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Abstract

The behaviour of water molecules confined in thelyperinated ionomer membrane, which is
widely used for polymer electrolyte fuel cells, wagestigated byH NMR spectroscopy. The
!H NMR spectra of water molecules confined in thentbene presented characteristic
features depending on temperature and hydratedtmos On the basis of the observations
of the variations in théH NMR signals, it was deduced that the polymer nndet very slow
conversions among distinct morphologies dependimg temperatures and humidified
conditions below 348 K. A plausible scheme of theal conversion of the states of the water
molecules associated with the morphological chaonfése polymer was proposed.
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1. Introduction

Polymer electrolyte fuel cells (PEFCs) are prongisas a device for clean and efficient
energy conversion [1-3]. To prolong the lifetimeoise of the most concerns for practical use
of PEFCs. For this purpose, one of the most urgeahnical problems that should be
circumvented is to prevent the polymer electrolytembrane employed for PEFCs from the
deterioration during the operations. However, tegited mechanism for deterioration has not
been clearly elucidated yet. Nafion is the membraeseloped by DuPont, in which
hydrophilic perfluoroalkyleneether sidechains tevated with —SGH are periodically
attached to the hydrophobic fluorocarbon backbomg widely used for PEFCs. Despite
numerous studies, the structure of Nafion is stilbject to controversy and several models
have been proposed. The water molecules are knovatay key roles for the membrane to
show high ion conductivity and for the cell to ntain its performance under operation.
Extensive efforts have been made in terms of modelater transport and its management.

The properties of the membranes have been exténsimeestigated byH NMR
spectroscopy in terms of modelling water transgort its management [4-101H NMR
spectra of water molecules adsorbed on solid nadgeroften sensitively reflect the
characteristics of the underlying materials [11-1Rgcently by observing the change!bff
NMR signals of water confined in Nafion 112, we riduthat the membrane underwent a
characteristic morphological change on heating 38 B. The morphology was thermally
converted so that the mobility of the confined wateolecules became higher and the
chemical environments became more homogeneoushwioaild enable the higher proton
conductivity of the membrane. The morphology watined even after the temperature
reverted to 297 K for fairly long time [14]. On tleher hand, the chemically deteriorated
membranes by OH radicals produced in Fenton medianat undergo such morphological
change [15]. Due to the loss of the sulfonic acmugs of Nafion and/or the decomposition of
the C-F bonds by the attack of OH radicals [163, pblymer could not take the morphology in
which water molecules are highly mobile to enable high conductivity. Consequently, the
proton conductivity would fall during the practicgberation of PEFCs.

Although the polymer electrolyte membranes employled PEFCs show superior
conductivity in the wet state, they deteriorate whbkey are dry or under low humidified
conditions during operation. Therefore, water mamnagnts to protect the membranes from
drying are a major concern during fuel cell openadgi

In the present study, it was indicated that#4eNMR spectra of water confined in the less
humidified membranes showed characteristic featdifeerent from those in hydrated
membranes, which is associated with the chang&anniorphology of the membranes. By
observing th¢H NMR spectral changes of the water, it was dedubatithe polymer could
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take distinct morphologies depending on temperatarel humidified conditions and that the
conversion among them could be significantly slasloty 348 K. A plausible scheme of the
local conversion of the states of the water moksuhssociated with the morphological
changes of the polymer was proposed.

2. Experimental

Commercially available Nafion 112 membranes (EduPont de Nemours and Co.) were
used as received. Although several pre-treatmdriteeanembranes have been recommended
[17], some steps significantly affected the spécteatures. Therefore, we measured the
membranes without any pre-treatment. HeNMR spectra of the membranes were measured
in the form of a single sheet. For the measuremaintesmperature dependence of the water
signals, a membrane sheet of 2 x 50 mm was logate® mm o.d. (55 mm high) glass NMR
sample tube, which was capped and carefully sesithdT eflon films to keep it airtight.

