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ABSTRACT We present an leF NMR study of acid Nafion solutions and corresponding membranes swollen 
by water, formamide, methanol, and ethanol. The main objective of this study is to assess the mobility of 
the perfluorinated chains in the solutions and to provide structural details that complement data obtained 
from small-angle scattering experiments. All spectra consist of sharp peakssuperimpwd on a broad component. 
The sharp signals are assigned to fluorine nuclei with different chemical shifts, in the perfluorinated backbone 
and in the pendant chains; the signals are identified by comparison with the chemical shifts measured for 
a short-chain perfluorinated surfactant. In ethanol solutions the narrow component is dominant, suggesting 
a nearly isotropic motion of the polymer molecule (backbone and pendant chains), with T~ I 1O-'s. The 
spectra of the membranes swollen by water, formamide, methanol, and ethanol are intermediate between the 
spectra of the dry membrane and of the solutions. The spectra of the solutions and of the swollen membranes 
at ambient temperature, as well as the spectra of the dry membranes and of Teflon as a function of tem- 
perature, have been simulated by use of hyper-Lorentzian line shapes, by varying one parameter only, the 
component line width. An Arrhenius plot of the line width in dry Nafion vs temperature allows determination 
of the activation energy for the motion. Above 385 K the activation energies are 65.1 kJ/mol for the ionomer 
and 13.1 kJ/mol for Teflon. The simulations suggest a different approach of modeling complex spectra, as 
an alternative to superposition of a component moving isotropically in a fluid solution, and static chains 
behaving as a solid phase. 

I. Introduction and Motivation 
The ionomers known as Nafion are produced by Du 

Pont and consist of a perfluorinated polymer backbone 
and ether side chains terminated with sulfonic groups 
SOa-.' The formula for the acid form (NafionH) is 

I 
-ICF2C F21F F2C F- 

OCF2CFOCF2CF2SOaH 
I 
CF3 

NafionH 

For an equivalent weight of 1100, n in the formula above 
is 6.5, which means that the repeat unit of the backbone 
has 14 CF2 groups and 1 CF group. This is the Nafion 117 
membrane used in all experiments. 

The technological importance of Nafion as a separation 
membrane in electrochemical processes has prompted 
extensive studies, by spectroscopic and scattering meth- 
ods.2 I t  is generally accepted that a t  low solvent content 
the ionomer separates into polar and nonpolar domains, 
forming a reverse micelle structure consisting of solvent 
"poolsn where the ionic charges are clustered, surrounded 
by the polymer backbone.' The size of the pools has been 
determined from small-angle neutron and X-ray scattering 
(SANS and SAXS, respectively), and is about 40-80 A, 
depending on the solvent, the degree of neutralization of 
the sulfonic groups, and the nature of the counterions. 
The local structure of the counterions has been deduced 
in Ndion swollen in various solvents in extended X-ray 
absorption fine structure (EXAFS),314 infrared: Raman! 
and Mossbauer spectroscopies,' and by electron spin 
resonance (ESR) studies of the membranes neutralized 
by paramagnetic  cation^.^^^ No model has yet been 
proposed for membranes with high solvent content. 

Recently a procedure for solubilization of the Nafion 
membrane has been proposedlOJ1 and has been followed 
by studies using electron microscopy and small-angle 

t On sabbatical leave from the Department of Chemistry, Uni- 
versity of Detroit, Detroit, MI 48221. 
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scattering methods. Details on the structure of the ion- 
omer in solutions are only now beginning to emerge, based 
on the study of the solutions using SANS and SAXS.12-14 
Structural parameters have been obtained in small-angle 
scattering studies from an analysis of the peak position as 
a function of polymer concentration in various solvents. 
Best agreement with all experimental results has been 
obtained for the model of parallel rods of radius 18-30 A, 
depending on the solvent, arranged in a planar hexagonal 
array.15 I t  has been suggested that the rods consist of a 
central core of perfluorinated backbone, while the ionic 
charges are on the outer surface, in contact with the polar 
s01vent.l~ The radius of the rods in a given solvent seems 
to depend on the length of the pendant chain of the ion- 
omer; recent, still unpublished, results on carboxylated 
ionomers containing a considerably shorter side chain seem 
to substantiate this hypothesis.16 

The study of Nafion solutions by 19F NMR was initiated 
with the general objective of obtaining information on the 
mobility of the perfluorinated backbone and of the side 
chains, as a function of ionomer structure, polarity and 
structure of the solvent, and nature of the counterions 
used for partial or full neutralization of the membrane. 

