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ABSTRACT: Interactions of Nafion (Naf) ionomer with water, aqueous ethanol (EA), aqueous isopropyl alcohol (IPA), and aqueous
ammonia were investigated by attenuated total reflectance (ATR)—infrared (IR) spectroscopy, differential scanning calorimetry, ther-
mogravimetric analysis, and computational modeling studies. Microstructural features by ATR-IR revealed the existence of hydro-
philic interaction of Naf with all solvents. The Naf membranes formed hydrogen bonds with water, aqueous EA, and IPA. The incor-
poration of solvents on the Naf matrix impaired the crystallinity, which was highest in the case of IPA. Of all the microsolvated
structures of Naf investigated, the formation of H;O" ions was evident; in addition, HsO," ions appeared in the alcohol-water mix-
ture, and NH," ions were observed in the water-ammonia mixture along with a direct ion pair with the SOs;~ group in Naf. Theo-
retical studies based on computational modeling disclosed that the interchain distance increased with enhanced interactions (hydro-
phobic interactions in particular), and this was in good agreement with the highest swelling ratio of the Naf membrane in aqueous

IPA and EA solvents. © 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 128: 3710-3719, 2013
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INTRODUCTION

Nafion (Naf) membranes are widely used as proton-conducting
membranes in polymer electrolyte membrane fuel cells.'™ The
high energy efficiency and high power density of polymer elec-
trolyte membrane fuel cells are mainly attributed to the excep-
tional proton conductivity and mechanical sturdiness of Naf
membranes. This membrane belongs to the class of perfluori-
nated ionomers and is composed of a hydrophobic perfluoro-
carbon backbone and vinyl ether side chains terminated with
hydrophilic sulfonic acid groups. The presence of hydrophobic
and hydrophilic groups leads to the nanoscale segregation of the
polymer, and this behavior varies dramatically with the proper-
ties of the solvent, namely, the polarity, acidity, hydrogen-bond-
ing efficiency, and hydrophobic/hydrophilic interactions with
the solvents.* ™!

The morphology of Naf and Naf-water interaction have been
widely investigated with various instrumental techniques, and
these studies have revealed the proton conductivity of Naf
membranes.'*™"” Depending on the concentration of —SO;H
and the water content, the ionic groups in Naf form clusters in
smaller or larger aggregates, which pave route for proton
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conduction.'® The high affinity of sulfonic acid groups to water
facilitates the dissociation of O—H bonds. Hence, with increas-
ing water content, the proton (H™) concentration increases and
leads to an enhancement in the proton conductivity. Dissociated
protons may also interact with water molecules to form hydro-
nium ions (H;0™)."? Although the aforementioned mechanistic
interpretations have been proposed for the water-induced
enhancement of proton conductivity, a lack of clarity exists as
to the actual mechanism of proton transport and the shape and
size of the water clusters.”® Vibrational spectroscopy has fur-
nished quite a bit of evidence for the interactions of water mol-

2021 with or without fillers.?*?®

ecules confined in membranes
The stretching vibrations of the hydroxyl groups have been
found to be very sensitive to the local environment of water
molecules,”” ™ whereas the structure of the membrane is very
sensitive to the presence of even a small quantity of organic

solvents.’*?”

Atomic force microscopy has been used for morphological stud-
ies on Naf membranes in the presence of water, water—metha-
nol, water—ethanol (EA), and water—isopropyl alcohol (IPA).8
Furthermore, small-angle neutron scattering, small-angle X-ray
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scattering, and electron spin resonance techniques have been
used for the analysis of the structure of Naf molecules in water
and aliphatic alcohols. These studies have revealed the aggre-
gated structure of the perfluorocarbon backbone of Naf.**7*
Dynamic light scattering experiments of Naf and EA—water mix-
tures (50/50) and Naf and methanol-water mixtures (50/50)
have unraveled a defined picture of aggregated structures in
Naf. Among the aggregated particles, two different sizes of Naf
have been observed; one due to the hydrophobic interaction of
the fluorocarbon backbone and the other due to electrostatic
interaction of sulfonic acid ion pairs of vinyl ether side chains.’
Recent studies using the attenuated total reflectance (ATR)-Fou-
rier transform infrared technique®® have dealt with the hydra-
tion aspects of Naf. Recently, detailed analyses of clustering and
percolation through atomistic simulation approach have also
been reported.””*®

