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ABSTRACT Molecular motions of the fluorocarbon backbone in Ndion membranes have been studied through 
its 19F NMR response. Results correlate well with those of other relaxation experiments. Collated Tz data 
for a number of fluorocarbons with the -CF,- repeat unit highlight the motional constraints imposed by ion 
clustering in Nafions. Spin-diffusion considerations in the Fe3'-exchanged salt provide some insight into the 
size and nature of I9F regions in the membrane. 

Introduction 
The preceding paper' reports on the use of 'H NMR to 

explore the behavior of water in perfluorosulfonate Ndion 
membranes. Here we are concerned with the molecular 
motions of the membrane matrix as monitored by its 19F 
resonance response. NMR relaxation data complement 
earlier dynamic mechanical and dielectric measurements 
on the Nafion precursor,* the acid, and various of its saltsM 
and provide a more complete description of molecular 
motion in the membrane. 

The four relaxations observed in dielectric and me- 
chanical data for the precursor are labeled a ,  @", @', and 
y in order of decreasing temperature.2 The a relaxation 
has been assigned to the glass transition (T ,  = 0 "C), pl' 
to motions of the fluorinated ether side chain, and p' to 
(-CF2-)n backbone motions (akin to the y relaxation in 
PTFE);7 the y relaxation is believed to reflect motion of 
the side SOzF terminal groups.2 

Three mechanical relaxation peaks have been observed 
in the acid and its salts.3 The high-temperature a process 
is again assigned to the glass transition ( Tg values for the 
acid and its univalent salts are, respectively, 110 and -220 
"C). The y peak, which occurs a t  -110 "C at  1 Hz, is 
presumed to manifest motions similar to those responsible 
for the y relaxation in poly(tetrafluoroethy1ene) (PTFE).' 
While the y relaxation is essentially unaffected by the 
presence of water, the cy and p relaxations shift to lower 
temperatures with the addition of water in both the acid 
and its salts. The a and /3 peaks have been associated in 
the early study3 with the glass transition of the matrix and 
of the ionic regions, respectively. This assignment has been 
reversed in more recent worke4 Two dielectric peaks have 
been resolved, both of which shift to lower temperatures 
with increasing water content. 

There is compelling evidence to support the view that 
ions in Nafions are ~ l u s t e r e d . ~ - ~  This will undoubtedly 
influence molecular motional behavior of the membranes, 
especially motions associated with the glass transition. 
Aspects such as these will be examined in the overall study 
of molecular motion in Nafions, which forms the main 
theme of this paper. 
Experimental  Section 

Although the Nafion materials under investigation have been 
described fdly elsewhere,' some pertinent characteristics are listed 
in Table I. No attempt was made to wash out impurities prior 
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Table I 
Some Pertinent Data for the Nafion Samples Studied 

iron 
content, 

sample description equiv wt cm-j [K]/[S]  
precursor 1200 0 0 
25% hydrated acid 1100 9.5 X 10l8 0.36 
7% hydrated acid 1100 7.2 X 10" 0.36 
5% hydrated acid 1500 0 0.20 
7% hydrated 1100 5.9X 10'' - 0  

Fe3+ salt 

to examination by NMR. X-ray fluorescence revealed the presence 
of iron and potassium in significant amounts. 

Spinspin (T,), spin-lattice (TI), and rotating-frame (TIP) data 
were recorded for temperatures in the range -120 to +160 "C on 
a Bruker spectrometer operating at  a resonant frequency of 40 
MHz. The pulse sequences used to  determine TI, T,, and TIP 
are described in the accompanying paper.' I t  is recalled that T,, 
determined directly from the free induction decay following a ~ / 2  
pulse, is presumed to be the time for the signal amplitude to fall 
to l / e  of the initial observed magnitude. This procedure is only 
strictly correct for Lorentzian decays and represents an ap- 
proximation when the decay has Gaussian character, as is usually 
the case at  low temperatures. Furthermore, an inability to observe 
the first 5 ps (the recovery time of the spectrometer) of the decay 
results in an underestimate of Tz. However, the change in Tz 
characteristic of the onset of a transition in a polymer may be 
readily detected even when the change in T2 is small. 