l9NMR spectroscopy is expected to be a powerful method 
for the study of Ndion solutions. The 19F chemical shifts 
cover a broad range (- 1000 ppm) and are dominated by 
paramagnetic shifts, which depend on the excited elec- 
tronic states.17-19 The chemical shifts are sensitive to the 
solvent, and this is an advantage for the study of Nafion 
solutions in various solvents and solvent mixtures. In 
addition, the coupling between nonequivalent geminal l9F 
nuclei is large, of the order of several hundred hertz. 
Because of these advantages, '9F NMR has become an 
important method for the study of the stereochemistry 
and dynamics of partially fluorinated homopolymers, 
copolymers, and 

Solid-state-type NMR studies of Nafion have been 
reported, and relaxation times (TI, Tz,  and TI,) have been 
measured. We will come back to these studies in the 
Discussion. 
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In this report we present initial results and conclusions 
obtained from l9F NMR studies of NdionH membranes 
and solutions. To the best of our knowledge, no other 
NMR studies of Ndion solutions have been published. 

11. Experimental Section 
The Nafion 117 membrane, as the lithium salt, was solubilized 

in a 50/50 by volume water/ethanol mixture at 523 K in an au- 
toclave, as previously described.'*-14 A soluble Nafion powder 
was then obtained by evaporation of the solvent at -350 K for 
1 h. The soluble acid form of Nafion was prepared by stirring 
the lithium salt with 2 M nitric acid at ambient temperature for 
5 h. Solutions of NafionH (20 % by weight) in the various solvents 
were then prepared. 

19F chemical shifts were measured with respect to  CFCls, which 
is the most commonly used standard in IeF NMR spectroscopy. 
A capillary containing the standard was inserted in all the samples 
measured. The Bruker CXPSO spectrometer was used, at a 
frequency of 84.8 MHz for I9F nuclei. For these experiments the 
Teflon in the probe was replaced by a polysulfone plastic. This 
spectrometer is appropriate for the study of the Nafion solutions, 
because it is a high-power instrument and therefore can detect 
the broad lines from 'rigid" nuclei in solids; moreover, its 
resolution is good enough for the detection of 'mobile" nuclei. 
In polymer solutions the signals are broader than for small 
molecules because of the slower rate of rotational diffusion of the 
polymers, and also because the rotation of side chains attached 
to fixed ends can be anisotropic. Therefore a high-power NMR 
spectrometer is preferable for the type of studies presented here. 
Typical spectra were measured with a pulse length of 1 ps, a 
repetition rate of 2 8, a sweep width of 125 kHz, and 4K data 
points; the line broadening parameter used in the Fourier 
transformation was 3 Hz. 

The Teflon polymer studied had an index of crystallinity of 
-60%, as measured by wide-angle X-ray diffraction. 

111. Results 
1. 19F Chemical Shif ts  in  NafionH. The short-chain 

perfluorinated surfactant given below was used to identify 
the origin of the chemical shifts in the NafionH solutions.23 

NMR spectra of the surfactant and of NafionH in form- 

CF3(OCF2C(CF3)F),OCF2C0ONH4 

amide and ethanol solutions are presented in Figure 1. 
The spectrum of the surfactant is typical of a small 
molecule in the liquid phase, with well-resolved signals 
corresponding to fluorine nuclei with different chemical 
shifts. The spectra of the Nafion solutions consist of 
similar signals and, in addition, a very broad component; 
the intensity of this broader component is less important 
in ethanol, compared to formamide. 

The chemical shifts, in ppm with respect to CFCl3, and 
the assignments are also indicated in Figure l.23 For the 
surfactant, the strong peak at  -80.9 ppm is most likely 
due to the pendant CF3 signals a t  -75.9 and -86.0 
ppm are assigned to the OCF2 groups near the carboxylic 
group and in the repeat unit, respectively. The corre- 
sponding signal in the ionomer solution is broader and 
appears a t  -80 ppm. The weak signal a t  about -146 ppm 
is due to lgF nuclei in the CF groups, as suggested 
p r e v i ~ u s l y . ~ ~  The equally weak signal near -139 ppm in 
the ionomer solutions is tentatively assigned to the 19F 
nuclei in the CF2 group near the sulfonic group, by 
comparison with a similarly situated CF2 group near a 
COOH group, which has a chemical shift of -138 ppm 
relative to CFCl3.26*26 