'H NMR measurements were carried out on a VarianitgfPlus 500 NMR spectrometer at
500 MHz in the temperature range of 298-348 K withsample rotation. The spectra were
obtained after Fourier transformation of the FIDnsils following a single pulse excitation
with pulse duration of 3.0s and a 5 s relaxation delay. To eliminate the ¢pamaknd signal of
the NMR probe, the spectrum measured with an eidMR sample tube was subtracted from
all the spectra. Chemical shifts were measured tivelato DSS (sodium 2,
2-dimethyl-2-silapentane-5-sulfonate) as an exieafarence.

3. Results and Discussion
3.1.Membrane dehydration

TheH NMR spectrum of water molecules in a hydratedidvafi12 membrane in the form
of a single sheet presented broad resonance lmesh@vn in Fig. 1 (a) at 298 K. The
resonance line is apparently broadened by theliisbn of chemical shifts of the water with
different structures and mobility in the chemicadlifferent environments in the membrane
[14]. The heterogeneity of the signals of the waetecules suggests the heterogeneity of the
polymer morphology and/or structure. Under humichdibons, the morphology of the
hydrated Nafion is considered to be stable at reemperature. However, although Nafion is
known to possess exceptional thermal, chemical amthanical stabilityjt has been
acknowledged that it showed sometimes differenpgriies after the long term storage [18].
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Actually when the received sample was kept undgs leimid conditions for a long time, the
membrane showed sometimes a quite different spdeatare, which was composed of three
regions spread over the wide range of the chemslufts as shown in Fig. 1 (b). The partial
dehydration of the membrane might take place aedpiblymer morphology became more
heterogeneous to lead such a spectral feature tef walecules. This would be supported by
the following facts; after heating the hydrated rbemme for 4 h in an open system at 348 K,
the signal was barely observed due to the evaporafithe water confined in the membrane.

After kept the membrane under the ambient temperadnd humidity for 15 h, the water
molecules in the air were reabsorbed in the menebeand the signal intensity recovered by
85 % of that before heating. However, as shownign E (c) the membrane did not show a
spectrum like that for the initial hydrated memledout showed a spectrum consisting of three
distinct regions similar to Fig. 1 (b). Thus theespal features are suspected to be
characteristic of the waters in the less humidifisembranes.

3.2Humidification of the dried membrane

Then we soaked the membrane in pure liquid wate4oh at room temperature and wiped
excess water on the surface and measuretHthMR spectrum. The membrane must contain
enough amount of water. However, as shown in Fig@l)lthe spectrum did not revert to that
of the initial hydrated membrane (Fig. 1 (a)) anespnted still three distinct regions although
the low field region was notably enhanced afteratdition of water. This fact suggests that
on getting into less hydrated states, the morpholafgthe polymer should be converted to
more heterogeneous one than that of the hydratedbname, which must be considerably
stable at room temperature not to revert to ti@aimmorphology of the hydrated membrane at
least 24 h even after the addition of enough motintater.

From the contrast variation method combined with 3ANS (small angle scattering with
neutrons) technique, Rubatat et al. have receafipited that the structure between 10 and
1000 A of the Nafion could be described in termsetifngated polymeric aggregates
connected at larger scale to form a film with gooechanical properties. The water swelling
process allows separating these aggregates folipimia different regimes depending on the
hydration; a lamellar dilution at low water contemid 2 D swelling for polymer volume
fraction higher than 60 % [19]. On the other ha@épel proposed the swelling mechanism
which involves structural reorganization charazexli by a cluster number decrease and an
intercluster distance increase. A conversion frewlated cluster to percolation structure
occurs in the swelling process and from percolatonisolated cluster structure in the
dehydration process. He stated that the strucewalution from dry to highly swollen
membrane requires a large amount of thermal enewgpermit the necessary polymer



reorganization. The evolution induced at high terapege is not reversible at room
temperature [20]. Our observation may support tatement.

3.3Thermal conversion
3.3.1Rapid conversion

Therefore, we heated the membrane which contamsginamount of water but is assumed
to retain the morphology of less hydrated membrsim@wving the spectrum of Fig. 1 (d).
Actually, after the membrane was heated at 348 K1fdh under airtight conditions, the
spectrum became similar to that of the hydrated bmane (Fig. 2 (b)) although the signal
was rather broader. The temperature was kept atk3#8 another 1 h, but no significant
change was observed (Fig. 2 (c)). Then the temperatas decreased to 328 K. On keeping
the temperature at 328 K long time enough (abouh)27he spectral feature did not show
significant change although the peak became liitidoroader and shifted to the down field.
On further decrease of temperature to 298 K, netdldference in the spectrum was not
observed as compared to that at 328 K althoughdudown field shift was observed. Thus
on heating the dehydrated membrane along with twhditian of water, the polymer
apparently became to take a similar morphologyasdf the hydrated membrane.