In this article, we address in detail the interactions of Naf mem-
branes with various solvents. The selected solvent systems are
water, water—EA, water—IPA, and water—-ammonia mixtures. EA
and IPA are able to show good H-bonding tendencies, whereas
their hydrophobic moieties can undergo significant interactions
with the perfluorinated backbone. Ammonia has good H-bond-
ing efficiency and also acts as a weak base. In addition, alcohols
and ammonia have a significant difference in polarity and H"
releasing efficiency compared to water. The possibilities of the
formation of ions such as H;O" HsO,™ and NH," were dis-
cussed in a previous work.'” However, no strong proof for the
formation of these ions was presented. In this study, molecular
modeling studies were attempted to obtain clear evidence for the
formation of these ions. ATR-IR spectroscopy, differential scan-
ning calorimetry (DSC), thermogravimetric analysis (TGA), and
computational modeling were used to collect evidence of the
interactions of the Naf membranes with these solvents.

EXPERIMENTAL

Materials

Naf 117 membranes (molecular weight = 1100 g/equiv and thickness
= 5 mil or 127 um, Nafion (DuPont, USA)) were used for the study.
Deionized water (MilliQ), EA (99.9%, SDFCL, Mumbai, India), IPA
(99.5%, Fischer, Mumbai, India), and an extrapure ammonia solu-
tion (25%, SDFCL, Mumbai, India) were used as received.

Methods

Sample Preparation. The Naf membranes were cut into small
pieces and boiled for 1 h in 1M H,SO,. The samples were taken
out, the surfaces were wiped, and the membranes were dipped
in water and various aqueous solvents (25% v/v) for 1 h. A dip-
ping time of 1 h was chosen for comparative purposes and to
support modeling studies (vide infra). The swelling percentages
(area wise) of the membranes in different aqueous solvents were
measured. These samples were then subjected to ATR-IR spec-
troscopy, DSC, and TGA.

Characterization. The ATR-IR spectra of the membranes were
measured with a PerkinElmer spectrum GXA Fourier transform
infrared spectrometer equipped with a diamond ATR accessory
(Perkin Elmer, USA). The spectra were recorded in the wave-
number range 4000-550 cm™ ' at a resolution of 4 cm™'. Each
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membrane treated with the solvents was squeezed between the
surface of a diamond crystal and a pressing device to obtain
perfect contact. DSC experiments of the membranes were per-
formed with a DSC 2920 thermal analysis instrument (TA
instruments, USA). About 20 mg of sample was used for the
analysis. The surface of each sample was wiped with lens paper
to remove solvent from the surface of the membrane. The anal-
yses were carried out at a heating rate of 10°C/min up to a tem-
perature of 300°C. TGA studies of the membranes were per-
formed under air with a simultaneous thermogravimetry—
differential thermal analysis 2960 instrument (TA instruments,
USA). The thermograms were recorded up to 600°C at a heat-
ing rate of 10°C/min. Swelling studies were carried out through
immersion of Naf films in aqueous solvents for 1 h, and the
swelling ratios (area wise) were calculated.

Molecular modeling studies have been conducted with the semi-
empirical PM6 method,”* as implemented in the Gaussian 09
suite of programs.*’ PM6 uses experimental and ab initio data
from over 9000 compounds, covering 80 elements, and is arguably
the best semiempirical method to date. It has shown good per-
formance in modeling for a wide range of problems. The equiva-
lent weight of the Naf membrane used for our experimental stud-
ies was 1100 g/mol, and to approximately match this number, we
modeled a copolymer model of Naf by selecting a tetrafluoroethy-
lene backbone consisting of 14 carbon atoms in which the second
carbon atom was bonded to the sulfonic acid group terminated
perfluorovinyl ether group. The molecular formula of the modeled
system was C;9F;90sSH. To incorporate intermolecular interac-
tion, two such copolymer systems were used. All of the structures
were optimized in vacuo and in water, the water-EA mixture, the
water—IPA mixture, and the water-ammonia mixture. To incorpo-
rate the solvation effects, a microsolvation approach with explicit
solvent molecules was used.

