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Abstract: Sodium-23 NMR at 26.46 MHz has been used to study cation binding in a perfluorosulfonate ion exchange resin
(Nafion) as a function of water content and temperature. A large chemical shift change (~130 ppm) and line width increase
are seen upon decreasing the water content from 30 to 1%. These effects are reversed with increasing temperature. The data
can be interpreted in terms of a fast equilibrium between bound and unbound, but loosely associated. cations in the hydrophilic
regions of the material. A larger fraction of cations is bound with decreasing water content and temperature. The large change
in chemical shift points to the formation of contact ion pairs. The data suggest the presence of three or four water molecules
in the first hydration sphere of the sodium ions. The 22Na NMR behavior is consistent with a reversed micelle model of Naf-

on.

Introduction

Nafion! is a perfluorinated ion exchange resin with the
structure

(CF.CF,),(CFCF,),,
(OCF.CF);—OCF,CF,—X

CF,

where X = SO,F, SO3H, SO3Na, etc., and / is small, The
material possesses exceptional chemical, thermal, and me-
chanical stability and can serve as an effective membrane
separator in electrochemical cells.? Since the ion transport
properties of a membrane separator are critical for its effective
performance, an understanding of ionic mobility, at the mo-
lecular level, is essential. Very little data is available concerning
the detailed microstructure of Nafion ionomers.

Alkali metal NMR is a sensitive probe of the immediate
chemical environment and mobility of alkali metal ions in
aqueous and nonagueous solvents.3-3 Previous studies have
revealed that 2*Na chemical shifts depend on the Lewis basicity
of the solvent.3%7 With poor electron donors, the 2>Na reso-
nance of a dissolved electrolyte occurs upfield of the same
resonance in more basic solvents. Concentration-dependent
23Na chemical shift changes, on the order of several ppm, have
been observed for some sodium halide and thiocyanate solu-
tions.3” These changes have been ascribed to the formation
of contact ion pairs in these solutions.?’

We present here a 22Na FT NMR study of Nafion-SO3;Na
in the presence of water of swelling. Information concerning
counterion binding, ionic solvation, and mobility is obtained
using 23Na chemical shifts and line widths. Evidence is pre-
sented for the formation of contact ion pairs between Na* and
the bound fluorosulfonate groups.

Experimental Section

Sodium-23 FT NMR spectra at 26.46 MHz were obtained on a
Varian XL-100 spectrometer with Gyrocode Observe capability and
I9F external lock. The following accumulation conditions were used:
spectral width, 10 or 12 kHz; 8192 frequency domain points; 90°
radio-frequency pulse width, 50 us; pulse repetition rate, 0.1s; 1K to
40K transients, depending on sample.

A commercial Nafion resin (du Pont) in powder form was converted
from the potassium to the sodium form by treatment with a 3:2
H>0/Me,SO, 11.5% NaOH solution at 85 °C for approximately 4
h. The sample was then repeatedly washed with distilled water and
dried overnight under vacuum at 80 °C. For the variable water content
experiments, portions of the dried sample were quickly transferred
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to capped 12-mm NMR tubes and then weighed. Measured amounts
of H2O were then added to the various samples to give predetermined
percentages of H,O. The sealed samples were vigorously mixed,
warmed at 60 °C for several hours, and allowed to equilibrate over-
night.

In an alternate method of preparation, weighed amounts of dried
Nafion were saturated with H,O in 12-mm NMR tubes and allowed
to equilibrate. These samples were then allowed to dry to the appro-
priate weight in a vacuum oven at 60 °C. Reequilibration was allowed
to take place overnight. Within experimental error, the same 2*Na
chemical shifts and line widths were obtained using the two methods
of sample preparation.

The salt CF3SO3;Na was prepared by titrating CF3SO3;H (Fisher
Scientific) with 2 M NaOH to a phenophthalein end point. The sample
was dried at 80 °C overnight in a vacuum oven.

Resonance line widths at half-height were measured from expanded
spectral plots. Chemical shifts were measured with respect to 0.1 M
NaClin a 3-mm o.d. concentric capillary. The direction of the shifts
corresponded to the known field-offset relationship of the spec-
trometer and was confirmed by observing the position of Nal in pyr-
idine relative to external aqueous NaCl.”

Results

In Table I are the 22Na chemical shifts and resonance line
widths at 26.46 MHz for Nafion-SO3;Na (1100 equivalent
weight), as a function of water content and temperature. The
23Na spectra at 30 °C as a function of water content are given
in Figure 1. Only a single resonance arising from the resin is
observed in each case. At large swelling (30% H,O and above),
the 2*Na line width is about one order of magnitude broader
than is usually observed in concentrated aqueous electrolytes*>
at comparable water-to-salt molar ratios. As the amount of
water is decreased at constant temperature, the resonance
increasingly broadens, reaching a value of 4 kHz at 1% H,O.
Concomitantly, the resonance shifts about 130 ppm upfield.
The range of shifts seen here is substantially larger than is
typical for the 23Na resonance, even in the presence of organic
solvents and under a variety of conditions.”-® With increasing
temperature at a given water concentration, both reduced line
widths and chemical shift changes are seen.

