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FOREWORD 
The A C S SYMPOSIUM SERIES was founded in 1974 to provide 
a medium for publishing symposia quickly in book form. The 
format of the Series parallels that of the continuing ADVANCES 
IN CHEMISTRY SERIES except that in order to save time the 
papers are not typeset but are reproduced as they are sub
mitted by the authors in camera-ready form. Papers are re
viewed under the supervision of the Editors with the assistance 
of the Series Advisory Board and are selected to maintain the 
integrity of the symposia; however, verbatim reproductions of 
previously published papers are not accepted. Both reviews 
and reports of research are acceptable since symposia may 
embrace both types of presentation. 
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PREFACE 
"perfluorinated ionomer membranes represent a major advance in mem

brane technology. Although a variety of applications have been found 
for these chemically inert polymers since their appearance about fifteen years 
ago, the main driving force for their development has been their potential 
application as membrane separators in the commercial electrolysis of brine 
to produce chlorine-caustic. This major chemical technology is in the proc
ess of being revolutionized by the use of these materials, a remarkable ac
complishment for such a small group of polymers. 

In spite of their importance, relatively little information exists in the lit
erature concerning the fundamental physicochemical properties of these 
membranes. This is due both to their proprietary nature and to the rapid 
growth of the technology. Also, what information is available is dispersed 
in a wide range of sources, ranging from the literature specializing in macro-
molecules to that devoted to the chlor-alkali industry. This work attempts 
to provide, in one volume, an overview of both the fundamental properties 
and the technological aspects of the field. 

Because of the rapid growth of this area of research, this book, unlike 
most of its predecessors in the series, has been assembled without the prior 
occurrence of a symposium. However, in response to the dramatic ad
vances in this field in several disciplines, the Polymer Division of the Amer
ican Chemical Society has scheduled a workshop on perfluorinated ionomer 
membranes to be held in February of 1982. It is the aim of the workshop 
to provide workers in the electrochemical and polymer fields with a sum
mary of current knowledge and directions for future development. Many 
of the contributors to this volume plan to participate in the workshop. 

Finally, it is a pleasure to acknowledge the special efforts of the Books 
Department of the American Chemical Society in assuring the publication 
of this volume in time for the workshop. 

A . Eisenberg 
M c G i l l University 
Department of Chemistry 
Montreal, Quebec, Canada 

H. L. Yeager 
University of Calgary 
Department of Chemistry 
Calgary, Alberta, Canada 

September 8, 1981. 
ix 
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1 

Introduction 

H. L. YEAGER 
Department of Chemistry, 
University of Calgary, Calgary, Alberta T2N 1N4, Canada 

A. EISENBERG 
Department of Chemistry, McGill University, Montreal, Quebec, Canada 

The past 15 years have witnessed an explosive growth in the 
literature on ionomers, i.e. ion-containing copolymers in which 
up to 15 mol % of the repeat units contain ionic groups. Two 
monographs have appeared on the subject(1,2),as well as proceed

ings of several symposia(3), in addition to a large number of 
individual publications and patents. Furthermore, Chemical Ab
stracts has started to issue, as part of their "CA Selects", the 
series entitled "Ion-Containing Polymers" ca. 2 years ago, and a 
biennial Gordon Conference on this topic started in 1979. 

In 1984, the Macromolecular Secretariat of the American 
Chemical Society wil l devote 4 days at the Philadelphia ACS meeting 
to a comprehensive symposium on coulombic Interactions in Polymers 
of which a major part wil l be devoted to the ionomers. 

This major research effort devoted to these macromolecules can 
be understood if one realizes that the incorporation of ions into 
organic polymers can modify the properties of the materials pro
foundly. Increases in the glass transition by five hundred 
degrees(4), increases in the modulus by over three orders of 

magnitude(5) and increases in the viscosity by over four orders 
magnitude(6) have been observed, among many other effects. Of 
direct relevance to this symposium, the incorporation of ions, 
even in small amounts (0-10 mol %), can yield polymeric membranes 
in which the diffusion coefficient for water is orders of magnitude 
greater than in the non-ionic parent polymer while the membrane, 
at the same time, becomes permselective. 

Most of the research effort on the ionomers has been devoted 
to only a small number of materials, notably the ethylenes''', 
the styrenes (8). the rubbers (9). and those based on poly(tetra-
fluoroethylene), the last of which is the subject of the present 
volume. As a result of these extensive investigations, i t has 
become clear that the reason for the dramatic effects which are 
obsverved on ion incorporation is, not unexpectedly, the aggre
gation of ionic groups in media of low dielectric constant. Small 
angle X-ray and neutron scattering, backed up by a wide range of 
other techniques, have demonstrated clearly the existence of ionic 

0097-6156/82/0180-0001$05.00/0 
© 1982 American Chemical Society 

 P
ub

lic
at

io
n 

D
at

e:
 F

eb
ru

ar
y 

4,
 1

98
2 

| d
oi

: 1
0.

10
21

/b
k-

19
82

-0
18

0.
ch

00
1



2 P E R F L U O R I N A T E D I O N O M E R M E M B R A N E S 

s c a t t e r i n g c e n t e r s i n the ionomers which a r e not p r e s e n t i n the 
paren t polymer of the n o n - i o n i c a c i d copolymers. S p e c i f i c a l l y 
i n t he s t y r e n e c a r b o x y l a t e s , d i e l e c t r i c a n d Raman'^' s t u d i e s 
have suggested the e x i s t e n c e of two types of ag g r e g a t e s , i . e . 
s m a l l m u l t i p l e t s c o n s i s t i n g of s e v e r a l i o n p a i r s h e l d t o g e t h e r 
by s t r o n g coulombic i n t e r a c t i o n s , and much l a r g e r c l u s t e r s r e 
s u l t i n g from weaker i n t e r a c t i o n s . W h i l e the m u l t i p l e t s are 
s t a b l e over the e n t i r e temperature range i n v e s t i g a t e d , the c l u s t e r s 
b reack down p r o g r e s s i v e l y i n t o m u l t i p l e t s w i t h i n c r e a s i n g tem
p e r a t u r e . 

The m a j o r i t y of r e s e a r c h which i s d i s c u s s e d i n t h i s volume 
d e a l s w i t h the N a f i o n brand p e r f l u o r o s u l f o n a t e p olymers, 
manufactured by Ε. I . du Pont de Nemours and Co.. These m a t e r i a l s 
were developed d u r i n g t he m i d d l e I 9 6 0 1 s , and have been a v a i l a b l e 
i n v a r i o u s forms f o r st u d y d u r i n g t he pa s t few y e a r s . The syn 
t h e s i s and g e n e r a l p r o p e r t i e s of N a f i o n membranes a r e summarized 
b e W 1 2 " 1 4 ^ 

T e t r a f l u o r e t h y l e n e r e a c t s w i t h SO3 t o form a c y c l i c s u l t o n e . 
A f t e r rearrangement, the s u l t o n e can then be r e a c t e d w i t h hexa-
f l u o r o p r o p y l e n e epoxide to produce s u l f o n y l f l u o r i d e a d d u c t s , 
where 

C F 2 = C F 2 + S 0 3 — » ^ F 2 — C F 2 > F S 0 2 C F 2 C = O 

0 S 0 2 

•> F S 0 2 C F 2 C F 2 ( 0 C F C F 2 ) m 0 C F C = 0 

C F 3 C F 3 

m ^ 1. When these adducts are heated w i t h sodium c a r b o n a t e , a 
s u l f o n y l f l u o r i d e v i n y l e t h e r i s formed. T h i s v i n y l e t h e r i s 
then c o p o l y m e r i z e d w i t h t e t r a f l u o r o e t h y l e n e t o form XR R e s i n : 

F S 0 2 C F 2 C ^ = 0 + (m + 1 ) C F 2 — C F 

C F . 

F S 0 2 C F 2 C F 2 ( 0 C F C F 2 ) m 0 C F - = C F 2 + C F 2 « C F 2 > 

C F 3 

— ( C F 2 C F 2 ) N Ç F 0 ( C F 2 — C F 0 ) M C F 2 C F 2 S 0 2 F 

<J:F2 C F 3 XR R e s i n 

T h i s h i g h m o l e c u l a r weight polymer i s m e l t f a b r i c a b l e and 
can be p r o c e s s e d i n t o v a r i o u s forms, such as sheets o r t u b e s , by 
sta n d a r d methods. Upon base h y d r o l y s i s , t h i s r e s i n i s c o n v e r t e d 
i n t o N a f i o n p e r f l u o r o s u l f o n a t e polymer: 
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1. Y E A G E R A N D E I S E N B E R G Introduction 3 

XR R e s i n + NaOH > 

- (CF 2CF 2)£-ÇF0(CF 2— ÇF0) mCF 2CF 2S0 3— N a + 

CFo CF, 

The sodium c o u n t e r i o n s i n t h i s i o n exchange polymer can be r e a d i l y 
exchanged f o r o t h e r m e t a l i o n s o r hydrogen i o n by s o a k i n g the 
polymer i n an a p p r o p r i a t e aqueous e l e c t r o l y t e s o l u t i o n . F o r 
commercial m a t e r i a l s , m i s p r o b a b l y e q u a l t o one and η v a r i e s from 
about 5 t o 11. T h i s g e n e r a t e s an e q u i v a l e n t weight range o f about 
1000 t o 1500 grams of dry hydrogen i o n form polymer p e r mole of 
exchange s i t e s . Membranes a r e produced i n nominal t h i c k n e s s e s 
from about 0.1 mm t o 0.3 mm. 

V a r i o u s m o d i f i c a t i o n s can be made t o a b a s i c N a f i o n homo
geneous polymer f i l m t o produce m a t e r i a l s w i t h s p e c i a l 
c h a r a c t e r i s t i c s . Open weave T e f l o n f a b r i c can be l a m i n a t e d i n t o 
the polymer f i l m f o r i n c r e a s e d s t r e n g t h . A l s o , composite membranes 
have been made i n which l a y e r s of two d i f f e r e n t e q u i v a l e n t w e i g h t s 
of polymer f i l m a r e l a m i n a t e d t o g e t h e r . T h i s i s u s e f u l because 
h i g h e r e q u i v a l e n t w e i ght polymers show i n c r e a s e d a n i o n r e j e c t i o n 
under e l e c t r o l y s i s c o n d i t i o n s , which i s d e s i r a b l e i n c e r t a i n 
a p p l i c a t i o n s such as i n c h l o r - a l k a l i membrane c e l l s . H i g h e r 
e q u i v a l e n t weight f i l m s a l s o e x h i b i t l a r g e r e l e c t r i c a l r e s i s t a n c e s 
though. Composite membranes a r e thus used t o o p t i m i z e permselec-
t i v i t y and e l e c t r i c a l p r o p e r t i e s . 

S u r f a c e t r e a t m e n t has a l s o been employed t o gener a t e membranes 
w i t h improved h y d r o x i d e i o n r e j e c t i o n c a p a b i l i t y f o r c h l o r - a l k a l i 
a p p l i c a t i o n s . I n t h i s p r o c e d u r e , one s u r f a c e of a s u l f o n y l 
f l u o r i d e XR r e s i n f i l m i s t r e a t e d w i t h an amine such as e t h y l e n e -
diamine. A f t e r h y d r o l y s i s , a t h i n b a r r i e r l a y e r of weakly a c i d i c 
s u l f o n a m i d e exchange s i t e s i s formed. When t h i s t r e a t e d s u r f a c e 
f a c e s the cathode s o l u t i o n , improved h y d r o x i d e r e j e c t i o n i s 
r e a l i z e d i n a membrane c h l o r - a l k a l i c e l l . 

An i n t e r e s t i n g and i m p o r t a n t p r a c t i c a l a s p e c t of N a f i o n 
p e r f l u o r o s u l f o n a t e membranes i s t h e i r a b i l i t y t o sorb r e l a t i v e l y 
l a r g e amounts of water and o t h e r s o l v e n t s . The polymers t y p i c a l l y 
sorb 10-50% of t h e i r d r y weight i n w a t e r , depending upon polymer 
e q u i v a l e n t w e i g h t , c o u n t e r i o n form and temperature of e q u i l i b r a t i o n . 
C o u n t e r i o n s w i t h l a r g e h y d r a t i o n e n e r g i e s i n c r e a s e water u p t a k e , 
as do low e q u i v a l e n t w e i g h t s . I t i s i n t e r e s t i n g t h a t up t o 50% 
more water i s t a k e n up i f the m a t e r i a l s a r e b o i l e d i n w a t e r , 
compared t o room temperature e q u i l i b r a t i o n , and t h a t t h i s 
i n c r e a s e d water i s permanently r e t a i n e d a f t e r coo l i n g ( 1 5 ) . 
I n c r e a s e s i n water s o r p t i o n a r e accompanied by decre a s e s i n e l e c 
t r i c a l r e s i s t a n c e and t e n s i l e s t r e n g t h , as might be e x p e c t e d Q 2 ) . 
N a f i o n membranes sorb even l a r g e r amounts of o t h e r s o l v e n t s as 
w e l l , p a r t i c u l a r l y a l c o h o l s and o t h e r p r o t i c s o l v e n t s ^ 1 2 - 1 6 ) . 
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4 P E R F L U O R I N A T E D I O N O M E R M E M B R A N E S 

C h e m i c a l l y , the p e r f l u o r o s u l f o n a t e N a f i o n polymers a r e q u i t e 
u n r e a c t i v e . They a r e s t a b l e i n s t r o n g b a s e s , s t r o n g o x i d i z i n g and 
r e d u c i n g a c i d s , c h o l o r i n e , oxygen, hydrogen, and hydrogen p e r o x i d e 
a t temperatures a t l e a s t up t o 125°C. Thermal s t a b i l i t y i s 
e x c e l l e n t t o 200°C o r h i g h e r , depending on c o u n t e r i o n form. 

Other p e r f l u o r i n a t e d c a t i o n exchange membrane m a t e r i a l s have 
a l s o been produced f o r c h l o r - a l k a l i c e l l and o t h e r a p p l i c a t i o n s . 
These a re the Fl e m i o n membrane p r o d u c t s ( A s a h i G l a s s Co. 
L t d . ) , Neosepta-F membranes (Tokuyama Soda Co. L t d . ) , and the 
p e r f l u o r i n a t e d membranes produced by the A s a h i Chemical I n d u s t r y 
Company. These membranes a r e d i s c u s s e d i n d e t a i l i n c h a p t e r s 
14 t o 17. 

Because o f the t e c h n o l o g i c a l importance of the p e r f l u o r i n a t e d 
ionomers, as w e l l as the n o v e l s t r u c t u r a l f e a t u r e s encountered i n 
the s e m a t e r i a l s , a wide range of p h y s i c a l and p h y s i c o - c h e m i c a l 
t o o l s have been brought t o bear on the problems r e l a t e d t o the 
s t r u c t u r e of these polymers. 

S t r u c t u r a l l y , the m a t e r i a l s a r e q u i t e complex. I n a d d i t i o n 
t o a s m a l l amount of c r y s t a l l i n i t y ( d i s c u s s e d i n c h a p t e r s 10 and 
11) two d i s t i n c t n o n - c r y s t a l l i n e r e g i o n s are p r e s e n t , the hydro
phobic f l u o r o c a r b o n phase and the h y d r o p h i l i c i o n i c a r e a s . 
H y d r a t i o n f u r t h e r c o m p l i c a t e s the p i c t u r e because o f the s m a l l 
s i z e s of the r e g i o n s . The v a r i o u s t e c h n i q u e s d e s c r i b e d i n the 
f i r s t two s e c t i o n s of the volume probe d i f f e r e n t a s p e c t s of these 
s t r u c t u r a l f e a t u r e s , and, because of t h e i r c o m p l e x i t y as w e l l as 
the d i f f e r e n t regimes t o which the v a r i o u s t o o l s address them
s e l v e s , no s i n g l e agreed-upon view o f the s t r u c t u r e of these 
polymers has emerged as y e t . Among the c l a s s i c a l t e c h n i q u e s , 
s m a l l angle X-ray s c a t t e r i n g ( c h a p t e r s 10 and 11) fo c u s e s on 
d i f f e r e n c e s i n e l e c t r o n d e n s i t y and i s thus p a r t i c u l a r l y u s e f u l 
i n d e t e c t i n g h e t e r o n g e n i e t i e s due t o heavy m e t a l atoms i n the 
i o n i c c l u s t e r s . S m a l l a n g l e n e u t r o n s c a t t e r i n g ( c h a p t e r 12), by 
c o n t r a s t , i s s e n s i t i v e t o the presence of p r o t o n s , and has thus 
been used e x t e n s i v e l y i n t h e study of h y d r a t e d m a t e r i a l s . Q u a s i -
e l a s t i c n e u t r o n s c a t t e r i n g , i n a d d i t i o n , p r o v i d e s some i n f o r m a t i o n 
on the m o b i l i t y of the water m o l e c u l e s on the c h a r a c t e r i s t i c time 
s c a l e of the experiment. 

The s p e c t r o s c o p i c t e c h n i q u e s , on the o t h e r hand, probe 
i n d i v i d u a l s p e c i e s which make up the v a r i o u s r e g i o n s . I n f r a r e d 
( c h a p t e r 8) and n u c l e a r magnetic resonance ( c h a p t e r 7) address 
themselves t o water and the i n t e r a c t i o n s of water w i t h the v a r i o u s 
s p e c i e s w i t h which i t i s i n c o n t a c t . Mossbauer s p e c t r o s c o p y 
( c h a p t e r 9 ) , i n a d d i t i o n , p r o v i d e s v a l u a b l e i n f o r m a t i o n on the 
p r o x i m i t y of t h e c a t i o n s and t h e i r environment. M e c h a n i c a l 
( c h a p t e r 6) and t r a n s p o r t ( c h a p t e r 4) p r o p e r t i e s p r o v i d e more 
i n d i r e c t i n s i g h t i n t o the s t r u c t u r a l a s p e c t s , which i s sup
plemented by thermodynamic s t u d i e s ( c h a p t e r s 2 and 5) of the 
i n t e r a c t i o n between the polymer and water o r o t h e r l i q u i d s . A l l 
these t e c h n i q u e s a r e d i s c u s s e d i n t h e p r e s e n t volume, and from 
these s t u d i e s s e v e r a l s t r u c t u r a l models have emerged ( c h a p t e r 13). 

The major impetus f o r the development of the p e r f l u o r i n a t e d 
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1. Y E A G E R A N D E I S E N B E R G Introduction 5 

s u l f o n a t e and c a r b o x i l a t e membranes which are the s u b j e c t of t h i s 
monograph has been t h e i r a p p l i c a t i o n i n the c h l o r - a l k a l i i n d u s t r y . 
The h i g h s t r e n g t h and c h e m i c a l s t a b i l i t y o f these polymers has 
been coupled w i t h e x c e l l e n t p e r m s e l e c t i v i t y c h a r a c t e r i s t i c s f o r 
s e v e r a l m a t e r i a l s . T h i s achievement has enabled a new p r o c e s s t o 
be developed f o r the manufacture o f c h l o r i n e and sodium h y d r o x i d e , 
two of the l a r g e s t tonnage c h e m i c a l s produced i n the w o r l d . The 
membrane c e l l method i s now b e g i n n i n g t o be adopted, due t o 
advantageous economic and e n v r i o n m e n t a l c o n s i d e r a t i o n s i n compar
i s o n w i t h the mercury c e l l and as b e s t o s diaphragm p r o c e s s e s . The 
importance of t h i s advance i n s y n t h e t i c membrane tec h n o l o g y i s 
comparable t o the development of asymmetric r e v e r s e osmosis 
membranes f o r water d e s a l i n a t i o n i n the e a r l y I960's. I n b o t h 
c a s e s , a membrane was de s i g n e d w i t h a s e r i e s of s p e c i f i c p r o p e r t i e s 
t o s o l v e an i m o r t a n t problem. A d d i t i o n a l accomplishments of t h i s 
k i n d a r e needed i n membrane s c i e n c e i f the i n h e r e n t advantages of 
membrane s e p a r a t i o n systems a r e to be f u l l y u t i l i z e d i n the 
c h e m i c a l i n d u s t r y . 

Thus the study of these p e r f l u o r i n a t e d ionomers i s i m p o r t a n t 
not o n l y because of the fundamental s i g n i f i c a n c e of t h e i r i o n 
c l u s t e r e d m o r p h o l o g i e s , but a l s o becuase t h i s r e s e a r c h w i l l h e l p 
t o p r o v i d e a s c i e n t i f i c f o u n d a t i o n f o r f u t u r e developments i n 
membrane s c i e n c e . The work which i s d i s c u s s e d i n t h i s monograph 
r e p r e s e n t s the e f f o r t s o f many workers t o e s t a b l i s h t h i s founda
t i o n . 
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2 

T h e r m o d y n a m i c S t u d i e s of the W a t e r — 

P e r f l u o r o s u l f o n a t e d Polymer I n t e r a c t i o n s 

Experimental Results 

M. ESCOUBES 
Laboratoire de Chimie Appliquée et de Génie Chimique, Université Lyon I-43 Bd. du 11 
Novembre 1918, 69621 Villeurbanne, France 
M. PINERI 
Equipe Physico-Chimie Moléculaire, Section de Physique du Solide, Département de 
Recherche Fondamentale, Centre d'Etudes Nucléaires de Grenoble, 85 X-38041 
Grenoble Cedex, France 

The analysis of the sorption isotherms is the most common way 
to study the interactions of water with polymers. Mathematical mo
dels can be fitted to the experimental results and give information 
about these water-polymer interactions which can be directly obtai
ned from enthalpimetric analysis. It is possible to get the heat of 
sorption of the water molecules during different sorption isotherms 
corresponding to different humidity levels. It is also possible to 
check the phase transformations of the absorbed water by differen
tial scanning calorimetry. 

The water-polymer interaction depend on the polymer free volu
me, crystallinity, porosity, chemical structure, etc... It is known 
that strong interactions between water and polymer can produce im
portant modifications of the solid polymer like swelling or crys
tallisation. If these interactions are not homogeneous inside the 
polymer matrix it may result in some "clustering" of the water 
molecules with formation of holes inside the polymer. 

Thermodynamic measurements must define both the water-polymer 
interaction and the structural change of the polymer. This infor
mation can be given from the direct measurement of the heat of 
sorption of the water molecules. 

- An incremental increase of the relative water pressure is 
realized and during each increment both the amount of water adsor
bed in the specimen and the total energy involved in this absorp
tion are recorded. The average energy per water molecule corres
ponding to these water molecules absorbed during the increment can 
therefore be deduced. This energy value depends strongly on the 
nature of hydrogen bonding and also on the number of hydrogen 
bonds involved in this interaction. Changes of this value during 
the water absorption may reflect the existence of different sites 
of absorption with different energies of interaction. For instance 
in collagen we have shown the existence of different regimes of 
absorption (-16 Kcal.mole~"l between 1 and 10 % of water, -13 Kcal. 
mole~l between 24 and 48 %). From these energy values and also from 
the number of water molecules corresponding to each regime it has 
been possible to propose a model of water absorption corresponding 

0097-6156/82/0180-0009$05.00/0 
© 1982 American Chemical Society 
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10 P E R F L U O R I N A T E D I O N O M E R M E M B R A N E S 

to w e l l d e f i n e d s i t e s ( 1 ) . T h i s k i n d of measurement i s the o n l y 
one which i s a b l e t o d e f i n e the amount of bound water. T h i s term 
of bound water has been overused d u r i n g these l a s t y e a r s . I t has 
f i r s t t o be noted even w i t h h y d r o p h i l i c polymers, hydrogen bond
i n g w i t h h y d r o x y l , amide o r c a r b o n y l groups are r e l a t i v e l y low i n 
energy and sometimes lower than the energy of bonding of water mo
l e c u l e s i n l i q u i d water ( 2 ) . Another p o i n t i s the i n d i r e c t way 
u s u a l l y used to d e f i n e both energy and the amount of bonded water 
( 3 ) . Most of the e n t h a l p y v a l u e s are deduced from the C l a u s i u s 
C l a p e y r o n e q u a t i o n u s i n g the a b s o r p t i o n isotherms even when the 
r e v e r s i b i l i t y c o n d i t i o n s are not observed. The amount of bound 
water i s u s u a l l y o b t a i n e d from the d i f f e r e n c e between the t o t a l 
water c o n t e n t and the amount of water g i v i n g a phase t r a n s i t i o n 
a t low temperatures. I n f a c t i n many cases such phase t r a n s i t i o n 
i s not p o s s i b l e because of s t e r i c l i m i t a t i o n s i n s i d e the water 
c l u s t e r s . The m o b i l i t y of the bound water has a l s o been shown by 
NMR o r d i e l e c t r i c measurements to be p r e t t y c l o s e to the obser
ved m o b i l i t y i n l i q u i d water. 

- Low v a l u e s of the heat of water a b s o r p t i o n can be o b t a i n e d . 
These v a l u e s s m a l l e r than the l i q u e f a c t i o n energy may r e s u l t from 
the s u p e r p o s i t i o n o f an endothermal mechanism : b r e a k i n g o f some 
bonds ( 4 ) , f u r t h e r c r i s t a l l i z a t i o n of the polymers ( 5 ) , expansion 
of the macromolecules w i t h change of volume. For t h i s l a s t c a s e , 
which does not correspond to an expansion mechanism d e s c r i b e d by 
the F l o r y model one has to take i n t o account the e n t h a l p y and 
f r e e energy of expansion (6,7) o r the i n t e r n a l p r e s s u r e due t o 
the polymer ( 8 ) . 

Heat of a b s o r p t i o n measurements 
T h i s measurement i s r e a l i z e d by c o u p l i n g a m i c r o b a l a n c e and a 

d i f f e r e n t i a l m i c r o c a l o r i m e t e r ( 9 ) . B e f o r e the s o r p t i o n experiment, 
the two i d e n t i c a l samples are vacuum d r i e d (10"^ t o r r ) i n s i t u . 
D i f f e r e n t i n c r e a s i n g h u m i d i t y l e v e l s are then o b t a i n e d by changing 
the temperature of a water c e l l (between - 80°C and 20°C). D u r i n g 
each water p r e s s u r e increment^weight and energy changes are r e c o r 
ded and the molar energy of i n t e r a c t i o n i s o b t a i n e d . The MTB 
10.8 Setaram m i c r o b a l a n c e has a s e n s i b i l i t y b e t t e r than 1 yg. The 
l i m i t of d e t e c t i o n f o r the m i c r o c a l o r i m e t e r i s 80 pW. For a hydra
t i o n energy around 10 K c a l . m o l e " ^ a 10 % p r e c i s i o n i s o b t a i n e d f o r 
water s o r p t i o n l a r g e r than 1 mg per hour. The measured d i f f e r e n 
t i a l molar energy of a b s o r p t i o n ( q f ) i s : 

de a e - e + η a dn a g a 
i n which 

de 

e a e 

a 

a 

i n t e r n a l molar energy of adsorbed H 2 O 
i n t e r n a l molar energy of adsorbed gas 
number of H 2 O molecules adsorbed 
change i n the number of adsorbed water-
molecules d u r i n g the p r e s s u r e increment, 
change i n the i n t e r n a l molar energy of the 
adsorbed H 2 O molecules during the same increment 
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2. E S C O U B E S A N D P I N E R I Thermodynamics of Water-Polymer Interactions 11 

A d e t a i l e d a n a l y s i s of the thermodynamics i n v o l v e d i n t h i s 
measurement i s g i v e n ( 1 3 ) . I t has to be noted t h a t t h i s i n t e r n a l 
energy change which i s measured i s not v e r y d i f f e r e n t from the 
e n t h a l p y change. 
E x p e r i m e n t a l r e s u l t s of the heat of a b s o r p t i o n measurements 

N a f i o n 120 i n the a c i d and n e u t r a l i z e d form has been s t u d i e d 
(11 ) . Isotherms have been o b t a i n e d a t 10°C and a t lower temperatu
re s . 

From the 10°C isotherms the main r e s u l t s are : 
1. A w e l l d e f i n e d amount of water, depending on the c a t i o n , 

i s k ept a f t e r vacuum d r y i n g (10"5 t o r r ) a t room temperature ( f i g . 
1). T h i s r e s i d u a l water (1 to 2 H20/S03~) i s desorbed a f t e r h e a t 
i n g above the g l a s s t r a n s i t i o n of the N a f i o n m a t r i x . D u r i n g r e h y 
d r a t i o n of the h i g h temperature vacuum d r i e d sample the i n i t i a l 
i s o t h e r m s o r p t i o n curve i s r e o b t a i n e d o n l y above a w e l l d e f i n e d r e 
l a t i v e water p r e s s u r e ( f i g . 2 ) . 

2. T h i s r e s i d u a l water has the same i n t e r a c t i o n energy as 
the f i r s t water molecules absorbed i n the room temperature d r i e d 
sample ( f i g . 3 ) . Only two h y d r a t i o n regimes are observed d u r i n g 
the room temperature s o r p t i o n i s o t h e r m ( f i g . 3 and 4 ) . 

- The f i r s t regime corresponds to the f i r s t 8 per cent of ab
sorbed water (^ 5/6 moles/S03"~). The molar i n t e r a c t i o n energy i s 
c o n s t a n t and c h a r a c t e r i s t i c of the c a t i o n 

- 13 Kcal.mole ^ f o r F e + + 

- 13.5 " H + 

- 9.5 11 N a + 

- 8.5 " C u + + 

The h y d r a t i o n energy of the c a t i o n s i n s o l u t i o n corresponds to 
the same o r d e r and t h i s i s c o n s i s t e n t w i t h the e x i s t e n c e of i o n i c 
c l u s t e r s i n the dehydrated s t a t e . 

- D u r i n g the second regime the energy i s d e c r e a s i n g and i s a l 
ways lower than the v a l u e c o r r e s p o n d i n g t o the l i q u e f a c t i o n . T h i s 
i m p l i e s an endothermal c o n t r i b u t i o n c o r r e s p o n d i n g to the expansion 
of the c l u s t e r i n s i d e the o r g a n i c phase. 

An i m p o r t a n t decrease of the water c o n t e n t i s o b t a i n e d w i t h 
the low temperature isotherms ( f i g . 5 ) . At s a t u r a t i o n the r e l a 
t i v e water c o n t e n t s a t d i f f e r e n t temperatures are g i v e n i n the 
f o l l o w i n g t a b l e : 

TABLE I 

Temperature Water c o n t e n t i n t e r a c t i o n energy 
Kcal/mole 

0°C 14,75 % - 12,5 

20°C 12 - 12,7 

-10°C 10 - 8 
-13°C 8.5 
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12 P E R F L U O R I N A T E D I O N O M E R M E M B R A N E S 

Figure 1. Water loss during high temperature heating for different Nafion forms; 
heating rate, 3° C/min; vacuum, 10~4 ton. 
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E S C O U B E S A N D P I N E R I Thermodynamics of Water-Polymer Interactions 

Δ Ρ ft) 

0 0.5 I 
P / P, 

Figure 2. Room temperature sorption-desorption isotherms of acid Nafion. Key: 
%, room temperature dried absorption; •, 220° C dried primary absorption; •, 

220° C dried desorption; Q, 220° C dried secondary absorption. 
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P E R F L U O R I N A T E D I O N O M E R M E M B R A N E S 

HaO / SOj" 
8 1.0 

(Kcal/mole) 

Figure 3. Enthalpic energy of absorption for the water molecules during an isotherm 
absorption at room temperature. Key: Q 0> room temperature dried sample; 

·---·, 220° C dried sample. 

moles H,0/S03 

° Γ Τ Τ Τ Τ Τ Τ 
Δρ {%) 

Figure 4. Same as in Figure 3 for an iron salt (~65% neutralization). Key: Ο Ο» 
room temperature dried sample; Φ Φ, 220° C dried sample. 
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P E R F L U O R I N A T E D I O N O M E R M E M B R A N E S 

Κ CQl. A 
mole"1 

-15-

U i 1 1 1 1 X* 
0 25 5 75 10 Δρ%12.5 

Figure 6. Enthalpic energy absorption during different temperature isotherm ab
sorption. 

f 2° 

3/mn 
. 