RESULTS AND DISCUSSION

ATR-IR Analysis

Figure 1(a) represents the complete ATR-IR spectra of Naf
membranes recorded in different solvents. Major differences
were seen in the —OH stretching vibration (3300-3500 cm )
and bending vibration bands at 1657 cm™' (marked regions).
The bands between 557 and 674 cm™' were attributed to the
—CF, (hydrophobic region) vibrations, such as torsion, wag-
ging, and rocking [Figure 1(b)]. This region of the IR spectra
did not show any significant change in the presence of various
solvents. The band at 805 cm™" is attributed to —C—S stretch-
ing (hydrophilic region), which underwent some changes in the
presence of alcohols. For instance, in EA, it became broad and
less intense, whereas in IPA, it shifted to 815 cm™'. These obser-
vations suggest that the hydrophilic interactions were more
dominant than the hydrophobic interactions. The band at 877
cm ' observed in the water—alcohol mixtures were assigned to
the —C—H— stretching of the solvent. The peaks at 970 and
981 cm ' were due to —C—O—C stretching vibrations, which
remained almost unchanged with different solvents. Meanwhile,
IPA showed an additional band at 948 cm™" [Figure 1(c)]. This
band may be due to the change in —C—O—C stretching due to
the greater penetration of IPA into the Naf.
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Figure 1. ATR-IR spectra of Naf in water and aqueous solvents (a) complete spectra (4000-500 cm™ ), (b) region between 850 and 550 cm” ) (¢) region
between 1300 and 900 cm ™', (d) region between 1800 and 1300 cm ™!, and (e) region between 4000 and 2900 cm .

The hydrophobic parts of EA and IPA were expected to interact  the hydrophobic interactions were too weak to cause any notice-
with the polytetrafluoroethylene backbone and lead to a change  able changes. However, the —CF, stretching vibration peaks
in the —CF, bands. However, no significant changes in the [Figure 1(c)] shifted slightly from 1210 cm~ ' (untreated Naf)
—CF, bands were observed, even in an alcohol environment, as  to 1217 cm™ ' (water), 1222 cm™' (EA), 1221 cm™ ' (IPA), and
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Figure 2. DSC thermograms of the pristine and solvent-treated Naf

membranes.

1215 cm™' (ammonia), respectively. These shifts in EA and IPA
indicated that interactions toward the fluorinated backbone also
existed, along with hydrophilic interactions. In the case of aque-
ous ammonia treated membranes, no noticeable shift in this
peak was observed. At the same time, hydrophobic interactions
of Naf to alcohols were revealed in the swelling experiment
(vide infra).

Stretching vibrations of —S(O)—O were not observed clearly in
pristine Naf, whereas they were observed at 1452, 1454, 1462,
and 1458 cm™' in membranes treated with water, aqueous EA,
aqueous IPA, and ammonia, respectively [Figure 1(d)]. An addi-
tional peak was also observed at 1392 and 1387 cm ' in the case
of the EA- and IPA-treated membranes; this implied the extensive
coordination of alcohol to the —SOs;H groups. The peaks newly
emerged at 1637, 1636, 1648, 1650, and 1647 cm™! in pristine
Naf, water, aqueous EA, aqueous IPA, and aqueous ammonia
treated Naf, respectively, were due to the stretching of hydrated
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Figure 3. Thermogravimetric spectra of the untreated membrane and

membranes in the presence of solvents.
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Figure 4. Derivative thermograms of the Naf membranes in different

solvents.

protons. The highest intensity of the hydronium ion band was
observed for EA, and only a very less intense band was observed
for pristine Naf; this might have arisen from interaction with
atmospheric moisture. This experimental observation of hydro-
nium ion formation was further supported by the theoretically
calculated IR spectra of the corresponding membranes (cf.SI).

Figure 1(e) shows the ATR-IR spectra of all of the treated
membranes in the 2800-4200-cm ™' frequency range. The Naf
membrane without any solvent exhibited only one broad and a
very less intense band at 3420 cm™'. This low intensity indi-
cated the absence of —OH groups on the membrane surface.
When treated with water, the broad band became more intense
and decreased to 3379 cm™'; this suggested the existence of
strong hydrogen bonding in the Naf membrane in the presence
of water. Meanwhile, with water—-EA and water—IPA, the peak
shifted to 3397 and 3390 cm ™', respectively; this implied a con-
siderable amount of hydrogen bonding. Ammonia, being a base,
prefers to abstract H" from the —SO;H moiety rather than
form H bonds. The formation of NH, " was further exposed in
molecular modeling studies (vide infra).