Results a n d  Discussion 
Precursor.  NMR data for the precursor, depicted as 

a function of temperature in Figure 1, give rise to a number 
of observations. 

(i) The fact that Tl remains relatively long (>0.1 s) and 
that minima are mostly ill-defined indicates either that 
few groups, isolated in the spin-diffusion sense, are par- 
ticipating in relaxation or that there are broad overlapping 
distributions of correlation times characterizing the various 
motions. The overall character of the T,-temperature 
datas and earlier dynamic mechanical results2 support the 
latter viewpoint. 

(ii) Only one Tz component, which increases almost 
monotonically with increasing temperature, is resolvable 
over the entire temperature range. The intermediate 
plateau regions, which delineate different relaxation pro- 
cesses, are ill-defined. The degree of motional vigor 
achieved at  the highest temperatures studied is extensive 
though not liquid-like. A plateau in T2, characteristic of 
other members of the (-CF2-),, fluorocarbon family such 
as PTFEg or its hexafluoropropylene copolymer (FEP)," 

0024-929718312216-0080$01.50/0 0 1983 American Chemical Society 



Macromolecules, Vol. 16, No. 1, 1983 Molecular Motion in Nafion Membranes 81 

Table I1 
Temperatures ("C) at Which T, and T,, Minima and T, Transitions Occura 

T,(min) TIp(min) T, transitions 
log v c  (Hz)  log v, logu ,  

sample (Hz) 7.75 (Hz)  4 .6  3.6 3.7 3 .8  3.9 4.0 relaxation processes 

- 2  

precursor 
-70  

1 l , l l  

40 
-25 

acid Nafion 120 
1100 EW ( 7 % )  

- 55 

-25 
(12 )  

acid Nafion 14 5 

6 0  
-45 

1100 EW ( 2 5 % )  

120 
40160 
-15 

(-40) 
(-80) 
-120  

(70 )  
(20 )  
-20 

- 4 0  

- 145 

-20 
-80 

(55 )  

- 50 
- - lo  

-120 

--20 
--20 

- 135 - 55 
--40 

b 

8' ' 
- 4 0  0' 

b 

b 
K salt? 

b 
b 

01 

cy 

Y 

--80 Tg(H,O) + P 
cy 

b 

b 
Y 

--95 Tg(H,O) + P 

a Parentheses signify that the transitions are barely detectable and are therefore doubtful. See text. 
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Figure 1. 19F (40 MHz) T1 (O), TI, (a), and T2 (A) data for the 
Nafion precursor. 

appears to be forming at - 140 "C. The data are consistent 
with the notion of one part of the polymer undergoing 
general motions typical of a glass transition while another 
part may be experiencing the more constrained motions 
responsible for the plateau. The two motions, however, 
cannot be very different in their degree of vigor; otherwise 
two T2 components would be observed. On the other hand, 
there may be a broad distribution of motions active in the 
polymer at high temperatures. Without resolvable T2 data 
at temperatures between +140 "C and the melting point, 
it is not possible, on the basis of NMR data, to confirm 
unambiguously the assignment of the cy process as a true 
glass transition although it bears all the hallmarks of a Tg 
otherwise. 

(iii) Nonexponential T ,  and TIP decay over part of the 
temperature range is indicative of a heterogeneous system. 
This is consistent with the phase-separated character 
postulated earlier.2 

Correlation frequencies for the various motions have 
been extracted in the usual w a y  (Table 11) and these are 
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Figure 3. 19F (40 MHz) T1 (O), T I ,  (O), and T2 (A) data for the 
acid Nafion with 7% water content. 
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Figure 4. Transition map describing molecular motion in the 
acid Nafion (EW 1100) with 7% water content. The dashed line 
describes the glass transition process for the water (ref 6). The 
filled circles denote dielectric relaxation data for a K Nafion salt 
of comparable hydrati~n.~ 

of water as a plasticizer, (ii) possible cross-relaxation effects 
between the 19F and 'H spin systems, and (iii) the effects 
of iron and potassium, which are present in appreciable 
amounts. 