:/mn 

:/mn 

Y 
* ι ι ι i i ι ι ι ι ι ι ι ι ι ι r—•ι 1 ι' f 1 

Figure 7. Influence of the heating speed on the acid Nafion polymer containing 12% 
by weight of water. 
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2. E S C O U B E S A N D P I N E R I Thermodynamics of Water-Polymer Interactions 17 

The i n t e r a c t i o n energy w i c h i s g i v e n i n t h i s t a b l e has to be 
compared w i t h l i q u e f a c t i o n energy of water = -12.7 Kcal.mole""^ a t 
0°C and w i t h the s u b l i m a t i o n energy a t -10°C : -12.5 K c a l . m o l e " 1 . 
An i m p o r t a n t change i n the polymer s t r u c t u r e must t h e r e f o r e occur 
when the temperature i s lowered ( f i g . 6 ) . 

The f i r s t c o n c l u s i o n which i s apparent from these r e s u l t s i s 
the absence of s t r o n g w a t e r - N a f i o n polymer i n t e r a c t i o n s . The f i r s t 
water m o l e c u l e s which are absorbed correspond to the s o l v a t a t i o n 
of the i o n s . F o r water c o n t e n t s l a r g e r than about 8 % (^ 5 water 
m o l e c u l e s ) one observes a decrease i n the energy which can be 
e x p l a i n e d by an e l a s t i c d e f o r m a t i o n of the polymer i n v o l v i n g the 
motion of the hydrophobic c h a i n s out of the h y d r a t e d zone. The 
amount of water absorbed a t s a t u r a t i o n and the c o r r e s p o n d i n g h y d r a 
t i o n energy s t r o n g l y depend on the temperature. 

D i f f e r e n t i a l s c a n n i n g c a l o r i m e t r y (DSC) 
DSC has been found t o be the s i m p l e s t method t o d e f i n e the 

r e l a t i v e amounts of f r e e z i n g and non f r e e z i n g water ( 1 4 ) . A wet 
sample i s h e r m e t i c a l l y kept i n a sample pan. D u r i n g c o o l i n g o r hea
t i n g runs the empty r e f e r e n c e c e l l and the s p e c i m e n - c o n t a i n i n g c e l l 
are k e p t a t the same temperature. The r e l a t i v e d i f f e r e n c e of power 
ne c e s s a r y to do so i s p l o t t e d v e r s u s temperature. From the peak 
s u r f a c e c o r r e s p o n d i n g to f r e e z i n g o r m e l t i n g i t i s t h e r e f o r e pos
s i b l e to d e f i n e the r e l a t i v e amount of f r e e z i n g and non f r e e z i n g 
water. 

A CPC 600 c a l o r i m e t e r (15) has been used w i t h h e a t i n g o r coo
l i n g speeds between 0.5 and 4°/mn. A c i d N a f i o n s 120 c o n t a i n i n g d i f 
f e r e n t water percentages have been s t u d i e d . 

The i n f l u e n c e of the h e a t i n g speed i s shown i n f i g . 7 f o r a 
N a f i o n specimen c o n t a i n i n g 12 % by weight of water. The samples 
have been f i r s t s l o w l y c o o l e d a t l°C/mn down to l i q u i d n i t r o g e n 
temperature. I n t a b l e ( I I ) are g i v e n the i n t e g r a t e d v a l u e s of the 
endothermic peaks. For the 2 /mn sample two d i f f e r e n t runs have been 
done. The average v a l u e i s 432 meal w i t h i n 5 % depending on the 
base l i n e and the c o r r e s p o n d i n g water - w i t h 80 c a l / g as the heat 
of m e l t i n g - i s 5.4 mg. I n t h i s case w i t h such an h y p o t h e s i s we 
would have ^ 30 % of f r e e z i n g water. 

The i n f l u e n c e of the c o o l i n g speed i s shown i n f i g . 8 f o r the 
same sample run a t a c o n s t a n t h e a t i n g speed of 2°C/mn. No change i s 
observed between samples quenched i n l i q u i d n i t r o g e n o r r a p i d l y coo
l e d w i t h He gas. I n t h i s case some exothermic c o n t r i b u t i o n i s 
apparent. 

I n f i g . 9 are shown the curves o b t a i n e d d u r i n g a c o o l i n g p r o 
cess a t l°/mn f o r two d i f f e r e n t water c o n t e n t samples (12 an 15 % 
by w e i g h t ) . An exothermic peak i s apparent i n b o t h samples, the 
p o s i t i o n and the form of t h i s peak depend on the sample. Both peaks 
are l o c a t e d a t temperature w e l l below the temperature c o r r e s p o n d i n g 
to the normal water f r e e z i n g . 

No endothermic or exothermic peak i s apparent f o r samples con
t a i n i n g l e s s than 8 % of water. 
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18 P E R F L U O R I N A T E D I O N O M E R M E M B R A N E S 

Figure 8. Influence of the cooling speed on the same specimen as in Figure 7. Cool
ing speeds: -·-·-·-, 1 °/mn; , He gas; , liquid nitrogen quenching. 

Figure 9. Influence of the water content on the thermograms: upper curve, 15% 
water; lower curve, 12% water. 
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2. E S C O U B E S A N D P I N E R I Thermodynamics of Water-Poly mer Interactions 19 

TABLE I I 

H e a t i n g r a t e Peak p o s i t i o n Κ Η meal 

0.5°/mn 260/270° 450 

2°/mn 263 416 
433 

4°/mn 268 430 

From these r e s u l t s the f i r s t i n t e r p r e t a t i o n which comes t o 
mind i s f r e e z i n g and m e l t i n g o f water i n s m a l l c l u s t e r s which o n l y 
appear f o r water c o n t e n t s l a r g e r than 8 %. 

The a n a l y s i s of s o l i d - l i q u i d phase t r a n s f o r m a t i o n i n s m a l l 
pores can be done by thermoporometry. F o r a l i q u i d c o n t a i n e d i n a 
porous m a t e r i a l the s o l i d - l i q u i d i n t e r f a c e c u r v a t u r e depends c l o s e 
l y on the s i z e of the pore and the s o l i d i f i c a t i o n temperature i s 
t h e r e f o r e dependent on t h i s s i z e ( 1 6 ) . From the s o l i d i f i c a t i o n 
thermogram i t i s t h e r e f o r e p o s s i b l e to o b t a i n b o t h the s i z e of the 
pores from the s o l i d i f i c a t i o n temperature p o s i t i o n and a l s o the 
t o t a l volume of water i n v o l v e d i n t h i s t r a n s f o r m a t i o n from the 
measurement of the energy c o r r e s p o n d i n g to t h i s phase t r a n s f o r m a 
t i o n . 

By u s i n g a m i c r o c a l o r i m e t e r the thermograms are o b t a i n e d . The 
c o o l i n g and h e a t i n g speeds are between 6 and 8°/hour. I n f i g . (10) 
and (11) are shown the thermograms c o r r e s p o n d i n g to h e a t i n g or coo
l i n g f o r two d i f f e r e n t N a f i o n water systems. I n both samples an en
dothermic peak appears d u r i n g h e a t i n g which extends over a l a r g e r 
temperature range than i n the p r e v i o u s experiment. Such a b e h a v i o u r 
i s s i m i l a r to what i s observed i n porous m a t e r i a l s l i k e γ-alumina 
w i t h s p h e r i c a l water c o n t a i n i n g pores (16). 

A n u m e r i c a l r e l a t i o n s h i p has been o b t a i n e d between the f r e e 
z i n g temperature d e p r e s s i o n s o f a c a p i l l a r y condensate s a t u r a t i n g 
a porous m a t e r i a l and the r a d i i . 

Rp (nm) 
-64.67 

ΔΤ + 0.57 

0 > ΔΤ > - 40 
ο 

which g i v e s Rp = 21.8 A f o r ΔΤ = -40° 
ο 

Rp = 38 A f o r ΔΤ = -20° 
ο ο 

I f such i n t e r p r e t a t i o n i s v a l i d these 20 A and 40 A would 
co r r e s p o n d to the o r d e r of magnitude f o r the r a d i u s of the water 
c l u s t e r s i n s i d e the 9 and 14 % water N a f i o n systems. 

Another p o s s i b i l i t y which would e x p l a i n such d e p r e s s i o n i n the 
f r e e z i n g and m e l t i n g temperature would be the presence of i o n s i n 
the water. I t i s p o s s i b l e to c a l c u l a t e t h i s d e p r e s s i o n 
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P E R F L U O R I N A T E D I O N O M E R M E M B R A N E S 

220 , 240 , 260 T ( K ) 
I I I I Z I L-k I 

273° 

273° 

260 ' 2~ZÔ ' 220 ' 200 T ( K ) 

Figure 10. Low speed thermograms of a 9% H20 content sample obtained during 
cooling (lower curve) and heating (upper curve). 

220 , 240 , 260 Τ (Κ) 
— ι 1 1 1 1 I_J 1 

273° 

273° 
1—I 1 1 1 1 1 1 1 1 

260 240 220 200 T ( K ) 

Figure 11. Low speed thermograms of a 14% water content sample obtained during 
heating (upper curve) and cooling (lower curve). 
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2. E S C O U B E S A N D P I N E R I Thermodynamics of Water-Polymer Interactions 21 

. c 

i n which c i s the i o n c o n c e n t r a t i o n and ΔΗ the l i q u e f a c t i o n energy 
of water : 80 c a l / g . The r e s u l t s are not c o n s i s t e n t w i t h such hypo
t h e s i s both because the change i n θ v e r s u s the water c o n c e n t r a t i o n 
would be s m a l l e r and a l s o because no such temperature d i f f e r e n c e 
would be observed f o r the peak p o s i t i o n d u r i n g h e a t i n g o r c o o l i n g . 

I t i s now i m p o r t a n t to r e p o r t some NMR r e s u l t s o b t a i n e d w i t h 
an a c i d 120 N a f i o n sample c o n t a i n i n g an excess of water. A N a f i o n -
water m i x t u r e i s quenched from room temperature down to l i q u i d n i 
t r o g e n temperature and then r a p i d l y put i n t o the NMR spectrometer 
at a w e l l d e f i n e d temperature below 0°C. The a m p l i t u d e of the l i n e 
c o r r e s p o n d i n g to the m o b i l e water p r o t o n s a t t h i s temperature i s 
then r e c o r d e d v e r s u s time as shown i n f i g ( 1 2 ) . The observed de
c r e a s e i n amplitude of the l i n e corresponds t o a change i n the 
number of the m o b i l e water p r o t o n s . D u r i n g the a n n e a l i n g time some 
d e s o r p t i o n o c c u r s and i n i t i a l l y m o b i l e water m o l e c u l e s are f r o z e n 
e i t h e r o u t s i d e the sample o r i n s m a l l h o l e s i n s i d e t h i s sample. 

C o n c l u s i o n s 
Two v e r y w e l l d e f i n e d regimes of water a b s o r p t i o n have t h e r e 

f o r e been evidenced. The f i r s t regime correspond t o the f i r s t water 
m o l e c u l e s which f i l l the h y d r a t i o n s h e l l ; between f o u r and s i x 
water m o l e c u l e s are n e c e s s a r y t o do so f o r the a c i d sample. A s i 
m i l a r b e h a v i o u r has been observed from NMR ( 1 1 ) , Môssbauer ( 1 9 ) . 
These f i r s t water molecules which are absorbed onto these i o n i c 
s i t e s have an h y d r a t i o n energy which correspond t o the v a l u e ob
t a i n e d f o r the c o r r e s p o n d i n g c a t i o n s i n s o l u t i o n . The observed 
decrease i n the a b s o l u t e v a l u e of the i n t e r a c t i o n molar energy f o r 
f u r t h e r water s o r p t i o n may i n v o l v e a d e f o r m a t i o n of the hydrophobic 
m a t r i x . I t has a l s o to be p o i n t e d out t h a t a r a p i d exchange occurs 
between a l l the water molecules g i v i n g r i s e to a s i n g l e l i n e i n 
NMR. 

Another i m p o r t a n t c o n c l u s i o n i s o b t a i n e d from the c o u p l e d 
DSC/NMR experiments. The water c o n t e n t of the N a f i o n membranes 
s t r o n g l y depends on the temperature. T h e r e f o r e the a n a l y s i s of a 
p o s s i b l e water phase s e p a r a t i o n cannot be done w i t h experiments 
i n v o l v i n g temperature changes l i k e DSC. T h i s i s p r e t t y d i f f e r e n t 
from what i s o b t a i n e d w i t h γ-alumina which r e p r e s e n t a r e l a t i v e 
f i x e d and non temperature dependent hydrophobic m a t r i x . The endo
thermic and exothermic peaks observed d u r i n g h e a t i n g and c o o l i n g 
runs of the w a t e r - N a f i o n systems may be i n t e r p r e t e d i n two ways 

- e i t h e r the peak i t s e l f corresponds to the s o r p t i o n - d e s o r p -
t i o n thermal m a n i f e s t a t i o n 

- o r the peak corresponds to the m e l t i n g or s o l i d i f i c a t i o n of 
water i n s m a l l pores which are formed d u r i n g the thermal c y c l e . 
Such a b e h a v i o u r has a l r e a d y been observed i n p o l y e t h y l e n e ( 1 7 ) . 
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" g r o— Ο C 

40 

rx-x=û=_x-

60 80 t (mn) 

Figure 12. Change of the NMR line amplitude vs. time during annealing at different 
temperatures. Key: Q, — 30° C; X, — 50° C. 

- 5 0 - 4 0 - 3 0 - 2 0 -10 0 T ( C ) 

Figure 13. Amount of desorbed water vs. the annealing temperature. 
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2. E S C O U B E S A N D P I N E R I Thermodynamics of Water-Polymer Interactions 2 3 

A more d e t a i l e d a n a l y s i s of these r e s u l t s and of the p o s s i b l e i n 
t e r p r e t a t i o n s w i l l be g i v e n i n a f u r t h e r p u b l i c a t i o n ( 1 8 ) . 

Another i n t e r e s t i n g r e s u l t i s g i v e n i n f i g . 13 i n which i s 
p l o t t e d the amount of desorbed water v e r s u s the a n n e a l i n g tempe
r a t u r e f o r the 15 % H 20 - a c i d N a f i o n system. From t h i s f i g u r e i t 
i s shown t h a t around 60 % of the t o t a l water c o n t e n t can be de
sorbed. We t h e r e f o r e have around 9 % des o r b a b l e water and around 
7 % f i x e d water. These v a l u e s are i n c l o s e agreement w i t h the 
two a b s o r p t i o n regimes and a l s o w i t h the f a c t t h a t no DSC peak 
has been observed f o r water c o n t e n t velow ^ 8 % water. 
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Cation Exchange Selectivity of a 

P e r f l u o r o s u l f o n a t e P o l y m e r 

HOWARD L. YEAGER 
Department of Chemistry, The University of Calgary, Calgary, Alberta T2N 1N4, Canada 

The ratio of the permeabilities of two cations in a cation 
exchange membrane is equal to the product of the ion exchange 
equilibrium constant and their mobility ratio (1). Therefore it 
is important to characterize the equilibrium ion exchange 
selectivity of ion exchange polymers in order to understand their 
dynamic properties when used in membrane form. Nafion (E.I. 
du Pont de Nemours and Co.) perfluorinated sulfonate membranes 
have found wide use in a variety of applications, many of which 
involve exchange of cations across membranes that separate 
solutions of different ionic composition. The inherent cationic 
selectivity of the polymer is an important consideration for such 
applications. Results of ion exchange selectivity studies of 
Nafion polymers are reviewed in this chapter, and are compared 
to those of other sulfonate ion exchange polymers. 

The general properties of sulfonate ion exchange materials 
have been well-characterized (2). Divinylbenzene cross-linked 
polystyrene sulfonate resins, perhaps the most commonly used of 
organic ion exchangers, exhibit selectivity sequences which are 
successfully treated by Eisenman's theory of ion exchange (1, 3). 
In this approach the electrostatic field strength of the anionic 
exchange site is seen to be the principal factor in determining 
cation selectivity. Sulfonate exchange sites have a relatively 
low charge site density, and in such cases the order of cation 
affinities is determined by the relative magnitudes of their 
respective free energies of hydration. Cations with smaller hy
dration energies gain relatively more energy from electrostatic 
interaction with the exchange site, and are preferred as exchange 
counterions. Thus the order of selectivity for alkali metal ions 
is Cs+ > Rb+ > K + > Na+ > L i + for sulfonate resins. The amount 
of sorbed water in the resin phase affects the relative magni
tudes of selectivity coefficients but not the sequence. Large 
amounts of sorbed water are expected to dilute the effect and 
reduce the relative selectivity differences. Also, selectivity 
coefficients are affected by increased resin cross-linking (2). 
This is partly due to nonuniformity of exchange site spacing, 

0097-6156/82/0180-0025$05.00/ 0 
© 1982 American Chemical Society 
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26 P E R F L U O R I N A T E D I O N O M E R M E M B R A N E S 

which produces o v e r l a p of s u l f o n a t e f i e l d s . T h i s generates 
h i g h e r e f f e c t i v e f i e l d d e n s i t i e s f o r some s u l f o n a t e s i t e s . 
U l t i m a t e l y a f f i n i t y r e v e r s a l s can o c c u r . Thus the o v e r a l l s e l e c 
t i v i t y p r o p e r t i e s o f the r e s i n a r e determined by a c o m b i n a t i o n o f 
the i n t e r r e l a t e d e f f e c t s of ion-exchange c a p a c i t y , c r o s s - l i n k i n g , 
and water s o r p t i o n . 

A l t h o u g h the N a f i o n p e r f l u o r i n a t e d s u l f o n a t e polymer i s ex
p e c t e d t o demonstrate s e l e c t i v i t y p a t t e r n s which a r e s i m i l a r to 
those o f c r o s s - l i n k e d p o l y s t y r e n e s u l f o n a t e s , t h e r e are s e v e r a l 
n o t a b l e d i f f e r e n c e s between the two types of polymers. N a f i o n 
polymers are presumably not c r o s s - l i n k e d ; thus the s o l v e n t s w e l 
l i n g of t h i s polymer i s f a r more dependent on c o u n t e r i o n and on 
polymer p r e t r e a t m e n t than the s w e l l i n g of the more r i g i d s u l f o n 
a t e r e s i n s . Secondly, the phenomenon o f exchange s i t e c l u s t e r i n g 
(4) i s expected to be an i m p o r t a n t f a c t o r i n the s e l e c t i v i t y 
p r o p e r t i e s o f N a f i o n . A l t h o u g h the e x a c t n a t u r e of these i o n 
c l u s t e r s i s not f u l l y r e s o l v e d , c o n v i n c i n g evidence now e x i s t s 
to i n d i c a t e t h a t exchange s i t e s , c o u n t e r i o n s , and sorbed water 
e x i s t a s a s e p a r a t e microphase i n the polymer. T h i s phenomenon i s 
o f course not p o s s i b l e f o r c r o s s - l i n k e d polymers. F i n a l l y , the 
i o n exchange c a p a c i t i e s f o r commonly used forms o f N a f i o n (1100-
1500 e q u i v a l e n t w e i g h t s ) a r e about f o u r times s m a l l e r than those 
of commercial s u l f o n a t e r e s i n s . 

C a t i o n Exchange S e l e c t i v i t y C o e f f i c i e n t s f o r N a f i o n Polymers 

G e n e r a l C o n s i d e r a t i o n s . I n o r d e r t o study c a t i o n exchange 
e q u i l i b r i a i t i s n e c e s s a r y to determine the r a t e a t which ex
change e q u i l i b r i u m i s a t t a i n e d . Exchange r a t e s a re r e l a t i v e l y 
r a p i d f o r 1200 EW N a f i o n . A ΙΓ^-form membrane, when immersed i n 
aqueous NaCl s o l u t i o n , a t t a i n s 90% c o n v e r s i o n t o the Na +-form i n 
l e s s than two minutes ( 5 ) . T h i s time i n t e r v a l i n c r e a s e s t o 40 
min f o r c o n v e r s i o n t o the C s + - f o r m . T h i s i n c r e a s e i n e q u i l i b 
r a t i o n time i s a t t r i b u t a b l e t o the anomalously low d i f f u s i o n co
e f f i c i e n t of C s + i n the polymer phase ( 6 ) . Even i n t h i s case 
e q u i l i b r a t i o n times of a few hours a r e s u f f i c i e n t to ensure 
complete r e a c t i o n . Another f a c t o r t o c o n s i d e r i s whether a l l 
s u l f o n a t e s i t e s a r e a v a i l a b l e f o r exchange w i t h v a r i o u s c a t i o n s . 
A s tudy has been performed i n which a s i n g l e p i e c e o f 1200 EW 
N a f i o n was s u c c e s s i v e l y p l a c e d i n the H +, N a + , C s + , M g 2 +, and 
C a 2 + forms; a n a l y s e s were performed f o r each c o u n t e r i o n a f t e r de-
s o r p t i o n ( 7 ) . No d i f f e r e n c e c o u l d be found, w i t h i n 1% r e l a t i v e 
e r r o r , i n the measured number of exchange s i t e s f o r each c o u n t e r 
i o n form. T h i s r e s u l t agrees w i t h an i n f r a r e d s t u dy o f the con
v e r s i o n o f hydrogen i o n forms o f N a f i o n samples of v a r i o u s 
e q u i v a l e n t w e i g h t s i n t o u n i v a l e n t and d i v a l e n t m e t a l i o n forms 
(8_) . The degree o f replacement of hydrogen i o n was measured to 
be 99-100% i n a l l c a ses. However, Roche and co-workers (9) 
e s t i m a t e d the e x t e n t o f c o n v e r s i o n o f a H +-form o f N a f i o n t o the 
Na +-form to be o n l y 77%, as determined by flame photometry. No 
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3. Y E A G E R Cation Exchange Selectivity 27 

apparent reason can be seen f o r t h i s d i f f e r e n c e i n f i n d i n g s . 
Ion exchange s e l e c t i v i t y c o e f f i c i e n t s f o r u n i v a l e n t i o n and 

d i v a l e n t ion-hydrogen i o n exchange are g i v e n by the e q u a t i o n s 

where χ r e p r e s e n t s the e q u i v a l e n t i o n i c f r a c t i o n of i o n i n the 
polymer and C i s s o l u t i o n m o l a r i t y . S i n g l e i o n a c t i v i t y c o e f 
f i c i e n t s , γ, a p p r o x i m a t e l y c a n c e l f o r u n i v a l e n t i o n exchange i n 
d i l u t e s o l u t i o n (0.01 M) . However f o r d i v a l e n t ion-hydrogen i o n 
exchange they must be i n c l u d e d even f o r d i l u t e s o l u t i o n e x p e r i 
ments, due t o the asymmetry of the r e a c t i o n . These s e l e c t i v i t y 
c o e f f i c i e n t s are not c o n s t a n t s i n g e n e r a l , but depend upon the 
e q u i v a l e n t i o n i c f r a c t i o n of exchanging i o n . Average s e l e c t i v i t y 
c o e f f i c i e n t s can be determined by measurement of v a l u e s as a 
f u n c t i o n of i o n i c f r a c t i o n ( i o n exchange isotherm) f o l l o w e d by 
i n t e g r a t i o n o f the curve. A v a l u e o f the s e l e c t i v i t y c o e f f i c i e n t 
determined at an e q u i v a l e n t i o n i c f r a c t i o n of 0.5 f o r b o t h i o n s 
i s o f t e n a good a p p r o x i m a t i o n to the i n t e g r a t e d r e s u l t ( 2 ) . 

U n i v a l e n t Ion-Hydrogen Ion S e l e c t i v i t i e s • S e l e c t i v i t y co
e f f i c i e n t i s o t h e r m s of 1200 EW N a f i o n f o r u n i v a l e n t c a t i o n -
hydrogen i o n exchange a t 25°C are shown i n F i g u r e 1 (10, 11). 
These is o t h e r m s show a much l e s s pronounced dependence of the 
s e l e c t i v i t y c o e f f i c i e n t on i o n i c f r a c t i o n of m e t a l i o n than c o r 
r e s p o n d i n g i s o t h e r m s f o r c r o s s - l i n k e d p o l y s t y r e n e s u l f o n a t e s (_2, 
12-16). An e x c e p t i o n i s the l a r g e r i s e i n the cesium i o n s e l e c 
t i v i t y c o e f f i c i e n t a t h i g h m e t a l i o n c o n t e n t ; indeed minima i n 
s e l e c t i v i t y i s o t h e r m s are unusual even f o r p o l y s t y r e n e s u l f o n a t e 
exchangers. The water c o n t e n t of N a f i o n can be i n c r e a s e d by 
b o i l i n g i n water; the polymer reaches a c o n s t a n t v a l u e of water 
s o r p t i o n which remains unchanged a t 25°C f o r a t l e a s t s e v e r a l 
weeks ( 7 ) . S e l e c t i v i t y measurements were a l s o performed f o r t h i s 
expanded form, and r e s u l t s a r e shown i n F i g u r e 2 (10, 1 1 ) . 

S e l e c t i v i t y c o e f f i c i e n t s were c a l c u l a t e d a t an i o n i c f r a c 
t i o n o f m e t a l i o n e q u a l to 0.5 by i n t e r p o l a t i o n of the i s o t h e r m s . 
Values a r e l i s t e d i n Table I a l o n g w i t h some v a l u e s which were 
determined a t 40°C. I n c l u d e d i n Table I are the water t o ex
change s i t e mole r a t i o s f o r the polymer i n each i o n i c form (_7, 
11). Both the normal and expanded forms of N a f i o n e x h i b i t the 
expected o r d e r o f s e l e c t i v i t i e s of a l k a l i m e t a l i o n s f o r a s u l 
f o n a t e i o n exchanger. Perhaps the most i n t e r e s t i n g f e a t u r e of 
these v a l u e s i s t h e i r l a r g e spread compared t o c o n v e n t i o n a l 
s u l f o n a t e r e s i n s . For example, a 16% c r o s s - l i n k e d p o l y s t y r e n e 
s u l f o n a t e has m e t a l ion-hydrogen i o n s e l e c t i v i t y c o e f f i c i e n t s 
e q u a l t o 0.680 ( L i + ) , 1.61 (Na+), 3.06 (K+), 3.14 ( R b + ) , and 3.17 
( C s + ) ( 1 2 ) . The s e l e c t i v i t y c o e f f i c i e n t s of A g + and T l + f o r 
N a f i o n are lower than those of p o l y s t y r e n e s u l f o n a t e r e s i n s o f 

*M+ V V 
V V V 
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P E R F L U O R I N A T E D I O N O M E R M E M B R A N E S 

Figure 1. Ion exchange isotherms for 1200 EW Nafion at 25° C, 0.01 M ionic 
strength (10, 11). Key: ·, Li+; •, Na+; K+; A, Rb+; M, Cs+; ©, β, 

T1+. 
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Y E A G E R Cation Exchange Selectivity 

• · ο · — · ο · — # o + · # 
0 I I l l l 1 
0.0 0.2 0.4 0.6 0.8 1.0 

IONIC FRACTION OF M + 

Figure 2. Ion exchange isotherms for 1200 EW Nafion at 25° C, 0.01 M ionic 
strength (10). Closed symbols: normal form; open symbols: expanded form of 

polymer. Symbols are the same as those in Figure 1. 
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30 P E R F L U O R I N A T E D I O N O M E R M E M B R A N E S 

v a r i o u s c r o s s - l i n k i n g s though, which i n d i c a t e s t h a t f o r t h i s 
p e r f l u o r i n a t e d polymer w i t h no a r o m a t i c c o n t e n t , n o n e l e c t r o s t a t i c 
i n t e r a c t i o n s between c o u n t e r i o n s and the polymer m a t r i x a r e 
reduced to a minimum. A l l s e l e c t i v i t y c o e f f i c i e n t s a r e s m a l l e r 
f o r the expanded form o f N a f i o n , but the spread i n a l k a l i m e t a l 
i o n v a l u e s remains h i g h e r than f o r p o l y s t y r e n e s u l f o n a t e r e s i n s . 
The water t o exchange s i t e mole r a t i o s f o r the pure u n i v a l e n t 
forms of N a f i o n a r e markedly dependent on the i d e n t i t y o f the 
c o u n t e r i o n ; thus these i o n exchange r e a c t i o n s a r e accompanied by 
s i g n i f i c a n t changes i n polymer water c o n t e n t . The expanded forms 
of N a f i o n show the same t r e n d , even though water c o n t e n t s average 
50% h i g h e r than the a s - r e c e i v e d forms. 

Table I . U n i v a l e n t Ion S e l e c t i v i t y C o e f f i c i e n t s and 
Water Contents f o r 1200 EW N a f i o n . 

Ion M + 

V mol H 20 / mol -S0 3 

25°C 40°C 25°C ( E ) a 25°C 25°C ( E ) a 

H + 16.7 22.3 
L i + 0.579 0.555 0.586 14.3 22.3 
N a + 1.22 1.31 1.18 11.9 18.4 
K+ 3.97 3.48 8.8 13.3 
Rb+ 6.26 4.71 7.7 11.8 
Cs+ 9.11 9.04 7.06 6.6 11.3 
T l + 6.12 3.83 8.0 11.7 
Ag+ 1.07 0.90 12.2 17.6 

3expanded form 

D i v a l e n t Ion--Hydrogen Ion S e l e c t i v i t i e s . S e l e c t i v i t y co-
e f f i c i e n t s determined a t e q u i v a l e n t i o n i c f r a c t i o n s of 0.5 f o r 
the a l k a l i n e e a r t h i o n s , C o 2 + , and Z n ^ + are l i s t e d i n Table I I 
a l o n g w i t h c o r r e s p o n d i n g polymer water c o n t e n t s ( 7 ) . A g a i n , the 
normal o r d e r o f s e l e c t i v i t i e s i s seen f o r the a l k a l i n e e a r t h i o n s 
f o r a low charge d e n s i t y exchange s i t e environment. The o r d e r o f 
s t a n d a r d h y d r a t i o n f r e e e n e r g i e s f o r these c a t i o n s i s Z n 2 + > C o 2 + 

> M g 2 + > C a 2 + > S r 2 + > B a 2 + which i s the i n v e r s e o r d e r o f exchange 
s e l e c t i v i t i e s . The spread i n s e l e c t i v i t i e s f o r the a l k a l i n e 
e a r t h i o n s e r i e s i s much s m a l l e r compared t o t h a t of the a l k a l i 
m e t a l i o n s however. The v a l u e s f o r the normal form o f N a f i o n i n 
Table I I a r e s i m i l a r to those o f a 4% d i v i n y l b e n z e n e c r o s s - l i n k e d 
p o l y s t y r e n e s u l f o n a t e r e s i n : M g 2 + , 2.23; C a 2 + , 3.14; S r 2 + , 3.56; 
B a 2 + , 5.66 (12 ) . Res i n s o f 8% and 16% c r o s s - l i n k i n g have a much 
l a r g e r spread than do these v a l u e s ; thus the enhancement i n 
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3. Y E A G E R Cation Exchange Selectivity 31 

Table I I . D i v a l e n t Ion S e l e c t i v i t y C o e f f i c i e n t s and 
Water Contents f o r 1200 EW N a f i o n . 