Thermal Studies

The DSC profiles of the Naf membranes in different solvents are
shown in Figure 2. All Naf samples exhibited two endothermic
peaks. The first peak corresponded to the evaporation/vaporiza-
tion of solvent confined in the membrane during treatment.'
The heats of enthalpy of these transitions were 90, 304, 351, 523,
and 131 J/g for pristine Naf, Naf/water, Naf/EA, Naf/IPA, and
Naf/ammonia, respectively. It was implied that EA and IPA pro-
moted swelling; this was reflected in the heat of reaction (AH)
increase in those membranes. A high degree of swelling of the
membranes in IPA implied the penetration of solvent into poly-
mer chain due to favorable hydrophobic interactions. The Naf-
ammonia membranes showed a first transition similar to that of
the untreated Naf, as ammonia could not penetrate the Naf ma-
trix effectively.

J. APPL. POLYM. SCI. 2013, DOI: 10.1002/APP.38421
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Table I. Decomposition Characteristics of the Solvent-Treated Naf Membranes
Decomposition stage
First stage Second stage Third stage

Sample Trnax (°C) Weight loss (%) Trnax (°C) Weight loss (%) Trnax (°C) Weight loss (%)

Untreated Naf 65 8 352 15 433 52

Naf-water 65 11 352 29 435 64

Naf-EA 70 11 347 34 437 63

Naf-IPA 73 13 345 45 433 73

Naf-ammonia 63 7 875 22 427 73

T stands for temperature.

The second endotherm was assigned to the melting of crystalline
domains. The melting point of the crystalline fluoropolymer
backbone occurred at 190°C in pristine Naf. The treated Naf
membranes exhibited this endotherm at a low temperature of
about 160°C. The entrapped solvents disturbed the crystallinity
of the polytetrafluoroethylene structure, which resulted in the fast
melting of membranes. These changes were attributed to the
hydrophilic/hydrophobic interactions of solvents, which eventu-
ally increased the interchain difference in Naf.

Figure 3 shows the thermograms of the pristine and treated Naf
membranes. The Naf membranes underwent a three-stage
decomposition processes, as shown in the thermograms. The
first stage was due to the evaporation of the solvent. The second
and third stages were attributed to desulfonation and main-
chain degradation, respectively. Derivative TGA provides the
rate of these degradation processes (Figure 4). All degradation
peaks were almost in the same temperature range for all the
samples, except the second peak in the Naf /ammonia mem-
brane. This was ascribed to the ion-pair-complex formation
between ammonia and —SOs;H groups, which may have hin-
dered the early decomposition of the sulfonic acid moiety. It
was interesting that the desulfonation processes were slower
compared to the main degradation. The peak temperature of
decomposition (7,.x) and weight loss at each decomposition
stages are collected in Table I.

Molecular Modeling Studies

The optimized structures of the Naf single chain and double
chain are presented in Figure 5. In the double-chain structure,
no significant attractive interactions were present, as the highly
fluorinated alkyl chains in the Naf backbones were repelled
because of lone pair-lone pair interactions from fluorine atoms.
These interactions did not allow the close proximity of polar
sulfonic acid moieties. Also, we noted that the percentage of
—SO;H/chain was very low compared to the fluorinated alkyl
chain. The bond length features of the sulfonic acid moiety
were nearly unchanged compared to the single chain. The aver-
age values of C—F, C—C, and C—O bond distances were 1.34,
1.57, and 1.40 A, respectively, in both cases.

The solvated structures of Naf single chains in the water (nine
water molecules), water—-EA (nine water and two EA molecules),
water—IPA (seven water and two IPA molecules), and water—-am-
monia (seven water and two ammonia molecules) mixtures are
presented in Figure 6. The O—H bond of the sulfonic acid
group was dissociated, and the released proton formed hydro-
nium ions in the case of the water, water—-EA mixture, and
water—IPA mixture. On the other hand, in the presence of
ammonia, ammonium ions were formed. Naf in the water—
ammonia mixture showed relatively weaker hydrogen bonds
(typically in the range of 1.90-2.10 A) than those in all of the
other systems (typically in the range of 1.55-1.75 A). The