In Table II are the 22Na chemical shifts and line widths of
the model salt CF3SO3Na as a function of concentration in
aqueous solution. With increasing concentration, the 23Na
resonance broadens and shifts slightly upfield. Unfortunately,
solubility limitations prevent the observation of larger chemical
shift changes for this model salt.

Discussion

Nuclei with spin I greater than 5 (for 23Na, I = 3)) possess
quadrupole moments which interact with electric field gradi-
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Figure 1. 2Na FT NMR spectra of Nafion-SO3Na (1100 equivalent
weight) as a function of degree of swelling. The relatively narrow resonance
arises from external 0.1 M aqueous NaCl used as a chemical shift stan-
dard. The spectra are plotted at different vertical gains. The “peaks” at
high field in the 10% H,0O specirum are artifacts.

ents at the nucleus produced by asymmetries in the electronic
environment, Fluctuations in this interaction arising from
translational or rotational diffusive motions in the liquid can
provide an efficient mechanism of 22Na nuclear spin relaxation.
Equation 1 governs this relaxation,® where 7', is the spin-spin
relaxation time, Ay is the line width, eq is the electric field
gradient at the nucleus, eQ is the nuclear quadrupole moment,
and f(7R, 7ex) is some function of the correlation times, 7r and
Tex, fOT rotational motion and exchange of the 22Na ions, re-
spectively. An asymmetry parameter of zero is assumed in eq
1.

1/Ty=wAv = (1/10) (e2qQ/h)? f(TR,Tex) (1)

Sodium-23 resonances in aqueous solutions of electrolytes
are relatively narrow? since the aqueous environment is, on the
average, highly symmetric (small electric field gradients), with
only minor distortions due to collisions with, or exchange of,
solvent molecules. Binding of a sodium ion to a site on a poly-
mer will produce a broadened resonance. This broadening can
arise from two sources: production of substantial electric field
gradients due to distortion of the sodium electronic environ-
ment upon binding, and decreased mobility due to the influence
of the polymer (increased 7gr).

The large 23Na line width of saturated Nafion-SO;3Na,
relative to that seen for aqueous CF3SO3Na, is strong evidence
for a significant interaction between the sodium ions and the
polymer. Elementary electrostatics, as well as the parallel
chemical shift changes seen for Nafion-SO;Na and CF;-
SO;Na, dictate that cation binding occurs at the relatively
fixed anionic sites.

The binding of sodium ions to Dowex 50 ion exchange resins
has been studied previously using 22Na NMR.'%!! Creekmore
and Reilley!! observed a 23Na line width of 25 Hz for Dowex
50 with 2% cross-linking. This resonance is about twice as
broad as that found for the monomeric analogue sodium p-
toluenesulfonate. As the degree of cross-linking is increased
to 12%, the resonance broadens beyond detection. This was
attributed to an increase in the effective correlation time for
ionic mobility of the sodium ions.!! The 23Na line width of
saturated Nafion-SO;Na is one order of magnitude broader
than that of 2% cross-linked Dowex 50. This points to a sub-
stantial restriction of ionic mobility in the aqueous phase of
Nafion, relative to that found for the porous Dowex 50.

Table L. 22Na Chemical Shifts and Line Widths of Nafion-
SO3;Na¢ as a Function of Water Content and Temperature

% H,0b T, °C 8, ppm Av,9 Hz
satd 30 =22 220
satd 55 130
satd 92 100
30 30 -22z0.1 230
20 30 =24 +0.1 260
10 30 —-3.6+0.3 460

5 30 —-146 1 1100
5 90 ~—4 600
2 30 =73 %4 2500
2 90 ~=34 1900
1 30 —-130£ 10 4000
1 90 ~—100 3000

4 The equivalent weight of the polymer, i.e., the weight of polymer
in the acid form that will neutralize 1 equiv of base, is 1100, ¢ As
weight percent of dry polymer. ¢ Relative to external 0,1 M NaCl,
except for the values at 90 °C, which were measured using the value
found for 30% H,0. Positive chemical shifts are downfield. ¢ Esti-
mated accuracy x10%. Not corrected for field inhomogeneity or bulk
susceptibility effects, which are estimated to be on the order of 510
Hz.

Table IL. 22Na Chemical Shifts and Line Widths of Aqueous
CF3SO3Na as a Function of Concentration

approx H,O/Na

concn, M molar ratio 8,9 ppm Ay, Hz
0.1 540 0.0
1.0 50 -0.7 16
4,56 8 =23 33

@ Relative to external 0.3 M NaCl. Positive shifts are downfield,
Not corrected for bulk susceptibility effects, which are estimated to
be on the order of 0.1 ppm. ¢ This concentration of salt is close to that
of a saturated solution.