Analysis of molecular motion in the acid Nafion is 
conveniently approached through consideration of the 
transition map of Figure 4. The locus (dashed line) that 
describes the glass transition of the water, investigated 
earlier,6 is included. Also included are the available data 
points for -7% hydrated potassium salt.3 In order of 
increasing temperature, the first set of data points char- 
acterizes the /3 relaxation and the water (or, more correctly, 
the salt) glass transition process. Note, however, that the 
T, (log u, = 7 . 7 5 )  and T1, (log u, = 4.6) points a t  1000/T 
= 4.0 and 5.2, defining the second locus, are observed in 
both the acid Nafion with higher water content and in the 
precursor. If these points have the same molecular origin, 
as is probably the case, SOzF motions, proposed in the last 

Figure 5. 19F (40 MHz) TI (O), Tl, (O), and T2 (A) data for the 
acid Nafion with 25% water. 

section as a possible candidate, is ruled out as the source 
of this relaxation. The third locus corresponds to the y 
relaxation of the Yeo-Eisenberg paper3 and probably also 
reflects specific side-chain motions. The fourth set of data 
points would appear to be associated with the presence of 
potassium salt while the high-temperature relaxation, 
designated a by Yeo and Eisenberg, is assigned to the glass 
transition (Tg = 110 "C) of the membrane. Again this locus 
almost exactly parallels the high-temperature relaxation 
in FEP associated with rotation-plus-translation of 
(-CFz-)n backbone chains. Note, too, from the T2 data of 
Figure 3 that motions of the backbone are much more 
curtailed compared with the precursor in the high-tem- 
perature region. This is reflected in the much higher glass 
transition temperature and is a particularly clear indicator 
of clustering in the acid Nafion. 

The observation of nonexponential TI and TI,  decay is 
indicative of a heterogeneous system. While the usual 
interpretation of two regions relaxing at different rates and 
only weakly coupled by spin diffusion may be invoked,8J1 
another possibility must be considered in the present case. 
Part  of the 19F matrix may be more tightly coupled to 
efficiently relaxing iron impurities, giving rise to shorter 
relaxation times compared with those regions that are more 
remote from the iron sites. This aspect of data interpre- 
tation will be pursued further in the section dealing with 
the Fe3+ Nafion salt. 

Data for the acid Nafion with 25% water content are 
presented in Figures 5 and 6. Generally, Tl is shorter and 
T, is longer over the temperature range where molecular 
motions are activated. This is consistent with a freer 
motional environment, arising in part from plasticizing 
effects of the sizeable amount of water present. A shorter 
Tl and Tl, may also be due to coupling, via spin diffusion, 
to the efficiently relaxing iron atoms. In the context of 
the latter interpretation, the observation of single-com- 
ponent relaxation times would imply that most all "F 
'nuclei are accessible to the iron relaxation sinks. As later 
discussion will show, this is not the case with the Fe3+- 
exchanged salt. The locus (dashed line) corresponding to 
the glass transition for the water (and the /3 relaxation) has 
moved to lower temperatures, reflecting a lower Tg, as 
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Figure 6. Transition map describing molecular motion in the 
acid Nafion (EW 1100) with 25% water. The dashed line describes 
the glass transition process for the water.6 

expected.6 The a relaxation is affected slightly by the 
increased amount of water present and the y relaxation 
not a t  all. The high-temperature T1 and T1, minima as- 
sociated with the a relaxation are broader and occur a t  
somewhat higher temeperatures than in acid Nafion of 
lower water content. This observation supports the notion 
of weaker ionic interactions and matrix motions of a more 
general character induced by water plasticization. 
Structural differences in Nafions with high and low water 
contents are also evident in small-angle neutron scattering 
studies.12 In the absence of relaxation data for a 25% 
hydrated potassium salt, it is not possible to determine the 
role of potassium in the sample. However, it is recalled 
that the /3 relaxation for the salt merges with the y re- 
laxation when the water content exceeds about 3.0 
HzO/S03H.3 The origin of the T2 data point corresponding 
to log v, = 3.8 at 1000/T = 3.1 is obscure. It may be noted, 
however, that chemical exchange of water protons mani- 
fests itself in the proton T2 data in this general tempera- 
ture region.' 

