, therefore,
acilitate the diffusion of protonated species or H+ by the Grotthuss

echanism.

. Conclusions

The rigidity of the chains hinders segregation of hydrophilic
oieties from hydrophobic ones making difficult the formation of
ell defined hydrophilic domains that give rise to the formation

f percolation paths through proton transport occurs. As a result,
ven the membranes with rather high cation-exchange capacity
xhibit rather low proton conductivity taken as a basis of compari-
on membranes with flexible sulfonated side groups such as Nafion.

 comparative study of the diffusion coefficient of protons obtained
rom conductivity and PFG NMR  techniques suggests that proton
ransport in the membranes occurs by a vehicular type mechanism.
inally, the study of the distribution of sodium ions in the mem-

ranes equilibrated with 1 M sodium chloride, carried out by 23Na
MR, shows the presence of isolated sodium ions and sodium ions
lusters in the membranes, the former presumably being present
n narrow hydrophilic channels.
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