Ion mol H 20 / mol -SO 3 

25°C ( E ) a 25°C (E) a 

2.30 
3.60 
4.23 
5.55 
1.24 
0.97 

5.27 

2.36 2.15 
2.87 
3.79 
4.61 

13.9 
12.9 
12.3 
11.6 
13.7 
14.1 

19.8 
17.5 
16.9 
14.9 
20.0 
19.9 

a expanded form 

s e l e c t i v i t y f o r u n i v a l e n t c a t i o n s w i t h N a f i o n i s not p r e s e n t f o r 
these d i v a l e n t c a t i o n s . T h i s change i s accompanied by a r e d u c 
t i o n i n the dependence of polymer water content on the c o u n t e r -
i o n ' s i d e n t i t y compared to the u n i v a l e n t i o n case. I n f a c t , the 
water c o n t e n t s o f s u l f o n a t e r e s i n s show a g r e a t e r change from 
M g 2 + t o B a 2 + forms than does N a f i o n ( L 2 , 16). F i n a l l y , the ex
panded forms a g a i n show i n c r e a s e s i n water s o r p t i o n which are 
accompanied by s e l e c t i v i t y l o s s e s . 

Quaternary Ammonium Ions. I n a r e c e n t study (17) , 1200 EW 
N a f i o n has been used to c o n s t r u c t a membrane i o n s e l e c t i v e e l e c 
t r o d e . The e l e c t r o d e was p l a c e d i n b o t h the tetrabutylammonium 
i o n and cesium i o n forms, and the response c h a r a c t e r i s t i c s o f 
each form were measured. These e l e c t r o d e s show N e r n s t i a n 
r e s p o n s e s , and the tetrabutylammonium i o n e l e c t r o d e has no i n t e r 
f e r e n c e from i n o r g a n i c c a t i o n s such as N a + , K +, and C a 2 + . How
ev e r , t h i s e l e c t r o d e shows a marked i n t e r f e r e n c e w i t h d e c y l t r i -
methylammonium i o n . I n a d d i t i o n the cesium i o n e l e c t r o d e 
response i s s e n s i t i v e t o the presence of tetrabutylammonium i o n 
and e s p e c i a l l y dodecyltrimethylammonium i o n . A l t h o u g h membrane 
e l e c t r o d e s e n s i t i v i t i e s a r e not i n g e n e r a l p r o p o r t i o n a l t o 
thermodynamic s e l e c t i v i t y c o e f f i c i e n t s , the r e s u l t s do i n d i c a t e 
t h a t these l a r g e , hydrophobic c a t i o n s a r e p r e f e r r e d over s m a l l e r 
i n o r g a n i c c a t i o n s by the polymer. The a u t h o r s suggest t h a t the 
s u r f a c t a n t c h a r a c t e r of the two asymmetric tetraalkylammonium 
i o n s may l e a d to n o n - e l e c t r o s t a t i c i n t e r a c t i o n s w i t h the 
f l u o r o c a r b o n r e g i o n s of the polymer, which would enhance t h e i r 
a f f i n i t i e s ( 1 7 ) . 
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3Ï P E R F L U O R I N A T E D I O N O M E R M E M B R A N E S 

The Nature of the C a t i o n Exchange P r o c e s s i n N a f i o n 

I t i s u s e f u l t o compare the p r o p e r t i e s of the c a t i o n exchange 
pr o c e s s f o r p o l y s t y r e n e s u l f o n a t e r e s i n s w i t h those o f N a f i o n i n 
o r d e r to develop i n s i g h t i n t o the d i f f e r e n c e s i n s e l e c t i v i t y 
c o e f f i c i e n t s . Boyd d i s c u s s e s hydrogen i o n - m e t a l i o n exchange f o r 
p o l y s t y r e n e s u l f o n a t e s i n terms of e n t h a l p y , e n t r o p y , and volume 
changes of the r e a c t i o n s ( 1 8 ) . E n t h a l p y and en t r o p y changes a r e 
s m a l l and n e g a t i v e f o r a l k a l i m e t a l i o n exchange i n r e s i n s of low 
c r o s s - l i n k i n g . No ev i d e n c e f o r i o n p a i r i n g i s e v i d e n t , and the 
thermodynamic parameters a r e l i k e l y due o n l y to d i f f e r e n c e s i n 
i o n i c h y d r a t i o n i n the s o l u t i o n phase between the two exchanging 
i o n s . Ion p a i r s may form f o r h i g h e r c r o s s - l i n k e d r e s i n s w i t h 
lower water c o n t e n t s , due to i n c r e a s e d e l e c t r o s t a t i c i n t e r a c t i o n s . 
In these cases e n t h a l p i e s and e n t r o p i e s o f exchange become i n 
c r e a s i n g l y n e g a t i v e , and somewhat improved s e l e c t i v i t i e s f o r 
a l k a l i m e t a l i o n s r e s u l t . I n c o n t r a s t , p o s i t i v e e n t r o p i e s o f 
exchange appear t o c o n t r o l the magnitudes o f s e l e c t i v i t i e s f o r 
d i v a l e n t - u n i v a l e n t c a t i o n i o n exchange r e a c t i o n s . A l a r g e 
component of t h i s e n t r o p y g a i n r e s u l t s from the g a i n i n s o l u t i o n 
entropy when a d i v a l e n t i o n i s r e p l a c e d by two u n i v a l e n t i o n s 
w i t h much s m a l l e r h y d r a t i o n e n t r o p i e s (18, 19). As d i v a l e n t i o n s 
exchange i n t o the r e s i n phase, l a r g e r amounts o f water are r e 
l e a s e d compared to u n i v a l e n t - u n i v a l e n t i o n exchange (12, 16) 
p r o b a b l y due t o f o r m a t i o n o f s o l v e n t s e p a r a t e d and c o n t a c t i o n 
p a i r s ( 1 8 ) . T h i s r e l e a s e o f water w i l l a l s o cause a p o s i t i v e 
e n t r o p y change t o the system, as w i l l the s t a t i s t i c a l e n t ropy 
i n c r e a s e when d i v a l e n t c o u n t e r i o n s d i s t r i b u t e among t w i c e as many 
u n i v a l e n t exchange s i t e s (.19, 2 0 ) . Because of the energy r e 
q u i r e d t o dehydrate a d i v a l e n t c a t i o n as i t e n t e r s the r e s i n 
phase, e n t h a l p i e s o f exchange a l s o tend t o be p o s i t i v e . 

N a f i o n would be expected t o show d i f f e r e n c e s i n the thermo
dynamics o f c a t i o n exchange f o r a t l e a s t two rea s o n s . F i r s t , the 
p e r f l u o r i n a t e d backbone s h o u l d generate a much lower charge 
d e n s i t y on the s u l f o n a t e exchange s i t e s , r e d u c i n g the p o s s i b i l i t y 
o f the f o r m a t i o n o f even s o l v e n t s e p a r a t e d i o n p a i r s . The use of 
hydrogen i o n forms of N a f i o n as " s u p e r a c i d " s o l i d c a t a l y s t s f o r 
v a r i o u s o r g a n i c r e a c t i o n s i s a r e f l e c t i o n o f t h i s low charge 
d e n s i t y ( 2 1 ) . Second, the l a c k of f o r m a l c r o s s - l i n k s generates 
a dynamic morphology f o r N a f i o n , i n which the water c o n t e n t o f 
the polymer would depend t o a l a r g e r e x t e n t on the h y d r a t i o n 
c h a r a c t e r i s t i c s o f the c o u n t e r i o n . I n c o n t r a s t , c r o s s - l i n k e d 
p o l y s t y r e n e s u l f o n a t e s c o n t a i n a r e l a t i v e l y l a r g e f r a c t i o n of 
sorbed water i n i n t e r s t i t i a l p o r e s , e s p e c i a l l y f o r r e s i n s of low 
c r o s s - l i n k i n g . Reichenberg (2) concludes t h a t t h i s w ater tends 
to reduce s e l e c t i v i t y d i f f e r e n c e s among c a t i o n s . For h i g h e r 
c r o s s - l i n k i n g s , the r i g i d polymer m a t r i x s e r v e s t o dehydrate 
c o u n t e r i o n s , e s p e c i a l l y p o l y v a l e n t ones, i n o r d e r t o e n t e r the 
polymer phase. 

Both of these c h a r a c t e r i s t i c s o f N a f i o n would l e a d to 
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3. Y E A G E R Cation Exchange Selectivity 33 

reduced e n t h a l p i e s o f i o n exchange. T h i s appears t o be the case 
f o r L i , N a + , C s + , M g 2 + and C a 2 + exchange w i t h hydrogen i o n , as 
i n f e r r e d from the l a c k o f temperature dependence of these 
s e l e c t i v i t y c o e f f i c i e n t s i n Tables I and I I , and the l a c k o f any 
t r e n d i n the temperature dependence. S m a l l e n t h a l p i e s o f i o n 
exchange are d i f f i c u l t t o d e t e c t i n t h i s way though, and c a l o r i -
metry of these systems would be n e c e s s a r y to c o n f i r m t h i s p o i n t . 
I t i s c l e a r though t h a t i n c r e a s e d h e a t s o f r e a c t i o n are not 
r e s p o n s i b l e f o r the wide spread i n s e l e c t i v i t y c o e f f i c i e n t s f o r 
a l k a l i m e t a l ion-hydrogen i o n exchange i n N a f i o n . 

The major f a c t o r which i s i n v o l v e d i n the i o n exchange 
s e l e c t i v i t y b e h a v i o r of N a f i o n appears t o be the p o s i t i v e e n tropy 
change a s s o c i a t e d w i t h the replacement of hydrogen i o n w i t h a 
m e t a l i o n . I n a l l cases t h i s exchange i s accompanied by water 
r e l e a s e and polymer c o n t r a c t i o n , which a r e e n t r o p y - p r o d u c i n g 
p r o c e s s e s (19, 2 2 ) . Rather l a r g e e n t r o p y i n c r e a s e s occur when 
water of h y d r a t i o n i s r e l e a s e d from i o n i c c r y s t a l s , on the o r d e r 
o f 40 J m o l " 1 ^ 1 (23, 2 4 ) , o r about 12 k J m o l " 1 a t 25°C. A l 
though much s m a l l e r increments i n e n t r o p y would be expected f o r 
N a f i o n , the l a r g e amounts of r e l e a s e d water would be a compen
s a t i n g f a c t o r . To t e s t t h i s p o s s i b i l i t y i t i s f i r s t assumed 
t h a t the e n t h a l p i e s of exchange a r e n e g l i g i b l e and t h a t the 
d i f f e r e n c e s i n s e l e c t i v i t y a r e dominated by entropy p r o d u c t i o n 
a s s o c i a t e d w i t h changes i n water c o n t e n t of the polymer. A 
r e l a t i o n s h i p s h o u l d then be found between the l o g a r i t h m o f 
s e l e c t i v i t y c o e f f i c i e n t and the amount o f water r e l e a s e d per mole 
of exchanging i o n s , ΔΗ2θ£^^: 

-AG° = RTlnKjJ = -ΔΗ° +· TAS° * TAS° 

AS° = f ( A S R 2 0 ) 

Δ δ Η 2 0 = ( S H 2 0 , SOLN " S H 2 0 , NAFI0N } ( A H 2°EXCH ) 

A l t h o u g h o t h e r sources o f ent r o p y change a re to be found i n AS°, 
these would remain r e l a t i v e l y c o n s t a n t f o r v a r i o u s m e t a l i o n s 
compared to Δ8 Η 2ο· T h i s r e l a t i o n s h i p i s shown i n F i g u r e 3 f o r 
normal and expanded forms of 1200 EW N a f i o n u s i n g b o t h u n i v a l e n t 
and d i v a l e n t i o n s e l e c t i v i t y c o e f f i c i e n t s . L i n e s a r e l e a s t 
squares f i t s f o r a l k a l i m e t a l i o n s and a l k a l i n e e a r t h i o n s . 

The l i n e a r i t y o f these p l o t s , c o u pled w i t h the s i m i l a r i t y o f 
s l o p e s between u n i v a l e n t and d i v a l e n t i o n l i n e s f o r each form of 
N a f i o n , suggests t h a t f o r b o t h forms a c o n s t a n t increment i n 
ent r o p y o c c u r s per r e l e a s e d water m o l e c u l e . The s l o p e s o f these 
l i n e s a r e : 0.90 and 0.94 k J m o l " 1 a t 25°C f o r a l k a l i i o n and 
a l k a l i n e e a r t h i o n p l o t s , normal form; and 0.53 and 0.40 k J m o l " 1 

f o r the expanded form o f N a f i o n . These v a l u e s can account f o r 
the magnitudes o f the s e l e c t i v i t y c o e f f i c i e n t s , even though they 
ar e l e s s than 10% o f the en t r o p y i n c r e a s e f o r water r e l e a s e from 
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0 2 4 6 8 1 0 1 2 

A H 2 0 E X C H > M O L / E Q U I V 

Analytical Chemistry 
Figure 3. Logarithm of selectivity coefficients vs. change in water content for 1200 
EW Nafion (7). Key: O, ·, alkali metal ions; •, alkaline earth ions; Δ, A, 

Ag+; V, w , T1+. Light symbols, normal form, dark symbols, expanded form. 
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3. Y E A G E R Cation Exchange Selectivity 35 

i o n i c c r y s t a l l i n e h y d r a t e s , when the amounts of r e l e a s e d water 
are c o n s i d e r e d . The lower s l o p e s f o r the expanded form are 
c o n s i s t e n t w i t h the e x p e c t a t i o n t h a t i o n c l u s t e r s would be more 
a q u e o u s - l i k e , y i e l d i n g s m a l l e r entropy i n c r e a s e s per r e l e a s e d 
water m o l e c u l e , even though the amount of water r e l e a s e d per 
e q u i v a l e n t o f exchanged i o n s i s g e n e r a l l y l a r g e r compared to the 
normal form. 

Thus i t appears t h a t the l a r g e spread i n i o n exchange 
s e l e c t i v i t i e s f o r a l k a l i m e t a l i o n exchange w i t h hydrogen i o n are 
caused by e n t r o p y i n c r e a s e s upon d e s o r p t i o n of water from N a f i o n . 
T h i s e f f e c t i s l a r g e l y removed f o r d i v a l e n t ion-hydrogen i o n 
exchange. These i o n s have much l a r g e r h y d r a t i o n e n e r g i e s , and 
the dynamic c h a r a c t e r of the i o n c l u s t e r s p e r m i t s l a r g e , h y d r a t e d 
m e t a l i o n s p e c i e s to e n t e r the polymer phase. A l s o the low 
charge d e n s i t y o f the exchange s i t e s does not f a v o r i o n p a i r 
f o r m a t i o n , a p r o c e s s which promotes water d e s o r p t i o n . Thus 
s e l e c t i v i t i e s f o r these i o n s a r e s i m i l a r to those of l i g h t l y 
c r o s s - l i n k e d p o l y s t y r e n e s u l f o n a t e r e s i n s . 

A p p l i c a t i o n o f N a f i o n f o r Ion Exchange Chromatography 

A l t h o u g h N a f i o n i s g e n e r a l l y c o n s i d e r e d f o r use o n l y as a 
membrane m a t e r i a l , i t s s e l e c t i v i t y p r o p e r t i e s suggest t h a t i t 
would be p o s s i b l e t o p e r form chromatographic s e p a r a t i o n s of i o n s 
u s i n g the polymer as a s t a t i o n a r y phase. The o u t s t a n d i n g chemi
c a l s t a b i l i t y of t h i s p e r f l u o r i n a t e d m a t e r i a l would be an 
advantage i n s i t u a t i o n s where normal i o n exchange r e s i n s may 
s u f f e r d e g r a d a t i o n , such as i n the h a n d l i n g of h i g h l y r a d i o a c t i v e 
s o l u t i o n s . A g r a n u l a r form of 1200 EW N a f i o n was prepared by 
g r i n d i n g membrane samples a t l i q u i d n i t r o g e n temperatures, which 
generated a 40-60 mesh pr o d u c t ( 1 1 ) . A chromatographic column 
was p r e p a r e d u s i n g t h i s m a t e r i a l i n the hydrogen i o n form. 
Column dimensions were 0.8 cm diameter by 40 cm i n l e n g t h . 
Chromatographic s e p a r a t i o n s a t 25°C were performed f o r a l k a l i 
m e t a l i o n s and a l k a l i n e e a r t h i o n s . R e s u l t s a r e shown i n F i g u r e s 
4 and 5. A f l o w r a t e of 1.0 mL m i n - 1 was used h e r e , u s i n g i n 
c r e a s i n g c o n c e n t r a t i o n s of HC1 to e f f e c t the s e p a r a t i o n . F i g u r e 
4 demonstrates t h a t the r e s o l u t i o n of a l k a l i m e t a l i o n s i s e a s i l y 
a c c o m p l i s h e d , even w i t h a r a t h e r i n e f f i c i e n t column made up o f 
i r r e g u l a r l y shaped p a r t i c l e s o f s t a t i o n a r y phase. H i g h e r f l o w 
r a t e s generated asymmetric peaks and reduced s e p a r a t i o n . S i n c e 
s e l e c t i v i t y c o e f f i c i e n t s show a m i n i m a l temperature dependence, 
the same s e p a r a t i o n was s u c c e s s f u l l y performed a t 40°C a t a f l o w 
r a t e of 1.5 mL m i n - 1 , u s i n g e l u e n t c o n c e n t r a t i o n s o f 0.5 M (45 
mL) f o l l o w e d by 1.5 M HC1 (165 mL), w i t h an improved s e p a r a t i o n 
time of 2 h. The s e p a r a t i o n of the a l k a l i n e e a r t h i o n s i s not as 
s u c c e s s f u l . However, w i t h a p r o p e r l y designed column u s i n g 
s m a l l e r , more u n i f o r m l y shaped p a r t i c l e s , a complete r e s o l u t i o n 
of a l l i o n s s h o u l d be s t r a i g h t f o r w a r d . T h e r e f o r e N a f i o n does 
show promise as an i o n exchange chromatographic phase f o r 
s p e c i a l i z e d a p p l i c a t i o n s . 
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3. Y E A G E R Cation Exchange Selectivity 

Ion Exchange P r o p e r t i e s i n Methanol 

37 

N a f i o n i s known to sorb l a r g e amounts of v a r i o u s nonaqueous 
s o l v e n t s , e s p e c i a l l y those w i t h hydrogen bonding p r o t o n s ( 2 5 ) . 
S e l e c t i v i t y i s o t h e r m s f o r a l k a l i m e t a l ion-hydrogen i o n exchange 
have been determined f o r anhydrous methanol s o l u t i o n s ; t h ese are 
shown i n F i g u r e 6 (7)· The i s o t h e r m s f o r K +, Rb > and C s + show 
r a t h e r l a r g e p o s i t i v e s l o p e s . For these i o n s , the exchange p r o 
cess i s accompanied by polymer volume decreases of up to 40%. I t 
i s s u s p e c t e d t h a t t h i s s h r i n k a g e may s i g n i f i c a n t l y a l t e r the 
p r o p e r t i e s of the exchange s i t e environment, and be r e s p o n s i b l e 
f o r these s l o p i n g i s o t h e r m s . For L i + and N a + , o n l y minor volume 
changes are seen, and i s o t herms i n d i c a t e i d e a l thermodynamic 
b e h a v i o r . 

These i s o t h e r m s were i n t e g r a t e d t o produce o v e r a l l s e l e c 
t i v i t y c o e f f i c i e n t s . The r e s u l t s a r e : L i + , 0.443; N a + , 0.680; 
K +, 4.68; R b + , 7.17; and C s + , 9.61. These v a l u e s a r e v e r y s i m i l a r 
t o those i n aqueous environments, w i t h the minor e x c e p t i o n t h a t 
sodium i o n i s now l e s s p r e f e r r e d than hydrogen i o n . I t i s 
i n t e r e s t i n g to note t h a t N a + exchange i s now accompanied by a 
s l i g h t i n c r e a s e i n s o l v e n t s o r p t i o n , which may account f o r t h i s 
d i f f e r e n c e i n terms of an e n t r o p y - d r i v e n p r o c e s s ( 1 0 ) . The 
s i m i l a r i t y of i o n exchange b e h a v i o r i n the two cases suggests 
t h a t i n c r e a s e d e l e c t r o s t a t i c i n t e r a c t i o n s due t o the lower d i 
e l e c t r i c c o n s t a n t o f methanol do not o c c u r . I n c o n t r a s t , a f f i n i t y 
r e v e r s a l s a r e common i n non-aqueous s o l v e n t environments f o r 
p o l y s t y r e n e s u l f o n a t e r e s i n s . For example, the s e l e c t i v i t y co
e f f i c i e n t s f o r hydrogen i o n exchange i n an 8% c r o s s - l i n k e d 
s u l f o n a t e r e s i n f o r methanol s o l u t i o n s a r e : L i + , 0.335; Na+, 
3.23; K +, 18; C s + , 10.0 ( 2 6 ) . T h i s change i n o r d e r of s e l e c t i v i t y 
can be a s c r i b e d t o i n c r e a s e d e l e c t r o s t a t i c i n t e r a c t i o n s between 
exchange s i t e s and a l k a l i m e t a l i o n s as i o n i c r a d i u s i n c r e a s e s 
and s o l v a t i o n energy decreases (2, 3 ) . T h e r e f o r e the s e l e c t i v i t y 
c o e f f i c i e n t s determined f o r N a f i o n i n methanol a r e a f u r t h e r 
i n d i c a t i o n o f the much lower charge d e n s i t y on the s u l f o n a t e 
exchange s i t e compared to c o n v e n t i o n a l s u l f o n a t e polymers. 

C o n c l u s i o n 

The i o n exchange p r o p e r t i e s o f N a f i o n have not been e x t e n 
s i v e l y s t u d i e d to d a t e . However the r e s u l t s d i s c u s s e d here 
i n d i c a t e t h a t the polymer shows i n t e r e s t i n g and p o t e n t i a l l y u s e f u l 
p r o p e r t i e s f o r v a r i o u s a p p l i c a t i o n s i n which i o n exchange 
s e l e c t i v i t y i s r e q u i r e d . These i n c l u d e not o n l y the v a r i o u s 
c o n f i g u r a t i o n s i n which N a f i o n can be used i n membrane form, but 
a l s o i t s p o s s i b l e a p p l i c a t i o n as a chromatographic phase. The 
study of the i o n exchange s e l e c t i v i t y f o r i o n c l u s t e r e d polymers 
of o t h e r c h e m i c a l types i s a l s o suggested from these r e s u l t s . 
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3. Y E A G E R Cation Exchange Selectivity 3 9 

The dynamic c h a r a c t e r o f polymers such as N a f i o n i n terms o f 
s o l v e n t s w e l l i n g can have a marked i n f l u e n c e on the thermodynamics 
of i o n exchange p r o c e s s e s . 
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4 

Transport Properties of Perfluorosulfonate 

Polymer Membranes 

HOWARD L. YEAGER 

Department of Chemistry, The University of Calgary, Calgary, Alberta T2N 1N4, Canada 

Perfluorinated, high molecular weight sulfonate polymers, 
such as the Nafion materials (E.I. du Pont de Nemours and Co.), 
have the high chemical stability and strength to serve as ideal 
membranes in various separation applications. In addition, homo
geneous and uniform membranes of large size can be produced by 
taking advantage of the thermoplastic characteristics of the poly
mer in the unhydrolyzed sulfonyl fluoride form (1). The capabil
ity of producing membranes of uniform composition and thickness 
is another important advantage for wide scale industrial appli
cation. Finally, these polymers sorb relatively large amounts of 
water (and other protic solvents) despite the fluorocarbon 
character of the polymer backbone. This latter feature is related 
to perhaps the most important characteristic of these materials: 
cations and water readily diffuse through the polymer, which 
enables electrolytic communication to be maintained through the 
membrane phase. 

It is of course important to characterize the nature of 
transport processes in perfluorosulfonate polymer membranes in 
order to optimize their performance in separation systems. The 
ion-clustered morphology (2) of these polymers is unusual compared 
to conventional cross-linked sulfonate ion exchange resins, whose 
transport properties have been reasonably well studied. Therefore 
it is expected that differences in transport characteristics wil l 
be seen between the two types of polymers. These differences 
should lend insight into the nature of the ion clustering 
phenomenon. Dilute solution studies are of particular importance 
in this regard. Under these conditions, ion-containing polymers 
exhibit Donnan exclusion of anions, which prevents sorption of 
electrolytes from the solution (3). Only the cationic exchange 
counterions are then present in the membrane phase, which helps to 
simplify the interpretation of the material's transport proper
ties. Experiments performed in concentrated solutions and at 
elevated temperatures are also necessary, because most appli
cations of ion exchange membranes involve such conditions. It is 
also important to consider the driving force for transport of 

0097-6156/82/0180-0041 $05.75 / 0 
© 1982 American Chemical Society 
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42 P E R F L U O R I N A T E D I O N O M E R M E M B R A N E S 

s p e c i e s a c r o s s the membrane. G r a d i e n t s i n c o n c e n t r a t i o n l e a d to 
d i f f u s i o n a l p r o c e s s e s , w h i l e e l e c t r i c a l p o t e n t i a l g r a d i e n t s gener
a t e i o n i c m i g r a t i o n and e l e c t r o o s m o t i c e f f e c t s . The combined 
e f f e c t s o f these f o r c e s y i e l d the o v e r a l l t r a n s p o r t c h a r a c t e r 
i s t i c s o f the membrane. 

E x p e r i m e n t a l r e s u l t s which y i e l d i n s i g h t i n t o the n a t u r e of 
these p r o c e s s e s i n p e r f l u o r o s u l f o n a t e membranes a r e emphasized i n 
t h i s c h a p t e r . T h i s i n f o r m a t i o n , when c o r r e l a t e d w i t h s t r u c t u r a l 
s t u d i e s and r e s u l t s o f membrane performance i n p r a c t i c a l a p p l i 
c a t i o n s , s h o u l d h e l p t o produce a u n i f i e d u n d e r s t a n d i n g of t h i s 
i m p o r t a n t new type of polymer membrane. 

D i f f u s i o n i n N a f i o n P e r f l u o r o s u l f o n a t e Membranes 

Membrane D i f f u s i o n i n D i l u t e S o l u t i o n Environments. The 
measurement of i o n i c d i f f u s i o n c o e f f i c i e n t s p r o v i d e s u s e f u l i n 
f o r m a t i o n about the n a t u r e of t r a n s p o r t p r o c e s s e s i n polymer 
membranes. U s i n g a r a d i o a c t i v e t r a c e r , d i f f u s i o n o f an i o n i c 
s p e c i e s can be measured w h i l e the membrane i s i n e q u i l i b r i u m w i t h 
the e x t e r n a l s o l u t i o n . T h i s enables the d e t e r m i n a t i o n of a s e l f -
d i f f u s i o n c o e f f i c i e n t f o r a polymer phase of u n i f o r m c o m p o s i t i o n 
w i t h no g r a d i e n t s i n i o n o r water s o r p t i o n . I n a d d i t i o n , s e l f -
d i f f u s i o n c o e f f i c i e n t s a r e more s t r a i g h t f o r w a r d i n t h e i r i n t e r 
p r e t a t i o n compared t o those o f e l e c t r o l y t e f l u x e x p e r i m e n t s , where 
c a t i o n and a n i o n t r a n s p o r t r a t e s a r e c o u p l e d . 

T r a c e r s e l f - d i f f u s i o n c o e f f i c i e n t s f o r sodium i o n and cesium 
i o n have been measured f o r 1200 e q u i v a l e n t weight N a f i o n membranes 
(4 - 7 ) . R e s u l t s o b t a i n e d a t 25°C a r e l i s t e d i n T a b l e I , a l o n g w i t h 

T a b l e I . Sodium Ion and Cesium Ion S e l f - D i f f u s i o n 
C o e f f i c i e n t s , 25°C 

Medium D, cm 2 sec 1 
DNa+ / DCs+ EACT> k J mol 

N a + Na+ Çs± 

1200 EW N a f i o n 9.44 x 1 0 " 7 5.20 χ 1 0 " 8 18 28.3 C 6 6 . 1 e 

8.6% DVB-PSS a 9.44 χ 1 0 " 7 1.37 x 1 0 ~ 6 0.69 27. l d 20.0 d 

H 2 0 b 1.33 χ ΙΟ" 5 2.06 χ 10""5 0.65 19. I e 18.0 e 

1 

a r e f e r e n c e 9 
^ r e f e r e n c e 10 
e0-40°C 
d0-25°C 

s i m i l a r r e s u l t s f o r an 8.6% d i v i n y l b e n z e n e c r o s s - l i n k e d p o l y s t y 
rene s u l f o n a t e r e s i n and f o r aqueous s o l u t i o n . C a t i o n d i f f u s i o n 
c o e f f i c i e n t s i n the s u l f o n a t e i o n exchange r e s i n a r e reduced by 
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4. Y E A G E R Transport Properties 43 

about a f a c t o r o f t e n compared t o those i n aqueous s o l u t i o n , due 
to i n c r e a s e d t o r t u o s i t y o f the medium. The s l i g h t l y i n c r e a s e d 
a c t i v a t i o n e n e r g i e s of d i f f u s i o n can be a s c r i b e d p a r t l y t o the 
same cause and p a r t l y t o e l e c t r o s t a t i c i n t e r a c t i o n s w i t h f i x e d 
a n i o n i c exchange s i t e s . The r a t i o o f N a + and C s + d i f f u s i o n c o e f 
f i c i e n t s remain the same i n b o t h environments, though. T h i s sug
g e s t s t h a t e f f e c t s such as i o n p a i r i n g , which would be dependent 
on the c a t i o n ' s charge d e n s i t y , a r e not a s i g n i f i c a n t f a c t o r i n 
a f f e c t i n g d i f f u s i o n i n t h e s u l f o n a t e i o n exchange r e s i n . F o r 1200 
EW N a f i o n , the sodium i o n r e s u l t i s ( c o i n c i d e n t a l l y ) i d e n t i c a l t o 
t h a t i n the s u l f o n a t e r e s i n , but the cesium i o n v a l u e i s much 
lo w e r , w i t h an ext r e m e l y l a r g e a c t i v a t i o n energy of d i f f u s i o n . 
T h i s C s + a c t i v a t i o n energy i s c l o s e r t o t h a t o f N a + d i f f u s i o n i n 
NaCl c r y s t a l a t about 600°C, 74 k J m o l - 1 ( 8 ) , than a v a l u e f o r a 
s o l u t i o n - l i k e d i f f u s i o n a l p r o c e s s . I o n - p a i r i n g o f cesium i o n t o 
s u l f o n a t e exchange s i t e s would not be suspected as the cause o f 
t h i s d i f f e r e n c e , f o r the exchange s i t e charge d e n s i t y on the 
s u l f o n a t e group s h o u l d be low due t o the f l u o r o c a r b o n c o n t e n t of 
the polymer. 

