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In the previous paper (J) we have studied the water-polymer 
interactions in acid Nafions •. In this paper we want to report 
some results we have obtained about the interactions between 
water and Nafion neutralized with different cations. The energy 
of water absorption have been measured in the whole range of rela
tive humidity pressures using the same technique as previously 
defined ( 0 . Mossbauer spectra permit to get information about 
the change of environment of the iron atoms during the hydration. 
Small angle neutron and X ray scattering experiments have then 
been performed to define a possible phase segregation. From these 
results combined with those obtained in the preceeding (]_) paper 
we try to propose a model of clustering in the Nafion membranes. 

The neutralized Nafion samples have been obtained by 
soaking the acid samples in solutions containing the different 
salts. 

Heat of Absorption Measurements 
This experiment has been described in the previous paper (J_). 

The first figure (Fig. 1) corresponds to the water loss versus 
temperature for a well defined heating rate (3*C/mn). The samples 
have first been dried during 24 hours under vacuum (1(T4 torr) at 
room temperature. The weight loss obtained after such \ defined 
heating procedure corresponds to a water loss because of a rever
sible behaviour obtained after a rehydration. It has to be noted 
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that the amount of undesorbed water at room temperature is three 
times larger for the iron salt than for the sodium salt. The 
figures 2 and 3 show the sorption-desorption isotherms for the 
two Na + and F e + + salt. The behaviour is very similar. For both 
samples we observe a different absorption curve for the 220°C 
dried sample. For low relative humidity values a few water mole
cules are absorbed then after a 0.25 relative pressure value 
there is a drastic increase in the amount of water absorbed. The 
corresponding desorption curves are then exactly the same as the 
sorption and desorption curves of the room temperature dried 
sample. In figure 4 are plotted the average energy of absorption 
for the different water molecules absorbed in the iron sample. 
The empty circles -orrespond to the values obtained when starting 
with the room temperature dried sample which contains about 3 Z 
of water. The average energy for these first molecules is 12.5 
kcal/mole then decreases after about 8 Z of water content. The 
filled circles correspond to the sample which has been dried at 
220°C. As we previously had for the acid sample (J_) the energy 
of the first absorbed water molecules is also 12.5 kcal. Therefore 
these water molecules which have not been desorbed at room tempe
rature do not have a larger binding energy. For this sample the 
decrease in energy occurs for lower amounts of water (^5 Z) 
because more energy is needed to change the structure of the 
polymer. The same curves are plotted in figure 5 for the Na salts. 
We do not have for this sample exactly the same behaviour as we 
had for the acid and Fe salt Nafions. 

Mossbauer Results 

Experimental Methods. The acid form of the membrane with 
an equivalent weight (i.e. the weight of acid polymer per SO3H 
group) of 1200 has been neutralized to about 50 Z by immersion of 
a thin foil (- 300 pm) in an aqueous solution of 57-ferric chlo
ride. The samples were dried in vacuum at room temperature and 
then hydrated at different humidity levels. For a given humidity 
level, the quantity of absorbed water is largely dependent on the 
state of the polymers, whether acid or neutralized. As the sam
ples we have studied are neutralized to 50 Z, it is not yet pos
sible from the weight increase to estimate the amount of water 
molecules fixed by the neutralized groups, which are the only 
ones observable by Mossbauer spectroscopy. 

Mossbauer spectra have been recorded in a conventional trans
mission geometry in the constant acceleration mode. The tempera
ture of the sample could be varied from 4.2 K up to room tempera
ture by means of a liquid helium cryostat, the source (''Co in 
Rh) being kept at room temperature. Mossbauer experiments have 
been carried out in the "Laboratoire d'Interactions Hyperfines" 
at the CEN-Grenoble. 



Results. Figure 6 shows Mossbauer spectra of a sample dried 
in vacuum at room temperature. The main features are the follo
wing : 
- f- factor (i.e. the area of the absorption spectrum) decreases 
rapidly with increasing temperature and reaches zero at about 
300 K. 

- there is no evidence of magnetic hyperfine structure at low 
temperature. 

- the mean quadrupolar splitting is of order 3.2 mm/s, which is 
characteristic of ferrous ion, although Nafion membranes have 
been neutralized with ferric chloride. This mean quadrupolar 
splitting decreases when the temperature increases. 

- the shape of the peaks is asymmetric, and this asymmetry 
increases with increasing temperature. Moreover, the relative 
intensities of the peaks vary with increasing temperature. 

The evolution as a function of temperature showed us that it 
would not be possible to fit the experimental spectra by only one 
doublet. So a theoretical fit was performed by use of two symme
tric quadrupolar doublets. These doublets will be called DI and 
DII in the rest of this paper. Table IIgives the values of the 
hyperfine parameters corresponding to the spectra of figure 1. 
Preliminary measurements show that w,> have the same components 
(DI and DII) for samples with different amounts of water and we 
only observe a change of the relative concentration of the iron 
atoms corresponding to these two doublets DI and DII. 