By comparison with the spectrum given in Figure la, it 
is clear that the strong signal near -120 ppm in the NafionH 
solutions, Figure l b  and IC, is due to the backbone 19F 
nuclei; this assignment is supported by the value of the 
chemical shift,18 and by the absence of this signal in the 

perfluorinated surfactant 
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Figure 1. 1BF NMR spectra at 298 K and Y = 84.8 MHz of a 
perfluorinated surfactant (a) and of a NdionH solution in for- 
mamide (b) and in ethanol (c). Chemical shifts are indicated 
with respect to CFCh as standard. The assignments are explained 
in the text. In (c) the six signals considered in the simulations 
are indicated by arrows. 

perfluorinated surfactant. This is an important conclu- 
sion, because it indicates that the mobility of the backbone 
is similar to that of the pendant chain: The line widths 
of the signals a t  -120 ppm are about the same as those 
from the side-chain nuclei, which are represented by the 
strong signal near -80 ppm. 

The structure of the main peak at  -120 ppm may be due 
to different backbone nuclei, because the lgF chemical 
shifts are sensitive to the details of the chain structure. 
High-resolution lgF NMR spectra of fluorinated polymers 
have been analyzed at  the level of pentads, within a range 
of typically 5-10 ppm.2e22 For a perfluorinated chain 
-(CF2)- only one resonance is expected. For a chain 
containing 1 pendant group for each 14 CF2 groups, we 
expect that on the level of pentads only the 6 central C 9  
groups will have the same chemical shift, and 8 CF2 groups, 
on both sides of the central 6 CF2 groups, will have slightly 
different resonances. 

The intensity of the signal a t  -120 ppm in Figure IC is 
69.4% of the total spectral intensity; this value can be 
compared with a calculated intensity of 71.8% (based on 
28 fluorine nuclei in the backbone out of a total of 39 
fluorine nuclei in the repeat unit) and means complete 
dissolution of the polymer in ethanol. This conclusion is 
supported by experiments that indicate the same total 
intensities in NMR spectra of the surfactant and the 
NdionH solutions at the same concentrations. 

The relative intensity of the signal a t  -80 ppm can 
provide additional support for the above conclusion. This 
signal is due to the l9F nuclei near the ether links and to 
the CF3 group in the side chain, seven nuclei per repeating 
unit, or 18.0% of the total intensity. The measured value 
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(a) NafionH soaked by 
r a t e r  a t  298K 

15.9 

(b) NaffonH soaked by 
Water a t  373K 

(c) NaffonH soaked by 
formamide a t  298K 

(d) NaffonH soaked by 
methanol a t  298K 

*----/in 
(e) NaffonH soaked by 

ethanol a t  298K 

10 kHz 

Figure 2. 'OF NMR spectra at 298 K and Y = 84.8 MHz of 
NafionH membranes soaked by (a) water at 298 K, (b) water at 
373 K, (c) formamide at 298 K, (d) methanol at 298 K, and (e) 
ethanol at 298 K. The width at half-height of the broad 
component (in kilohertz) is indicated for each spectrum. 

is 19.2%. Theagreementwiththecalculatedvalueof 18.0% 
is satisfactory. 

The line widths in NafionH solutions in formamide are 
broader than in ethanol and there is a hint of a broad 
component in addition to the resolved signals. 

2. BulkNafionH Membranes. a. Effect of Solvent. 
Separate 19F NMR signals from the backbone and pendant 
nuclei are observed also in Nafion membranes that have 
been soaked with water (at 298 and 373 K), formamide, 
methanol, and ethanol, as seen in Figure 2. The narrow 
signals are similar to those given in Figure 1, but the broad 
component is more important; an extreme case is the water- 
swollen membrane, where the narrow lines are barely 
visible. In each spectrum in Figure 2 the intensity ratio 
of the two major narrow lines, from backbone and pendant 
19F nuclei, is similar to that detected in the solutions, as 
seen for instance in Figure 2e. This result suggests that 
the signals arise from whole chains, and not from portions 
of chains, and is contrary to what would be expected for 
the three-phase model of ionomers, which assumes pen- 
etration of the pendant chains into the solvent pools in 
the membranes swollen by polar solvents.27 

b. Effect of Temperature. lgF NMR spectra of dry 
Ndion membranes (dried to constant weight in vacuum33) 
were measured in the temperature range 298-459 K; 
representative spectra are given in Figure 3. The separate 
signals from the pendant chain and the backbone gradually 
appear and their widths decrease with increasing tem- 
perature. In parallel, the broad signal becomes less intense; 
the width of this signal can be estimated by taking the top 
of the broad component a t  the position shown in Figure 
3 as the maximum intensity of the broad component and 
measuring the full width at half-maximum intensity. The 
widths obtained in this way are 27.6 kHz a t  298 K, 20.4 
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Experimental ---c 

