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The dynamics and spatial distribution of water molecules in Nafion 117 membrane has

been investigated by 1H NMR. To this end, 1D and 2D spin-spin (T2) relaxometry experi-

ments were carried out as a function of the relative humidity ranging from 9 to 100%. The

inverse Laplace transform was successfully applied to obtain the 1D T2 distributions and 2D

relaxation maps. The 1D T2 distributions show two peaks at low RH and mainly one at high

water content, which can be associated with the rearrangement of the exchange sites

inside the polymeric channels with the amount of water. From the T2 distribution at 70%

RH three types of water were identified corresponding to different degree of molecular

mobility. The 2D T2-T2 maps showmolecular exchange between the two water populations

found at low RH, while at 70% the exchange between only the two more mobile water

populations takes place.

© 2018 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
Introduction

A fuel cell is a device that converts the chemical energy from a

fuel into electricity through a chemical reaction [1]. Proton

exchange membrane fuel cells (PEMFCs) are considered the

most promising type of fuel cell for several applications [2,3]. A

PEMFC is built out of a membrane electrode assembly (MEA)

which includes two electrodes, the electrolyte membrane, the

catalyst, and two gas diffusion layers [4].
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The electrolyte membrane is a key component in a PEM

fuel cell. An optimal membrane for use in PEM fuel cells must

have a high proton conductivity, low electron conductivity,

low fuel permeability, good chemical and thermal stabilities,

and good mechanical properties [5]. One of the most common

and commercially available fuel cell electrolytes is the Nafion®

membrane, manufactured by DuPont. Nafion is a copolymer

of tetrafluoroethylene and a vinyl ether containing a sulfonyl

fluoride group at the end. Fig. 1 shows the Nafion chemical

structure and a scheme of the cluster-channel or cluster-
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Fig. 1 e (a) Chemical structure and (b) channel morphology of Nafion according to the cluster-channel model where d is the

cluster diameter and D is inter-cluster distance (see text) [6e9].
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network model where d is the cluster diameter and D is inter-

cluster distance, which depend on the water content (vide

infra) [6e9].

Thewater balance is a critical issue in the performance and

lifetime of PEM fuel cells. The efficiency of a PEMFC depends

on the proton conductivity of the electrolyte membrane, and

in turn, the proton conductivity of a Nafion membrane

strongly depends on the water content of the polymer [10,11].

Therefore, it is very important to have a good knowledge of the

water dynamics and the spatial distribution of water mole-

cules within the polymer channels.

In this sense, the Nuclear Magnetic Resonance (NMR) is a

well-established technique useful for studying the molecular

dynamics in awide range of systems. Proton nuclearmagnetic

relaxation (1H NMR) has been successfully used for the study

of molecular dynamics of confined systems such as liquid

crystals in random porous glass [12], water in porous poly-

meric networks [13,14] and modified Nafion membranes

incorporating cations of ionic liquids [15,16]. The nuclear spin

relaxation times of confined systems in porous media are

determined by the chemical and physical environments.

Consequently, measurements of spin-lattice (T1) and spin-

spin (T2) relaxation times provide information on molecular

dynamics, pore size, tortuosity and liquid-surface in-

teractions. In the case of electrolyte membranes they are

related to interactions between chemical species within the

proton conductive channels. When two or more liquid pop-

ulations can be identified, for instance two different pore sizes

within the porous media, 2D NMR gain importance. These

experiments consists on three main parts, an initial encoding

block is followed by amixing time and finally a detection block

is applied. The encoding and detection blocks are set in such a

way that either longitudinal T1 and/or transverse T2 relaxation

are involved and correlation functions such as T1-T1; T1-T2; T2-

T2 are measured [17]. The mixing time between encoding and

detection allows diffusive exchange among different spin
populations. The inversion of the 2D data through a numerical

Laplace inversion (NLI) algorithm [18] generates a 2D relaxa-

tion map. While diagonal peaks reflect the number of mole-

cules present in each environment, off-diagonal peaks in the

map are related to the exchange process.

There are several theoretical and experimental studies

related with the dynamics of water in Nafion membranes.

Raso et al. reported a mathematical model to describe the

diffusivity of water in Nafion 117 membranes and the rela-

tionship between the water content in the membrane and the

water activity [19]. Urata et al. [20] studied the static and dy-

namic properties of the water in swollen perfluorinated

membranes by molecular dynamics simulations and they re-

ported three groups of water according to different molecular

interactions.

On the other hand, Kunimatsu et al. [21] characterized the

water distribution in hydrated Nafion membranes using

Attenuated Total Reflectance Fourier Transform Infrared

Spectroscopy. Xu et al. studied the water dynamics by 1H T1

NMR relaxometry through the Fast Field Cycling technique

[22] and they analysed the T1 profiles using the well known

Bloembergen, Pourcell and Pound (BPP) model [23]. Kim et al.