Discussion. The fit of the experimental spectra by means 
of two quadrupolar doublets 3how the existence of two different 
iron sites in water containing Nafion membranes. The proportion 
of the iron atoms corresponding to the doublet DI increases when 
the water content increases. In samples dried under vacuum at 
room temperature this proportion is 30 Z and it increases up to 
90 Z for a water soaked sample. It seems therefore reasonnable 
to identify this site with a Fe(H20)JJ+ complex. We indeed know 
both from NMR and heat of absorption measurements that there is 
some water molecules left in the room temperature dried sample 
(J_). We can note too that the value of the quadrupolar splitting 
is not very different from that of frozen solutions of FeCl2 and 
FeS04 as measured by Nozik (2). This author showed that the dis
solution of these salts in water led to the formation of FeO^O)^ 
complexes. The other doublet DII would represent a less hydrated 
ferrous iron, the relative proportion of this species therefore 
decreasing when the amount of water is increased. 

Conclusions. From these results we can point out the diffe
rent results : 
- water is located close to the iron ions. 
- the water molecules are not randomly distributed around the 

iron ions but form complexes with cations with well defined 
structures. 



- there ars two different kinds of iron atoms with different 
environments, one with a high water content (DI) and the other 
with no or a few water molecules (DII). 

A more detailed analysis of these results will be developed 
in another publication (3). 
Small angle scattering results 

The physical structure of salts of Nafion has been explored 
by neutrons (SANS) and X ray (SAXS). The former method is sensiti
ve to fluctuations in the coherent neutron scattering cross sec
tion while the latter detects fluctuations in the electron density. 
Such fluctuations arise in Nafions from partial crystallization of 
the samples and from clustering of the ionic groups or water mole
cules in hydrated samples. 

As discussed in the accompanying paper three different scat
tering signals arise in Nafions, each occuring over a different 
range of values of the scattering vector Q. These signals are 
believed to arise from impurities (tentatively assigned), struc
tures involving crystalline perfluoroethylene units, and structu
res involving clustered ionic groups and water molecules. These 
same three scattering signals have been observed in all non-
quenched acid, iron salt, and sodium salt samples examined. Thus 
a basic of similitude exists between acid and salt form in the 
overall structure showing that the neutralization does not lead 
to a large scale reorganization as in other ionomers. 

In the accompanying paper it has been noted that the scat
tering arising from crystalline structures complicates the inter
pretation of the scattering arising from the ionic structures 
since the two signals overlap in Q space. To eliminate this dif
ficulty the method of quenching from the melt has been used for 
Na + salts. Such a procedure is not possible for the acid form 
since it degrades at temperature high enough to melt the polymer. 
The quenching procedure involves maintaining a sample at 330*C 
for one hour in the melt followed by quenching rapidly to room 
temperature by passing gas over the film. Wide angle X ray scat
tering studies show the disappearance of the crystalline maximum 
in quenched samples. The SANS signal arising from crystalline 
superstructures is also seen to disappear in a quenched sample 
as shown in figure 7, leaving only the scattering component at 
very low Q believed to arise from impurities. 

The study of scattering from quenched Na* samples has been 
used to analyze the structure arising from clustering of ions and 
water molecules. Figure 8 shows SAXS curves for such samples at 
different degrees of hydration. The curves for the samples dried 
at room temperature and hydrated at 50 Z at 83 X relative humidi
ty show no scattering maxima as is characteristic of scattering 
from widely separated particles. SAXS curves from soaked and 
boiled Na + samples show scattering maxima. The maxima are attri
buted to interparticle interference effects which arise at higher 
particle concentrations. This maximum has also been observed by 
SANS. 



The size of scattering entities can be directly obtained for 
the scattering curves without maxima by means of a Guinier plot 
of inlvs.Q/. Such an analysis may also be made for the curves 
exhibiting maxima but is only highly approximcte due to the 
importance of the interparticle interference function which is 
not taken into account in the Guinier analysis. Results fcr the 
radius of gyration obtained from the slope of such plots are 
listed in table I. It is seen that the particle radius of gyration 
is constant at about 8 X up to 83 Z R.H. but then increases to 
IS and 20 Â for the soaked and boiled samples. An analysis of the 
SANS curve for a boiled sample has been made on the basis of a 
hard sphere model. In this model interparticle interference is 
taken into account allowing a fit of the scattering maximum. A 
radius of gyration of 24 A has been found from such a fit. 