I n o r d e r t o e x p l o r e t h i s anomaly, these d i f f u s i o n c o e f 
f i c i e n t s were remeasured f o r the same sample of N a f i o n a f t e r d r y 
s t o r a g e f o r two y e a r s . A second sample of N a f i o n , of r e c e n t 
manufacture, was a l s o s t u d i e d ( 6 , 7 ) . R e s u l t s a r e shown i n Ta b l e 
I I and F i g u r e 1. Sodium i o n v a l u e s a r e v i r t u a l l y i d e n t i c a l f o r 

Tabl e I I . I o n i c S e l f - D i f f u s i o n C o e f f i c i e n t s i n 1200 EW N a f i o n (7) 

I o n i c 
Form 

Membrane 
Sample 

0°C 25°C 40°C EACT (0-40°C) 
k J m o l " 1 

N a + I 3.07 9.44 15.1 28.3 
I a 2.78 11.2 14.9 29.8 
I I 3.18 9.83 14.8 27.3 

Cs+ I 0.038 0.520 1.58 66.1 
I a 0.520 b 1.70 3.37 38.9 b 

I e 0.446 2.38 3.01 35.9 
I I 0.363 1.88 2.67 35.4 

a a f t e r two y e a r s i n . a s - r e c e i v e d form 
D v a l u e measured a t 5 °C 
c m i x e d N a + - C s + form, i o n i c f r a c t i o n o f Cs+ = 0.14 

Journal of the Electrochemical Society 

a l l t h r e e c a s e s , but those of cesium i o n have i n c r e a s e d ( w i t h 
decreased a c t i v a t i o n energy of d i f f u s i o n ) i n the aged membrane 
sample. R e s u l t s f o r the second sample of N a f i o n show s i m i l a r 
b e h a v i o r to aged sample I f o r bot h cesium i o n and sodium i o n . 
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44 P E R F L U O R I N A T E D I O N O M E R M E M B R A N E S 

1 I I 

3.2 3.4 3.6 

1000/T, K' 1 

Journal of the Electrochemical Society 
Figure 1. Logarithm of self-diffusion coefficient vs. reciprocal of absolute tempera
ture for 1200 EW Nafion ( 1 1 ) . Key: Q>> Q Sample 1, 1978; ·, Sample 1, 

1980; 3, f j , Sample 2. 
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4. Y E A G E R Transport Properties 45 

The water t o exchange s i t e mole r a t i o was measured f o r b o t h i o n 
forms i n the aged sample I and f o r sample I I , and no change c o u l d 
be found from the o r i g i n a l v a l u e s of 11.9 and 6.6 f o r N a + and C s + 

forms, r e s p e c t i v e l y . 
Thus i t appears t h a t the a g i n g p r o c e s s f o r the f i r s t sample 

i s accompanied by some k i n d o f m o r p h o l o g i c a l change which a f f e c t s 
cesium i o n d i f f u s i o n but not sodium i o n d i f f u s i o n . The r e s u l t s 
from the r e c e n t l y produced second sample o f membrane may i n d i c a t e 
improved a n n e a l i n g of t h e polymer t o y i e l d more time independent 
membrane b e h a v i o r . The i m p o r t a n t f e a t u r e of these r e s u l t s l i e s i n 
the d i f f e r e n c e i n response o f the two c a t i o n s t o whatever polymer 
r e l a x a t i o n p r o c e s s t h a t d i d o c c u r . O r i g i n a l l y , C s + d i f f u s e s i n a 
d i f f e r e n t manner than N a + , as concluded by comparison of d i f -
f u s i o n a l a c t i v a t i o n e n e r g i e s . A f t e r a g i n g , the C s + a c t i v a t i o n 
energy i s c l o s e r t o t h a t expected o f t o r t u o u s polymer d i f f u s i o n , 
but the N a + / C s + d i f f u s i o n c o e f f i c i e n t r a t i o , 6.6, i s s t i l l f a r 
from the expected v a l u e of 0.7. Thus the two c a t i o n s appear t o 
have s i m i l a r t r a n s p o r t mechanisms w i t h cesium i o n e n c o u n t e r i n g a 
more t o r t u o u s d i f f u s i o n a l pathway. 

Of c o u r s e , the water c o n t e n t of the polymer i s a c e n t r a l 
f a c t o r i n the d i f f u s i o n a l p r o p e r t i e s of a polymer. I n 
o r d e r t o study water s o r p t i o n as a v a r i a b l e , b o t h a s - r e c e i v e d and 
b o i l e d forms of 1200 EW were used f o r d i f f u s i o n experiments ( 7 ) . 
I n a d d i t i o n , v a r i o u s N a + - C s + h e t e r o i o n i c forms of the polymer were 
prepared and t h e i r water c o n t e n t s determined. S i n c e the o v e r a l l 
water s o r p t i o n decreases smoothly as the C s + i o n i c f r a c t i o n i n 
c r e a s e s , b o t h N a + and C s + d i f f u s i o n c o u l d be s t u d i e d as a f u n c t i o n 
of polymer water c o n t e n t . R e s u l t s a r e shown i n F i g u r e 2 ( 7 ) . 

The f u n c t i o n V p / ( 1 - V p ) , where V p i s the volume f r a c t i o n o f 
polymer i n a water s w o l l e n m a t e r i a l , i s p l o t t e d as the a b s c i s s a i n 
F i g u r e 2. The denominator of t h i s term i s t h e r e f o r e the volume 
f r a c t i o n of water i n the membrane, c a l c u l a t e d from s o r p t i o n r e 
s u l t s . T h i s f u n c t i o n was developed by Yasuda and co-workers t o 
t r e a t d i f f u s i o n i n v a r i o u s h y d r o p h i l i c polymers ( 1 2 ) . T h e i r 
e q u a t i o n : 

D = D° exp [-b V p/(1-Vp (1) 

d e s c r i b e s the r e l a t i o n s h i p between the aqueous and the polymer 
d i f f u s i o n c o e f f i c i e n t s of a s p e c i e s , D° and D r e s p e c t i v e l y . The 
e q u a t i o n i s r e l a t e d to t h a t d e r i v e d by Cohen and T u r n b u l l f o r the 
d i f f u s i o n c o e f f i c i e n t of a m o l e c u l e i n a s i m p l e l i q u i d 

D = A exp (-Yv*/v f) (2) 

where ν i s a c h a r a c t e r i s t i c volume f o r d i f f u s i o n o f the s p e c i e s , 
Vf i s the " f r e e volume" per s o l v e n t m o l e c u l e and γ and A a r e 
c o n s t a n t s ( 13). The c o n s t a n t b i n E q u a t i o n 1 i s r e l a t e d t o the 
exponent i n E q u a t i o n 2, where now v f would r e p r e s e n t the f r e e 
volume o f water. E q u a t i o n 1 p r o v i d e s an e x c e l l e n t c o r r e l a t i o n of 
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46 P E R F L U O R I N A T E D I O N O M E R M E M B R A N E S 

I 1 J I I I I 

0 1 2 3 4 5 6 
V p / 1 - Vp 

Journal of the Electrochemical Society 
Figure 2. Logarithm of self-diffusion coefficient vs. polymer fraction function for 
1200 EW Nafion, 25° C. Na+ and Cs+ lines without data points: polystyrene sul

fonate behavior, ( 11 ); Δ, Q, • , denote heteroionic forms. 
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4. Y E A G E R Transport Properties 47 

the b i n a r y d i f f u s i o n c o e f f i c i e n t s f o r NaCl i n a v a r i e t y of water 
s w o l l e n polymers, f o r D v a l u e s r a n g i n g over f i v e o r d e r s o f magni
tude (12). I n a d d i t i o n , the e q u a t i o n s u c c e s s f u l l y f i t s t r a c e r 
s e l f - d i f f u s i o n c o e f f i c i e n t s f o r N a + and C s + i n p o l y s t y r e n e s u l 
f o n a t e r e s i n s of v a r y i n g c r o s s - l i n k i n g (and water c o n t e n t ) ( 1 4 ) . 
The p r e - e x p o n e n t i a l term i n E q u a t i o n 1 was found t o depend on the 
e l e c t r o s t a t i c a t t r a c t i o n of the c o u n t e r i o n t o f i x e d charge s i t e s 
i n a d d i t i o n t o D° f o r these i o n exchange polymers. L i n e s w h ich 
these a u t h o r s found to d e s c r i b e s e l f - d i f f u s i o n c o e f f i c i e n t s f o r 
N a + and C s + a r e shown i n F i g u r e 2, f o r polymers where Vp v a r i e d 
from 0.85 to 0.15 ( 1 4 ) . 

As seen i n the F i g u r e , d i f f u s i o n r e s u l t s a r e v e r y d i f f e r e n t 
f o r N a f i o n compared t o c r o s s - l i n k e d p o l y s t y r e n e s u l f o n a t e s . 
Sodium i o n has a much h i g h e r d i f f u s i o n c o e f f i c i e n t i n N a f i o n f o r 
a g i v e n water c o n t e n t , w h ich s u p p o r t s the concept of i o n c l u s 
t e r i n g i n N a f i o n as a morphology w i t h c o n s i d e r a b l e phase s e p a r 
a t i o n between f l u o r o c a r b o n and h y d r a t e d c a t i o n s and exchange 
s i t e s . T o r t u o s i t y would thus be reduced i n N a f i o n , compared t o a 
c r o s s - l i n k e d polymer w i t h a more random d i s t r i b u t i o n o f exchange 
s i t e s . T h i s r e s u l t i s a l s o o b t a i n e d f o r cesium i o n i n the a s -
r e c e i v e d homoionic form of N a f i o n . As water c o n t e n t i s r a i s e d i n 
the polymer, by b o i l i n g or by p a r t i a l exchange f o r N a + , the C s + 

d i f f u s i o n c o e f f i c i e n t remains c o n s t a n t however. A l s o , the 
i n v e r t e d o r d e r of magnitude f o r C s + v e r s u s N a + d i f f u s i o n c o e f 
f i c i e n t s i s not removed a t h i g h e r water c o n t e n t s , but a c t u a l l y 
becomes more pronounced. The a c t i v a t i o n energy of C s + i n a sample 
which i s l a r g e l y i n the N a + form, i n T a b l e I I , shows t h a t the 
mechanism of C s + d i f f u s i o n i s l a r g e l y independent of membrane 
water c o n t e n t and c o u n t e r i o n form. 

The s e l f - d i f f u s i o n c o e f f i c i e n t f o r i o d i d e i o n was a l s o 
measured a t 25°C i n the f i r s t sample of 1200 EW N a f i o n , b e f o r e 
a g i n g ( 4 ) . The r e s u l t , 9 x 10"*8 cm 2 s e c " 1 , i n d i c a t e s t h a t t h i s 
a n i o n i s more m o b i l e than cesium i o n , but l e s s than a sodium i o n . 
T h i s i s a l s o somewhat u n u s u a l . I n g e n e r a l , c o - i o n d i f f u s i o n c o e f 
f i c i e n t s a r e seen to be l a r g e r than those of c o u n t e r i o n s i n i o n 
exchangers, because no e l e c t r o s t a t i c a t t r a c t i o n s t o the polymer 
phase e x i s t . (The membrane c o n c e n t r a t i o n i s o n l y 5 x 10""3 mol L " 1 

though, r e f l e c t i n g the e f f e c t s o f Donnan e x c l u s i o n p r o c e s s e s (4).) 
Water s e l f - d i f f u s i o n c o e f f i c i e n t s have a l s o been determined, 

u s i n g t r i t i u m water t r a c e r , f o r sample I I ( 7 ) . R e s u l t s a r e g i v e n 
i n T a b l e I I I and shown i n F i g u r e 2. A l s o shown i n F i g u r e 2 are 
water d i f f u s i o n c o e f f i c i e n t s f o r s e v e r a l N a + - C s + h e t e r o i o n i c forms 
i n o r d e r t o t e s t the e f f e c t of membrane water c o n t e n t . V a l u e s i n 
T a b l e I I I f o r Na +-form N a f i o n are s i m i l a r t o those o b t a i n e d f o r 
the HT^-form of 1155 e q u i v a l e n t weight N a f i o n , which were d e t e r 
mined by measurement of the r a t e of water s o r p t i o n (2,15). Water 
d i f f u s i o n c o e f f i c i e n t s a r e seen t o f o l l o w a dependence on the Vp 
f u n c t i o n which i s s i m i l a r t o t h a t of sodium i o n . The magnitudes 
of the d i f f u s i o n c o e f f i c i e n t s a r e q u i t e l a r g e i n r e l a t i o n to the 
volume f r a c t i o n of sorbed water. A l s o , a c t i v a t i o n e n e r g i e s of 

American Chemical 
Society Library 

1155 16th St., N.W. 
Washington, DC 20036 
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48 P E R F L U O R I N A T E D I O N O M E R M E M B R A N E S 

T a b l e I I I . S e l f - D i f f u s i o n C o e f f i c i e n t s of Water i n 
1200 EW N a f i o n ( 7 ) . 

I o n i c 
Form 

D x 

5°C 

1 0 6 , cm 2 

25°C 

sec 1 

40°C 
EACT 

k J 
(5-40°C) 
m o l - 1 

N a + 1.40 2.65 3.95 21.4 
K+ - 2.15 - -
Cs+ 0.815 1.32 2.37 22.0 

Journal of the Electrochemical Society 

d i f f u s i o n f o r t h e Na +-form and C s + - f o r m a r e o n l y s l i g h t l y l a r g e r 
than the c o r r e s p o n d i n g v a l u e i n pure w a t e r , 17.8 k J m o l " 1 ( 1 6 ) . 
The r e s u l t s i n d i c a t e t h a t t h e r e i s a h i g h degree of phase s e p a r 
a t i o n between f l u o r o c a r b o n and i o n - c l u s t e r e d r e g i o n s , and t h a t 
water d i f f u s i o n among c l u s t e r s i s f a c i l e . T h i s i s t r u e even f o r 
the C s + - f o r m , where the water-exchange s i t e mole r a t i o i s o n l y 
6.6. 

A D i f f u s i o n a l Model f o r N a f i o n . S e v e r a l s t r u c t u r a l models of 
N a f i o n have been proposed; these have been based on a v a r i e t y of 
t r a n s p o r t and s p e c t r o s c o p i c p r o p e r t i e s o f the polymer (17-20). 
The c l u s t e r - n e t w o r k model develops the concept of s p h e r i c a l i o n i c 
r e g i o n s s e p a r a t e d by i n t e r - c o n n e c t i n g channels ( 1 7 ) . These 
channels are seen t o have an i m p o r t a n t r o l e i n h y d r o x i d e i o n 
r e j e c t i o n i n c h l o r - a l k a l i c e l l s . Rodmacq and co-workers propose 
a t h r e e phase model i n which f l u o r o c a r b o n m i c r o c r y s t a l l i t e s , i o n 
water c l u s t e r s , and a second i o n i c r e g i o n of lower water c o n t e n t 
c o e x i s t ( 1 8). F a l k sees e v i d e n c e f o r two environments of sorbed 
water i n N a f i o n from i n f r a r e d s p e c t r o s c o p i c s t u d i e s ( 19). The 
f i r s t environment appears t o be aqueous i n n a t u r e , w i t h the 
s t r e n g t h of i n t e r m o l e c u l a r hydrogen bonding reduced from t h a t i n 
pure water. I n the second environment, the water m o l e c u l e s a r e 
not hydrogen bonded and appear t o be exposed m a i n l y t o f l u o r o 
carbon. E x t e n s i v e i n t r u s i o n s o f f l u o r o c a r b o n m a t e r i a l i n t o i o n 
c l u s t e r e d r e g i o n s i s i n f e r r e d from these r e s u l t s ( 1 9 ) . Lee and 
M e i s e l have s t u d i e d the microenvironment of the R u ( I I ) - 2 , 2 -
b i p y r i d i n e complex i n N a f i o n , and a l s o f i n d evidence f o r e x t e n s i v e 
i n t e r a c t i o n of t h i s c a t i o n w i t h f l u o r o c a r b o n phase (21). 

A model of N a f i o n w h ich i s c o n s i s t e n t w i t h i o n i c d i f f u s i o n a l 
r e s u l t s and w i t h the above o b s e r v a t i o n s has been proposed ( 7 ) . 
T h i s approach a l s o d e s c r i b e s t h r e e r e g i o n s i n the polymer, as 
shown i n F i g u r e 3. Region A c o n s i s t s of f l u o r o c a r b o n backbone 
m a t e r i a l , some of which i s i n a m i c r o c r y s t a l l i n e form, as de
t e c t e d by Rodmacq and co-workers (18). Ion c l u s t e r s form Region 
C, i n which the m a j o r i t y o f s u l f o n a t e exchange s i t e s , c o u n t e r i o n s , 
and sorbed water e x i s t . The i n t e r f a c i a l Region Β i s seen as one 
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Journal of the Electrochemical Society 
Figure 3. Three region structural model for Nafion: A, fluorocarbon; B, interfacial 

zone; C, ionic clusters (11). 
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of r e l a t i v e l y l a r g e f r a c t i o n a l v o i d volume, c o n t a i n i n g pendant 
s i d e c h a i n m a t e r i a l , a s m a l l e r amount of w a t e r , some s u l f o n a t e 
exchange s i t e s w h i c h have not been i n c o r p o r a t e d i n t o c l u s t e r s , 
and a c o r r e s p o n d i n g f r a c t i o n o f c o u n t e r i o n s . The r e l a t i v e numbers 
of i o n s i n Regions Β and C would depend on the s i z e , charge 
d e n s i t y and h y d r a t i o n energy o f the c a t i o n . Ions of low charge 
d e n s i t y o r l a r g e s i z e , such as C s + o r R u ( b p y ) 3 2 + , would p r e f e r 
Region B, w h i l e those of l a r g e r charge d e n s i t y and h y d r a t i o n 
energy would l o c a l i z e i n the more aqueous i o n i c c l u s t e r s ( w i t h i n 
e l e c t r o n e u t r a l i t y l i m i t a t i o n s ) . 

I n o r d e r t o i n t e r p r e t the N a + and C s + d i f f u s i o n a l r e s u l t s i n 
terms of t h i s model, i t i s assumed t h a t b o t h c a t i o n s would be a b l e 
to d i f f u s e r e a d i l y i n b o t h the i o n i c c l u s t e r s and i n t e r f a c i a l 
r e g i o n s . Cesium i o n would e x p e r i e n c e a more t o r t u o u s d i f f u s i o n 
p a t h compared t o sodium i o n , and thus would have a s m a l l e r 
measured s e l f - d i f f u s i o n c o e f f i c i e n t . The i n s e n s i t i v i t y of t h i s 
d i f f u s i o n c o e f f i c i e n t to i n c r e a s i n g water s o r p t i o n may then be 
because most of t h i s water s e r v e s to i n c r e a s e the s i z e of i o n i c 
c l u s t e r s , which would have a r e l a t i v e l y minor o v e r a l l e f f e c t on 
the d i f f u s i o n p a t h l e n g t h . 

As d e s c r i b e d e a r l i e r , a g i n g of a sample o f 1200 EW N a f i o n was 
accompanied by an i n c r e a s e o f a f a c t o r o f t h r e e i n the d i f f u s i o n 
c o e f f i c i e n t of C s + , w i t h a l a r g e decrease i n a c t i v a t i o n energy o f 
d i f f u s i o n . Almost no change was seen i n the c o r r e s p o n d i n g v a l u e s 
f o r Na +. I t i s p o s s i b l e t h a t p o r t i o n s o f r e g i o n Β were not 
o r i g i n a l l y as w e l l formed as shown i n F i g u r e 3, and c o n t a i n e d 
d i f f u s i o n a l l y i s o l a t e d p o r t i o n s . The a g i n g p r o c e s s would then 
have c o n s i s t e d of a c o n s o l i d a t i o n of aqueous and f l u o r o c a r b o n 
phases. The o r i g i n a l l y i s o l a t e d p o r t i o n s of the i n t e r f a c i a l 
r e g i o n would y i e l d l a r g e a c t i v a t i o n e n e r g i e s of d i f f u s i o n f o r 
c o u n t e r i o n s . D i f f u s i o n o f cesium i o n would be more s e n s i t i v e t o 
t h i s i n c o mpleteness of phase s e p a r a t i o n compared t o sodium i o n . 
The study of h e t e r o i o n i c forms o f the unaged sample I would have 
helpe d t o r e s o l v e t h i s p o i n t . 

Thus the model i n F i g u r e 3 i s c o n s i s t e n t w i t h s p e c t r o s c o p i c 
and d i f f u s i o n a l r e s u l t s , but i s c e r t a i n l y an o v e r s i m p l i f i e d 
p i c t u r e n e v e r t h e l e s s . Other approaches t o the modeling of t r a n s 
p o r t i n N a f i o n , such as the r e c e n t a p p l i c a t i o n of p e r c o l a t i o n 
t h e o r y by Hsu and co-workers ( 2 2 ) , may y i e l d f u r t h e r i n s i g h t i n t o 
the problem. 

Membrane D i f f u s i o n i n C o n c e n t r a t e d S o l u t i o n Environments. 
Most o f the c u r r e n t a p p l i c a t i o n s of p e r f l u o r o s u l f o n a t e membranes 
i n v o l v e e l e c t r o c h e m i c a l c e l l s i n which c o n c e n t r a t e d e l e c t r o l y t e 
s o l u t i o n s a r e employed, o f t e n a t e l e v a t e d temperatures. R e l a 
t i v e l y l i t t l e d i f f u s i o n d a t a a r e a v a i l a b l e under these c o n d i t i o n s , 
a l t h o u g h a l a r g e r amount of membrane r e s i s t a n c e and o t h e r o per
a t i n g d a t a have been p u b l i s h e d . Sodium i o n s e l f - d i f f u s i o n co
e f f i c i e n t s have been measured i n v a r i o u s N a f i o n membranes i n 
c o n c e n t r a t e d NaOH s o l u t i o n s a t e l e v a t e d temperatures (23). T h i s 
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4. Y E A G E R Transport Properties 51 

e l e c t r o l y t e system i s b e i n g s t u d i e d because the emerging membrane 
c h l o r - a l k a l i c e l l t e c h n o l o g y i s the most im p o r t a n t c u r r e n t ap
p l i c a t i o n o f p e r f l u o r i n a t e d i o n exchange membranes. Sodium i o n 
i s the major c u r r e n t c a r r y i n g s p e c i e s i n the membrane phase f o r 
t h i s a p p l i c a t i o n , and i t s mechanism of t r a n s p o r t i n N a f i o n under 
such c o n d i t i o n s i s of g r e a t i n t e r e s t . 

Sodium i o n s e l f - d i f f u s i o n c o e f f i c i e n t s i n s e v e r a l N a f i o n mem
branes a re p l o t t e d v e r s u s the r e c i p r o c a l of a b s o l u t e temperature 
i n F i g u r e 4 (23). I n 9.5 M NaOH, c o n s i d e r a b l e e l e c t r o l y t e s o r p 
t i o n i n t o the membrane phase o c c u r s . I n a d d i t i o n , polymer water 
s o r p t i o n i s reduced due to the d e h y d r a t i n g e f f e c t o f the e x t e r n a l 
s o l u t i o n . T h i s r e s u l t s i n a r e d u c t i o n i n the N a + s e l f - d i f f u s i o n 
c o e f f i c i e n t . F o r example, 1200 EW N a f i o n shows a v a l u e o f 3.45 x 
1 0 " 7 cm 2 s e c - 1 a t 90°C, about t h r e e times s m a l l e r than the d i l u t e 
s o l u t i o n , room temperature v a l u e . The 1150 EW m a t e r i a l y i e l d s 
s l i g h t l y l a r g e r d i f f u s i o n c o e f f i c i e n t s than 1200 EW, due to the 
g r e a t e r c o n c e n t r a t i o n o f exchange s i t e s and l a r g e r water s o r p t i o n . 
The 1150 (EDA) membrane i s a l s o an 1150 EW polymer f i l m , but one 
s u r f a c e i s t r e a t e d w i t h e t h y l e n e d i a m i n e w h i l e the f i l m i s i n the 
s u l f o n y l f l u o r i d e p r e c u r s o r form. Upon h y d r o l y s i s , exchange s i t e s 
i n about a 0.04 mm t h i c k l a y e r a r e c o n v e r t e d t o su l f o n a m i d e groups. 
These weakly a c i d i c exchange s i t e s y i e l d improved c u r r e n t e f 
f i c i e n c y i n a c h l o r - a l k a l i c e l l when the t r e a t e d l a y e r o f the 
membrane f a c e s the NaOH cathode s o l u t i o n . The e f f e c t o f t h i s 
l a y e r i s to i n c r e a s e the a c t i v a t i o n energy of d i f f u s i o n f o r sodium 
i o n , as seen i n F i g u r e 4. A f u l l y c o n v e r t e d membrane, l a b e l e d 
'EDA 1, shows the e f f e c t more d r a m a t i c a l l y . The a c t i v a t i o n 
e n e r g i e s of N a + d i f f u s i o n f o r these membranes a r e : 1150 EW, 10.5 
k J m o l " 1 ; 1200 EW, 20.0 k J m o l " 1 ; 1150 (EDA), 28.9 k J m o l " 1 ; and 
EDA, 50.6 k J m o l - 1 . The sulf o n a m i d e exchange s i t e s produce a 
membrane w i t h decreased sorbed w a t e r , and t h i s appears t o be the 
main f a c t o r f o r decreased N a + d i f f u s i o n c o e f f i e n t s and i n c r e a s e d 
a c t i v a t i o n e n e r g i e s of d i f f u s i o n . Thus h i g h e r c u r r e n t e f f i c i e n 
c i e s i n o p e r a t i n g c e l l s a r e accompanied by h i g h e r membrane 
v o l t a g e drops as w e l l f o r these types o f membranes. 

D i f f u s i o n a l A r r h e n i u s p l o t s f o r N a f i o n 295 a t t h r e e NaOH 
c o n c e n t r a t i o n s a r e shown i n F i g u r e 5 (2 3 ) . T h i s membrane i s 
s i m i l a r t o 1150 (EDA), but i s backed w i t h an open weave T e f l o n 
f a b r i c f o r added s t r e n g t h . Sodium i o n d i f f u s i o n c o e f f i c i e n t s 
drop r a p i d l y w i t h i n c r e a s i n g c a u s t i c s t r e n g t h and membrane dehy
d r a t i o n . Indeed, a t 25°C i n NaOH s o l u t i o n s o f 10 M o r h i g h e r , 
these membranes a r e v i r t u a l nonconductors of i o n s (23). A c t i 
v a t i o n e n e r g i e s o f d i f f u s i o n c a l c u l a t e d f o r the 60-90°C tempera
t u r e i n t e r v a l f o r the p l o t s i n F i g u r e 5 a r e r e l a t i v e l y c o n s t a n t 
a t about 35 k J m o l " 1 . Thus the mechanism of N a + d i f f u s i o n appears 
to remain c o n s t a n t over t h i s s o l u t i o n c o n c e n t r a t i o n range. 

Another f e a t u r e o f t h e 295 membrane i s seen i n F i g u r e 6 ( 23). 
Here N a + s e l f - d i f f u s i o n c o e f f i c i e n t s a r e p l o t t e d v e r s u s NaOH 
c o n c e n t r a t i o n from d i l u t e t o c o n c e n t r a t e d s o l u t i o n s . The r a p i d 
drop a t h i g h c a u s t i c s t r e n g t h i s a t t r i b u t e d t o membrane 
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Journal of the Electrochemical Society 
Figure 5. Arrhenius plots for Na+ diffusion in Nafion 295, NaOH external solution 

( 24 ) . Key: Q> 9.5 M ; Q 11.0 Μ ; Δ , 12.5 M . 
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Journal of the Electrochemical Society 
Figure 6. Na+ diffusion coefficient in Nafion 295 at 60° C, NaOH external solution; 

and change in water molarity in NaOH solution ( 24 ) . 
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4. Y E A G E R Transport Properties 55 

d e h y d r a t i o n . T h i s e f f e c t i s r e f l e c t e d i n the r a p i d drop i n NaOH 
s o l u t i o n water m o l a r i t y i n t h i s c o n c e n t r a t i o n r e g i o n , which i s 
a l s o shown i n the F i g u r e . A s i m i l a r drop i n membrane d i f f u s i o n 
c o e f f i c i e n t i s seen i n d i l u t e s o l u t i o n as w e l l . T h i s i s caused 
by p r o t o n a t i o n of the weakly a c i d i c s u l f o n a m i d e exchange s i t e s . 
Thus membranes o f t h i s type can o n l y be used i n a l k a l i n e media. 
In a d d i t i o n , t h e se r e s u l t s suggest t h a t the pH g r a d i e n t a c r o s s 
such membranes i n o p e r a t i n g c h l o r - a l k a l i c e l l s w i l l be an im
p o r t a n t f a c t o r i n d e t e r m i n i n g the membrane v o l t a g e drop. 

The d i f f u s i o n o f m o l e c u l a r s p e c i e s has a l s o been s t u d i e d i n 
c o n c e n t r a t e d s o l u t i o n environments (25,26). Yeo and McBreen 
measured the d i f f u s i o n c o e f f i c i e n t s of H 2 and C l 2 i n 1200 EW 
N a f i o n membranes immersed i n HC1 s o l u t i o n s , and t h a t of B r 2 i n 
HC1 and HBr s o l u t i o n s as a f u n c t i o n of e l e c t r o l y t e c o n c e n t r a t i o n 
and temperature ( 2 5 ) . I n c o n c e n t r a t e d HC1 s o l u t i o n s the o r d e r of 
d i f f u s i o n c o e f f i c i e n t s i s H 2>Cl2>Br, as expected from m o l e c u l a r 
s i z e . A c t i v a t i o n e n e r g i e s o f d i f f u s i o n f o r H 2 and C l 2 i n 4.1 M 
HC1 were found t o be 21.6 and 23.3 k J mol"" 1 r e s p e c t i v e l y over the 
25°-50°C temperature i n t e r v a l . These v a l u e s a r e v e r y s i m i l a r t o 
those f o r water d i f f u s i o n i n the same membrane i n d i l u t e s o l u t i o n , 
as seen i n T a b l e I I I . The a u t h o r s u t i l i z e these r e s u l t s t o e s t i 
mate a coulombic l o s s o f about 2% i n a h y d r o g e n - c h l o r i n e f u e l 
c e l l , due m a i n l y to c h l o r i n e m i g r a t i o n through the membrane. 

The i n t e r p r e t a t i o n of B r 2 d i f f u s i o n was c o m p l i c a t e d by the 
f o r m a t i o n of Br3" and p o s s i b l y o t h e r a n i o n i c bromine s p e c i e s . 
W i l l (26) has a l s o s t u d i e d bromine d i f f u s i o n , i n 1200 EW and 
o t h e r N a f i o n membrane m a t e r i a l s . The e l e c t r o l y t e s used i n these 
experiments were c o n c e n t r a t e d Z n B r 2 o r NaBr s o l u t i o n s . The Br3" 
i o n i s the predominant bromine s p e c i e s i n such media, a l t h o u g h 
m o l e c u l a r B r 2 would appear to be r e s p o n s i b l e f o r t r a n s p o r t a c r o s s 
the membrane. Measured d i f f u s i o n c o e f f i c i e n t s v a r i e d from 1 x 
10" 8 t o 5 x 1 0 ~ 7 cm 2 sec"" 1 a t room temperature. V a l u e s i n c r e a s e d 
w i t h d e c r e a s i n g e q u i v a l e n t weight of t h e polymer and w i t h de
c r e a s i n g s o l u t i o n c o n c e n t r a t i o n . T h i s a g a i n s u p p o r t s the view 
t h a t membrane water c o n t e n t i s an imp o r t a n t f a c t o r i n d e t e r 
mining membrane d i f f u s i o n c o e f f i c i e n t s , even f o r n e u t r a l 
d i f f u s i n g s p e c i e s . 