Nafion

Nafion dimer

Figure 5. Optimized structures of the Naf and Naf dimer. Bond lengths in angstroms are shown for the bonds around the sulfur atom. [Color figure

can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

J. APPL. POLYM. SCI. 2013, DOI: 10.1002/APP.38421

WILEYONLINELIBRARY.COM/APP

@WILEY i ONLINE LIBRARY



Applied Polymer

CIENCE

ARTICLE -

(2)

CY

Figure 6. Solvated Naf structures. The ions marked inside the transparent circles are noted separately with blue arrows (all distances are in angstroms).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

release of protons from the ammonium ion may be more diffi-
cult than that from hydronium ions as the former is involved in
weaker hydrogen bonds than the latter. The experimentally
measured hike in desulfonization temperature in TGA might
have been due to the strong ionic bonds formed between the
ammonium ions and SO;~ groups compared to the weak hydro-
gen bonds formed between the latter with all of the other solvents.

The IR stretching frequencies of all of the solvated systems were
calculated (see the Supporting Information). In all cases, sharp new
peaks appeared in the range 1760-1850 cm™ ', and a broadening of

the higher wave-number peaks around 2200-2800 cm™' was
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observed. The higher wave-number peaks were assigned to the
stretching of the solvent molecules, whereas the new sharp peaks in
the range 1760-1850 cm ™' corresponded to the stretching of the
hydronium/ammonium ions. In Figure 1(a) (experimental IR spec-
tra), the appearance of a new peak around 1650 cm™' was corre-
lated with the new sharp peak observed in the calculation. In the
experiment, the hydronium/ammonium ions were in the dynamic
state as the proton underwent a hopping mechanism. This hopping
mechanism decreased the overall strength of the corresponding
O—H and N—H vibrations, and thus, a decrease in the stretching
frequency compared to the actual calculated value was expected.

J. APPL. POLYM. SCI. 2013, DOI: 10.1002/APP.38421
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Figure 7. Optimized structure of two polymer chains of Naf in the pres-
ence of a microsolvation environment provided by 24 water molecules. All
distances are in angstroms. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

Thus, the theoretical results strongly indicated that the appearance
of the new peak around 1650 cm™' was due to the formation of
loosely bound protons in the solvent.

Further insights into the solvation effects were obtained through
the modeling of the double-chain structures (Figures 7-10).
Optimized structures of the two polymer chains of Naf in the
presence of a microsolvation environment provided by 24 water
molecules are shown in Figure 7. With the use of nine water
molecules, a good coverage of the sulfonic acid group (all of the
S—O bonds were connected to water molecules) of the single
chain was obtained. However, with 18 water molecules, full cov-
erage of the hydrophilic portion of the dimer system was not
possible. Additional water molecules were necessary to fill some
of the void space between the two sulfonic acid groups, and full
coverage was achieved with 24 water molecules (12 per chain).
The ratio of solvent to water was nearly identical to the experi-
mental condition of 25% v/v both in the single-chain and dou-
ble-chain models.

1.0
259
1.04 1.051
1251, 037

Figure 10. Optimized structure of two polymer chains of Naf in the pres-
ence of a microsolvation environment provided by 18 water molecules and
six ammonia molecules. All distances are in angstroms. [Color figure can
be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 8. Optimized structure of two polymer chains of Naf in the pres-
ence of a microsolvation environment provided by 18 water molecules
and six EA molecules. All distances are in angstroms. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

The proton from each sulfonic acid group was transferred to
nearby water molecules to form two hydronium ions. The two
hydronium ions are marked inside transparent circles and are
also noted separately with arrows in the figures. Furthermore,

Figure 9. Optimized structure of two polymer chains in the presence of a
microsolvation environment provided by 18 water molecules and six IPA
molecules. All distances are in angstroms. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]
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Nafion dimer in water-ethanol
mixture
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Nafion dimer in water-ammonia
mixture

Figure 11. Space-filling model of the Naf dimer in vacuo and in solvents. The distance between the terminal carbon atoms are given in angstroms.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

the optimized structure of the two polymer chains of Naf in the
presence of a microsolvation environment provided by 18 water
molecules and 6 EA molecules is shown in Figure 8. The proton
from each of the sulfonic acid groups was transferred to nearby
water molecules to form a hydronium ion and an HsO," ion.
The ions are marked inside transparent circles and are also
noted separately with blue arrows. The optimized structure of
the two polymer chains in the presence of a microsolvation
environment provided by 18 water molecules and 6 IPA mole-
cules are shown in Figure 9. The proton from each of the sul-
fonic acid group was transferred to nearby water molecules to
form a hydronium ion and an HsO," ion. The ions are marked
inside transparent circles and are also noted separately with
arrows.