[24] performed a multi-exponential fit of the 1H transversal

magnetization decay of water proton. Nicotera et al. investi-

gated the dynamics of water molecules in Nafion membranes

with and without the addition of sulfated titania nano-

particles by NMR spectroscopy and pulsed field gradient

diffusion [25]. In these contributions, the authors reported two

types of water corresponding to molecules with different

mobility.

In this work, the spatial distribution of water molecules

within the proton conductive channels of Nafion 117 mem-

brane was studied as a function of water content. To this end,

the 1H NMR spin-spin relaxation time (T2) was measured at

several relative humidities (RH) from 9% to 100%. In addition,

two-dimensional (2D) T2-T2 exchange experiments were also
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performed to study the molecular exchange between water

populations.
Experimental

Sample preparation

A commercial Nafion 117 polymeric membrane (Dupont) was

chosen for the present study. Prior the NMR measurements,

the Nafion membrane samples were subjected to a pretreat-

ment in order to increase the water uptake (see, for instance

Ref. [26]). The pretreatment consisted on:

� heating in Milli-Q water up to 80 �C, and keep this tem-

perature for 1 h;

� rinsing with Milli-Q water;

� heating in hydrogen peroxide 3% solution up to 80 �C, and
keep this temperature for 1 h;

� rinsing with Milli-Q water;

� heating in a 0.5 M H2SO4 solution up to 80 �C, and keep this

temperature for 1 h;

� rinsing with Milli-Q water;

� keep under water.

In order to obtain the desiredwater content in the samples,

membrane strips were placed at the bottom of a standard

5 mm NMR tube. A porous separator was set above the

membrane strips and a small tube (2.5 mm OD) containing a

saturated solution of the corresponding salt was inserted to

control the humidity within the NMR tube, as shown in Fig. 2a.
Fig. 2 e (a) Sketch of a sample as prepared for NMR analysis. (b

humidities according to Ref. [27].
Then, the tubes were sealed and allowed to equilibrate over a

minimum period of 1 month. Greenspan [27] reported tem-

perature dependence, between 0 and 100 �C, of the equilib-

rium relative humidities of saturated salt solutions in the

range of 3e98%. Fig. 2b presents the list of the salts used in this

work and the corresponding relative humidities. The 100% RH

corresponds to a fully hydrated membrane which was ob-

tained by direct contact with distilled water.

NMR measurements

Measurements were carried out in a 1.4 T spectrometer,

operating at 60 MHz for protons, equipped with a permanent

magnet (Varian EM 360) and a Magritek Kea2 console. For the

proton spin-spin relaxation time, T2, the Carr-Purcell-

Meiboom-Gill (CPMG) [28] sequence was employed. The

length of the p/2 radiofrequency pulse was set to 16 ms, the

echo timewas t¼ 100 ms and the number of echoeswas varied

between 500 and 1000. The data were processed bymeans of a

1D numerical Laplace inversion to obtain the T2 distributions

[18].

The T2-T2 pulse sequence consists of two CPMG sequences

connected by a mixing period, tm, as is schematized in Fig. 3a.

The first CPMG block gives the indirect dimension of the 2D

experiment and the magnetization evolves a time t1 ¼ Mt,

where M is increased every new experiment. During this first

encoding period, the T2 value labels each initial spin popula-

tion in each given chemical environment. During tm the

magnetization is stored in the z direction, and therefore no

transverse relaxation occurs but molecules could migrate to a

different chemical environment during this period. After tm a
) Table with the salts used and the corresponding relative
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Fig. 3 e a) Pulse sequence used for 2D T¡2T2 correlation experiments. The experimental values for t and tm are described in

the text. b) Scheme of the 2D relaxation maps for the case of two spin populations with different spin-spin relaxation times

without (left panel) and with (right panel) molecular exchange.
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second CPMG sequence is applied and the magnetization

evolves a time t2 ¼ Nt where N is the dimensionality of the

direct dimension which represents the number of acquired

points. If there is molecular exchange during the mixing

period, the T2 labeling of the second block will differ from the

one of first block. After M experiments with N acquisitions, a

M�N data matrix is collected. By performing a numerical

Laplace inversion of the resulting 2D data a 2D T2-T2 map is

generated and here the algorithm proposed by Teal and Eccles

[29] was used which is based on the fast iterative shrinkage-

thresholding algorithm (FISTA) (see Ref. [30] for a compari-

son of different approaches for the numerical Laplace inver-

sion of the 2D data). As an example, in Fig. 3b the relaxation

maps for the case of two spin populations, 1 and 2, with

different spin-spin relaxation times are schematized. When

no molecular exchange occurs during the mixing time, the

relaxation map shows two peaks on the diagonal, corre-

sponding to both relaxation rates. Peaks on the off-diagonal

part of the 2D matrix indicate the molecular exchange from

one population to the other. For the experiments, 1000 echoes

with echo time of t ¼ 100 ms were acquired in the direct

dimension while 32 logarithmically spaced points were used

for the indirect dimension.
Results and discussion

Fig. 4 presents the T2 distribution profiles for water in Nafion

117 membrane at different relative humidities increasing

from 9 to 100%.