Membrane D i f f u s i o n i n Nonaqueous S o l v e n t Environments. S e l f -
d i f f u s i o n c o e f f i c i e n t s o f N a + and C s + f o r 1200 EW N a f i o n membranes 
i n d i l u t e methanol and a c e t o n i t r i l e s o l u t i o n s have been measured 
( 5 ) . A r r h e n i u s p l o t s of these r e s u l t s a r e shown i n F i g u r e 7 a l o n g 
w i t h c o r r e s p o n d i n g r e s u l t s f o r aqueous ex p e r i m e n t s ; a c t i v a t i o n 
e n e r g i e s of d i f f u s i o n are l i s t e d i n T a b l e IV. D i f f u s i o n c o e f 
f i c i e n t s o f N a + i n methanol and w a t e r - e q u i l i b r a t e d membranes a r e 
v e r y s i m i l a r , and the a c t i v a t i o n energy of d i f f u s i o n f o r the 
methanol system i s o n l y s l i g h t l y h i g h e r than the r e s p e c t i v e v a l u e 
f o r N a + i n pure methanol s o l v e n t , 12.9 k J m o l - 1 (27). Thus a 
s o l u t i o n - l i k e d i f f u s i o n mechanism i s i n f e r r e d f o r b o t h s o l v e n t 
systems. Cesium i o n d i f f u s i o n i n the methanol e q u i l i b r a t e d 
membrane i s much sl o w e r than sodium i o n d i f f u s i o n ; i n f a c t t he 
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T a b l e IV. A c t i v a t i o n E n e r g i e s of D i f f u s i o n i n 1200 EW 
N a f i o n ( 5 ) . 

Temp. E A 
Ion S o l v e n t I n t e r v a l , °C k J m o l " 1 

Na+ H 20 0-25 30.3 
CH30H 0-25 15.3 
CH 3CN 1-25 61.3 

C s + H 20 0-25 70.3 
CH3OH 0-25 83.1 
CH 3CN 25-40 83.3 

d i f f e r e n c e i s now more pronounced than f o r the aqueous case. 
Methanol s o r p t i o n i s f a r l e s s w i t h 1200 EW N a f i o n f o r C s + - f o r m 
samples compared t o the Na +-form, which may form p a r t o f the 
reason ( 5 ) . F o r membranes which have been e q u i l i b r a t e d w i t h an
hydrous a c e t o n i t r i l e , d i f f u s i o n c o e f f i c i e n t s f o r b o t h i o n s a r e 
decreased f u r t h e r . The a c e t o n i t r i l e v a l u e s a r e ex t r e m e l y s e n s i 
t i v e t o t r a c e s o f water i n the membrane ( 4 ) . Only s m a l l r e s i d u a l 
amounts i n c r e a s e the membrane d i f f u s i o n c o e f f i c i e n t s by s e v e r a l 
hundred p e r c e n t . The v e r y s m a l l v a l u e s o f c a t i o n d i f f u s i o n c o e f 
f i c i e n t s suggest t h a t e i t h e r e x t e n s i v e i o n p a i r i n g predominates 
f o r t h i s a p r o t i c s o l v e n t , o r t h a t communication among c l u s t e r s i s 
l o s t due t o r e l a t i v e l y s m a l l polymer s w e l l i n g . The s e n s i t i v i t y 
of the d i f f u s i o n c o e f f i c i e n t s t o s m a l l amounts of water would 
suggest t h a t the former may be r e s p o n s i b l e . The i n a b i l i t y o f the 
weak Lewis a c i d a c e t o n i t r i l e m o l e c u l e t o s o l v a t e exchange s i t e s 
would promote s u l f o n a t e - c a t i o n i o n p a i r s , a p r o c e s s which would 
be r e v e r s e d by s m a l l amounts o f sorbed water. 

The d i f f u s i o n o f S 0 2 and CH3CN i n a c e t o n i t r i l e - e q u i l i b r a t e d 
forms o f N a f i o n has a l s o been r e p o r t e d ( 2 8 ) . A s i m i l a r s e n s i 
t i v i t y o f d i f f u s i o n r a t e s t o the presence o f water was noted. 
C a l c u l a t e d d i f f u s i o n c o e f f i c i e n t s were based on s o l u t i o n concen
t r a t i o n s , and thus a r e not r e a d i l y interprétable i n terms o f 
membrane p r o p e r t i e s . 

T r a n s p o r t P r o p e r t i e s under C o n d i t i o n s o f C u r r e n t Flow 

A p p l i c a t i o n s o f p e r f l u o r o s u l f o n a t e membranes commonly i n v o l v e 
t h e i r use as s e p a r a t i o n m a t e r i a l s i n e l e c t r o l y t i c c e l l s , i n which 
c o n c e n t r a t e d s o l u t i o n s a r e employed. A p r i m a r y c o n s i d e r a t i o n i n 
such a p p l i c a t i o n s i s the c o n d u c t i v i t y o f the membrane, because 
the ohmic l o s s due t o membrane r e s i s t a n c e can s i g n i f i c a n t l y i n 
c r e a s e energy consumption o f the c e l l . The c o n d u c t i v i t i e s o f 
common N a f i o n membranes have been i n v e s t i g a t e d f o r s e v e r a l 
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58 P E R F L U O R I N A T E D I O N O M E R M E M B R A N E S 

i n d u s t r i a l l y i m p o r t a n t e l e c t r o l y t e environments. For example, 
Yeo and co-workers r e p o r t membrane c o n d u c t i v i t i e s i n c o n c e n t r a t e d 
HC1 (25) and i n NaOH and KOH s o l u t i o n s (29) as a f u n c t i o n o f 
temperature. F o r the l a t t e r c a s e , N a f i o n shows l a r g e r c o n d u c t i v 
i t i e s when e q u i l i b r a t e d w i t h NaOH s o l u t i o n s than w i t h KOH s o l u 
t i o n s o f e q u a l m o l a r i t y ; a g a i n a c o r r e l a t i o n i s found between 
membrane c o n d u c t i v i t y and water c o n t e n t . 

For the a p p l i c a t i o n o f these membranes t o the e l e c t r o l y t i c 
p r o d u c t i o n of c h l o r i n e - c a u s t i c , o t h e r performance c h a r a c t e r i s t i c s 
i n a d d i t i o n t o membrane c o n d u c t i v i t y a r e of i n t e r e s t . The sodium 
i o n t r a n s p o r t number, i n moles N a + per Faraday of passed c u r r e n t , 
e s t a b l i s h e s the cathode c u r r e n t e f f i c i e n c y o f the membrane c e l l . 
A l s o t h e water t r a n s p o r t number, expressed as moles of water 
t r a n s p o r t e d t o the NaOH c a t h o l y t e per Faraday, a f f e c t s t he con
c e n t r a t i o n o f c a u s t i c produced i n the c e l l . Sodium i o n and 
water t r a n s p o r t numbers have been s i m u l t a n e o u s l y determined f o r 
s e v e r a l N a f i o n membranes i n c o n c e n t r a t e d NaCl and NaOH s o l u t i o n 
environments and e l e v a t e d temperatures (30-32). Experiments were 
conducted a t h i g h membrane c u r r e n t d e n s i t i e s (2-4 kA n f 2 ) t o 
d u p l i c a t e i n d u s t r i a l c o n d i t i o n s . R e s u l t s o f some of these ex
periments a r e shown i n F i g u r e 8, i n which sodium i o n t r a n s p o r t 
number i s p l o t t e d vs NaOH c a t h o l y t e c o n c e n t r a t i o n f o r 1100 EW, 
1150 EW, and N a f i o n 295 membranes (30,31). For the f i r s t two 
membranes, t j j a + d ecreases w i t h i n c r e a s i n g NaOH c o n c e n t r a t i o n , as 
would be expected due to i n c r e a s i n g e l e c t r o l y t e s o r p t i o n i n t o the 
polymer. I t has been found t h a t uptake of NaOH i n t o these mem
branes does o c c u r , but the r e l a t i v e amount of s o r p t i o n remains 
r e l a t i v e l y c o n s t a n t as s o l u t i o n c o n c e n t r a t i o n i n c r e a s e s (23,33). 
Membrane water s o r p t i o n d e c r e a s e s s i g n i f i c a n t l y over the same 
c o n c e n t r a t i o n range however, and so the r a t i o o f sodium i o n t o 
water s t e a d i l y i n c r e a s e s . M a u r i t z and co-workers propose t h a t a 
t u n n e l i n g p r o c e s s o f the form 

may enhance h y d r o x i d e i o n t r a n s p o r t i n environments of decreased 
water c o n t e n t due t o i n c r e a s e d p o l a r i z a t i o n o f the 0-H bond ( 3 3 ) . 
T h i s would e x p l a i n t he decrease of t f l a + f o r 1100 EW and 1150 EW 
membranes. The lower e q u i v a l e n t weight m a t e r i a l shows a s t e e p e r 
decrease presumably because o f i t s l a r g e r c o n c e n t r a t i o n o f sodium 
i o n s . 

N a f i o n 295 shows a d i f f e r e n t type o f dependence i n t^a+ w i t h 
i n c r e a s i n g NaOH c o n c e n t r a t i o n . The shape of t h i s c u rve i s not 
unique t o t h i s b i l a y e r membrane, but has been seen i n s i m i l a r 
N a f i o n p r o d u c t s as w e l l . F i g u r e 9 shows a c o r r e s p o n d i n g p l o t f o r 
N a f i o n 227, which i s a f a b r i c - b a c k e d m a t e r i a l composed of 1200 EW 
polymer w i t h the cathode s u r f a c e c o n v e r t e d t o su l f o n a m i d e 

H 
Na •H OH" ^ ^ Na +0H" H 20 
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4. Y E A G E R Transport Properties 59 

Figure 8. Sodium ion transport number vs. NaOH catholyte molarity for Nafion 
membranes, 80° C. Key: O, ·, Nafion 295; •, 1150 EW; A, 1100 EW. Ano-

lyte solution is NaOH for light symbols and 5 M NaCl for dark symbols. 
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The Electrochemical Society, Inc. 
Figure 9. Current efficiency vs. NaOH catholyte concentration for Nafion 227 mem
brane in a chlor-alkali cell (34). Conditions: current density, 31 A/dm2; tempera

ture, 85° C; anolyte concentration, 4.4 Ν NaCl; cell voltage, 4.6 V. 
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4. Y E A G E R Transport Properties 61 

s i t e s (34). The dependence of t j j a + on NaOH c o n c e n t r a t i o n has 
been r e c e n t l y r e p o r t e d f o r p e r f l u o r i n a t e d c a r b o x y l a t e membranes; 
a minimum a t i n t e r m e d i a t e c o n c e n t r a t i o n f o l l o w e d by a peak i n 
t N a + a t b i g h e r c o n c e n t r a t i o n has been observed i n these cases as 
w e l l (35-37). S e v e r a l f a c t o r s may be i n v o l v e d i n t h i s r a t h e r 
c o m p l i c a t e d v a r i a t i o n i n tjja+« The common f e a t u r e of b o t h p e r 
f l u o r i n a t e d s ulfonamide and c a r b o x y l a t e polymers i s a lower i n 
herent water c o n t e n t compared to s u l f o n a t e polymers. I t i s 
p o s s i b l e t h a t w i t h i n c r e a s i n g c a u s t i c s t r e n g t h , the a s s o c i a t e d 
drop i n water s o r p t i o n would generate e x t e n s i v e i o n p a i r i n g i n 
the membrane. T h i s i n t u r n would reduce 0-H bond p o l a r i z a t i o n i n 
r e m a i n i n g water m o l e c u l e s of h y d r a t i o n , and l a r g e l y remove the 
h y d r o x i d e i o n t u n n e l i n g mechanism of t r a n s p o r t (33,36). Suhara 
and Oda suggest i n s t e a d t h a t as the membrane c o n t r a c t s due t o 
i n c r e a s i n g d e h y d r a t i o n , the l o c a l c o n c e n t r a t i o n of exchange s i t e s 
i n i o n i c c l u s t e r s i n c r e a s e s ( 3 5 ) . T h i s i n t u r n r e - e s t a b l i s h e s a 
Donnan e x c l u s i o n mechanism f o r h y d r o x i d e r e j e c t i o n . 

I n another approach, Kressman and Tye p r e d i c t i n g e n e r a l 
terms t h a t a minimum i n t j j a + can occur w i t h i n c r e a s i n g s o l u t i o n 
c o n c e n t r a t i o n , i f a s u f f i c i e n t l y l a r g e e l e c t r o o s m o t i c e f f e c t i s 
p r e s e n t , due t o a f r i c t i o n a l i n t e r a c t i o n between water t r a n s p o r t 
and h y d r o x i d e i o n m i g r a t i o n ( 3 8 ) . For experiments where a n o l y t e 
and c a t h o l y t e a r e i d e n t i c a l c o n c e n t r a t i o n s of NaOH, t n 2 0 v a l u e s 
decrease from about 3 mol F" 1 to l e s s than 1 mol F*"1 f o r s o l u t i o n 
c o n c e n t r a t i o n s o f 5 M t o 13 M f o r the 1150 EW membrane (30 ) . F o r 
N a f i o n 295, t H 2 o v a r i e s from 5 to 1 mol F - 1 under the same 
c o n d i t i o n s (30,32). F o r experiments i n which 5 M NaCl i s used as 
a n o l y t e , an osmotic component i s a l s o p r e s e n t t o water t r a n s p o r t . 
F o r example, t j ^ O remains c o n s t a n t a t about 3 mol F""1 f o r NaOH 
s o l u t i o n c o n c e n t r a t i o n s above 10 M f o r N a f i o n 295 ( 3 0 ) . S m a l l e r 
i n c r e a s e s i n t H 2 Q a r e observed f o r the 1150 EW membrane. As seen 
i n F i g u r e 8, t h i s i s accompanied by a s h i f t i n the t j j a + peak to 
h i g h e r NaOH c o n c e n t r a t i o n . S i m i l a r e f f e c t s were observed w i t h a 
p e r f l u o r i n a t e d c a r b o x y l a t e membrane, a l t h o u g h t j j 2 o v a l u e s a r e 
g e n e r a l l y s m a l l e r (36). T h e r e f o r e , w h i l e water t r a n s p o r t i s seen 
to i n f l u e n c e the i o n i c t r a n s p o r t c h a r a c t e r i s t i c s of these mem
branes , o t h e r f a c t o r s must be c o n s i d e r e d t o understand membrane 
performance i n these h i g h l y c o n c e n t r a t e d s o l u t i o n s . 

S t u d i e s of these p e r f l u o r i n a t e d membranes i n d i l u t e and i n 
c o n c e n t r a t e d s o l u t i o n environments s t i l l l e a v e many unanswered 
q u e s t i o n s about the n a t u r e of membrane t r a n s p o r t p r o p e r t i e s . 
However, the obvious importance of these polymers i n membrane 
s e p a r a t i o n a p p l i c a t i o n s , coupled w i t h the fundamental s i g n i f i 
cance of t h e i r i o n c l u s t e r e d morphology, makes the c o n t i n u e d 
study of these m a t e r i a l s a f r u i t f u l a r e a of r e s e a r c h f o r the 
f u t u r e . 
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5 

Solubility Parameter of Perfluorosulfonated 

Polymer 

RICHARD S. YEO 

The Continental Group, Incorporated, Energy Systems Laboratory, 10432 North 
Tantau Avenue, Cupertino, CA 95014 

The solubility parameter, δ, defined as the square root of 
the cohesive energy density is used considerably in the field of 
polymer science (1,2). The cohesive energy density is the ratio 
of the molar energy of vaporization minus RT, the work of 
expansion on vaporization, to the molar volume. It is not 
defined in this manner for polymers which cannot be vaporized. 
However, for various theoretical reasons, the cohesive energy 
density of materials which cannot be vaporized equals that of 
vaporizable solvents in which they dissolve athermally. The 
solubility parameter of a material is a measure of the inter
molecular forces in a given substance and is a fundamental 
property of a l l matter. A knowledge of intermolecular forces in 
polymers would enable a better understanding of their physical 
and chemical properties on a molecular basis. It is convenient 
to express the cohesive energy density in cel/cc units and to 
refer to the solubility parameter by the symbol Hb (Hildebrand). 

The solubility parameter concept has been used to correlate 
many physical phenomena. Miscibility of solvents with polymers, 
diffusion of solvents within polymers, effects of intermolecular 
forces on the glass transition temperature and interfacial in
teractions within copolymer materials would be included, just to 
mention a few examples. In many cases, meaningful interpreta
tion of results was facilitated with the use of the solubility 
parameter. 

The solubility parameter of Nafion membranes has been 
determined experimentally in a recent study (3). The samples 
which have been studied have an equivalent weight (EW) of either 
1100 or 1200 (weight of polymer per sulfonic acid group). Since 
the samples are not soluble, the solubility parameter of the 
polymer can be determined only from the swelling technique (4). 

Determination of δ2 from Swelling Measurement 

The degree of swelling of the membrane in solvent is 
related to the closeness between the solubility parameters of 

0097-6156/82/0180-0065$05.00/0 
© 1982 American Chemical Society 
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66 P E R F L U O R I N A T E D I O N O M E R M E M B R A N E S 

TABLE I 
SOLUBILITY PARAMETERS AND MOLAR VOLUMES OF SOLVENTS 

AND SOLVENT UPTAKE BY NAFION ( 3 ) . 

% I n c r e a s e i n 
weight 

δ . 1/2 , V i a a 
S o l v e n t ( c a l / c m ) cm /mole 1100 1200 

T r i e t h y l Amine 7.4 139.4 22 24 
D i e t h y l Amine 8.0 103.2 21 40 
2 - E t h y l Hexanol 9.5 158.0 — 77 
n-Amyl A l c o h o l 10.9 109.0 73 59 
C y c l o h e x a n o l 11.4 106.0 — 64 
n - B u t a n o l 11.4 91.5 74 65 
2-Propanol 11.5 76.8 58 50 
1-Propanol 11.9 75.2 55 40 
E t h a n o l 12.7 58.5 50 32 
Methanol 14.5 40.7 54 37 
E t h y l e n e G l y c o l 14.6 55.8 66 44 
G l y c e r o l 16.5 73.3 56 40 
Formamide 19.2 39.8 56 37 
Water 23.4 18.0 21 17 

a. E q u i v a l e n t Weight 
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5. Y E O Solubility Parameter 67 

the polymer and the s o l v e n t (4^), as w e l l as t o the hydrogen 
bonding c a p a b i l i t y o f the s o l v e n t ( 2 ) . 

S w e l l i n g i n Pure S o l v e n t s . Table I shows the s o l v e n t 
uptake by Nafion-H. F i g u r e 1, a p l o t o f the s o l v e n t uptake f o r 
the 1200 EW sample a g a i n s t the s o l v e n t s o l u b i l i t y parameter, <$i, 
e x h i b i t s two d i s t i n c t s w e l l i n g e n v e l o p e s . A p a r t from the 
presence o f a sharp peak a t 9.5 Hb, a broad peak spans from 12.8 
t o 23.4 Hb. They a r e denoted as envelopes I and I I and have been 
t e n t a t i v e l y a s c r i b e d t o the o r g a n i c backbone and t h e i o n c l u s t e r s 
o f the membrane, r e s p e c t i v e l y (3^5_) · 

While one o f the &z v a l u e s i s e q u a l t o t h e peak p o s i t i o n 
o f envelope I , the o t h e r &z v a l u e cannot be determined a c c u r a t e l y 
from F i g u r e 1 due t o the u n c e r t a i n t y o f the peak p o s i t i o n and low 
i n t e n s i t y o f the broad peak (e n v e l o p e I I ) . Yeo has thus 
c a l c u l a t e d (3) t h e i n t e r a c t i o n (X) parameter based on t h e modi
f i e d F l o r y - R e h n e r e q u a t i o n (6_) : 

I n (1 - v 2 ) + v z + χν/ = X i i (1/2 v 2 - v 2 l / 2 ) t l ] 

M c 

where Ρ and M c a r e the d e n s i t y and EW o f t h e polymer, r e s 
p e c t i v e l y . Vi i s the m o l a l volume o f t h e s o l v e n t s . F i g u r e s 2 
and 3 show the (1 - v z ) and X a g a i n s t <$i , r e s p e c t i v e l y . 

The parameter ^ i s a measure o f t h e i n t e r a c t i o n between 
t h e s o l v e n t and the polymer. I t i s r e l a t e d t o t h e c l o s e n e s s 
between the s o l u b i l i t y parameters o f the polymer (^2) and t h e 
s o l v e n t (<$i), g i v i n g the f o l l o w i n g e q u a t i o n : 

X = 3 + I L (δ χ - δ 2 ) 2 [2] 
RT 

where 3 i s a c o n s t a n t ( 0 . 1 - 0 . 4 ) . 

A f t e r rearrangement, e q u a t i o n [2] y i e l d s t h e f o l l o w i n g 
e q u a t i o n : 

f i l - J L - ( β ι - * L . - J . [ 3 ] 
RT V i RT RT V i 

F i g u r e 4 r e p r e s e n t s a p l o t o f (<$i /RT - * / V i ) v e r s u s 
<$1 f o r N a f i o n o f 1200 EW, e x h i b i t i n g two s t r a i g h t l i n e s . 
The l i n e s a r e denoted as l i n e s I and I I , which c o r r e s p o n d t o en
v e l o p e s I and I I o f F i g u r e 1. I t i s e v i d e n t t h a t t h e v a l u e o f 
<$2 can be a c c u r a t e l y c a l c u l a t e d from the i n t e r c e p t and t h e s l o p e 
the s t r a i g h t l i n e s . T a ble I I summarizes the r e s u l t s . 
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72 P E R F L U O R I N A T E D I O N O M E R M E M B R A N E S 

T a b l e I I 

S o l u b i l i t y Parameters (Hb) o f N a f i o n Determined from Eq. [3] 

a. E q u i v a l e n t Weight 

S w e l l i n g i n Mixed S o l v e n t s . The s w e l l i n g o f N a f i o n i n mixed 
s o l v e n t s i s g r e a t e r than i n pure s o l v e n t s ( 7 ) , presumably because 
o f the l a r g e r d i f f e r e n c e i n c h e m i c a l p o t e n t i a l s between the mem
brane and the s o l v e n t . F i g u r e 5 shows the s o l v e n t uptake o f Naf
i o n i n t h r e e d i f f e r e n t s o l v e n t / w a t e r m i x t u r e s ( 3 ) . The peak o f 
the s w e l l i n g envelopes appears around 16-17 Hb and i s p o s s i b l y 
r e l a t e d t o the s w e l l i n g envelope I I f o r the case o f pure 
s o l v e n t s . 

C a l c u l a t i o n o f ΰ 2 from the S t r u c t u r a l Formulas 

Sma l l ' s Method. T h i s method (8) i s based on the assumption 
t h a t the c o n t r i b u t i o n s o f the i n d i v i d u a l atoms o r groups t o the 
o v e r a l l v a l u e o f the s o l u b i l i t y parameter o f the m o l e c u l e a r e 
a d d i t i v e : 

where G i s the m o l a r - a t t r a c t i o n c o n s t a n t , Ρ and M a r e the 
d e n s i t y and m o l e c u l a r weight o f the polymer, r e s p e c t i v e l y . As 
shown i n Table I I I , &z v a l u e s c a l c u l a t e d f o r N a f i o n a r e l e s s t h a n 
the v a l u e s o b t a i n e d e x p e r i m e n t a l l y by the maximum s w e l l i n g 
method. The e f f e c t s o f the i o n i c bonding o f the polymer and the 
hydrogen bonding o f the s o l v e n t s used i n the s w e l l i n g e xperiments 
account f o r the d i s c r e p a n c y because S m a l l ' s method assumes no 
hydrogen o r i o n i c bonding ( 8 ) . 

Hayes Method. A r e l a t i o n s h i p between polymer s t r u c t u r e , 
g l a s s t r a n s i t i o n temperature and molar c o h e s i v e energy (cohe
s i v e energy d e n s i t y m u l t i p l i e d by the molar volume) was found 
by Hayes ( 9 ) : 

L i n e I L i n e I I 

C a l c u l a t e d from i n t e r c e p t 
C a l c u l a t e d from s l o p e 

1100 a 1200 a 1100 a 1200 a 

10.04 9.61 16.86 17.37 
10.08 9.68 16.71 17.27 

Ρ l G / M 
i [4] 

η ( Rîg. - 25) [5] 

where Vi i s the molar volume, R i s the gas c o n s t a n t , and η i s a 
number r e l a t e d t o the degree o f freedom o f c e r t a i n atoms and 
groups. 
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T a b l e I I I 

S o l u b i l i t y Parameter o f N a f i o n C a l c u l a t e d from Small's and 
Hayes' Methods (3) 

Methods Sample 
S o l u b i l i t y 
Parameter (Hb) 

S m a l l Nafion-H (1100 EW) 7.60 S m a l l 

Nafion-H (1500 EW) 7.20 

Hayes N a f i o n - p r e c u r s o r (1200 EW) 9.28 Hayes 

Nafion-H (1200 EW) 10.93 

Hayes 

Nafion-Cs (1200 EW) 12.39 
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74 P E R F L U O R I N A T E D I O N O M E R M E M B R A N E S 

The i n c r e a s e i n g l a s s t r a n s i t i o n temperature o f polymers by 
i o n i n c o r p o r a t i o n i s r e l a t e d t o the c o n c e n t r a t i o n o f the i o n i c 
groups and t o the s t r e n g t h o f the i n t e r a c t i o n between a n i o n and 
c a t i o n . A c c o r d i n g t o Hayes 1 e q u a t i o n , the *>i v a l u e s f o r the 
i o n i c m a t e r i a l s would be h i g h e r than t h a t f o r the n o n - i o n i c 
m a t e r i a l s . Table I I I shows the t r e n d i n <5Z v a l u e s i n g o i n g from 
N a f i o n p r e c u r s o r (10) t o Nafion-H (11) t o Nafion-Cs ( 11). I t 
i s i n t e r e s t i n g t o note t h a t the c a l c u l a t e d <$2 f ° r t n e N a f i o n 
p r e c u r s o r , a n o n - i o n i c m a t e r i a l , i s s i m i l a r t o t h e &z ( l i n e I ) 
determined e x p e r i m e n t a l l y , w h i l e the c a l c u l a t e d δ 2 f o r Nafion-Cs 
i s c l o s e t o the average o f t h e two <$2 v a l u e s o b t a i n e d from 
l i n e s I and I I . 

The Nature of the D u a l S o l u b i l i t y Parameter 

I t i s o b v i ous t h a t N a f i o n , i n c o n t r a s t t o many other 
p olymers, e x h i b i t s two s o l u b i l i t y parameter v a l u e s . T h i s 
f e a t u r e i s uncommon f o r any o t h e r m a t e r i a l whose s o l u b i l i t y 
parameter has been r e p o r t e d ( 2 ) . However, i n a r e c e n t study (5) 
on r a d i a t i o n g r a f t e d membranes, i t i s r e p o r t e d t h a t membranes 
c o n s i s t i n g o f s u l f o n i c a c i d groups a l s o show two s o l u b i l i t y 
parameter v a l u e s . 

E f f e c t of E q u i v a l e n t Weight. Although the e f f e c t o f 
e q u i v a l e n t weight on the $2. o f N a f i o n was not s t u d i e d i n d e t a i l , 
some t r e n d can be seen. The s e p a r a t i o n o f the two &z v a l u e s i s 
s m a l l e r f o r the lower EW samples. I t appears t h a t as the EW 
decreases f u r t h e r , the two <$2 v a l u e s w i l l l i k e l y merge i n t o one 
and f i n a l l y r e a c h a v a l u e c l o s e t o t h a t o f CF3SO3H, a low c arbon 
compound r e s e m b l i n g N a f i o n . Samples o f EW below 1000 may be 
s o l u b l e because o f h i g h i o n i c c o n t e n t . As a m a t t e r o f f a c t , 
s o l u b l e m a t e r i a l s always e x h i b i t one s i n g l e <$2 v a l u e . 

E f f e c t of N e u t r a l i z a t i o n . F i g u r e 6 shows the s o l v e n t 
uptake f o r N a f i o n i n b o t h Η and L i form ( 5 ) . I t i s c l e a r t h a t 
the s w e l l i n g b e h a v i o r o f N a f i o n i n L i form i s r a t h e r s i m i l a r t o 
t h a t o f t h e u n - n e u t r a l i z e d sample. The magnitude o f the 
s w e l l i n g envelope I I d ecreases as the membrane i s c o n v e r t e d t o 
L i form. In c o n t r a s t t o t h i s , the s w e l l i n g peak a t low <$i o f 
the r a d i a t i o n - g r a f t e d s u l f o n i c a c i d membranes d i s a p p e a r s upon 
n e u t r a l i z a t i o n ( 5 ) . Yeo, e t a l , have proposed t h a t t h e 
d i s a p p e a r a n c e o f the d u a l s o l u b i l i t y parameter i s r e l a t e d t o t h e 
decrease o f the o r g a n i c c h a r a c t e r o f t h e m a t e r i a l . 

R e l a t i o n between Membrane S w e l l i n g and C o n d u c t i v i t y . The 
membrane c o n d u c t i v i t y o f N a f i o n i n v a r i o u s s o l v e n t s has been 
measured i n a v e r y r e c e n t study ( 1 2 ) . For h i g h <$i s o l v e n t s , the 
t r a n s p o r t o f i o n s , l i k e L i + , i n the N a f i o n membrane i s r e l a t e d 
t o t h e s w e l l i n g o f the membrane i n th e s o l v e n t , as shown i n 
F i g u r e 7. In c o n t r a s t t o t h i s , f o r s o l v e n t s o f l e s s than 12 Hb, 
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5. Y E O Solubility Parameter 75 

Figure 6. Solvent uptake of Nafion vs. solubility parameter of solvents (5). A, H form; 
φ, Li form. 
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76 P E R F L U O R I N A T E D I O N O M E R M E M B R A N E S 

Figure 7. Upper part: conductivity ratio (σΜ/σΕ) of Nafion in solvent + 0.05 Ν 
LiOH vs. solubility parameter of solvent. σΜ, membrane conductivity; σΕ, electro
lyte conductivity. Lower part: solvent uptake of Nafion-Li vs. solubility parameter 

of solvent ( 12 ) . 
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5. Y E O Solubility Parameter 77 

the membrane c o n d u c t i v i t y i s f a r l e s s than the c o n d u c t i v i t y o f 
the e l e c t r o l y t e , i n s p i t e o f the e x t e n s i v e s w e l l i n g o f the 
membrane i n these s o l v e n t s . 

C o n c l u s i o n and Suggested F u t u r e Works 

The m a j o r i t y o f s t u d i e s on the s t r u c t u r e and p r o p e r t i e s o f 
Na f i o n membranes a r e v e r y o f t e n performed on the d r y o r 
h u m i d i f i e d samples w h i l e many im p o r t a n t a p p l i c a t i o n s o f these 
m a t e r i a l s a r e i n the "wet" form. The knowledge p e r t a i n i n g t o 
the i n t e r a c t i o n between the s o l v e n t s and the polymer by the use 
of the s o l u b i l i t y parameter s h o u l d f a c i l i t a t e the u n d e r s t a n d i n g 
o f the s t r u c t u r e - p r o p e r t y - p e r f o r m a n c e r e l a t i o n s h i p . 
I n v e s t i g a t i o n s o f i o n i c t r a n s p o r t ( 1 3 ) , s p e c t r o s c o p i c p r o p e r t i e s 
(14) and d i e l e c t r i c l o s s tangent (12) o f the membrane i n l i g h t 
o f the s o l u b i l i t y parameter c o u l d prove t o be an i n t e r e s t i n g and 
perhaps p r o f i t a b l e l i n e o f i n q u i r y . 
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6 

Mechanical Relaxations in Perfluorosulfonate 

Ionomer Membranes 

THEIN KYU and ADI EISENBERG 

Department of Chemistry, McGill University, Montreal, Quebec H3A 2K6, Canada 

This review article describes the relaxation phenomena of 
Nafions as determined by regular (dry state) and under-water stress 
relaxation and dynamic mechanical (torsion pendulum and vibrating 
reed) studies. The thermal stability and the glass transition 
temperatures of the membranes, as examined by differential scan
ning calorimetry, linear thermal expansion and density studies are 
also reviewed. Dry state stress relaxation studies show a move
ment of the primary relaxation curve to higher temperatures upon 
ionization of the precursor and neutralization of the acid. This 
movement results from the strong interactions within the ionic 
domains as deduced from results of the under-water stress relaxa
tion studies. In dynamic mechanical studies, three relaxation 
peaks termed α, β, and γ , in descending order of temperature, are 
observed. The original assignments of the mechanisms of these 
relaxations are reanalysed in connection with recent results of 
the water sensitivity and the structure of the ionic aggregates in 
the material. A review is also presented on the mechanical relax
ations of the precursor as investigated by dynamic mechanical 
methods, and the relaxation peaks are discussed in conjunction 
with the dielectric studies. In addition, the effects of various 
parameters, such as the effects of degree of neutralization, of 
the type of counterion, and of the degree of crystallinity on the 
mechanical relaxations are described. 