Figure 10 represents the optimized structure of two polymer
chains of Naf in the presence of a microsolvation environment
provided by 18 water molecules and 6 ammonia molecules. Pro-
tons from each of the sulfonic acid groups were transferred to
nearby water molecules and ammonia molecules to form

Table II. Swelling (Experimental) and Interchain Distance (from
Modeling) of the Naf Membranes in Different Solvents

Interchain
Swelling distance
Solvent (%; experimental) (modeling)
Water 18 18.9
Aqueous EA 87 29.6
Aqueous IPA 90 27.2
Aqueous ammonia 2 6.8
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Hs0," ions and NH," ions. The ions are marked inside trans-
parent circles and are also noted separately with arrows. All dis-
tances are given in angstroms. In the case of the double-chain
structure in water, two hydronium ions were formed. Hydro-
nium ions were formed along with H;O," ions in the cases of
both the water—EA and water—IPA Naf membranes. In the case
of the water—-ammonia mixture, ammonium ions were formed
along with the HsO," ions. Consequently, Naf in the water—am-
monia system showed weaker hydrogen bonding than the rest.
In Figure 11, the space-filling models of the dimer systems are
depicted. As shown, Naf in vacuo and also in the water—-ammo-
nia mixture showed the most compact arrangement. In water,
the hydrophobic region was expanded to some extent, whereas
this expansion was substantial in the case of both the water—-EA
and water—IPA mixtures. The interchain distances increased up
to 30 A in the presence of alcohols. The experimental swelling
ratio of Naf in various solvents decreased in the following order:
IPA (90%) > EA (87%) > Water (18%) > Ammonia (<2%);
this corroborated the computational study. The difference
observed in interchain distance was proportional to the swelling
and is tabulated in Table II. The high swellability of the mem-
branes in EA and IPA originated from preferential hydrophobic
interaction with the Naf backbone. According to the theoretical
calculations, membranes in the water—-EA mixture were expected
to be more swollen than those in the water-IPA mixture, but
experimentally, this was flipped over, even though the difference
was minimal.

These theoretical studies indicate that in all of the cases, the sul-
fonic acid moiety was the major interaction site for the solvent.
Solvent molecules aggregated around the hydrophilic sulfonic
acid groups. Solvation led to the dissociation of the O—H bond
of the sulfonic acid group. The released proton was
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accommodated by water to form either a hydronium ion or a
Hs0," ion. The presence of ammonia retarded the formation
of water-bound ions and instead promoted the formation of
ammonium ions. The presence of ammonia also weakened the
overall hydrogen-bonding interactions in the system. The hydro-
phobic interactions between the Naf backbone and absorbed
solvent molecules were expected to be much weaker than the
hydrophilic interactions. These results also support the existence
of an exchange of protons from one water molecule to others
through a hydrogen-bonding network (hydrogen bonding was
also noted in the ATR-IR study), and this suggested the possi-
bility of a dynamic mechanism of proton transport.

CONCLUSIONS

The interactions of various solvents with Naf membranes were
investigated. The solvents, water, aqueous EA, and aqueous IPA,
were able to build strong hydrogen bonds with the —SO;H
moieties in the Naf ionomers. A detailed study with ATR spec-
troscopy was performed to unfold the microstructural features
of the Naf membranes in the presence of solvents. EA and IPA
showed notable hydrophilic and hydrophobic interactions with
Naf. Molecular modeling studies suggested the existence of ionic
clusters in the presence of water. The formation of hydronium
ions (in all of the solvents studied), HsO," ions (in the alco-
hol-water mixture), and NH," ions (in the water-ammonia
mixture) were confirmed by theoretical studies. In the latter
case, ammonium ions formed a direct ion pair with the SO;~
group in Naf, as indicated in the theoretical studies. These
insights will enhance the robustness of electrode processing
steps and, in turn, help to achieve improved performance in
Naf membranes in fuel cells.
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