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Water molecules confined in perfluorinated ionomsembranes
which are extensively used for polymer electrolytel cells,
presented characteristiel NMR spectra reflecting the difference
in the morphology. For the hydrated membrane theewa
molecules at the distinct segments of the polynretetgo rapid
exchange to give an apparent single signal. Theakghifts to the
higher field with increasing the water content ttuéhe increase of
the fraction of the bulk water molecules. On shgetaf bulk water
the morphological conversion takes place. The man#of such
morphology exhibits a spectrum with separated regiat room
temperature regardless of the water content, simeenorphology
prohibit the rapid exchange among the water moéscldcalized
at the distinct segments. The characteristic specinanges of
water molecules associated with the chemical exgdh@mong the
water molecules in the different water domains #mchange of
the polymer morphology were demonstrated

Introduction

The studies on structures and properties devotedwimllen membranes have been
extensively performed on perfluorosulfonated ionomembranes such as Nafion due to
their industrial interest in chlor-alkali produaticand polymer electrolyte fuel cells
(PEFC) (1-25). Especially the application of thenmbeanes to PEFC has been recently
intensified from the energy and environmental vieiuts (1, 2). Nafion is the membrane
developed by DuPont, in which hydrophilic perflualio/leneether sidechains terminated
with —SQH are periodically attached to the hydrophobic fbhearbon backbone.
Although Nafion is known to possess exceptionalrtiad, chemical and mechanical
stability, it has been acknowledged that it shows@ehetimes different properties after the
long term storage (15). Recently from the obseovatiof the variations in th#d NMR
signals of water confined in Nafion we deduced tia polymer could undergo very
slow morphological changes among distinct statesewging on temperatures and
hydrated conditions, and proposed a plausible seledrthe local conversion of the states
of the water molecules associated with the morgho#d changes of the polymer (23-25).
Slow morphological changes could influence serptis¢ accuracy of the measurements
of the properties of the polymer and the evaluatibthe performance of fuel cells. Some
of the previous studies on the membranes may hese performed without being aware
of whether the polymer was in a morphologicallytistaary state or a transitional state,
which may account for the some unexpected expetaheasults for the membranes
addressed so far. Therefore, it would be inevitablelentify whether the polymer is in a
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morphologically steady or a transient state in adea We demonstrated th4dd NMR
could be utilized for the identification to sometent, which might be difficult with the
other alternative techniques (25). In the preséudys we tried to obtain more detailed
information on the exchange of water molecule$atdistinct segments by observing the
change of!H NMR signal under various conditions. Our obsdoratsuggests the
potential to utilizetH NMR parameters such as the chemical shift vahsepeak area of
the water molecules as a feasible measure of ther wantent of the hydrated membrane.

Experimental

Commercially available Nafion 112 and 1135 membsaige |. duPont de Nemours
and Co.) were used as received. Although seveeatrpatments of the membranes have
been recommended (17), some steps significanttffl the spectral features. Therefore,
we measured the membranes without any pre-treatriiénet’H NMR spectra of the
membranes were measured in the form of a singletst®r the measurements of
temperature dependence of the water signals, a memlsheet of 2 x 50 mm was
located in a 3 mm o.d. (55 mm high) glass NMR sampbe.

!H NMR measurements were carried out on a Variamitpf Plus 500 NMR
spectrometer at 500 MHz in the temperature ranggse85C without sample rotation.
The spectra were obtained after Fourier transfaomabf the FID signals following a
single pulse excitation with pulse duration of 3 and a 5 s relaxation delay. To
eliminate the background signal of the NMR proldee spectrum measured with an
empty NMR sample tube was subtracted from all thecsa. Chemical shifts were
measured relative to DSS (sodium 2, 2-dimethyli@psintane-5-sulfonate) as an external
reference.

Results and Discussion

The water content of the as received Nafion menwism@bout 5 %. ThtH NMR
spectra of water molecules in the hydrated Nafi@mtorane in the form of a single sheet
presented apparently a single resonance line asnsho Figure 1 (a) at 2&. The
resonance line was considered to be broadenedebgliskribution of chemical shifts of
the water with different structures and mobilitytire chemically different environments
in the membrane (23). Previously we demonstrated tihe membrane presented the
distinctive spectral features characteristic ofttivee different morphologies (designated
hereafter as MI, MIl, and MIII), depending on thater content and temperature. The
single signal in Figure 1 (a) indicates that theyper takes the morphology Ml at 5.