Simulated 

415K 

~ ~~ 

Figure 3. 'SF NMR spectra at Y = 84.8 MHz of dry NdionH aa 
a function of temperature. The simulated spectra are super- 
imposed on the experimental results. The width at half-height 
of the broad component (in kilohertz) is indicated for each 
spectrum. 
kHz at  339 K, 12.4 kHz a t  400 K, 9.7 kHz a t  415 K, and 
9.0 kHz at  445 K. Qualitatively, these values indicate a 
continuous change in the spectra with temperature, and 
not a simple superposition of two componenta with 
constant widths. 

Increasing the solvent content of the membrane has 
qualitatively the same effect as increasing the tempera- 
ture (as seen in Figure 3) and is most likely due to increased 
polymer mobility. 

lgF NMR spectra of Teflon as a function of tempsra- 
ture in the range 298-463 K are shown in Figure 4. The 
narrow signal that develops with increasing temperature 
corresponds to the position of the signal from the CF2 
groups of the backbone, a t  a chemical shift of about -120 
PPm. 

IV. Discussion 
Nafion bulk membranes swollen by water have been 

studied previously by lH and 19F NMR, and the relaxation 
times TI, 2'2, and TlP for both nuclei have been deduced 
as a function of temperature, in the range 150-430 K . e M  
No spectra were presented in these papers. 

The line width and spin-lattice relaxation times 7'1 of 
water protons in Ndion have been studied as a function 
of temperature and water content of the membranes and 
have been correlated with results obtained by other 
 technique^.^'?^^ A method for the determination of the 
water content in Nafion has been developed, based on the 
intensity of proton ~ignals.~3 This method allows char- 
acterization of the samples for different drying conditions. 

NMR line widths of polymeric systems have often been 
interpreted in terms of a superposition of broad and narrow 
components, as orginally suggested by Wilson and Pake;" 
this approach is sometimes applied to the case of two 
phases, for instance amorphous and crystalline compo- 
nentt1.3~ 
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Figure 4. 19F NMR spectra at Y = 84.8 MHz of Teflon as a 
function of temperature. 

Deconvolution of the '9F NMR spectra from Teflon into 
amorphous and crystalline fractions has been proposed, 
using a multiple-pulse sequence.% This deconvolution is 
most effective above the glass transition temperature of 
-400 K, because the signal from the chemical shift tensor 
of the amorphous fraction is averaged. In general, however, 
the deconvolution method is not easy to apply, as amply 
demonstrated in a recent study of Nylon using I3C and 
15N magic-angle ~pinning.~' 

The problems associated with the deconvolution of the 
NMR signal into two components are expected to be much 
more severe in Ndion, compared with pure Teflon, because 
of the additional presence of the pendant chain and the 
polar end groups. Some of the results presented here 
suggest that such a deconvolution is not only very difficult 
to do, but would be artificial and arbitrary in this system. 
The most compelling argument against deconvolution of 
the spectra presented in Figures 1-4 into two components 
is the gradual change of the spectra with temperature, 
and with the various solvents; this is true for the bulk 
membranes (Figures 2 and 3) and for the solutions (Figure 
1). 

We attempted to simulate the spectra a t  all tempera- 
tures and in the solvents in the simplest way, by the 
smallest number of parameters. The simulation procedure 
started with the spectrum of the Nafion solution in eth- 
anol, which was considered as consisting of six signals, as 
shown by the arrows in Figure IC, with half-widths a t  half- 
intensity 6i and the following line shape. 

(1) 
For a = 2, the line shape in eq 1 is Lorentzian; for a < 

2 the wings are more important and the line shape is called 
hyper-Lorentzian. 

The line widths and the relative intensities of the six 
lines were varied in order to  obtain the best visual fit with 
the experimental spectra. The intensities obtained for 

F(Vi) = U i / q / ( l  + ( ( V i  - v J / q a )  

TEMPERATURE (K) 
Figure 5. Full width at half-height of signal 3 (in Figure 1) used 
for spectra simulations, as a function of temperature for dry 
NafionH (H) and for Teflon (0). 