The number of scattering particles per unit volume, n, may 
aljo be calculated at different hydration levels from the equa
tion : 

u m 3 0 («20) ( 1 ) 

4 w R 3 

s 
i/2 where R s » (5/3) Rg and 0 (H2O) denotes the volume fraction 

of water which is determined from the weight fraction and overall 
densicy. It is assumed here that the scattering particles contain 
only water and that all of the water in the sample is clustered. 
The latter assumption has been verified within experimental error 
from an analysis of the total scattering invariant which has been 
calculated from the absolute intensity of scattering. The results 
for n listed in Table I show an apparent increase at low water 
contents and then a slight decrease at large water contents. It 
is noted that this decrease in n implying particle coalescence is 
in apparent contradiction to the hard sphere model used above. 

A more detailed analysis of these results will be given in 
another publication (4). 

Conclusion 
In this conclusion we just want to define what can be the 

structure model consistent with all the results we have obtained. 
It has first to be pointed out that there is no large change in 
the macrostructure between the acid and salts forms of the Nafion 
membranes. We indeed have exactly the same multiphases separation 
as seen from small angle X and neutron scattering experiments. 
The changes in these curves with the amount of absorbed water is 
pretty similar. We only note a small change in the ionic cluster 
sizes depending on the nature of the ion (H+, Na +, Fe + +). The 
structure of the ionic phase is not changed by quenching the 
sample from 220*C. Such a procedure permits to get rid of the 
crystalline phase. It is therefore possible to get information 
about the structure of these Nafion polymers from our experimental 



results obtained from the acid» quenched and unquenched salts 
forms. 

The kind of model which can be proposed is summarized in 
figurs 9. It is a three phases model with a crystalline phase, a 
ionic clusters pha.se and an intermediate "ionic" phase. For the 
room temperature dried sample ve ha/e the microcrystallites, the 
diameter of which is a few hundred of angstroms. Such a result 
is in agreement with both electron microscope and X ray experi
ments. Dark field pictures obtained with t>.?se materials show 
the presence of small microcrystallites of the size mentionned 
above. By quenching the Na salt the peak in SANS curves cor
responding to the microcrystallites disappear. An X ray pattern 
of such a sample show that there is no crystalline phase left. 
The ionic clusters have 3 diameter around 20 A as measured by 
small angle X ray scattering experiments. Most of the water left 
in this sample is trapped inside these clusters. In this phase, 
we also have the iron atoms corresponding to the doublet DI, the 
percentage of which is around 30 Z as defined from Mossbr.aer 
measurements. The last phase is an intermediate phase which 
contains the iron atoms corresponding to the doublet DII 
(- S03~ re**~ O3S - possible structure). For the soaked sample 
we have an increase in both the average size and the volume 
fraction of the ionic clusters. The relative number of F e + + ions 
with a water environment (DI) is increased up to 90 Z. 

Wt have presented this model which correspond to a summary 
of our experimental results. A more detailed analysis, taking 
into account the quantitative analysis of the water motion obtai
ned from quasi-elastic neutron scattering experiments, will be 
presented in the near future (_5). 
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TABLE I 

Humidity level Rg(Â) 5 x ÎO"1* 
(number/cm3) 

Dry R.T. 8 0.6 

30 Z R.H. 6 1.5 

83 Z R.H. 8 3.1 

Soaked 15 2.2 

Boiled 24 1.9 

TABLE I I 

T 5 . 
ED/ S mm/s mn/s r 

a.u 
f t 0 C a.u 

4.2 D ï 
D II 

1.35 
I 35 

3.46 
3.03 

0.33 
0.47 

0.32 
0.65 0.97 

70 D I 
D II 

1.35 
1.35 

3.40 
2.98 

0.33 
0.48 

0.32 
0.40 

0.72 

140 D I 
D II 

1.31 
1.30 

3.25 
2.73 

0.?9 
0.53 

0.24 
0.23 

0.47 

210 D I 
D II 

1.26 
1.20 

2.92 
2.15 

0.49 
0.52 

0.18 
0.08 0.26 

270 D I 
D II 

1.16 
1.11 

2.70 
1.78 

0.67 
0.60 

0.06 
0.03 0.09 



Figure Captions 

Fig. 1. Water loss corresponding to Na and Fe neutralized Nafion 
samples during an heating process. 

Fig. 2. Room temperature water absorption isotherms for the Na 
salt. 

Fig. 3. Room temperature water absorption isotherms for the Fe 
salt. 

Fig. 4. Plot of the heat of absorption versus the amount of water 
absoibed for the Fe form. 

Fig. 5. Plot of the heat of absorption versus the amount of water 
absorbed for the Na form. 

Fig. 6. Mossbauer spectra of the iron form. 
Fig. 7. Small angle neutron scattering curve of the quenched and 

non quenched Na Nafion. 
Fig. 8. Small angle X ray scattering curve of the Na quenched 

Nafion form with different water contents. 
Fig. 9. Model for the Nafion structure. 
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