3.3.2Slow conversion via transient state

However, it is noted that after keeping the samyider the air tight condition at 298 K
for a long time (18 days), the signal became sicamitly sharp as shown in Fig. 2 (e). The
peak area did not change but it shifted to theelghfand the line width became 1/3 of that
measured 18 days ago. This fact suggests thatttdieeal morphology (or state) just after
heating at 348 K is not exactly the same as th#ieiitial hydrated membrane although the
apparent spectral feature was similar. The morgholeas not stationary but transient one
and converted to a more homogeneous one very slawlgieduced from the sharp line width
and high field shift. Namely, the sharp line widtlould indicate the mobility gained and
high field shift may mean the weakened hydrogendbmnamong the interacting water
molecules.

As reported previously, on heating a hydrated mambrat 358 K under airtight conditions
for 30 min, the resonance line width was reduced/8 which was retained more than 18
days at 297 K after the temperature reverted to R9T4]. This characteristic change was
attributed to the morphological change of the pa@ynso that the chemical environments of
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water became homogeneous and/or chemical exchamgegavater molecules became rapid.
The attained polymer morphology is highly stabiizenost probably by the interaction with

water molecules [14]. However, on initial heatiogver than 348 K, the line width reverted to
that before temperature increase, suggesting heatriorphological conversion to a highly

homogeneous state should not take place by hethigngnembrane below 348 K. The attained
morphologies after heating at 348 K and 358 K may be exactly the same but the both
morphologies are evidently more homogeneous as a@dgo that of the hydrated membrane
before heating. At around 348 K a certain localvaysion must be triggered off in the

polymer, and a very slow morphological conversiaruld be initiated to proceed, in which

water molecules are involved.

3.4 A scheme of the morphological conversions

The present results demonstrate that the chang@eofvater properties on heating and
dehydration of the membrane are closely associatéu the conversion of the polymer
morphology. Although the direct feature of the po&r morphology could not be provided, a
plausible conversion scheme suspected from thegehaihwater states is proposed in Fig. 3.

We designated here, the initial hydrated state ,gsaftially dried state as B, water saturated
state after drying the membrane as B’, transieatesafter heating B’, as A’, and highly
homogeneous hydrated state as C.

3.4.1Conversion from Ato B

Under humid conditions, the morphology of the hyedamembrane is considered to be
stable at room temperature (state A). As water cubds evaporate, the polymer would
become to take less homogeneous morphology (sbate provide aH NMR spectrum of
water molecules composed of three regions. It wasnted that in isothermal dehydration,
with a decrease of the water content, the perowsiatructure of the polymer was converted
into the isolated cluster structure, together vaithincrease of length or even closure of the
intercluster channels [21].

Owing to the shortage of the bulk water, the pehdaoup moiety would become more rigid
and the segmental motion would become more restirichccordingly, the mobility of the
water molecules around the distinct segments (pHdlio sulfonate groups, and hydrophobic
fluorocarbon main and side chains) would becomeemestricted and the chemical exchange
of the water molecules inter the distinct segmemsld become slower, resulted in the wider
distribution of the chemical shift and broadenirighe signals.

The spectra of Fig. 1 (b)-(d) comprise of thredimnlt$ regions over 10 ppm, (i) 9-13 ppm,
(i) 7-9 ppm, and (iii) 3-6 ppm. Although the merabes contain considerable amount of
water, the spectral features are rather simifdd tdAS NMR spectra of dried Nafion reported
by Zhang et al., which consist of separated regmwes 14 ppm [10]. The peak near 10 ppm
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was assigned to hydrogen ions associated with tifenate group in hydrogen-bonded
clusters [4].They stated that the smaller averdgé snay result from the presence of
hydration that is difficult to remove. A broad peaging from 5.5 to 9 ppm was assigned to
hydrogen ions and water in the ionic clusters ugdieig exchange with each other.