The interaction of the sodium counterions with Nafion resin
can be treated in terms of an equilibrium between ions bound,
or strongly associated, with the polymer and relatively free ions
in the aqueous phase. The decrease in the line widths with in-
creasing temperature is indicative of fast exchange of ions
between the bound and unbound states. In this situation, the
observed line width and chemical shift are given by eq 2 and
3, respectively. Here, Avgnsg and 8obsg are the observed line

Avopsd = PrAve + PoAvy 2)
dobsd = Pbs + Pudb (3)

width and chemical shift, respectively, at a given temperature
and water content. The NMR parameters for the free (in the
resin) and bound ions are designated by the subscripts f-and
b, respectively. The corresponding mole fractions of ions are
given by Prand Py. These latter quantities are related such that
P,=1-— Py

As the amount of water or the temperature is reduced, a
larger fraction of sodium ions is bound to the resin at a given
instant. This causes the observed line width and chemical shift
to approach the values for the totally bound species. In order
to obtain the fraction of cations bound for a given water content
and temperature, it is necessary to know the NMR parameters
for the free and bound species under similar conditions. Esti-
mates of 8y and Ay are not readily obtainable but are surely
larger than those observed at 1% H»O. Values for &; and Ay
can be extracted from the data for the model salt in Table I1.
Nafion-SO3;Na of 1100 equivalent weight absorbs about 35%
H,0 at 30 °C. This corresponds to an electrolyte concentration
in the aqueous phase of about 2.6 M, which yields values of
—1.5 ppm and 24 Hz for é¢ and Awy, respectively. However,
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Figure 2. Plot of the 23Na line width of Nafion-SO3Na at 30 °C vs. water
content and the H,O/Na molar ratio.

since the line width of saturated Nafion is about ten times as
large as that for the model, it does not appear to be valid to use
line-width data for the model salt as an approximation of the
unbound Na* line width in the resin. The mobility of an “un-
bound” ion in the aqueous phase of the resin is substantially
less than that in a concentrated electrolyte solution, On the
basis of the chemical shift data in Table 1, less than 19 of the
cations are bound in saturated Nafion. At 1% H,0, a sub-
stantial fraction, probably greater than 50%, is bound. It must
be kept in mind that, at very low water contents, the assump-
tion of a fast equilibrium between bound and unbound states
may no longer be valid.

In Figures 2 and 3 are plots of the line width and chemical
shift, respectively, vs. water content and the H,0/Na molar
ratio. The behavior of the two NMR parameters is quite sim-
ilar. The largest changes begin to occur in the region of three
to four water molecules per sodium ion. Since sodium chemical
shifts are sensitive to only the immediate environment, this
behavior suggests the presence of three or four water molecules
in the first hydration sphere of Na* in Nafion-SO;Na. Using
'H NMR, Creekmore and Reilley!! found hydration numbers
in the range 2.8-3.5 for Dowex 50 cross-linked to various lev-
els.

It is necessary to account for, in at least a qualitative man-
ner, both the magnitude and direction of the shift change seen
upon going to low water content. As water molecules are re-
placed by SO; groups in the neighborhood of the Na* ion, this
nucleus experiences an increased shielding. Since the
-CF,S03;™ moieties of Nafion are weakly basic and poor
electron donors, the upfield shifts are consistent with previous
observations.5-?

The magnitude of this shielding increase, most of which
occurs in the region of low water content, is quite surprising
in view of the typical chemical shift range (about £15 ppm
from aqueous NaCl) of sodium.8 The 130-ppm difference
observed between 30 and 1% H-O is over twice the 60-ppm
difference observed between the sodium cation and sodium
anion, the latter existing in a cryptand complex in solution.!2
The shift difference between Na* and Na~ refers to the sol-
vated species, whereas in Nafion at low water content, there
is an insufficient quantity of water present for full hydration
of the cations.

The large shift changes seen at low water content are strong
evidence for the formation of contact ion pairs. The amount
of water present at these levels is not sufficient to effectively
provide for solvent-separated ion pairs. This behavior also
explains why only relatively small shift changes are seen in both
aqueous and nonaqueous electrolyte solutions as a function of
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Figure 3. Plot of the 23Na chemical shift of Nafion-SO;Na vs. water
content and the H,O/Na molar ratio.

concentration. At the concentrations of electrolyte normally
obtainable, the overwhelming majority of ions are solvent-
separated, with only a small fraction of ions existing as contact
ion pairs. It is also true that the chemical nature of the Nafion
system (i.e., perfluorosulfonate) might be expected to yield
larger cationic shift changes compared to other anionic types
under similar conditions.

It should be pointed out that little can be learned concerning
the detailed geometry of the ion pairs in Nafion from the data
presented here. The electronic distribution around the sodium
cation, due to the neighboring SO; group(s), is almost certainly
highly anisotropic. No evidence for this can be seen in the
spectra in Figure 1, most probably due to the rapid averaging
between free and bound states that gives rise to the equilibrium
spectra.

Behavior similar to that in Figures 2 and 3 has been seen for
the 22Na line width in the reversed micellar systems, sodium
diisooctyl sulfosuccinate/water/heptane,!3 and caprylic
acid/sodium caprylate/water.!4 Small-angle X-ray scattering
studies'® suggest that swollen Nafion exists as a biphasic
structure, consisting of hydrated ionic clusters embedded in
the surrounding fluorocarbon phase. Such a structure resem-
bles a reversed micelle. The 22Na NMR results obtained here
provide support for this picture of the structure of Nafion.
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