Figure 1 (b)-(d) shows the change of the signahwihe when the temperature was
heated at 8% in an open system. With the evaporation of watetecules the signal
intensity decreased, the resonance line becamédiraad the signal shifted substantially
to the down field. After 3 h the peak area decr@dse80% as compared to that before
the temperature increase. On decrease of temperadigk to 25C, the peak becanteo
broad to be observable. This broad signal can loeibagl to the very rigid water
molecules with restricted mobility which remain@die membrane after the vaporization
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of volatile water molecules with narrow line widthghis result indicates that sharp and
broad water signals cannot be discriminated &C2before temperature increase. On
increase of temperature, with the vaporization led mobile water the rigid water
components remaining in the system would becomardomto contribute to the broader
signal. On the basis of the assignment'fdMAS NMR spectra of dried Nafion reported
by Giotto et al. (10), the remained broad signailld¢de reasonably assigned to the water
molecules strongly associated with the sulfonicugrof the polymer side chain with an
electrostatic interaction.
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Figure 1'H NMR spectra of hydrated Nafion 1135, measure80&t MHz, at (a) 22C,
and 85C (b) 1, (c) 2, (d) 3 h after the sample kept &t an open system. (e) The
sample (d) was measured af@4

Although as stated above the resonance line in rti@mmbrane taking the
morphology MI was considered to be apparently beoad by the distribution of
chemical shifts of the water with different struetst and mobility in the chemically
different environments in the membrane (23), thlssepvation suggests that the
distribution of the chemical shifts should be atijuauch largerH MAS NMR spectra
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of dried Nafion consist of separated regions ovepfpm (10). The hydrated membrane
presented apparently a single signal because a&fheé exchange in the NMR time scale
among the water molecules in the chemically diffierenvironments in the membrane.
Therefore the chemical shifts and the line widtarged in correlation with the change in
the fraction of the each water component and tlohamge rate among them. Thus, the
line broadening and the chemical shift of tleNMR signal of the hydrated membrane
must be determined by the several factors sudmasnobility, the structure, the fraction,
and the distribution of the chemical shifts of twater molecules in the chemically
different environments in the membrane, and themote exchange among them.
Therefore, the line broadening and the chemicdt sitier sensitively with the water
content and temperature. For the hydrated membtaerebulk water molecules which
move through the membrane relatively freely wouldspnt a signal with a narrow line
width at higher field, supposedly around 5-4 ppm,téking into the account that the
chemical shift of the pure water solution is arodn8 ppm at 28C. On the other hand,
the water molecules around the sulfonic group mtegdroad line at low field (around 9-
14 ppm). On the increase of the water content, mwould mean the increase of the bulk
water, the apparent water signal of the hydratechlonane must become sharper and shift
to the up field because of the increase in theiba®f the bulk water component in the
membrane. This was evidently observed in Figure 2A.
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Figure 2 ThelH NMR spectra of water molecules confined in Nafiorembranes
measured at 2& at 500 MHz; A: (a) hydrated Nafion 1135, (b) indieely after the
sample was soaked in pure water for 5 min and tped the excess of water on the
surface with paper, (c) 20 h after the sample (b} Wwept at 28 under the air tight
condition. B: (a) Less hydrated Nafion 112, (b) swad after the sample(b) was soaked
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in water for 24 h and then wiped the excess of matethe surface with paper, (c) the
sample was heated at°bunder the air tight condition and measured a€25

Figure 2A(b) shows théH NMR spectrum measured immediately after the hpdra
membrane was soaked in the pure water for five tagiurhe signal shifted to the down
field and two signals were observed. However, frecgal feature changed gradually to
give a sharp intensified signal at the upper figlthin 20 h, as shown in Figure 2A(c).
These phenomena can be explained as follows. Therwaolecules added would
initially access the hydrophilic part of the polymeamely the sulfonic group. Since the
fraction of the water molecules around the sulfagriocup increases, the signal becomes
broad and shifts to the down field. The excess mwatdecules however gradually diffuse
through the membrane to reach an equilibrium stduere the fraction of the bulk water
components becomes more dominant. Then the appsigml becomes sharper and
shifts to the upper field. The signal is intenslfleecause of the increase in the total water
content. Figure 2A(b) shows the transient spectéithis process. Thus for the hydrated
membrane, the line width, peak area, and the clamsicift of the water molecules
change sensitively in proportion to the water cont&herefore, these parameters can be
employed as a feasible measure of the water coot¢hée hydrate membrane.