The acid Nafion of 1500 EW behaves in similar fashion 
to the 1100 EW sample, differing only in one or two points 
of detail (Figure 7 ) .  The T2 response up to +120 "C, for 
example, indicates a mobility greater than that observed 
in an 1100 EW sample of comparable water content. This 
is consistent with the fact that there are fewer clustering 
centers to constrain matrix motion in the 1500 EW sample. 
The fact that  Tz for the 1500 EW acid falls below T z  for 
the 1100 EW sample of comparable water content at tem- 
peratures greater than +120 "C is due to the observed shift 
to higher temperatures of the high-temperature transition 
in the 1500 EW acid. In this respect, the behavior of the 
1500 EW material is similar to the 1100 EW sample of 
higher water content. 

It is instructive to compare T2 for a number of fluoro- 
carbon materials (Figure 8).9910 This comparison dem- 
onstrates particularly clearly the effects of clustering and 
the concomitant restrictions imposed on molecular motion. 
The effect is most pronounced in the 1100 EW acid Nafion 
of lowest water content and becomes progressively less 
apparent in the 1500 EW sample and the 25% hydrated 
1100 EW acid sample, respectively. It may be argued that 
plasticization effects due to water are largely responsible 
for the experimental observations. However, the precursor 
in which there is no water a t  all exhibits essentially un- 
constrained motion with increasing temperature, in sup- 
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Figure 7. "F (40 MHz) TI (O), T I ,  (O), and T2 (A) data for the 
acid Nafion (EW 1500) with 5% water content. 
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Figure 8. T2 data for a number of fluorocarbons. 

port of the notion that there is no clustering in the pre- 
cursor. Data for Teflon perfluoroalkoxy fluorocarbon resin 
Type 340 are also included for comparison. A more com- 
plete examination of motions in this polymer will appear 
elsewhere. 

Fe3+-Exchanged Salt. The discussion in the accom- 
panying paper1 alluded to a number of complexities that 
bedeviled interpretation of 'H NMR data from the Fe3+ 
salt. Similar constraints apply in the present context but 
it is possible, nevertheless, to make a number of pertinent 
observations. The general lowering of T ,  and T1, compared 
with the acid Nafion data emphasizes the role of spin 
diffusion, which allows the iron to partially relax the 19Fe 
nuclei (Figure 9). The two relaxation times are shorter 
a t  low temperature, where spin diffusion is more effective. 
Resolution of three T,  components reflects the extremely 
heterogeneous nature of the Fe3+-exchanged membrane, 
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component, one predicts a maximum diffusive path length 
of -35 A. This implies that there cannot be any appre- 
ciable number of 19F nuclei further removed from an iron 
relaxation sink than about 35 A, which is inconsistent with 
a homogeneous microcrystalline phase of the diameter 
stipulated in the above model. In order to maintain the 
overall integrity of the model, a number of modifications 
can be visualized. Perhaps there are small aqueous in- 
clusions containing iron within the crystallites or iron- 
bearing channels that penetrate into the microcrystallites. 
The notion of spherical crystallites of fixed diameter may 
also be inaccurate, and a different geometry such as a 
lamellar one, which allows for a lateral dimension of the 
order of 70 A, is more appropriate. In any event the re- 
laxation data for the Fe3+-exchanged salt cannot be ra- 
tionalized on the basis of a model that postulates the 
presence of uniform microcrystallites of the diameter 
proposed by Rodmacq and co-workers. 

Summary 
19F T1, TS,  and T1, NMR data have been analyzed to 

provide information on the molecular motional behavior 
of the backbone matrix in Nafion membranes. The results 
correlate well with those of other relaxation experiments. 
T2 data are examined in the context of similar data from 
other fluorocarbons with the -CF2- repeat unit. Such a 
comparison highlights the motional constraint imposed by 
ion clustering in the Ndions. Spin-diffusion considerations 
in the Fe3+-exchanged salt provide some insight into the 
size and nature of 19F regions in the membrane. 
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