As shown in Fig. 1(d), the peak area of the lowesfion of the spectrum was notably
enhanced after the addition of water to the leskrdigd membrane. Since the water added
from outside would initially access to the hydrdjghpart of the polymer, the lowest field
region at around 9 ppm could be reasonably asctibéuke signals of the water in the vicinity
of the sulfonate groups, which is consistent whii assignment by Zhang et al. [10].

They ascribed the peak at around 3.5 ppm to wétgsigally sorbed or trapped in either the
side chain or the backbone environments. By meaguhe IR spectra of #, D,O and HDO
in hydrated Nafion membranes, Falk reported thatlestantial proportion of water molecules
appeared to have an OH group (or occasionally @dihgroups) exposed to the fluorocarbon
environment [22]. However, since the peak aroun8.atppm in Fig.1 (b) and (c) is larger
than that for the water molecules in the vicinifytlte sulfonate groups (at around 9 ppm), it
seems too large to be ascribed to water physisaliiged or trapped in either the side chain or
the backbone environments. We are planning to iigetiite signals by measuring the water
molecules confined in perfluorinated ionomers wisnious length of main and side chains.

3.4.2Slow or no conversion from B’ (B with water satima) to A

The morphology of the less hydrated state B mustjuige stable at room temperature,
since three regions hold in the spectrum after isgathe membrane in pure water for 24 h
(state B’). The morphological state B’ would not ésily converted to the morphological
state A, unless providing a high amount of thermaérgy for the necessary polymer
reorganization, as Gebel pointed out [20].

3.4.2Thermal conversion from B’ to transient state A’

Actually on heating at 348 K, the morphological eersion takes place and the water
molecules around the hydrophilic part diffuse gatuinto the other domains, which would
enhance the chemical exchange of the water pra@oasg the distinct domains, leading to
the higher mobility of the side chains giving thenis|ar NMR spectrum (state A’) as the
initial water swollen membrane (state A).

3.4.3Slow conversion from A’ to homogeneous state C
The morphology of polymer membranes in the hydratede A is considered to be stable
under humid conditions although the morphologyasmghly homogeneous as deduced from
the chemical shift distribution of the NMR signdl]. For Nafion in the hydrated state, a
structural model of cylindrical or ribbon like poheric aggregates surrounded by the ionic
groups and the water molecules has been recenigoped on the basis of the data on
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small-angle X ray and neutron-scattering measuré&srj@f]. On increase of temperature up to
348 K, such polymeric aggregates may resolve sloahgl the further morphological
conversion would proceed very slowly via transiéibstate A’ until attaining to the highly
homogeneous state C. In this procedure, the bullerwaould spread over the whole
membrane, which enables the rapid chemical exchangeng the water molecules in the
whole membrane and consequently the mobility ofewatolecules is enhanced, resulting in
the reduction of the line width of the water sign@ihese procedures are very slow, but
accelerated at the temperature higher than 358 Would take less than 30 min at 358 K to
complete the conversion. However, when the intigamhperature increase was below 348 K,
the water peak became as broad as that before raiuee increase shortly after the
temperature was decreased back to 298 K, indicétiaigthe conversion from A to C would
not occur below 348 K [14]. Thus, to resolve thgragates to the highly homogeneous state
sufficient energy must be provided by elevatingtdraperature up to the critical value of 348
K, at which the conversion must be triggered off.

The bulk water must play also an important rolatt@in the homogeneous state, since the
conversion to state C did not take place under hessidification conditions even at 358 K
[14]. The heterogeneity of the morphology and mnigbibf water molecules and the
membrane in distinct states are summarized in Thllleng with the correspondifgl NMR
spectra presented in Figs. 1 and 2.

Although the detailed mechanism of the proton fpansand the exact role of water in the
membrane-proton interaction have not been clarifyed, the ionic conductivity of the
membrane is reported to be closely related to théility of the water molecules in the
membranes [23]. Since the state C must be favaireathieve the high ionic conductivity,
the pre-treatment of the membranes or the PEF@mgsabove 348 K (favourably above 358
K) under humidified conditions, would improve th#fi@ency in the performance for the
practical operation of PEFCs.