The results reveal two different scenarios: for RH below

and above 70%. While at low water content the distributions

present clearly two T2, at higher humidities mainly one is

found. The two characteristic T2 values can be assigned to two

different water populations. On the one hand, the population

with the shortest T2 value corresponds to water molecules

with less mobility, and can be interpreted as the molecules

that are bounded to the sulfonic groups of the polymer chains.

On the other hand, the molecules with higher T2 value have

greater mobility, and are located far from the sulphonic

groups. As the amount of water increases from 9 to 43% the

two populations persist but the T2 values increase, indicating

a higherwatermobility. At 70%RH the T2 distribution presents

three peaks corresponding to three different types of water,

which is in agreement with the results reported by Devana-

than et al. [31] and Urata et al. [20] obtained throughmolecular

dynamics simulation. The authors distinguish three types of
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Fig. 4 e Water proton T2 distribution profiles in Nafion 117

membrane at different relative humidities, increasing from

9 to 100%.

Fig. 5 e Schematic for the water distribution within the

polymeric clusters.
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water regarding the interaction with the sulfonic groups and/

or other water molecules. In the case of 81 and 100% RH the T2

distributions also show two peaks but most of the NMR signal

arises from a large reservoir of free water which eclipses the

other contribution. It seems that the water dynamics is gov-

erned by those molecules with higher mobility. This finding is

in agreement with Devananthan et al. (see Fig. 13 in Ref. [31])

where the authors report three types of waters at ~70% RH but

at higher water content only the bound and free water do-

mains are observed.

Similarly, in the present study the water molecules can be

classified as follow:

i) bound: water molecules strongly interacting with the

sulfonic groups.

ii) weakly bound: water molecules which are relatively

loosely bound to the sulfonic groups.

iii) free: highly mobile water molecules.

An schematic of the proposed water distribution is pre-

sented in Fig. 5.
Xu et al. [22] found evidence of two types of water, by fitting

the Larmor frequency dependence of the water proton T1 of

Nafion hydrated with H2O and D2O. In the case of Nafion

membranes hydrated with D2O, the 1H signal comes from the

HDO residues.

Kim et al. performed a multi-exponential fit of the trans-

versal magnetization decay of water proton, measured with

the CPMG sequence, of hydrated Nafion membrane and they

reported three types of water associated to differentmobilities

[24].

Besides the NMR results reported in the literature, Kuni-

matsu et al. [21] characterized the water distribution in hy-

drated Nafionmembranes using Attenuated Total Reflectance

Fourier Transform Infrared Spectroscopy (ATR-FTIR). As a

function of the hydration level the authors distinguished

different types of water from the d(HOH) band of water in the

spectrum: a band at 1740 cm�1 is associated with hydrated

protons and the authors assign the band at 1630 cm�1 to water

molecules with different degrees of hydrogen bonding be-

tween sulfonate groups and other water molecules. In the

present work, using the numerical Laplace inversion, it was

possible to observe from the T2 distribution not only the

different types of waters but also different features above and

below 70% RH.

The water uptake, l, follows a similar behaviour as a

function of the RH: the slope of l vs. RH changes to higher

values above 70e80% RH, as it is well documented in the

literature (see, for instance, Ref. [32] and references therein).

During the hydration process, the first water molecules bind

to the sulfonic groups forming a stable hydration shell (bound

water). After this bound-water regime, up to RH ~ 70%, addi-

tional water molecules form multiple solvation shells

(bound þ weakly bound water). At higher RHs (>70%), additional

water molecules lead an increase of the connectivity of the

hydrophilic domains and possess higher mobility (free water).

A similar “crossover” reflected on the water dynamics was

observed by Perrin et al. [33]. The 1H NMR spin-lattice relax-

ation time, T1, of water confined in Nafion measured at a

Larmor frequency of 300 kHz increases with the water content

up to a RH around 75%, then T1 decreases. This behaviour is in

agreement with Gierke et al. who proposed that upon dehy-

dration a reorganization of exchange sites occurs, which is

reflected on the cluster diameter (see Fig. 1) [6]. In order to
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check that, the cluster diameter as a function of the relative

humidity was calculated from data taken from the literature

as follows:

From values of cluster diameter, d, and fractional weight

gain mH20=mdry reported by Gierke et al. (see Table III in

Ref. [6]), a linear fit was performed, obtaining:

dðnmÞ ¼ 0:11271�
�
mH20

mdry
� 100

�
þ 1:9117 (1)

where d(nm) is the cluster diameter in nm,mH2Oð¼ mwet �mdryÞ
is themass of water absorbed, andmwet andmdry is themass of

the wet and dry polymer, respectively.