On the other hand, under less humidified conditidass than the critical water
content), the shortage of the bulk water causesntbgohological conversion of the
polymer (Ml to MII) as reported previously. Differefrom that for MI, the membrane of
MIl presented a spectrum consisting of three distiegions as shown in Figure 2B(a).
Because of the shortage of the bulk water, the gr@ndroup moiety of the polymer
would become more rigid. Since the mobility of thater molecules around the distinct
segments (hydrophilic sulfonic groups, and hydrdphdluorocarbon main and side
chains) becomes more restricted and the chemichlaege of the water molecules inter
the distinct segments would become slower, the mamnebpresented a spectrum with the
distinct regions of broad water signals. It is ectpd that the chemical exchange becomes
rapid if the membrane is more hydrated by supplywager molecules. However, on
supplying the enough amount of water by soakingnteenbrane in pure liquid water for
24 h at room temperature, the spectrum showedtistée distinct regions although the
low field region which can be assigned to the watetecules around the sulfonic group
was notably enhanced. This fact indicates thatmhieer molecules added do not diffuse
through the membrane but are retained around tiengugroup. The rapid exchange
among the water molecules as observed for Ml isanbieved in spite of the existence of
the excess amount of water. Although MIl is quitabte at room temperature, the
morphological conversion from MIl to MI takes plaeghen the membrane is heated
above 78C with a supply of water molecules, as reportediptesly (25). Actually, after
the sample in Figure 2B(b) was heated atC{5the membrane presented a similar
spectrum to that of the hydrated membrane of MgyF@2A(a)). This indicates that the
morphological conversion to MI enables the rapiceroltal exchange among the
different water components. Therefore, Mll is therphology where the water molecules
are highly localized at the distinct segments s the rapid chemical exchange in the
NMR time scale is not feasible.



ECS Transactions,16(2) PART 1, 937-944 (2008)

The three distinct regions in thi#l NMR spectrum in Figure 2B (b) may be
categorized to the water molecules in the threerdint water domains localized around
the polymer segments, such as hydrophilic sulfongteups, and hydrophobic
fluorocarbon main and side chains. Since the wadieled from outside would initially
access to the hydrophilic part of the polymer, ldwest field region can be ascribed to
that of the water in the vicinity of the sulfonageups, and the other two regions to the
waters around hydrophobic fluorocarbon main ane siains. By measuring the IR
spectra of HO, DO and HDO in hydrated Nafion membranes, Falk regbthat a
substantial proportion of water molecules appeswdthve an OH group (or occasionally
both OH groups) exposed to the fluorocarbon envivemt (22).

When the samples is heated at@%under the humidified condition, Ml and MII
are converted to MIll where the chemical environtaesf water is more homogeneous
and/or chemical exchange among water moleculesrisiderably rapid (23, 25), which
enables the high conductivity of the polymer. Tttaiaed polymer morphology (Mlll) is
highly stabilized, most probably by the interactigith water molecules (23).

On the basis of the SANS (small angle scatterindp weutrons) data of hydrated
Nafion, Rollet et al. proposed polymeric aggregatesounded by ionic groups and
water molecules (6). On increase of temperatueeatjgregates may resolve to convert to
the homogeneous MIIl. The bulk water spreads invthele membrane, which enables
the rapid chemical exchange among the water mascul the whole membranes and
enhances the mobility of water, resulting in thduetion of the line width of the water
signal. Thus, to resolve the aggregates the pwoovisif sufficient energy would be
required by elevating the temperature up to thecativalue of 78C. The bulk water
must play also an important role to attain the hgem@ous state, since the conversion to
MIll did not take place under less humidified cdradis even at 8%(23).The ionic
conductivity of the membrane is closely relatedh® mobility of the water molecules in
the membranes (9).

Conclusion

H NMR signals of water molecules confined in Nafimembranes with different
water contents were measured under various conditi@he characteristic spectral
changes of water molecules associated with the iclaéraxchange among the water
molecules in the different water domains and thengle of the polymer morphology are
illustrated in Figure 3. (a) The water moleculeghe hydrated membrane which takes
morphology MI presents a singtel NMR signal because of the rapid exchange among
the water molecules. (b) The shortage of the cedfinvater molecules causes the
morphological conversion of polymer from Ml to MIFor this membrane in less
hydrated states, owing to the shortage of the fuaker, the chemical exchange among
the water molecules in the distinct domains is mered to be slow in the NMR time
scale and three signal regions were observed, wtocid be attributed to the water
molecules localized around sulfonate groups, fluarbon side and main chains. (c) On
addition of water to this membrane, the water maks initially access to the
hydrophilic groups and the peak intensity of the keld region notably increased. But
the three regions hold still in the spectrum siti@e morphology MIl prohibits the rapid
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chemical exchange among the water molecules at teamperature. (d) On increase of
temperature above 76, Ml and MIl convert to the more homogeneous molgpdy
MIIl under humidified conditions. The morphology Mmust be favored to achieve the
high ion conductivities of the membranes.

NMR Signal o
>75°C\ ()M >75°C

Water Domain

Main Chain e &

Side Chain v

o/

Water i

Figure 3 The characteristic spectral changes oematolecules associated with the
chemical exchange among the water molecules irdiffierent water domains and the
change of the polymer morphology
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