It is well known that during the actual operatiohREFCs, the conductivity falls and the
membrane is deteriorated when the membranes arer dnyder low humidified conditions. In
this case, the morphological change to state Bispected to take place. Since for state B
water molecules are localized at distinct regioti® conductivity must decline and the
polymer might be vulnerable to the direct attackabtive oxygen species such as OH radicals
and/or HO. formed during operation. The bulk water may playrade to protect the
membrane from the direct attack. Furthermore, tlmephmological states A and C may be
preferable organizations against the attack.

Thus, the spectral changes obviously demonstratadiie polymer could undergo various
morphological changes at different temperature laydrated states, and for some cases the
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conversion was extremely slow. Therefore, careftgérsion should be paid whether the
polymer is in a morphologically stationary stateactransitional state on investigation of the
properties of the membrane. Although the presesulteare preliminary, the more detailed
features of the morphological conversion are unmeestigation in our laboratory by
observing théH NMR spectra of water confined in the membranesaaibus temperatures
and hydrated conditions.

4. Conclusions

Perfluorinated ionomer membranes are widely usegddymer electrolyte fuel cells. The
morphology and properties of the membranes have Im¢ensively investigated to correlate
the performance and deterioration of PEFCs. For #échievement of the sufficient
performance on the practical operations and thesldpment of novel membranes, both
detailed and accurate information are requiredhénpresent study, by observing theNMR
spectral changes of water molecules confined in gblymer membranes under various
conditions, it was deduced that the polymer undesgeery slow morphological change
among distinct states depending on the hydratedsstand temperatures below 348 K, while
the conversion to the highly homogeneous morpho#dgtate could be achieved relatively
fast (less than 30 min) at 358 K under humidificatconditions. Such slow morphological
changes can influence accurate investigationseoptbperties of the polymer membranes and
the evaluation of the performance of the fuel cellkerefore, it would be desirable to
recognize whether the polymer membrane is in a hwggically steady or a transient state
under the investigations concerned. The charatitetld NMR spectral change of the water
could help identify the morphological states to soemtent, which might be difficult with the
other alternative techniques.
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Table 1  States of water and membranes under different hydited conditions,
and corresponding 1H NMR spectra measured at 298 K.

Hydrated State of

Structure and Mobility of H NMR Spectra

Membrane Water/Membrane of Water
A hydrated less homogeneous/stationary Figure 1 (a)
A hydrated less homogeneous/transitional Figure (d)
B less hydrated inhomogeneous Figure 1 (c)
B’ hydrated inhomogeneous Figure 1 (d)
C hydrated highly homogeneous Figure 2 (e)

e M

1
ppm

Fig. 1.1H NMR spectra of Nafion membranes, measured atVia9 at 298 K,

(a) hydrated Nafion 112, (b) the sample kept abrdo@mperature under ambient conditions for
3 months, (c) the sample heated for 4 h at 348K then kept under ambient conditions at
room temperature for 15h (d) measured after theokamn) was soaked in pure water at room

temperature for 24 h then wiped excess of wateghersurface with a paper.
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(a)
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x 172
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298 K

348 K

328K

298 K

}

298 K
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ppm

Fig. 2. The temperature dependencé&bNMR spectra of water molecules confined in
Nafion 112 (sample (d) in Fig. 1), measured undfetight conditions at (a) 298 K, The
temperature was increased at the rate of 10 K/Ston848 K, and the temperature was kept
for (b) 2 h. Then the temperature was decreastteatte of 10 K /30 min to 328 K and kept
for (c) 27 h. Afterwards, the temperature was deszd to 298 K and kept for (d) 15 min. The
sample was kept at room temperature for 18 daysraasured (e) at 298 K.

Slow
A EEEEEEE ’ B
o~ HZO
Stationary 298 K Less hydrated
+H,0
298 K
A Fast B
R
Transitional 348 K Hydrated

Fig. 3. A plausible conversion scheme among distimarphologies of Nafion 112
membranes at different temperatures and hydrasgéeisstieduced froftd NMR spectra of the

confined water molecules.
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