The fractional weight gain was written as (see for example

Ref. [34]):

mH2O

mdry
¼ l

MH2O

EW
(2)

where l is the water uptake, MH2O ¼ 18gmol�1 is the molecular

weight of water, and EW ¼ 1100 g mol�1 is the Nafion equiv-

alent weight.

The relationship between l and the relative humidity RH

was taken from the analytical expression proposed by Ochi

et al. [35].

l ¼
X5

n¼0

anðRHÞn (3)

with an as defined in Ref. [35].

Thus, from Eqs. (1)e(3), the cluster diameter d was calcu-

lated as a function of the relative humidity RH, and plotted in

Fig. 6. The black circles correspond to the values of RH used in
Fig. 6 e Cluster diameter as a function of relative humidity, calcu

et al. [35]. Inset: Average distance between water oxygen and it

Devanathan et al. [31]. See text for details.
this work (shown in Fig. 2). The inset of Fig. 6 shows the

average distance between water oxygen and its nearest sulfur

(dOw�S) as a function of RH, determined from results of the

simulations performed by Devanathan et al. [31]. This result

also reflects the two hydration regimes (above and below

70e80% RH).

As discussed previously by Gierke et al. the cluster size

depends linearly on mH2O=mdry [6] (see Eq. (1)). As it can be

observed in Fig. 6 the cluster size follows a quite linear

dependence up to RH~70e80% and then it grows more

abruptly. The growth of the cluster is attributed to an expan-

sion and reorganization of the exchange sites.

Fig. 7 show the 2D T�2T2 maps for all humidities corre-

sponding to a mixing time tm ¼ 4 ms. Two diagonal peaks are

identified at 9, 23 and 43% RH. These peaks correspond to two

different water populations with two different relaxation

times T2, assigned to bound and weakly bound water. This is

in agreement with the 1D data presented in Fig. 4. The water

exchange among these two populations is evidenced by the

presence of off-diagonal peaks that correlate the diagonal

ones. At 70% RH, a third water population becomes evident

since three diagonal peaks are observed. The presence of off-

diagonal peaks connecting mainly the second and third di-

agonal peaks reveal the molecular exchange between the

populations of weakly bound and free water molecules. At 81

and 100% RH only one bright peak is observed, in these cases

most of the NMR signal arises from a large reservoir of water

which eclipses the other contributions; for these filling levels

one kind of water domains the water distributions inside the

pores.
lated according to Gierke et al. [6], using l values from Ochi

s nearest sulfur, calculated from data reported by

https://doi.org/10.1016/j.ijhydene.2018.03.124
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Fig. 7 e 2D T2-T2 exchange plots for all relative humidities corresponding to a mixing time tm ¼ 4 ms.

Fig. 8 e : 2D T2-T2 exchange plots for 70% RH at mixing times: a) tm ¼ 600 ms and b) tm ¼ 1 ms.
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In order to explore the possibility of molecular exchange

between the bound and weakly bound populations in the sam-

ple 70% RH additional measurements were performed at other

mixing times. Fig. 8 presents the T2-T2 maps corresponding to

tm ¼ 600 ms and tm ¼ 1 ms. For tm ¼ 600 ms no exchange is

detected even between populations with the more mobile

water molecules. In the case of tm ¼ 1 ms the non diagonal

peaks, correlating the weakly bound and free water, evidence

that the exchange dynamics among these two populations is

more efficient.
Conclusions

In this work the distribution of water molecules in Nafion

117 membranes was studied as a function of the relative

humidity using 1D and 2D NMR T2 relaxometry. The 1D T2

distributions and 2D relaxation maps were obtained by

using a numerical Laplace inverse algorithm. From the 1D
results, the T2 distributions show two different features:

while two peaks are present at low RH, mainly one appears

at high water content. This behaviour can be correlated

with the rearrangement of the exchange sites with the

amount of water, which occurs at around 70e80% RH. An

interesting result was obtained here in this humidity range:

from the T2 distribution at 70% RH three types of water

were identified.

From the 2D T2-T2 maps it was possible to observe a mo-

lecular exchange between the two water populations found at

low RHwhile at 70% the exchange between only the twomore

mobile water populations dominates.

Up to our knowledge, this is the first timewhere the inverse

Laplace transform was applied to describe the dynamics and

spatial distribution of water molecules in Nafion membranes.

This algorithm resulted a very useful tool to process the spin

relaxation 1D and 2D NMR data and can be successfully

applied and extended to characterize other systems involving

confined molecules in polymeric matrices.
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