385 K 

, m . .  
m m  

1 i 
5 ''1 E ( a c t ) - B B . l k J / m o l e  . . ' 

0.0024 0.0028 0.0032 
6l : .  : . ; ,  , , , ~, , , , , : ,  , , : ,  , : I : : : ; , , : , 

0.0020 

1/T ( K )  
Figure 6. Arrhenius plot of the line widths used for spectra 
simulations, for dry NafionH (m) and for Teflon (0). 

the best fit were within &lo% of the intensities calculated 
on the basis of the assignment deduced from Figure 1. In 
making this comparison the sum of the signals 2,3,  and 
4 was compared with the intensity expected from the 
backbone nuclei. 

The next step was an attempt to stimulate all other 
spectra by keeping the same relative intensities and 
modifying only the line widths, i.e., replacing di with B6i. 
It was however impossible to  simulate the experimental 
spectra with Lorentzian line shapes. After numerous 
simulations with various line shapes, we opted for a hyper- 
Lorentzian expression for the line shapes with a = 1.5. 
Each simulated spectrum was characterized by the con- 
stant B. 

All spectra were simulated in this way, including those 
for Teflon (Figure 4). Typical fits are shown in Figure 3, 
superimposed on the experimental spectra. Considering 
that all spectra were simulated by varying one parameter, 
the agreement is considered satisfactory. 

The variation of the full line width of signal 3 (Figure 
1) as a function of temperature for dry NafionH and for 
Teflon are given in Figure 5; the same data are plotted as 
an Arrhenius plot in Figure 6. The effect of the pendant 
chains on the chain mobility is evident in both figures. For 
NafionH a clear break between two motional regimes is 
detected around 385 K; this break is similar to that detected 
in DSC studies of acid Nafion= and is not detected in 
Teflon. For the low-temperature regime the activation 
energy for the motion is 13.1 kJ/mol in both systems, 
while it is 65.1 kJ/mol for NdionH above 385 K. The line 
widths for NdionH increase significantly, compared to 
Teflon, below 420 K; a t  the lowest temperature (298 
K) the full line widths, 2B6i, are 34.5 kHz for the ionomer 
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and 7.7 kHz for Teflon. We suggest that this is due to the 
motional constraints introduced by the pendant chains.30 

From water to ethanol, the solvent uptake of Nafion 
membranes increases and a gradual change can be 
observed in the NMR spectra (Figure 2). The gradual 
appearance of the sharper peaks as afunction of increasing 
the temperature or addition of solvent can be viewed as 
an increase in the mobility of the perfluorinated chain as 
a whole; no evidence for the preferential solvation of the 
pendant chains compared to the backbone has been 
detected. The solvent can be regarded qualitatively as 
having a plasticizing effect on the chain mobility. I t  
appears that lgF NMR spectroscopy is sensitive to the 
specific solvent effects. We plan to study this effect more 
quantitatively in the future, in order to understand the 
process of Ndion dissolution, and the solvent importance 
in the structure of the polymer as a membrane and in 
solution. 

Solutions of NafionH in ethanol seem to be true 
solutions, in the sense that the broad component is hard 
to detect; this component is clearly visible in the other 
solvents studied (methanol and formamide). In addition, 
the line width of the signal a t  -80 ppm (228 Hz) is similar 
to that of the bandwidths measured for fluorinated 
polymers, for instance, in poly(fluoromethy1ene) solutions 
in acetone.20 

V. Conclusions 

1. In a solution of NafionH in ethanol, all 19F nuclei are 
represented by motionally averaged signals, suggesting 
the formation of a true solution. 

2. Increase of the temperature, or gradual addition of 
ethanolat a constant temperature, has the same qualitative 
effect on the lgF NMR spectra: Appearance of separate 
signals from nuclei in the backbone and in the pendant 
chain, and progressive narrowing of the signals from rigid 
polymer chains. 
3A All spectra obtained can be simulated by considering 

six types of nuclei with different chemical shifts and fixed 
relative intensities, by assuming hyper-Lorentzian line 
shapes, and by changing only the scaling factor. 

4. The effect of the pendant chain on the ionomer 
mobility can be obtained by comparing the line widths for 
Teflon and for NafionH. The motional activation energies 
above 385 K are 65.1 kJ/mol for the ionomer and 13.1 
kJ/mol for Teflon. 

5. The solvent can be qualitatively considered as being 
a plasticizer, and the effect is gradual, from the dry 
membrane to the true solution in ethanol. 
6. Addition of solvent to the dry Ndion membrane has 

qualitatively the same effect on the 19F NMR spectrum 
as the increase in temperature. 
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