It is well known that a wide range of physical properties of 
polymers can be modified profoundly through ion incorporation 
(1,2)· In many materials, the polymer matrix is effectively 
crosslinked through the association of these ionic groups which 
form small aggregates termed multiplets and larger aggregates 
termed clusters. The ionic aggregates can relax thermally, with 
the temperature of the relaxation depending on a range of molecu
lar parameters which influence the structure of the ionic domains. 
The relaxation of the ionic aggregates yields a new peak in addi
tion to that of the glass transition of the matrix; this new peak 

0097-6156/82/0180-0079$08.00/0 
© 1982 American Chemical Society 
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80 P E R F L U O R I N A T E D I O N O M E R M E M B R A N E S 

u s u a l l y appears a t a h i g h e r temperature than t h a t of the m a t r i x . 
T h i s i s a f e a t u r e t h a t i s not encountered i n n e u t r a l polymers but 
i s q u i t e common f o r ionomers. Moreover, the g l a s s t r a n s i t i o n o f 
the polymer m a t r i x i s r a i s e d to s i g n i f i c a n t l y h i g h e r temperatures 
as a r e s u l t of the s t r o n g i o n i c i n t e r a c t i o n s . 

Many s t u d i e s (3-11) have been devoted to the e l u c i d a t i o n of 
the s t r u c t u r e o f the i o n i c domains and t h e i r e f f e c t on v a r i o u s 
p r o p e r t i e s . The r h e o l o g i c a l p r o p e r t i e s of the polymer are s t r o n g l y 
i n f l u e n c e d by v a r y i n g the parameters o f the i o n such as the n a t u r e 
of the i o n i c comonomer, the i o n c o n c e n t r a t i o n , the c o u n t e r i o n type, 
the degree of n e u t r a l i z a t i o n and so on (12-17). S i n c e a s i z a b l e 
amount o f o r i g i n a l l i t e r a t u r e ( 3 - 1 7 ) , r e v i e w papers (18-21), books 
(1,2) and proceedings of symposia (22-25) r e l e v a n t to i o n - c o n t a i n 
i n g polymers are a v a i l a b l e , no g e n e r a l survey on the p r o g r e s s of 
the f i e l d w i l l be g i v e n h e r e . 

S e v e r a l ionomer systems a r e under e x t e n s i v e i n v e s t i g a t i o n . 
One o f t h e s e , which has r e c e n t l y become i n c r e a s i n g l y i m p o r t a n t i n 
e l e c t r o c h e m i c a l a p p l i c a t i o n s , and which i s one o f the m a t e r i a l s 
d i s c u s s e d e x t e n s i v e l y i n t h i s volume, i s the N a f i o n ionomer fam i l y . 
These m a t e r i a l s were developed by the duPont company, and c o n s i s t 
of hydrophobic f l u o r o c a r b o n backbone c h a i n s , w i t h h y d r o p h i l i c p e r 
f l u o r i n a t e d e t h e r s i d e c h a i n s t e r m i n a t e d by s u l f o n i c a c i d groups 
or c o r r e s p o n d i n g a l k a l i s a l t s . The N a f i o n s possess many excep
t i o n a l p r o p e r t i e s which are not encountered i n o t h e r ionomer 
systems, p a r t i c u l a r l y the h i g h water p e r m e a b i l i t y (26,27), 
p e r m s e l e c t i v i t y w i t h r e g a r d to i o n t r a n s p o r t (28-30), d u r a b i l i t y 
i n s t r o n g a l k a l i (26) , thermal s t a b i l i t y (26,31), and o t h e r s . 
Many of these p r o p e r t i e s a r e d i s c u s s e d i n d e t a i l i n t h i s volume. 

The u n d e r s t a n d i n g o f the s t r u c t u r e s o f the i o n i c aggregates 
and o f the p h y s i c a l p r o p e r t i e s of the N a f i o n s are of c r u c i a l 
importance f o r the improvement and d i v e r s i f i c a t i o n of t h e i r i n d u s 
t r i a l u t i l i t y . V a r i o u s e x p e r i m e n t a l t e c h n i q u e s , such as s m a l l 
a n g l e X-ray s c a t t e r i n g (31-33), n e u t r o n s c a t t e r i n g ( 3 3 ) , Mflssbauer 
s p e c t r o s c o p y (34,35), n u c l e a r magnetic resonance (36) and i n f r a r e d 
s p e c t r o s c o p y (37,38) have been employed f o r the e l u c i d a t i o n of the 
s t r u c t u r e of the i o n i c a g g r egates. D e t a i l s of the e x p e r i m e n t a l 
methods and the r e s u l t s o f these s t u d i e s are a l s o p r e s e n t e d i n 
v a r i o u s c h a p t e r s of t h i s book. The common c o n c l u s i o n s reached by 
these and the p r e c e e d i n g s t u d i e s are t h a t the N a f i o n s are semi-
c r y s t a l l i n e polymers w i t h a low degree o f c r y s t a l l i n i t y , which i s 
r e l a t e d to the e q u i v a l e n t w e i g h t . The hydrophobic f l u o r o c a r b o n 
and h y d r o p h i l i c i o n i c r e g i o n s i n these m a t e r i a l s a r e phase sepa
r a t e d , the Bragg d i s t a n c e o f the h y d r a t e d i o n i c domains b e i n g o f 
the o r d e r o f 5 nm. Based on these s t r u c t u r a l r e s u l t s , some theo
r e t i c a l models have been proposed (32,36,39). 

The p r i m a r y o b j e c t i v e of t h i s paper i s to r e v i e w the mechani
c a l b e h a v i o r of dry and h y d r a t e d N a f i o n s w i t h an emphasis on the 
m e c h a n i c a l r e l a x a t i o n s . The t e n t a t i v e assignments of the r e l a x a 
t i o n mechanisms u n d e r l y i n g the three mechanical r e l a x a t i o n s are 
d i s c u s s e d i n c o n n e c t i o n w i t h the s t r u c t u r e of the i o n i c aggregates 
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6. K Y U A N D E I S E N B E R G Mechanical Relaxations 81 

and the i n f l u e n c e of water a b s o r p t i o n . I n a d d i t i o n , v a r i o u s 
e f f e c t s such as t h a t of the degree of n e u t r a l i z a t i o n , the k i n d of 
c o u n t e r i o n and the degree of c r y s t a l l i n i t y on the m e c h a n i c a l 
r e l a x a t i o n s a r e a l s o d i s c u s s e d . 

Thermal S t u d i e s 

P r i o r t o d i s c u s s i o n of the me c h a n i c a l b e h a v i o r of the N a f i o n s , 
some thermal p r o p e r t i e s s h o u l d be noted. A d i f f e r e n t i a l s c a n n i n g 
c a l o r i m e t r y study of N a f i o n a c i d and of amorphous Nafion-Na a t a 
h e a t i n g r a t e of 20°C/min was conducted by Kyu and E i s e n b e r g (40) 
and the r e s u l t s a r e shown i n F i g u r e 1. A pronounced t r a n s i t i o n , 
p r o b a b l y a s s o c i a t e d w i t h the α peak ( t a n 6) of the t o r s i o n pendu
lum s t u d i e s ( 3 1 ) , was observed i n the DSC curves i n the tempera
t u r e r e g i o n of about 70°C f o r the u n d r i e d a c i d and of about 140°C 
f o r the u n d r i e d s a l t . S u c c e s s i v e DSC ru n s , a f t e r p r o g r e s s i v e l y 
severe heat t r e a t m e n t s , showed a movement of t h i s t r a n s i t i o n to 
h i g h e r temperatures. T h i s i n d i c a t e s t h a t the g l a s s t r a n s i t i o n 
r e g i o n of N a f i o n ( m a t r i x o r the i o n i c r e g i o n s ) i n c r e a s e s markedly 
upon d r y i n g a l t h o u g h the ex a c t t r a n s i t i o n temperature i s d i f f i 
c u l t to determine from these DSC c u r v e s . The e x a c t assignment of 
t h i s g l a s s t r a n s i t i o n i s s t i l l i n some doubt; i t w i l l t h e r e f o r e 
be d i s c u s s e d i n c o n s i d e r a b l e d e t a i l i n the overview s e c t i o n a t the 
end of t h i s r e v i e w . 

I t s h o u l d be emphasized t h a t i n the N a f i o n s , as i n o t h e r 
polymers, and e s p e c i a l l y ionomers, the g l a s s t r a n s i t i o n tempera
t u r e can be s t r o n g l y i n f l u e n c e d by the thermal h i s t o r y and the 
m o i s t u r e content of the polymer. Furthermore, i n the p r e s e n t 
case, some de c o m p o s i t i o n can be seen a t ca.. 190°C i n the a c i d sam
p l e s , which show c o n s i d e r a b l y lower thermal s t a b i l i t y than i s 
observed i n the s a l t s . These r e s u l t s are c o n s i s t e n t w i t h those 
r e p o r t e d e a r l i e r by Yeo and E i s e n b e r g ( 3 1 ) , based on weight l o s s 
i n t h e r m o g r a v i m e t r i c s t u d i e s . T h i s f e a t u r e appears to be a common 
phenomenon i n s u l f o n a t e d systems; f o r example, i n the s u l f o n a t e d 
p o l y s u l f o n e s , improved thermal s t a b i l i t y i s a l s o observed i n the 
n e u t r a l i z e d m a t e r i a l s (2) . 

The l i n e a r t hermal expansion study by Takamatsu and E i s e n b e r g 
(41) i s r e l e v a n t to the p r e s e n t d i s c u s s i o n . T h e i r measurements 
showed c o n s i d e r a b l e c o m p l e x i t y due to the d u a l e f f e c t s of the d r y 
i n g procedure and mechanical a n i s o t r o p y of the sample on the 
r e s u l t s . For example, the l i n e a r thermal expansion of an a n i s o 
t r o p i c N a f i o n a c i d f i l m a t a h e a t i n g r a t e of cel. l°C/min shows 
a p p r e c i a b l e d i f f e r e n c e s between s u c c e s s i v e h e a t i n g runs. The 
therma l e x p a n s i o n c o e f f i c i e n t i s r e p r o d u c i b l e i n the temperature 
range below 80°C; however, f o r wet o r a n i s o t r o p i c samples, the 
s l o p e changes d r a s t i c a l l y above t h a t temperature, depending on the 
number of p r e v i o u s h e a t i n g runs. The s h i f t i n g o f the i n f l e c t i o n 
temperature of the l i n e a r t h e r m a l expansion curve i n s u c c e s s i v e 
h e a t i n g runs to h i g h e r temperature p a r a l l e l s the r e s u l t s of the 
DSC runs as mentioned b e f o r e . T h i s c o n f i r m s t h a t the g l a s s 

 P
ub

lic
at

io
n 

D
at

e:
 F

eb
ru

ar
y 

4,
 1

98
2 

| d
oi

: 1
0.

10
21

/b
k-

19
82

-0
18

0.
ch

00
6



82 P E R F L U O R I N A T E D I O N O M E R M E M B R A N E S 

I I 

<S *̂  

* * i 
ο Ο ν . 

i l * 

Its 
s § s 

CO ^ 

8» Ιο £ § 
to — 

 P
ub

lic
at

io
n 

D
at

e:
 F

eb
ru

ar
y 

4,
 1

98
2 

| d
oi

: 1
0.

10
21

/b
k-

19
82

-0
18

0.
ch

00
6



6. K Y U A N D E I S E N B E R G Mechanical Relaxations 83 

t r a n s i t i o n i s s t r o n g l y a f f e c t e d by the d r y i n g procedure of the 
sample. T h i s i s seen even more c l e a r l y i n the e x a m i n a t i o n of the 
e x p a n s i o n c o e f f i c i e n t of an annealed s a l t sample which i s made 
wet, i n t h a t the e f f e c t of r e s i d u a l water i s extremely complex. 
In s u c c e s s i v e r u n s , as the sample d r i e s , the v a l u e s of the l i n e a r 
t h ermal expansion c o e f f i c i e n t approach those of the annealed sam
p l e s . 

I n the case of the annealed s a l t samples, two d i s t i n c t breaks 
i n the l i n e a r t h e r m a l e x p a n s i o n curve a r e observed. The upper 
break was o r i g i n a l l y thought to be r e l a t e d to the g l a s s - t r a n s i t i o n 
of the m a t e r i a l , w h i l e the lower one was a s c r i b e d to the T g of the 
i o n i c r e g i o n as i t corresponds i n temperature to the m e c h a n i c a l β 
r e l a x a t i o n . As mentioned b e f o r e , some doubt e x i s t s c o n c e r n i n g 
these assignments, and the t o p i c w i l l be d i s c u s s e d more e x t e n 
s i v e l y l a t e r . As the l i n e a r t hermal expansion b e h a v i o r of the 
annealed samples can be c o r r e l a t e d w i t h fundamental p r o p e r t i e s of 
the m a t e r i a l such as the g l a s s t r a n s i t i o n , among o t h e r s , the 
i n f l e c t i o n temperatures and the l i n e a r thermal expansion c o e f f i 
c i e n t s are noteworthy. They are l i s t e d i n Table 1 f o r both the 
a c i d and the s a l t s . 

The d e n s i t i e s of the N a f i o n s were a l s o i n v e s t i g a t e d ( 4 1 ) . 
The e x p e r i m e n t a l r e s u l t s , i n s p i t e of c o n s i d e r a b l e s c a t t e r , show 
c l e a r l y t h a t the d e n s i t i e s decrease w i t h i n c r e a s i n g m o i s t u r e con
t e n t . However, they seem to be independent of the e q u i v a l e n t 
w e i g h t . The d a t a on the decrease i n d e n s i t y w i t h i n c r e a s i n g water 
content are e x p l a i n a b l e on the b a s i s of s i m p l e volume a d d i t i v i t y . 
The l a r g e s c a t t e r of the e x p e r i m e n t a l d e n s i t i e s ( s t a n d a r d d e v i a 
t i o n s of ±4%) i s a t t r i b u t e d to the p o s s i b i l i t y t h a t the sample i s 
s u b j e c t e i t h e r to a microphase s e p a r a t i o n process which i s s t r o n g 
l y i n f l u e n c e d by the sample h i s t o r y and which a f f e c t s the d e n s i 
t i e s o f the m a t e r i a l v e r y s t r o n g l y , or to p a r t i a l c r y s t a l l i z a t i o n 
( o r r e c r y s t a l l i z a t i o n ) d u r i n g a n n e a l i n g , o r b o t h . 

S t r e s s R e l a x a t i o n S t u d i e s 

The s t r e s s r e l a x a t i o n b e h a v i o r of the N a f i o n system e x h i b i t s 
some unusual c h a r a c t e r i s t i c s ; the r e l a x a t i o n master curves of the 
p r e c u r s o r as w e l l as of N a f i o n i n i t s a c i d and s a l t forms are v e r y 
b r o a d , and are c h a r a c t e r i z e d by a wide d i s t r i b u t i o n of r e l a x a t i o n 
t i m e s . F i g u r e s 2, 3, and 4 show the i n d i v i d u a l s t r e s s r e l a x a t i o n 
curves and the master c u r v e s , w i t h the r e f e r e n c e temperatures 
i n d i c a t e d i n the c a p t i o n s , f o r the p r e c u r s o r ( 4 2 ) , N a f i o n a c i d and 
N a f i o n - K ( 3 1 ) , r e s p e c t i v e l y . F i g u r e 3 a l s o shows the master 
curves f o r s t y r e n e and two s y t r e n e ionomers f o r the sake of com
p a r i s o n . Time-temperature s u p e r p o s i t i o n of s t r e s s r e l a x a t i o n d ata 
appears to be v a l i d i n the p r e c u r s o r and i n the dry N a f i o n a c i d , a t 
l e a s t over the time s c a l e of the experiments. I n the case of 
N a f i o n - K , time-temperature s u p e r p o s i t i o n i s not v a l i d , l e a d i n g to 
a breakdown a t low t e m p e r a t u r e s , but i s r e e s t a b l i s h e d a t h i g h 
temperatures (above 180°C). S i m i l a r b e h a v i o r was a l s o observed 
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f o r a low m o l e c u l a r weight CV5 χ 10^) s t y r e n e ionomer (2). The 
a d d i t i o n of s m a l l amounts of water to the N a f i o n a c i d a l s o l e a d s 
to a breakdown i n time-temperature s u p e r p o s i t i o n . N e v e r t h e l e s s , 
the pseudo-master curve d e f i n i t e l y shows t h a t s t r e s s r e l a x a t i o n i s 
f a s t e r i n the wet s t a t e than i s observed i n the dry samples. T h i s 
i m p l i e s t h a t the i n t r o d u c t i o n of water a c c e l e r a t e s the r a t e of 
s t r e s s r e l a x a t i o n due to the p l a s t i c i z a t i o n e f f e c t of the water 
w i t h i n the i o n i c domains. 

The r e l a x a t i o n curves ( w i t h the r e f e r e n c e temperatures a t the 
g l a s s t r a n s i t i o n s as they were a s s i g n e d i n the o r i g i n a l paper) are 
broad f o r the p r e c u r s o r and the i o n i z e d N a f i o n s . S i n c e the p r e 
c u r s o r i s a s e m i c r y s t a l l i n e polymer, the b r e a d t h of the spectrum 
may be m a i n l y a t t r i b u t a b l e to the presence of c r y s t a l s . However, 
i n the case of i o n i z e d N a f i o n s , t h i s g r e a t b r e a d t h must be 
a s c r i b e d not o n l y to the i n f l u e n c e of c r y s t a l l i n i t y but a l s o to the 
e f f e c t of s t r o n g i o n i c a g g r e g a t i o n . No d i s c u s s i o n i s p r e s e n t e d i n 
the o r i g i n a l p u b l i c a t i o n c o n c e r n i n g the s i g n i f i c a n c e of the s h i f t 
f a c t o r s o b t a i n e d by time-temperature s u p e r p o s i t i o n . I t s h o u l d be 
noted t h a t i n view of the problem i n a s s i g n i n g the T g

! s of these 
polymers, the p o s i t i o n of the r e l a x a t i o n curves of the N a f i o n a c i d 
and s a l t s s h o u l d not be taken as a b s o l u t e . A d d i t i o n a l h o r i z o n t a l 
s h i f t i n g may be r e q u i r e d . Only the shapes of the curves are 
s i g n i f i c a n t h e r e . 

In F i g u r e 5 , the ten-second t e n s i l e modulus, Ε(10 s e c ) , versus 
temperature p l o t s f o r the p r e c u r s o r , the N a f i o n a c i d and the 
N a f i o n - K s a l t are compared w i t h those of s t y r e n e and i t s i o n o 
mer (42). I n each case , the v a l u e of the modulus at the g l a s s 
t r a n s i t i o n temperature, as i t was a s s i g n e d a t t h a t time, i s of the 
o r d e r of ^10? N/m^, about one to two o r d e r s of magnitude lower 
than the v a l u e s f o r s t y r e n e or i t s ionomers. The primary r e l a x a 
t i o n temperature of the p r e c u r s o r , which i s about 10°C, r i s e s 
d r a m a t i c a l l y upon i o n i z a t i o n , i . e . to 1 1 0 °C f o r the a c i d and to 
220°C f o r the s a l t , i f the h i g h - t e m p e r a t u r e r e l a x a t i o n s are taken 
as the g l a s s t r a n s i t i o n s (but see below f o r more e x t e n s i v e d i s c u s 
s i o n of α and β peak a s s i g n m e n t s ) . T h i s d r a m a t i c r i s e i n the 
g l a s s t r a n s i t i o n i s undoubtedly r e l a t e d t o the e f f e c t s of i o n 
a g g r e g a t i o n , which w i l l be d i s c u s s e d i n d e t a i l i n a subsequent 
s e c t i o n . 

Under-water S t r e s s R e l a x a t i o n S t u d i e s 

In o r d e r to e l u c i d a t e the e f f e c t of i o n i c a g g r e g a t i o n on the 
p r i m a r y r e l a x a t i o n p r o c e s s , i t seems u s e f u l to reduce the i o n i c 
i n t e r a c t i o n by the i n t r o d u c t i o n of water i n t o the i o n i c r e g i o n s . 
S i n c e water i s l a r g e l y i n c o m p a t i b l e w i t h the f l u o r o c a r b o n m a t r i x , 
a l t h o u g h some of i t i s c l o s e l y a s s o c i a t e d w i t h the CF2 groups due 
to the s m a l l s i z e of the aggregates ( 3 8 ) , the w a t e r - p l a s t i c i z a t i o n 
can be expected to o c c u r p r e f e r e n t i a l l y i n the i o n i c domains 
r a t h e r than i n the m a t r i x . As w i l l be shown l a t e r , however, the 
p r o x i m i t y of the water does i n f l u e n c e the m a t r i x Τ a p p r e c i a b l y 
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6. K Y U A N D E I S E N B E R G Mechanical Relaxations 89 

Figure 5. The comparison of E(10 s) vs. temperature curves for the precursor, 
Nafion acid and Nafion-K; A, precursor; B, Nafion acid; C, Nafion-K; D, poly

styrene', and E, s tyre ne — 9% Να MA (42).  P
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90 P E R F L U O R I N A T E D I O N O M E R M E M B R A N E S 

a l s o ( 3 8 ) . The c o n t r i b u t i o n of i o n i c a g g r e g a t i o n to the p r i m a r y 
r e l a x a t i o n p r o c e s s can then be e x p l o r e d d i r e c t l y as a r e s u l t of 
changes i n the s t r e n g t h o r hardness of the i o n i c aggregates i n the 
dry and wet s t a t e s . These c o n s i d e r a t i o n s suggest the u t i l i t y o f 
under-water s t r e s s r e l a x a t i o n s t u d i e s (40) i n which the sample can 
be s t r e t c h e d i n a water environment. T h i s t e c h n i q u e p e r m i t s the 
study of s t r e s s r e l a x a t i o n of i o n i c m a t e r i a l s i n which the s t r o n g 
i o n i c i n t e r a c t i o n s have been reduced c o n s i d e r a b l y by i o n h y d r a t i o n . 

Under-water s t r e s s r e l a x a t i o n of the N a f i o n a c i d and N a f i o n -
Na samples w i t h an e q u i v a l e n t weight of 1200 was c a r r i e d out by 
Kyu and E i s e n b e r g (40). The degree of n e u t r a l i z a t i o n of the 
Nafion-Na was measured t o be c a . 80%. Time-temperature superposed 
master curves of the two systems, reduced to a r e f e r e n c e tempera
t u r e of 50°C, are shown i n F i g u r e 6. The under-water s t r e s s r e l a x 
a t i o n b e h a v i o r of N a f i o n a c i d resembles t h a t of Nafion-Na, except 
f o r the f a c t t h a t the e l a s t i c modulus i s somewhat lower i n the 
a c i d . T h i s l a t t e r f e a t u r e may be due to the d i f f e r e n c e i n the 
degree of water a b s o r p t i o n of the a c i d and s a l t samples (26,31). 
The s w e l l i n g o f N a f i o n a c i d i s g r e a t e r than t h a t of Nafion-Na, 
which y i e l d s a m a t e r i a l of lower modulus. 

The most s t r i k i n g f e a t u r e of t h i s under-water s t r e s s r e l a x a 
t i o n i s perhaps the g r e a t s i m i l a r i t y of the superposed r e l a x a t i o n 
master curves of the a c i d and the s a l t samples. I n c o n t r a s t , the 
c o r r e s p o n d i n g c o n v e n t i o n a l s t r e s s r e l a x a t i o n curves i n the dry 
s t a t e are s i g n i f i c a n t l y d i f f e r e n t from one another ( 3 1 ) . The 
tendency i s more e v i d e n t i n the comparison of the ten-second t e n 
s i l e modulus Ε(10 sec) v e r s u s temperature curves of N a f i o n a c i d 
and Nafion-Na i n the r e g u l a r ( d r y - s t a t e ) and under-water s t r e s s 
r e l a x a t i o n s t u d i e s , as shown i n F i g u r e 7. The temperature depen
d e n c i e s o f the moduli of the dry samples d i f f e r a p p r e c i a b l y due to 
the g r e a t d i f f e r e n c e i n t h e i r g l a s s t r a n s i t i o n s . The under-water 
s t r e s s r e l a x a t i o n study does not cover a wide range of tempera
t u r e s due to i n s t r u m e n t a l l i m i t a t i o n s ; however, over the range 
i n v e s t i g a t e d , the r a t e of s t r e s s r e l a x a t i o n appears to be the same 
i n the a c i d and the s a l t . 

The resemblance of the under-water s t r e s s r e l a x a t i o n curves 
and the d i s s i m i l a r i t y o f the s t r e s s r e l a x a t i o n b e h a v i o r of the 
N a f i o n a c i d and the s a l t i n the dry s t a t e may be e x p l a i n e d as 
f o l l o w s . The phase s e p a r a t e d h y d r o p h i l i c r e g i o n s are expected to 
c o n t a i n a s u b s t a n t i a l f r a c t i o n of the e t h e r s i d e c hains which are 
anchored i n the i o n i c domains by t h e i r p o l a r end groups. I n the 
dry s t a t e , the coulombic i n t e r a c t i o n s w i t h i n the i o n i c aggregates 
are so s t r o n g t h a t these domains p r o b a b l y s e r v e as e f f e c t i v e cross
l i n k s . T h i s would not o n l y reduce the m o b i l i t y of molecules w i t h i n 
the domains but would a l s o c o n t r o l the m o b i l i t y of the f l u o r o c a r b o n 
m a t r i x through the s i d e c h a i n s ; t h i s , i n t u r n , l e a d s to the r i s e i n 
the p r i m a r y r e l a x a t i o n temperature. 

When the samples a r e immersed i n w a t e r , the i o n i c domains must 
s w e l l due to t h e i r h y d r o p h i l i c n a t u r e . A c c o r d i n g t o Mauritζ et a l . , 
(36,37) the d i r e c t i n t e r a c t i o n of the bound a n i o n and the unbound 
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6. K Y U A N D E I S E N B E R G Mechanical Relaxations 9 3 

c a t i o n i s reduced upon h y d r a t i o n and the c a t i o n becomes h i g h l y 
m o b i l e w i t h i n c r e a s i n g degree of h y d r a t i o n . T h i s f a c t suggests 
t h a t the s t r e n g t h of the i o n i c a s s o c i a t i o n and thereby a l s o i t s 
e f f e c t on the g l a s s t r a n s i t i o n must be d i m i n i s h e d by h y d r a t i o n . 
T h i s i s analogous to the w e l l e x p l o r e d i o n i c domain p l a s t i c i z a t i o n 
e f f e c t ( 4 3 ) , as a r e s u l t of which the s t r e s s r e l a x a t i o n i s a c c e l 
e r a t e d i n the p l a s t i c i z e d c o n d i t i o n over t h a t i n the dry s t a t e . 
The g r e a t s i m i l a r i t y i n the shapes of the under-water r e l a x a t i o n 
curves f o r the two systems suggests t h a t the r e l a x a t i o n p r o c e s s 
may be independent o f the k i n d of c o u n t e r c a t i o n i n the sample. 
In o t h e r words, the c o u n t e r c a t i o n may be i s o l a t e d from the bound 
an i o n by water s h i e l d i n g , r e s u l t i n g i n a weakening of the i n t e r 
a c t i o n between the c a t i o n and a n i o n . Hence, the e f f e c t o f the 
c o u n t e r i o n on the m e c hanical r e l a x a t i o n i n the under-water s t a t e 
i s not s i g n i f i c a n t . I t i s o b v i o u s , t h e r e f o r e , t h a t the enhance
ment of the p r i m a r y r e l a x a t i o n upon n e u t r a l i z a t i o n of N a f i o n mem
branes i n the dry s t a t e i s m a i n l y due to the s t r o n g i o n i c i n t e r 
a c t i o n s . 

Dynamic M e c h a n i c a l S t u d i e s 

The dynamic me c h a n i c a l b e h a v i o r of N a f i o n a c i d and v a r i o u s 
a l k a l i s a l t s (EW = 1365) was i n v e s t i g a t e d by Yeo and E i s e n b e r g (31) 
by means of a t o r s i o n pendulum i n a temperature range of -150 to 
250°C a t a frequency of c a . 1 Hz. The temperature dependence of 
the s t o r a g e shear modulus, G', and the l o s s t angent, tan δ, f o r 
the N a f i o n a c i d and N a fion-Cs are shown i n F i g u r e 8. Three d i s 
p e r s i o n r e g i o n s , l a b e l e d α, β, and γ i n descending o r d e r of tem
p e r a t u r e are e v i d e n t i n each case. Of the t h r e e m echanical 

d i s p e r s i o n s , the α peak shows the h i g h e s t i n t e n s i t y , the β 
peak a p p e a r i n g as a s h o u l d e r o f lower i n t e n s i t y . S i m i l a r b e h a v i o r 
was observed f o r L i , Na, and Κ s a l t s . Except f o r the L i + s a l t , 
the p o s i t i o n o f the α peaks f o r N a + , K + and C s + s a l t s i s i n q u a l i 
t a t i v e agreement w i t h the T g

 œ cq/a r e l a t i o n (where c stands f o r 
i o n c o n c e n t r a t i o n , q f o r e l e c t r i c a l charge and a f o r d i s t a n c e 
between c e n t e r s o f charge of a n i o n and c a t i o n ) , which has been 
found o p e r a t i v e i n many i o n c o n t a i n i n g polymers ( 2 ) . The compari
son of t h e α peak p o s i t i o n s of d i f f e r e n t s a l t s i s by no means 
s t r a i g h t f o r w a r d s i n c e the p o s i t i o n can be i n f l u e n c e d by the degree 
of n e u t r a l i z a t i o n as w e l l as by the degree of c r y s t a l l i n i t y , as 
w i l l be d i s c u s s e d l a t e r . I n a d d i t i o n to the above mentioned 
e f f e c t s , i t i s c o n c e i v a b l e t h a t the e f f e c t of r e s i d u a l w a t e r , even 
a t these h i g h t e m p e r a t u r e s , may by r e s p o n s i b l e f o r the f a i l u r e of 
the L i + i o n to f i t the r e l a t i o n . The e f f e c t of water on the p o s i 
t i o n of the α peak c o u l d not be s t u d i e d s i n c e the s a l t s l o s e water 
a t a v e r y r a p i d r a t e a t e l e v a t e d temperatures. 

The m e c h a n i c a l β peak i n the d r i e d a c i d o c c u r s a t ^20°C a t 
c a . 1 Hz and i n the d r i e d s a l t i t appears a t ^150°C. The water 
s e n s i t i v i t y of the β peak p o s i t i o n i s v e r y remarkable and i s d e p i c 
t e d i n F i g u r e 9. With i n c r e a s i n g water c o n t e n t , the β peak 
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6. K Y U A N D E I S E N B E R G Mechanical Relaxations 95 

Figure 9. Variations of G ' and tan δ with temperature for Nafion acid with varying 
water content at ca. 1 Hz ( 3 1 ) . Key: , G ' = 0; , G ' = 0.5; — · — , 
G ' = 2.5; O , tan δ = 0.0; ®, tan δ = 0.1; ·, tan δ = 0.5; ®, tan δ = 0.9; •, tan 
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96 P E R F L U O R I N A T E D I O N O M E R M E M B R A N E S 

m i g r a t e s t o lower temperature and e v e n t u a l l y merges w i t h the γ 
peak. S i m i l a r b e h a v i o r was observed f o r the s a l t s , the decrease 
i n temperature of β peak p o s i t i o n w i t h i n c r e a s i n g water c o n t e n t 
b e i n g perhaps even more d r a s t i c . T h i s remarkable s e n s i t i v i t y t o 
water l e d o r i g i n a l l y (31) to the s u g g e s t i o n t h a t the 3 peak may be 
a s s o c i a t e d w i t h m o l e c u l a r motions w i t h i n the i o n i c domains. The 
d e p r e s s i o n of the β peak temperature w i t h m o i s t u r e content i s a l s o 
found i n the d i e l e c t r i c s t u d i e s on the N a f i o n a c i d ( 3 1 ) . 

While the water s e n s i t i v i t y of the β peak i s g e n e r a l l y agreed 
on, c o n t r a d i c t o r y evidence e x i s t s i n r e g a r d to the α peak. P r e l i 
minary e v i d e n c e from Yeo and E i s e n b e r g (31) suggests t h a t the α 
peak i n N a f i o n a c i d might be i n s e n s i t i v e t o m o i s t u r e content s i n c e 
water i s , by and l a r g e , i n c o m p a t i b l e w i t h the f l u o r o c a r b o n back
bone. However, a very r e c e n t study (40) , as mentioned b e f o r e , 
p r e s e n t s evidence of a d e f i n i t e s h i f t to lower temperature of the 
p r i m a r y t r a n s i t i o n s of N a f i o n a c i d and i t s sodium s a l t on immer
s i o n i n w a t e r , r e l a t i v e to those o b t a i n e d i n the dry s t a t e . 

At t h i s p o i n t , the o r i g i n a l assignments on the r e l a x a t i o n 
mechanisms of the α and β peaks, which have been a t t r i b u t e d to the 
g l a s s t r a n s i t i o n s of the f l u o r o c a r b o n m a t r i x and the i o n i c r egions, 
r e s p e c t i v e l y , need to be reexamined. The arguments i n f a v o u r of 
the above assignments (31) are s t r o n g l y based on the p r e l i m i n a r y 
f i n d i n g s t h a t t h e β peak i s h i g h l y s e n s i t i v e to water c o n t e n t , 
w h i l e the α peak show l i t t l e o r no s e n s i t i v i t y . T h i s l a t t e r obser
v a t i o n c o n t r a s t s w i t h the r e c e n t under-water s t r e s s r e l a x a t i o n 
r e s u l t s , which show a d e f i n i t e s h i f t of the p r i m a r y t r a n s i t i o n . 

Another f e a t u r e i s the q u a l i t a t i v e s i m i l a r i t y of the t a n δ 
v e r s u s temperature b e h a v i o r of the N a f i o n s to t h a t of o t h e r i o n o -
mer systems (2,44). I n the hydrocarbon based ionomers s t u d i e d to 
d a t e , two tan δ peaks have been observed i n the g l a s s t r a n s i t i o n 
r e g i o n . The one o c c u r r i n g a t the lower temperature i s u s u a l l y 
i d e n t i f i e d w i t h the m a t r i x T g w h i l e the one at the h i g h e r tempera
t u r e , which u s u a l l y has the g r e a t e r i n t e n s i t y , i s a t t r i b u t e d to 
the Tg o f the i o n i c r e g i o n s . As an example one may c o n s i d e r the 
s t u d i e s o f R i g d a h l and E i s e n b e r g (44) , who i n v e s t i g a t e d p o l y s t y 
rene s u l f o n a t e d t o v a r y i n g e x t e n t s and who showed t h a t the 2-9 
mole % samples e x h i b i t the i o n i c Tg peak a t h i g h e r temperatures 
and w i t h a g r e a t e r i n t e n s i t y than t h a t of the s t y r e n e m a t r i x . 
Many o t h e r examples e x i s t ( 2 ) . I f the N a f i o n s are not an excep
t i o n a l case f o r the ionomer systems, the o r i g i n a l assignments 
r e g a r d i n g the α and β peaks c o u l d be r e v e r s e d . I n subsequent s e c 
t i o n s , a d d i t i o n a l evidence b e a r i n g on t h i s problem w i l l be i n t r o 
duced, and a more e x t e n s i v e d i s c u s s i o n p r e s e n t e d . 

The m e c h a n i c a l γ peak o c c u r s a t CJI. -100 C a t c a . 1 Hz f o r 
both t h e a c i d and the s a l t s and corresponds to t h e y peak found i n 
p o l y ( t e t r a f l u o r o e t h y l e n e ) a t the same temperature ( 4 5 ) . I n con
t r a s t to the β and α peaks, the γ peak p o s i t i o n remains u n a f f e c t e d 
by v a r i a t i o n s i n c o u n t e r i o n s i z e and degree of n e u t r a l i z a t i o n , as 
w i l l be demonstrated i n a l a t e r s e c t i o n . However, the h e i g h t 
( t a n δ) of the γ peak i s i n v e r s e l y p r o p o r t i o n a l to the c o u n t e r i o n 
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6. K Y U A N D E I S E N B E R G Mechanical Relaxations 97 

r a d i u s , except f o r the a c i d , f o r which i t i s anomalously low. 
I n t r o d u c t i o n of water i n t o both the a c i d and the s a l t s does not 
a p p r e c i a b l y a f f e c t the p o s i t i o n of the γ peak, a t l e a s t a t the low 
water l e v e l s i n v e s t i g a t e d . 

The d i s s i m i l a r i t y of the e f f e c t of water on the b e h a v i o r of 
the γ peak on the one hand, and on t h a t of the α and β peaks on 
the o t h e r , suggests t h a t the m o l e c u l a r mechanism of the γ peak 
must be v e r y d i f f e r e n t from those of the α and 3 r e g i o n s . I t 
seems e v i d e n t t h a t the water p l a s t i c i z a t i o n e f f e c t which dominates 
the α and 3 r e g i o n s i s no l o n g e r o p e r a t i v e i n the γ r e g i o n . On 
the b a s i s of the good correspondence o f both the γ peak p o s i t i o n 
and the a c t i v a t i o n energy w i t h t h a t of the γ peak i n PTFE ( 4 5 ) , 
the γ d i s p e r s i o n may t e n t a t i v e l y be a s s i g n e d t o l o c a l s h o r t range 
motions of the f l u o r o c a r b o n c h a i n s , as i t has been i n PTFE ( 4 5 ) . 

A study of the dynamic m e c h a n i c a l r e l a x a t i o n s of the p r e c u r 
s o r was performed by Hodge and E i s e n b e r g ( 4 2 ) . The major t e c h 
n i q u e s employed i n t h e i r work u t i l i z e d v i b r a t i n g r e e d , t o r s i o n 
pendulum and d i e l e c t r i c r e l a x a t i o n . Three peaks are observed i n 
the l o s s tangent o r l o s s modulus v e r s u s temperature curves from 
the v i b r a t i n g reed s t u d i e s . These r e l a x a t i o n s a r e termed as a, β, 
and γ i n descending o r d e r of temperature and are shown i n F i g u r e 
10. Only two peaks, c o r r e s p o n d i n g t o the α and 3 r e g i o n s , a r e 
seen i n the t o r s i o n pendulum s t u d i e s , as i l l u s t r a t e d i n F i g u r e 11. 
The 3 peak i s found to be due to two d i f f e r e n t p r o c e s s e s which are 
l a b e l e d 31 and 3". The c o n c l u s i o n s r e l e v a n t t o the assignment of 
the r e l a x a t i o n mechanisms may be summarized as f o l l o w s . 

A low-temperature γ r e l a x a t i o n a t ca. -160°C a t ca. 300 Hz 
has an a c t i v a t i o n energy of 17 kJ/mol as determined d i e l e c t r i c a l l y . 
I t i s m e c h a n i c a l l y v e r y weak ( E " m a x χ 10 7 N/m2, tan 6 ^lO"" 2) , 
but i t i s d i e l e c t r i c a l l y most i n t e n s e (ε Μ ^ 1 0 ~ 2 ) . I t i s due t o 
the -S0«F group and i s p r o b a b l y caused by e i t h e r the r o t a t i o n 
about the C-S bond o r by a l o c a l i z e d wagging motion of the SO2F 
group i t s e l f . T h i s Ύ r e l a x a t i o n i s not d e t e c t e d i n the f r e q u e n c y -
temperature range of the t o r s i o n pendulum s t u d i e s and i s not found 
i n the d i e l e c t r i c s t u d i e s of the i o n i z e d N a f i o n membranes. 

A 3 r e l a x a t i o n o c c u r s i n the temperature range from -100 to 
-20°C. At low f r e q u e n c i e s , c a . 0.3 Hz, i t can be r e s o l v e d i n t o 
two components a t ca.. -130 and -95°C, l a b e l e d β 1 and β", r e s p e c 
t i v e l y . The a c t i v a t i o n energy f o r the d i e l e c t r i c β r e l a x a t i o n pro
cess i s _ca. 45 kJ/mole. The h i g h temperature β" process p r i m a r i l y 
r e f l e c t s the d i e l e c t r i c β r e l a x a t i o n p r o c e s s which l i k e l y o r i g i 
n a t e s from motions of the f l u o r i n a t e d e t h e r s i d e c h a i n s . On the 
o t h e r hand, the low temperature β ? p r o c e s s , which corresponds to 
the m e c h a n i c a l γ r e l a x a t i o n i n the i o n i z e d N a f i o n s , as w e l l as i n 
PTFE, i s a t t r i b u t e d to l o c a l s h o r t - r a n g e motions of the f l u o r o c a r 
bon backbone. The mechanism of the β" p r o c e s s s h o u l d a l s o be 
o b s e r v a b l e i n the case of i o n i z e d N a f i o n ; however, t h i s i s h i d d e n 
by the pronounced water-dependent β peak. 

An α r e l a x a t i o n i s unambiguously a s s i g n e d to the g l a s s t r a n 
s i t i o n of the p r e c u r s o r m a t r i x and has an apparent a c t i v a t i o n 
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100 P E R F L U O R I N A T E D I O N O M E R M E M B R A N E S 

energy of c a . 310 kJ/mole a t the T g. The m o l e c u l a r mechanism of 
t h i s t r a n s i t i o n i s analogous to t h a t of the α p r o c e s s of i o n i z e d 
N a f i o n except f o r the t a c t t h a t the α t r a n s i t i o n of i o n i z e d N a f i o n 
i s i n f l u e n c e d by the d u a l e f f e c t s of c r y s t a l l i n i t y and i o n i c 
a g g r e g a t i o n , w h i l e the α r e l a x a t i o n of the p r e c u r s o r r e f l e c t s 
m a i n l y backbone m o b i l i t y , p o s s i b l y a f f e c t e d by c r y s t a l l i n i t y . 

E f f e c t s of V a r i o u s Parameters on M e c h a n i c a l R e l a x a t i o n s 

The presence of water has been demonstrated to a f f e c t the 
r e l a x a t i o n b e h a v i o r of the N a f i o n s p r o f o u n d l y . I t i s t h e r e f o r e of 
i n t e r e s t to i n q u i r e about the e f f e c t of v a r i o u s o t h e r v a r i a b l e s , 
n o t a b l y s t r u c t u r a l ones, on the r e l a x a t i o n s of t h i s m a t e r i a l . 
T h i s s e c t i o n w i l l d e a l w i t h v a r i o u s e f f e c t s such as the degree of 
n e u t r a l i z a t i o n , the type o f c o u n t e r i o n s and the degree of c r y s t a l 
l i n i t y on the m e c hanical r e l a x a t i o n s . 

E f f e c t of Degree of N e u t r a l i z a t i o n . I t i s e v i d e n t t h a t a 
wide range of p r o p e r t i e s , p a r t i c u l a r l y the r h e o l o g i c a l p r o p e r t i e s , 
are a l t e r e d by the i n t r o d u c t i o n of i o n s i n t o p r e c u r s o r to form 
N a f i o n . Furthermore, s i n c e the p r o p e r t i e s of the a c i d d i f f e r 
g r e a t l y from those o f the s a l t s , t h e r e i s no doubt t h a t these pro
p e r t i e s must a l s o depend on the degree of n e u t r a l i z a t i o n . The 
e f f e c t of the degree of n e u t r a l i z a t i o n on the m e c hanical r e l a x a 
t i o n s was e x p l o r e d by Hashiyama and E i s e n b e r g (46) by means of a 
t o r s i o n pendulum. The samples were n e u t r a l i z e d by immersing the 
a c i d (EW = 1155) i n an a p p r o p r i a t e CsQH s o l u t i o n f o r v a r y i n g 
p e r i o d s . The degrees of n e u t r a l i z a t i o n of the v a r i o u s Nafion-Cs 
samples thus prepared were 39%, 50%, 76% and 90%. The e x p e r i 
ments covered a temperature range of -150 to 250°C a t a frequency 
of c a . 1 Hz. 

The s t o r a g e shear modulus, G 1, and l o s s t angent, t a n δ, v e r 
sus temperature f o r the Nafion-Cs w i t h d i f f e r e n t degrees of neu
t r a l i z a t i o n are shown i n F i g u r e 12. I t i s e v i d e n t t h a t the r e l a x 
a t i o n r e g i o n (the r e g i o n i n which the l o g a r i t h m i c modulus curve 
e x h i b i t s the s h a r p e s t drop, not i d e n t i c a l w i t h , but c l o s e t o , Tg) 
s h i f t s s y s t e m a t i c a l l y to h i g h e r temperatures w i t h i n c r e a s i n g 
degree of n e u t r a l i z a t i o n of the C s - s a l t s . T h i s suggests t h a t an 
i n c r e a s e i n the degree of n e u t r a l i z a t i o n i n c r e a s e s p r o g r e s s i v e l y 
the degree of i o n i c a g g r e g a t i o n or the s t r e n g t h of the aggregates, 
thereby i n c r e a s i n g the r e l a x a t i o n temperature r e g i o n o r the g l a s s 
t r a n s i t i o n temperature. At low temperatures, the drop i n the 
modulus i n the γ r e g i o n i s q u i t e c l e a r , w h i l e i n the β r e g i o n i t 
i s somewhat l e s s so, a l t h o u g h s t i l l d i s c e r n i b l e . 

As might be e x pected, the l o s s tangent v e r s u s temperature p l o t 
r e v e a l s t h r e e d i s t i n c t peaks, c o r r e s p o n d i n g to the α, β, and γ 
r e l a x a t i o n s of the i o n i z e d N a f i o n s , i n descending o r d e r o f temper
a t u r e . The γ r e g i o n occurs a t c a . -90°C, r e g a r d l e s s of the v a r i a 
t i o n i n the degree of n e u t r a l i z a t i o n o f the sample, which i s con
s i s t e n t w i t h the p r e v i o u s study (31). I n c o n t r a s t t o i t s e f f e c t 
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Figure 12. Variation of G' and tan δ with temperature for Nafion-Cs with varying 
degrees of neutralization. 
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102 P E R F L U O R I N A T E D I O N O M E R M E M B R A N E S 

on the α and 3 peaks, the e f f e c t of the n e u t r a l i z a t i o n on the 
p o s i t i o n of the γ peak appears to be extremely s m a l l . 

The p o s i t i o n of the 3 peak, except f o r the 39% sample, e x h i 
b i t s a tendency of s h i f t i n g t o h i g h e r temperatures w i t h i n c r e a s i n g 
degree of n e u t r a l i z a t i o n , w h i l e the peak i n t e n s i t y decreases mar
k e d l y . T h i s b e h a v i o r i s analogous to t h a t of the lower tempera
t u r e peak of many o t h e r ionomers (2 , 4 4 ) , i n which i t shows a g r a 
d u a l movement to h i g h e r temperature w i t h i n c r e a s i n g i o n c o n t e n t , 
accompanied by a s l i g h t decrease i n i n t e n s i t y . T h i s peak can be 
i d e n t i f i e d w i t h the m a t r i x Tg. T h i s b e h a v i o r i s e x p l a i n a b l e on 
the b a s i s t h a t the n e u t r a l i z a t i o n enhances the s t r e n g t h of i o n i c 
i n t e r a c t i o n , w h i c h , i n t u r n , reduces the m o b i l i t y of the f l u o r o 
carbon m a t r i x , and thereby i n c r e a s e s the peak temperature w h i l e 
d e p r e s s i n g the r e l a x a t i o n i n t e n s i t y . I f the 3 r e l a x a t i o n were the 
Tg of the i o n i c r e g i o n , one would not expect such d e p r e s s i o n of 
r e l a x a t i o n i n t e n s i t y w i t h i n c r e a s i n g degree of n e u t r a l i z a t i o n . 
As mentioned b e f o r e , the α and 3 peak assignments w i l l be d i s 
cussed more f u l l y i n a subsequent s e c t i o n . 

I n analogy w i t h the temperature dependence of G f w i t h v a r i o u s 
degrees of n e u t r a l i z a t i o n , the p o s i t i o n of the α peak moves to 
h i g h e r temperatures w i t h i n c r e a s i n g degree of n e u t r a l i z a t i o n , 
accompanied by a s l i g h t i n c r e a s e i n i n t e n s i t y . T h i s f e a t u r e 
p a r a l l e l s t h a t of the h i g h e r temperature peak of o t h e r ionomer 
systems (2,44), i n which i t shows a marked c o u n t e r i o n s e n s i t i v i t y , 
and s h i f t s d r a m a t i c a l l y t o h i g h e r temperatures w i t h i n c r e a s i n g i o n 
c o n t e n t . T h i s peak can be i d e n t i f i e d w i t h the Tg of the i o n i c 
r e g i o n . 

I n F i g u r e 13, the α peak temperature i s p l o t t e d a g a i n s t the 
C s + i o n content (the degree of n e u t r a l i z a t i o n ) . I t i s seen t h a t 
the i n c r e a s e of T a i s not l i n e a r but appears to be s i g m o i d a l . 
T h i s b e h a v i o r cannot be accounted f o r on the b a s i s of the 
Tg £ ^ r e l a t i o n because the i o n c o n c e n t r a t i o n (c) i s not e s s e n 
t i a l l y changed by the n e u t r a l i z a t i o n ; the charge (q) i s the same 
f o r H + and C s + and the d i s t a n c e (a) between c e n t e r s of charge of 
a n i o n and c a t i o n f o r C s + would be l a r g e r s i n c e the r a d i u s of the 
Cs+ c o u n t e r i o n i s g r e a t e r than t h a t o f the unhydrated H +. I n 
o t h e r words, the Tg would have to decrease w i t h n e u t r a l i z a t i o n i f 
the above r e l a t i o n were v a l i d i n the p r e s e n t case. O b v i o u s l y , 
o t h e r e f f e c t s i n t e r v e n e , such as p o s s i b l e h y d r a t i o n of the H + o r 
the s t r e n g t h of the d i p o l e s . The b e h a v i o r i s r e m i n i s c e n t of t h a t 
found i n the study of the T g of e t h y l a c r y l a t e - sodium a c r y l a t e 
copolymers (17) where the onset of the sigmoid has been a s s o c i a t e d 
w i t h the onset of c l u s t e r i n g of the i o n s , as opposed to s i m p l e 
m u l t i p l e t f o r m a t i o n . However, t h i s concept i s not o p e r a t i v e i n 
the p r e s e n t case because both the a c i d and the s a l t o r i g i n a l l y 
possess the phase s e p a r a t e d i o n i c domains as r e v e a l e d by the SAXS 
(3^,32,33), SANS (33) and IR (38) s t u d i e s . 

E f f e c t of C o u n t e r i o n Charge. S i n c e the e f f e c t of n e u t r a l i z a 
t i o n by monovalent c a t i o n s on the m e chanical r e l a x a t i o n s p r e s e n t s 
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Figure 13. Variation of the glass transition peak Τα with the degree of neutralization 
(Cs+ ion concentration). 
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i n t e r e s t i n g f e a t u r e s , i t i s a l s o of i n t e r e s t to e x p l o r e the e f f e c t 
of d i v a l e n t c a t i o n s . A p r e l i m i n a r y study of t h i s k i n d was p e r 
formed by Hashiyama and E i s e n b e r g ( 4 6 ) . N a f i o n a c i d o f 1155 EW 
was n e u t r a l i z e d w i t h an a p p r o p r i a t e BaCl2 s o l u t i o n t o prepare a 
B a - s a l t sample. The t o r s i o n pendulum r e s u l t s i n the form of G 1, 
G" and tan δ v e r s u s temperature are d e p i c t e d i n F i g u r e 14. A peak 
i s e v i d e n t a t ca. -90°C i n t a n δ and G" cu r v e s . J u d g i n g from the 
peak temperature, t h i s γ r e l a x a t i o n i s p r o b a b l y caused by the same 
mechanism as i n the a c i d and the monovalent s a l t samples d e s c r i b e d 
b e f o r e . The β peak occurs a t c a . -20°C and thus o v e r l a p s s l i g h t l y 
w i t h the γ peak. The o b s e r v a t i o n of the β r e g i o n a t such a low 
temperature may be due to the presence of some r e s i d u a l water 
which would a c t as a p l a s t i c i z e r w i t h i n the i o n i c domains. Other 
f a c t o r s may a l s o be p r e s e n t to depress the peak p o s i t i o n . 

A c l e a r drop i n G f and the c o r r e s p o n d i n g peak i n G" are e v i 
dent a t about 275°C. T h i s peak i s p o s s i b l y due to the c r y s t a l 
m e l t i n g p r o c e s s , as i t corresponds to the c r y s t a l m e l t i n g tempera
t u r e found i n the DSC (40) and the WAXD s t u d i e s (47) of the mono
v a l e n t N a f i o n s a l t s . I t i s a l s o c o n c e i v a b l e t h a t the g l a s s t r a n s i 
t i o n temperature of the m a t e r i a l has been r a i s e d t o t h a t l e v e l , 
and t h a t the peak i n t h i s case i s due to two mechanisms; i . e . 
c r y s t a l m e l t i n g and Tg of the i o n i c r e g i o n . The α peak i s not 
observed i n the t a n δ p l o t , a t l e a s t up to £a. 320°C. Comparing 
the temperature dependence of G 1 of the B a - s a l t w i t h those of mono
v a l e n t systems, i t i s seen t h a t the Tg i s h i g h e r than those found 
f o r monovalent c a t i o n s . T h i s phenomenon i s expected from the q/a 
e f f e c t on the Tg, which has been found o p e r a t i v e i n many i o n - c o n 
t a i n i n g polymers ( 2 ) . T h i s f e a t u r e s u p p o r t s the i d e a t h a t the α 
peak i s most l i k e l y a t t r i b u t e d t o the g l a s s t r a n s i t i o n o f the 
i o n i c r e g i o n s because i t i s ha r d to c o n c e i v e the m a t r i x Tg to be 
h i g h e r than the c r y s t a l m e l t i n g temperature. Hence, the p r e s e n t 
authors f a v o r the concept t h a t the α peak s h o u l d be a s s i g n e d to 
the Tg o f the i o n i c r e g i o n s , w h i l e the β peak s h o u l d be a s s o c i a t e d 
w i t h the g l a s s t r a n s i t i o n o f the N a f i o n m a t r i x . 

E f f e c t o f C r y s t a l l i n i t y . While n e u t r a l i z a t i o n i s known to 
e x e r t a s t r o n g i n f l u e n c e on mechanical r e l a x a t i o n s , i t i s c o n c e i v 
a b l e t h a t the degree of c r y s t a l l i n i t y i s a l s o s i g n i f i c a n t . To 
e x p l o r e t h i s a s p e c t , an amorphous N a f i o n s a l t sample was pre p a r e d 
by r a p i d quenching from the melt ( 4 0 ) . The o r i g i n a l N a f i o n s a l t 
(EW = 1200) had a degree of c r y s t a l l i n i t y o f COI. 7% as r e v e a l e d by 
a wide a n g l e X-ray d i f f r a c t i o n study ( 4 0 ) . The quenched sample 
was a l s o found to be c o m p l e t e l y amorphous by the absence of the 
c r y s t a l l i n e d i f f r a c t i o n peak. 

F i g u r e 15 i l l u s t r a t e s the comparison of ten-second t e n s i l e 
modulus Ε(10 sec) ve r s u s temperature o f the amorphous and semi-
c r y s t a l l i n e Nafion-Na as observed by dry s t a t e and underwater 
s t r e s s r e l a x a t i o n s t u d i e s . I t i s e v i d e n t t h a t the r a t e o f s t r e s s 
r e l a x a t i o n i s f a s t e r and the r e l a x a t i o n temperature i s lower i n 
amorphous N a f i o n , r e l a t i v e t o those of s e m i c r y s t a l l i n e N a f i o n . 
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6. K Y U A N D E I S E N B E R G Mechanical Relaxations 107 

T h i s f a c t suggests t h a t the presence of c r y s t a l s h i n d e r s the 
r e l a x a t i o n process by r e s t r i c t i n g the m o l e c u l a r motion of the 
amorphous c h a i n s such t h a t the r e l a x a t i o n times become l o n g e r . 

Below the p r i m a r y r e l a x a t i o n r e g i o n , c h a i n m o b i l i t y i s h i n 
dered both by the presence of c r y s t a l s which i m m o b i l i z e backbone 
segments, and by the i o n i c a ggregates, which t i e down the s i d e 
c h a i n s through s t r o n g coulombic i n t e r a c t i o n s . I n the p r i m a r y 
r e l a x a t i o n r e g i o n , the r e l a x a t i o n times f o r c h a i n motion a r e of 
the same o r d e r as the r e s i d e n c e times o f the segments i n the two 
i m m o b i l i z i n g s p e c i e s , i . e . the c r y s t a l l i t e s o r the i o n i c aggre
g a t e s . The disappearance of the c r y s t a l l i t e s removes one of these 
r e t a r d i n g s p e c i e s , which n a t u r a l l y a c c e l e r a t e s the c h a i n r e l a x a 
t i o n p r o c e s s . T h i s a s p e c t c o u l d be f u r t h e r e x p l o r e d by a s t u d y , 
through a range of e q u i v a l e n t w e i g h t s , of the r e l a x a t i o n b e h a v i o r 
of N a f i o n s w i t h v a r y i n g degrees of c r y s t a l l i n i t y and o f amorphous 
N a f i o n s . 

An Overview Of The R e l a x a t i o n Mechanisms 

The r e c e n t o b s e r v a t i o n of the w a t e r s e n s i t i v i t y of the p r i 
mary r e l a x a t i o n of both N a f i o n a c i d and i t s s a l t s has l e d to con
f l i c t i n g i d e a s r e g a r d i n g the assignment of the r e l a x a t i o n mecha
nisms o f the α and β peaks. At t h i s t i m e , i t s h o u l d be o f i n t e r 
e s t to r e a n a l y s e the phenomena based on the o v e r a l l evidence 
a v a i l a b l e to date. The phenomena which make t h i s assignment so 
d i f f i c u l t may be summerized as f o l l o w s . 

The most impo r t a n t f e a t u r e t h a t needs to be borne i n mind to 
a p p r e c i a t e the problems o f assignment o f t a n δ peaks t o the v a r i 
ous g l a s s t r a n s i t i o n s ( m a t r i x o r i o n i c r e g i o n s ) i s the f a c t t h a t 
the s i z e s of the phase s e p a r a t e d r e g i o n s are v e r y s m a l l . Thus, 
whatever happens i n one of the phases, would be expected t o have a 
s t r o n g e f f e c t on the o t h e r phase because of the i n t i m a t e c o n t a c t 
between the phases coupled w i t h t h e i r s m a l l s i z e . The o t h e r f e a 
t u r e i s t h a t s i n c e the m a t r i x and the i o n i c r e g i o n s a r e i n such 
c l o s e p r o x i m i t y , the water molecules can be accommodated v e r y 
c l o s e to the f l u o r o c a r b o n backbone ( 3 8 ) , which i n t u r n , suggests 
t h a t they would have the a b i l i t y t o i n t e r a c t w i t h o r p l a s t i c i z e 
the m a t r i x , i f o n l y by c r e a t i n g a " s o f t " s u r f a c e near the f l u o r o 
carbon r e g i o n s . S i n c e a m a j o r i t y of the e t h e r s i d e c h a i n s are 
anchored i n t h e i o n i c r e g i o n s through t h e i r p o l a r end groups, the 
m o b i l i t y of the backbone c h a i n s may be c o n t r o l l e d , to some e x t e n t , 
by these s i d e c h a i n s . The p l a s t i c i z a t i o n by water of the i o n i c 
domains would thus i n f l u e n c e not o n l y the m o l e c u l a r motion w i t h i n 
the i o n i c domains, but a l s o the f l u o r o c a r b o n backbone c h a i n s . 

For t h i s r e a s o n , the water s e n s i t i v i t y of both the α and β 
peaks are q u i t e r e a s o n a b l e ; t h u s , t h e i r unambiguous assignment to 
the Tç's of p a r t i c u l a r phases i s d i f f i c u l t . The thermal expansion 
c o e f f i c i e n t s t u d i e s show two i n f l e c t i o n s c o r r e s p o n d i n g to the β 
and ot r e l a x a t i o n s , but a g a i n one cannot a s s i g n them to s p e c i f i c 
Tg's. I n the DSC s t u d i e s , one t r a n s i t i o n i s observed a t c a . 140°C 
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108 P E R F L U O R I N A T E D I O N O M E R M E M B R A N E S 

i n the u n d r i e d s a l t sample, whi c h , upon d r y i n g , shows not a t y p i 
c a l t r a n s i t i o n but a movement t o h i g h e r temperatures w i t h s u c c e s 
s i v e heat t r e a t m e n t s . T h i s t r a n s i t i o n i s b e l i e v e d t o co r r e s p o n d 
to the α r e l a x a t i o n . The pr i m a r y r e l a x a t i o n observed i n the 
s t r e s s r e l a x a t i o n s t u d i e s of dry N a f i o n s corresponds to the α 
r e g i o n . The r i s e o f the pr i m a r y r e l a x a t i o n t o h i g h e r temperatures 
upon i o n i z a t i o n o f the p r e c u r s o r and n e u t r a l i z a t i o n of the a c i d 
suggests t h a t the pro c e s s i s due to the s t r o n g i o n i c i n t e r a c t i o n s 
w i t h i n the i o n i c a ggregates. T h i s i n d i c a t e s t h a t the α peak 
would be a s s o c i a t e d w i t h the Tg of the i o n i c r e g i o n s . T h i s i s 
f u r t h e r c o n f i r m e d i n the study of the d i v a l e n t s a l t s . 

The most i n s t r u c t i v e e v i d e n c e , a l t h o u g h by no means c o n c l u 
s i v e , which would suggest t h a t the α peak i s due t o the Tg of the 
i o n i c r e g i o n s i s the q u a l i t a t i v e s i m i l a r i t y o f t h e t a n δ b e h a v i o r 
o f the N a f i o n s to t h a t o f many o t h e r ionomers (2,44) . I n the 
hydrocarbon based ionomers s t u d i e d t o da t e , two t a n δ peaks have 
been observed i n the g l a s s t r a n s i t i o n r e g i o n . The one o c c u r r i n g 
a t lower temperature e x h i b i t s a g r a d u a l movement t o h i g h e r temper
a t u r e s w i t h i n c r e a s i n g i o n c o n t e n t , accompanied by a s l i g h t 
decrease i n i n t e n s i t y . T h i s has been i d e n t i f i e d w i t h the m a t r i x 
Tg. The h i g h e r temperature peak, which i s found c a . 5 0 - 150°C 
above the T g of the pure m a t r i x m a t e r i a l ( f o r i o n c o n t e n t s i n the 
2 - 2 0 mol % r a n g e ) , shows a marked c o u n t e r i o n s e n s i t i v i t y , and 
s h i f t s d r a m a t i c a l l y to h i g h e r temperatures w i t h i n c r e a s i n g i o n 
c o n t e n t . These f e a t u r e s a r e a l s o observed i n N a f i o n s . 

Hence, i t seems r e a s o n a b l e to r e v e r s e the o r i g i n a l a s s i g n 
ments (31) o f the α and $ peaks. By d o i n g so, some unanswered 
problems can be e x p l a i n e d . The problem of low modulus 
(E - 10? N/m2) a t the α peak temperature i s no l o n g e r a problem i f 
one a s s i g n the 3 peak to the g l a s s t r a n s i t i o n o f the m a t r i x . That 
i s , the modulus a t the 3 peak temperature o f the N a f i o n s , which i s 
the o r d e r o f ^ 7 χ 10** N/m2, i s comparable to t h a t o f the p r e c u r 
s o r a t i t s g l a s s t r a n s i t i o n . S i n c e the o b s e r v a t i o n of the g l a s s 
t r a n s i t i o n peak o f the i o n i c r e g i o n s above the m a t r i x Tg, the 
N a f i o n s can be c l a s s e d w i t h the o t h e r ionomers as f a r as the 
r e l a x a t i o n b e h a v i o r i s concerned. Another anomaly which i s e l i 
minated by the reassignment concerns the p o s i t i o n o f the master 
curves of the N a f i o n s i n F i g u r e s 3 and 4. I f the curves a r e 
r e p l o t t e d w i t h the 3 peak temperature as the r e f e r e n c e tempera
t u r e , then the p o s i t i o n o f the a c i d master curve ( F i g . 3) would 
c o i n c i d e w i t h the o r i g i n a l 19°C c u r v e , and would thus be v e r y 
c l o s e t h a t o f the 7.9% s t y r e n e ionomer. I n F i g . 4, the new p o s i 
t i o n would be l o c a t e d between the 143 and 159°C c u r v e s . T h i s 
would make the r e l a t i v e p o s i t i o n s of the time-temperature s u r -
posed master c u r v e s o f the p r e c u r s o r , the N a f i o n a c i d and the 
pot a s s i u m s a l t (42) much more r e a s o n a b l e . I n o t h e r words, when 
these master curves a r e reduced t o the α peak temperature, the 
r e l a x a t i o n time of the p r e c u r s o r appears to be the l o n g e s t , w h i l e 
t h a t o f the potassium s a l t i s even s h o r t e r than t h a t of the a c i d . 
T h i s f e a t u r e c e r t a i n l y c o n t r a d i c t s the comparison of the 
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6. K Y U A N D E I S E N B E R G Mechanical Relaxations 109 

ten-second moduli v e r s u s temperature curves of these polymers 
shown i n F i g u r e 5 as w e l l as the t o r s i o n pendulum r e s u l t s . T h i s 
anomaly can be e l i m i n a t e d i f time-temperature s u p e r p o s i t i o n i s 
performed w i t h the α peak temperatures as the m a t r i x g l a s s - t r a n s i 
t i o n temperatures f o r the N a f i o n a c i d and the pot a s s i u m s a l t . 
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Nuclear Magnetic Resonance Studies and the 

Theory of Ion Pairing in Perfluorosulfonate 

Ionomers 

R. A. KOMOROSKI 
B. F. Goodrich Company Research and Development Center, 9921 Brecksville Road, 
Brecksville, OH 44141 
K. A. MAURITZ 
Diamond Shamrock Corporation, T. R. Evans Research Center, P. O. Box 348, 
Painesville, OH 44077 

Nafion (a registered trademark of Ε. I. du Pont de Nemours 
and Co.) and other perfluorinated ion exchange membranes have 
received much recent consideration as electrolytic separators in 
electrochemical applications, particularly chlor-alkali cell 
technology. The systems of current commercial interest, as well 
as descriptions of many physical property investigations, are 
reported throughout this volume. 

To be sure, most of the exceptional properties exhibited by 
these materials, in applications reserved for ion exchange mem
branes, must implicate the ionic cluster morphology that exists 
on about a 50 Å microstructural level. An unambiguous under 
standing of the ionic-hydrate molecular architecture within the 
confines of a cluster must precede a rational understanding of 
the action of these membranes in selective ion transport. Even 
at equilibrium, the structure within these encapsulated micro
solutions must be considered as dynamic. In addition to investi
gating the molecular mobility of the ionic and water components, 
a study of the dynamic conformational aspects of the perfluorina
ted polymer backbone and comparison with similar conventional 
hydrocarbon materials, is clearly needed. These studies, of 
course, would logically be performed with polymer equivalent 
weight, ion exchange functionality, counterion type, internal 
water content, and temperature, as independent variables. 

This contribution to the series is a report of an init ial 
use of nuclear magnetic resonance spectroscopy in an effort to 
begin to answer some of these structural questions. Also in
cluded is an outline of a molecular-based theoretical model of 
sidechain-counterion interactions, as suggested by the experi
mental results. The content of this work is concerned with 
Nafion in the monovalent cationic salt form, i . e . , 
(OCF CF-) OiCF.KSO ~X+> w i t h n o co-ions being present. 

0097-6156/82/0180-0113$06.50/0 
© 1982 American Chemical Society 
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C h a r a c t e r i z a t i o n by N u c l e a r Magnet i c Resonance Techn ique s 

Backg round. Nuc lea r magne t i c re sonance (NMR) i s a p o w e r f u l 
t e chn i que f o r the s tudy o f t he m o l e c u l a r s t r u c t u r e and morphology 
o f p o l y m e r i c m a t e r i a l s . S tandard h i g h r e s o l u t i o n t e c h n i q u e s Π , 
2) have p r o v i ded i n f o r m a t i o n on the s t e r e o c h e m i s t r y and d e f e c t 
s t r u c t u r e s o f homopolyners and t he c o m p o s i t i o n and sequence 
d i s t r i b u t i o n o f c o p o l y m e r s . H igh r e s o l u t i o n s t u d i e s u s u a l l y 
demand t h a t t he polymer be s o l u b l e i n an a p p r o p r i a t e s o l v e n t o r 
e x i s t as a low v i s c o s i t y l i q u i d . I t i s under t he se c i r c u m s t a n c e s 
t h a t the s t r o n g d i p o l a r and o t h e r a n i s o t r o p i c i n t e r a c t i o n s c h a r 
a c t e r i s t i c o f s o l i d s a r e s u i t a b l y a ve r a ged . H igh power pu l s ed 
and w i d e - l i n e NMR t e c h n i q u e s ( j j , 4·) have been used t o o b t a i n 
m o r p h o l o g i c a l i n f o r m a t i o n c o n c e r n i n g c r y s t a l l i n e , g l a s s y , and 
r u b b e r y po lymers i n b u l k . However, t he u t i l i t y o f t he se t e c h 
n i que s has been l i m i t e d by d i f f i c u l t i e s i n r e l a t i n g observed 
r e l a x a t i o n p r oce s se s t o s p e c i f i c m o t i o n s o f c h e m i c a l e n t i t i e s o f 
the po l ymer . 

N a f i o n , l i k e o t h e r f l u o r o p o l y m e r s , i s no t s o l u b l e i n any 
known s o l v e n t a t t empe ra tu re s be low a t l e a s t 200°C. Hence, i t i s 

19 
not amenable t o s t anda rd h i g h r e s o l u t i o n t e c h n i q u e s u s i ng F o r 
13 

C n u c l e i . To our knowledge, no pu l s ed NMR s t udy s i m i l a r t o 
t h a t done on p o l y t e t r a f l u o r o e t h y l e n e (PTFE) has been p u b l i s h e d 
f o r Na f i on ( 5 ) . 

Much of~~the i n t e r e s t i n Na f i on m a t e r i a l s stems from i t s use 
as a membrane s e p a r a t o r f o r c h l o r - a l k a l i p r o d u c t i o n and o t h e r 
e l e c t r o c h e m i c a l a p p l i c a t i o n s ( 6 ) . Hence, i t i s r e l e v a n t to s t udy 
the m a t e r i a l i n the presence oT water o f s w e l l i n g , w i t h o r w i t h 
out sorbed e l e c t r o l y t e s . The p resence o f water and c o u n t e r i o n s 
g i v e s us an NMR hand le w i t h which t o s tudy N a f i o n . S o l v en t and 
i o n i c m o b i l i t y i s r a p i d enough i n t he aqueous r e g i o n s o f s w o l l e n 
Na f i on t o y i e l d h i gh r e s o l u t i o n NMR s i g n a l s . 

C o u n t e r i o n s . 1. Sodium-23: A l k a l i me ta l NMR i s a s e n s i 
t i v e probe o f the immediate c h e m i c a l env i ronment and m o b i l i t y o f 
a l k a l i meta l i o n s i n aqueous and nonaqueous s o l v e n t s (7^, 8 ) . The 
c h e m i c a l s h i f t s o f a l k a l i m e t a l n u c l e i w i l l respond t o e l e c t r o n i c 
changes o n l y i n the immediate env i ronment o f t he c a t i o n s i n c e 
a l k a l i m e t a l s r a r e l y p a r t i c i p a t e i n c o v a i e n t bond ing (7) . A l l 
a l k a l i me ta l n u c l e i have s p i n s g r e a t e r than 1/2 and hence have 
quad rupo le moments. The i n t e r a c t i o n o f t h e s e moments w i t h e l e c 
t r i c f i e l d g r a d i e n t s , produced by asymmetr ies i n t he e l e c t r o n i c 
env i r onment , i s modulated by t r a n s l a t i o n and r o t a t i o n a l d i f f u s i v e 
mot i on s i n the l i q u i d . I t i s v i a t h i s r e l a x a t i o n mechanism t h a t 
the re sonance l i n e w id th i s a s e n s i t i v e probe o f i o n i c m o b i l i t y . 
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7. K O M O R O S K I A N D M A U R I T Z NMR Studies of Ion Pairing 115 

The f i r s t p u b l i s h e d NMR s t u d i e s o f Na f i o n examined the mo-
23 

b i l i t y and h y d r a t i v e p r o p e r t i e s o f sodium c o u n t e r i o n s u s i n g Na 
23 

M R (9^ J() ) . A s i n g l e Na re sonance was observed f o r t he sodium 

form o f Na f i on i n the presence o f water but w i t h no exces s i n 

t e r n a l e l e c t r o l y t e ( N a + : S 0 ~ = 1 :1 ) . Th i s r e sonance s h i f t e d up-

f i e l d and broadened s i g n i f i c a n t l y w i t h d e c r e a s i n g water c o n t e n t . 
F i g u r e 1 d e p i c t s t h e b e h a v i o r o f t he c h e m i c a l s h i f t w i t h 

% H ? 0 . The s h i f t change o c c u r s over a range o f about 130 ppm, 
r a t h e r l a r g e f o r the sodium i o n ( 7 ) . The b e h a v i o r o f t h e l i n e -
w i d t h i s q u a l i t a t i v e l y s i m i l a r t o The s h i f t b e h a v i o r i n F i gu re 1. 
For s a t u r a t e d N a f i o n , t he l i n e w i d t h i s about 220 Hz a t 30°C, and 
i n c r e a s e s to thousands of Hz f o r v e r y l ow (1-2%) water c o n t e n t s . 
L i n e w i d t h and c h e m i c a l s h i f t c h a n g e s w i t h d e c r e a s i n g w a t e r 
c o n t e n t a re r e v e r s e d w i t h i n c r e a s i n g t empe ra tu re ( 9 ) . The above 
c h e m i c a l s h i f t and l i n e w i d t h b e h a v i o r o f t h e sodium form o f 
Na f i on p a r a l l e l s t h a t o f t h e model s a l t CF^SO^Na as a f u n c t i o n o f 
c o n c e n t r a t i o n i n aqueous s o l u t i o n ( 9 , 10 ) . Such a compar i son can 
o n l y be made w i t h i n t he s o l u b i l i t y l i m i t s o f t h e model s a l t . 
However, s i n c e the d i r e c t i o n s and magn i tudes o f t h e changes a r e 
the same, we can conc l ude t h a t t he i n t e r a c t i o n r e s p o n s i b l e f o r 
the changes i s t he same i n bo th c a s e s . Th i s i s t h e c a t i o n - a n i o n 
e l e c t r o s t a t i c a t t r a c t i o n . 

23 
At s a t u r a t i o n , the Na c h e m i c a l s h i f t i s c l o s e t o t h a t o f 

t h e model s a l t a t comparable H^O/Na mo la r r a t i o , s u g g e s t i n g t h a t 
the immediate e l e c t r o n i c env i ronment o f t he two a re s i m i l a r . 
Th i s i s c i r c u m s t a n t i a l e v i dence f o r t h e e x i s t e n c e o f h yd r a ted 
i o n i c c l u s t e r s i n N a f i o n . I s o l a t e d , hyd ra ted i o n p a i r s might be 
expected t o have a s i g n i f i c a n t l y d i f f e r e n t c h e m i c a l s h i f t than 
the comparab le e l e c t r o l y t e s o l u t i o n due t o t he c l o s e r p r o x i m i t y 
o f the s u r r o u n d i n g f l u o r o c a r b o n phase. 

23 
U n l i k e the c h e m i c a l s h i f t , t he Na l i n e w i d t h o f s a t u r a t e d 

Na f i on i s not c l o s e to t h a t o f t he model s a l t . The 220 Hz l i n e -
w i d t h o f s a t u r a t e d Na f i on i s an o r d e r o f magn i tude l a r g e r than 
t h a t o f CF^SO^Na. Th i s s ugge s t s t h a t some o r a l l o f t he sodium 
i o n s i n s a t u r a t e d Na f i on a re r e s t r i c t e d r e l a t i v e t o the e l e c t r o 
l y t e s o l u t i o n , even though t h e c h e m i c a l s h i f t i s not s u b s t a n 
t i a l l y a f f e c t e d . Th i s r e s u l t can i n f l u e n c e the c a l c u l a t i o n o f 
t he f r a c t i o n s o f bound c a t i o n s i n s a t u r a t e d N a f i o n , as shown i n 
subsequent d i s c u s s i o n . 

The l a r g e s h i f t changes a t l ow water c o n t e n t s a r e s t r o n g 
e v i dence f o r t he f o r m a t i o n o f c o n t a c t i o n p a i r s ( £ , 10) . The 
amount o f water p r e sen t a t t he se l e v e l s i s no t s u f f i c i e n t t o 
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116 P E R F L U O R I N A T E D I O N O M E R M E M B R A N E S 

H 2 0/ No + MOLAR RATIO 

I 2 3 4 5 6 10 15 20 
π — ι — ι — ι — ι — ι 1 1 r— 

I20r-

100k 

Έ β ο μ 

π I ι ι ι I ι 1 1 
υ 5 10 15 20 25 30 35 

WEIGHT % H 20 

Figure 1. Plot of the 23Na chemical shift of Nafion (1100 EW) vs. % H20 and the 
H20/Na+ molar ratio (9 , 10 ) . 
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7. KOMOROSKi A N D M A U R I T Z NMR Studies of Ion Pairing 111 

p r o v i d e e f f e c t i v e l y f o r a l a r g e c o n c e n t r a t i o n o f s o l v e n t - s e p a 
23 

r a t e d i on p a i r s . The s e n s i t i v i t y o f the Na c h e m i c a l s h i f t t o 
l o c a l changes i m p l i e s t h a t s o l v e n t - s e p a r a t e d i o n p a i r s s hou ld not 
d i f f e r s u b s t a n t i a l l y i n c h e m i c a l s h i f t from t h e " i s o l a t e d " c a t i o n 
( o r an ion) i n d i l u t e s o l u t i o n . -

I t i s p o s s i b l e to q u a n t i t a t i v e l y i n t e r p r e t the Na r e s u l t s 

i n terms o f a t w o - s t a t e d i s s o c i a t i o n e q u i l i b r i u m between f r e e and 
bound s p e c i e s . The observed c h e m i c a l s h i f t ( δ h ) and l i n e w i d t h 
( Δ ι / ^ ^ are t he weighted averages o f t h e v a l u e s i n the f r e e and 

bound s t a t e s : 

ô o b s = P f 6f + P b 6b 

*vobs = P f à v f + P b A " b 

P b = 1 * P f 

and P^ are t h e mole f r a c t i o n s o f bound and f r e e c a t i o n s , 

r e s p e c t i v e l y . To e s t i m a t e the number o f c a t i o n s bound a t a g i v e n 
water c o n t e n t , i t i s n e c e s s a r y to know t h e c h e m i c a l s h i f t s and 
l i n e w i d t h s i n the f r e e and bound s t a t e s . The v a l u e s f o r t he f r e e 
s t a t e can be e s t i m a t e d from t he c o r r e s p o n d i n g v a l u e s f o r t he 
model s a l t (9^, 10 ) , a l t h o u g h , as p o i n t e d out e a r l i e r , a l i n e w i d t h 
o f about 220 Hz f o r s a t u r a t e d Na f i on c a l l s t h i s a p p r o x i m a t i o n 
i n t o q u e s t i o n f o r t h a t pa ramete r . I t i s d i f f i c u l t t o e s t i m a t e 
6^ and * ν ^> s i n c e we cannot make measurements on the t o t a l l y 

bound s p e c i e s . Here , we w i l l use v a l u e s 50% h i ghe r than tho se 
observed a t 1% H o 0 : 

ô f = - 1 . 5 ppm $ b = 195 ppm 

= 220 Hz Δν. = 6000 Hz 

In Tab le I a r e t he v a l u e s c a l c u l a t e d u s i ng 6 f o r p e r c e n t sodium 
i o n s bound a t 30°C. 
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118 P E R F L U O R I N A T E D I O N O M E R M E M B R A N E S 

Tab le I 

F r a c t i o n of Sodium Ions Bound i n Na f i on a t 30°C* 

% I ons Bound 

30 0.4 

20 0.5 

10 1 

5 7 

2 37 

1 66 

^ C a l c u l a t e d from c h e m i c a l s h i f t d a t a i n r e f e r e n c e s 9 and 
10. 

N a f i o n e q u i v a l e n t weight = 1100. 

The *^Na WR parameter s o f Na f i on a re not s u b s t a n t i a l l y 
a f f e c t e d by e q u i v a l e n t we ight i n t he range o f water c o n t e n t where 
a v a l i d compar i son can be made ( 1 0 ) . 

A r r h e n i u s p l o t s o f t h e l i n e w i d t h f o r v a r i o u s e q u i v a l e n t 
we i gh t s a r e , f o r the most p a r t , approx imate s t r a i g h t l i n e s ( 1 0 ) . 
An a c t i v a t i o n energy o f 3.2 k ca l /mo le was o b t a i n e d from the p l o t 
f o r the sample o f 1100 e q u i v a l e n t w e i g h t . I t i s d i f f i c u l t t o 
a s s e s s t h e r e l a t i v e impor tance o f the s p e c i f i c dynamic p roce s se s 
t h a t g i v e r i s e t o the measured a c t i v a t i o n e n e r g y . C l e a r l y , t h e 
m o t i o n o f s o l v e n t m o l e c u l e s i n and o u t o f t h e i o n i c h y d r a t i o n 
sphere and the b i n d i n g o f t he c a t i o n t o an a n i o n i c s i t e w i l l be 
i n v o l v e d . C a l c u l a t i o n s o f t h e e n e r g e t i c s i n v o l v e d i n t h e d i s 
s o c i a t i o n e q u i l i b r i u m o f bound and unbound c a t i o n s y i e l d a c t i 
v a t i o n b a r r i e r s i n r e a s o n a b l e agreement w i t h t h i s number ( 1 1 ) . 
P r e v i o u s MIR s t u d i e s (1^) on pure water y i e l d e d a v a l u e o f 3.5 

23 
k c a l / m o l e between 40° and 100°C. Us ing Na NMR, a somewhat 
l ower v a l u e ( 2 . 5 k ca l /mo le ) was o b t a i n e d f o r the r e o r i e n t a t i o n a l 
p r o ce s s o f water m o l e c u l e s i n the h y d r a t i o n s h e l l o f Na i n 
aqueous NaCl ( 1 2 ) . 

2. 0ther~~£Lkal i M e t a l s : I t i s p o s s i b l e t o ob se r ve the hfIR 
s i g n a l s from o t h e r a l k a l i m e t a l forms o f Na f i o n (W). L i t h i u m - 6 
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7. K O M O R O S K I A N D M A U R I T Z NMR Studies of Ion Pairing 119 

and 7 and ces ium-133 have been obse rved f o r Na f i o n s amp le s . 
Rub id ium-85, which y i e l d s a broad l i n e i n an aqueous e l e c t r o l y t e , 
c o u l d not be observed under h i g h r e s o l u t i o n c o n d i t i o n s ( 1 0 ) . 
A p p a r e n t l y , potass ium-39 has not been a t t e m p t e d , t o d a t e . 

7 133 
F i g u r e s 2 and 3 show t he b e h a v i o r o f t h e L i and Cs 

re sonances o f N a f i o n , r e s p e c t i v e l y , w i t h v a r i a t i o n o f water 
c o n t e n t . The re sonances o f t he w a t e r - s a t u r a t e d m a t e r i a l s a r e 
broadened r e l a t i v e to t h a t found i n a c o r r e s p o n d i n g aqueous 
e l e c t r o l y t e . Th i s i s e v i d e n c e o f r e s t r i c t e d L i + and C s + (and 

Rb + ) i o n m o b i l i t y i n the p resence o f t he po lymer. The L i l i n e -
133 

w i d t h changes g r a d u a l l y w i t h water c o n t e n t w h i l e t he Cs l i n e -
w id th and c h e m i c a l s h i f t change v e r y r a p i d l y a t t h e l owe s t water 
c o n t e n t s . The \ i c hem i ca l s h i f t change i s s m a l l over the e n t i r e 
r ange . 

The amount o f b roaden ing e xpe r i enced by a l k a l i me ta l i o n s 
upon b i n d i n g to a polymer such as Na f i on w i l l depend on s e v e r a l 
f a c t o r s i n c l u d i n g n u c l e a r s p i n , e l e c t r i c q u a d r u p o l e moment, 
s t a b i l i t y o f the hyd ra ted i o n , and e l e c t r o n i c p o l a r i z a b i l i t y . 
Th i s l a s t f a c t o r r e l a t e s t o the ease w i t h wh ich e l e c t r i c f i e l d 
g r a d i e n t s can be produced by b i n d i n g t o an a n i o n i c s i t e . Based 
on the r e l a t i v e change i n l i n e w i d t h upon go ing from s a t u r a t i o n t o 
l o w w a t e r c o n t e n t s , t h e i o n s s t u d i e d so f a r a r e r e l a t e d 

such t h a t L i + > N a + > C s + . S i m i l a r changes a r e seen i n t he -SO ~ 
symmetr ic s t r e t c h f requency i n the IR s p e c t r a o f Na f i on w i t h 
v a r i o u s c o u n t e r i o n s ( 1 3 ) . The above o rde r a l s o h o l d s f o r t he 
g r a d u a l n e s s o f the NMR" l i n e w i d t h changes w i t h change i n water 
c o n t e n t . Th i s b e h a v i o r can be r a t i o n a l i z e d on t he b a s i s o f t he 
h y d r a t i o n sphere s i z e s f o r t he v a r i o u s c a t i o n s . 

Sorbed Water . Because Na f i on i s a p e r f l u o r i n a t e d m a t e r i a l , 
i t i s s t r a i g h t - f o r w a r d to observe the NMR s i g n a l o f water h y d r o -

1 
gens f r e e o f i n t e r f e r e n c e . P ro ton ( H) NMR i s s e n s i t i v e to h y 
drogen bonding i n l i q u i d s and e l e c t r o l y t e s o l u t i o n s (Vi, V5) . 
Fo rmat ion o f a hydrogen bond causes t he re sonance o f t he bonded 
p ro ton t o move d o w n f i e l d . Hence, an u p f i e l d s h i f t can be c o r 
r e l a t e d w i t h t he b r eak i n g o f hydrogen bonds . T h i s has l e d t o the 
c h a r a c t e r i z a t i o n o f i o n s i n terms o f t h e i r e f f e c t on water s t r u c 
t u r e (15) . 

THe" s t a t e o f sorbed water has been s t u d i e d by MiR f o r Na f i o n 
1 

i n t he a c i d (16) and sodium (10) fo rms. In bo th c a s e s , the H 
re sonance broadens and s h i f t s u p f i e l d w i t h d e c r e a s i n g H~0 c o n 
t e n t . The water resonance o f the a c i d form (16) i s broarfer than 
t h a t o f t he sodium form ( 1 0 ) . Th i s i s probabTy" due , i n p a r t , t o 
b u l k s u s c e p t i b i l i t y c o n t r i b u t i o n s t o t h e l i n e w i d t h o f t he a c i d 
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Figure 2. Plots of the 7Li chemical shift and linewidth dependences on water content. 
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Figure 3. Plots of the 133Cs chemical shift and linewidth dependences on water 
content. 
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122 P E R F L U O R I N A T E D I O N O M E R M E M B R A N E S 

f o rm , wh ich was p r o b a b l y examined i n a g r a n u l a r s t a t e ( 1 0 , 16 ) . 
The above c h e m i c a l s h i f t r e s u l t s sugges t t he breakup ÔT water 
hydrogen bonding w i t h d e c r e a s i n g water c o n t e n t . 

Both t h e re sonance l i n e w i d t h and the s p i n l a t t i c e r e l a x a t i o n 
t i m e ( T . ) o f t he water p r o t on s have been s t u d i e d as a f u n c t i o n o f 
t empera tu re a t d i f f e r e n t water c o n t e n t s ( 1 6 ) . For samples w i t h 
l ow water c o n t e n t ( a p p r o x i m a t e l y 2 . 7% ) , t nê l i n e w i d t h d e c r e a s e s 
w i t h i n c r e a s i n g tempera tu re from 230 t o 300°K. For samples o f 
h i g h e r water c o n t e n t , t he l i n e w i d t h d e c r e a s e s up t o about 250°K, 
t hen rema in s c o n s t a n t . The T 1 d a t a ( F i g u r e 4) e x h i b i t s a minimum 
t h a t s h i f t s t o h i g h e r t empera tu re s w i t h d e c r e a s i n g water c o n t e n t . 
Th i s i n d i c a t e s r e s t r i c t e d water m o b i l i t y a t l ow water c o n t e n t . 
The c u r v e s f o r h i ghe r (5-20%) l e v e l s o f water show two m in ima , 
s u g g e s t i n g a complex mo t i on o r p o s s i b l y two components. 

F l u o r o c a r b o n Backbone. No hWR s t u d y o f t he N a f i o n f l u o r -
19 

ocarbon r e g i o n s has ye t been r e p o r t e d . P r e l i m i n a r y F p u l s e d 
NMR r e s u l t s have been o b t a i n e d by S t e n g l e ( 1 7 ) . I t was found 

19 2 
t h a t the F second moment o f Na f i on i s reduced by about 1 G 

upon go ing from the d r y t o the w a t e r - s w o l l e n s t a t e f o r bo th t he 
a c i d and potas s ium forms. Th i s r e s u l t i s s u g g e s t i v e o f a more 
m o b i l e polymer c h a i n i n the p re sence o f w a t e r , on the a ve r age . 
Th i s s e n s i t i v i t y o f c h a i n m o b i l i t y i n t he f l u o r o c a r b o n r e g i o n s to 
t he p resence o f water may r e l a t e to the o b s e r v a t i o n o f a minimum 

19 
i n the F T^ c u r v e near room t e m p e r a t u r e . C l e a r l y , f u r t h e r 
s t u d i e s a r e needed to e l u c i d a t e the n a t u r e o f t he f l u o r o c a r b o n -
water i n t e r a c t i o n . 

Ion P a i r i n g i n I onomer i c Membranes 

Backg round . The s i d e c h a i n - c o u n t e r i o n a s s o c i a t i o n - d i s s o c i a 
t i o n e q u i l i b r i u m i n p o l y e l e c t r o l y t e g e l s has been r e c o g n i z e d and 
i s , i n f a c t , a major i n g r e d i e n t i n t he H a r r i s and R i c e m o l e c u l a r -
b a s e d t h e o r e t i c a l mode l o f e q u i l i b r i u m t h e r m o d y n a m i c s t a t e s 
( 1 8 - 2 1 ) . C e r t a i n l y , examples o f i o n p a i r s i n e l e c t r o l y t e s o l u 
t i o n s , p a r t i c u l a r l y a t h i gh c o n c e n t r a t i o n s , a re l e g i o n . One 
might e x p e c t t h i s phenomenon t o be enhanced w i t h i n the domain o f 
s o l i d p o l y e l e c t r o l y t e systems f o r a number o f r e a s o n s . F i r s t l y , 
t h e r e e x i s t s , w i t h i n the i n t e r i o r , a l a r g e c o n c e n t r a t i o n o f i o n 
exchange g roups as w e l l as a reduced a v a i l a b i l i t y o f water to 
p r o v i d e f o r h y d r a t i o n o f t he i n t e r n a l i o n s , compared to a " d i 
l u t e " e x t e r n a l e l e c t r o l y t e s o l u t i o n . S e cond l y , t h e l ow d i e l e c 
t r i c c o n s t a n t o f t he o r g a n i c p o l y m e r i c m a t r i x would i n c r e a s e the 
an i o n - c a t i o n cou l omb i c a t t r a c t i o n over t h a t as would e x i s t i n a 
s t r i c t aqueous s o l u t i o n o f equa l i o n i c m o l a r i t y . L a s t l y , i t 
would be r e a s o n a b l e to assume t h a t c a t i o n s and an ions would be 

 P
ub

lic
at

io
n 

D
at

e:
 F

eb
ru

ar
y 

4,
 1

98
2 

| d
oi

: 1
0.

10
21

/b
k-

19
82

-0
18

0.
ch

00
7



7. KOMOROSKi A N D M A U R I T Z NMR Studies of Ion Pairing 123 

 P
ub

lic
at

io
n 

D
at

e:
 F

eb
ru

ar
y 

4,
 1

98
2 

| d
oi

: 1
0.

10
21

/b
k-

19
82

-0
18

0.
ch

00
7



124 P E R F L U O R I N A T E D I O N O M E R M E M B R A N E S 

brought i n t o mutua l p r o x i m i t y i n be i n g c o n f i n e d t o f i n i t e i n t e r 
s t i t i a l o r h y d r o p h i l i c c l u s t e r vo lumes. In o t h e r words, t h e 
o v e r a l l i o n i c m o b i l i t y i s reduced owing t o the b o u n d a r i e s imposed 
by t he space preempted by t h e mac romo lecu l a r a r c h i t e c t u r e . In 
t h i s way, t he d i s s o c i a t i o n e q u i l i b r i u m would s h i f t t o t h a t c o r 
r e spond i n g to a g r e a t e r p o p u l a t i o n o f c a t i o n s be i n g engaged i n 
some s t a t e o f a s s o c i a t i o n w i t h the charged s i d e c h a i n . 

I t would be a p p r o p r i a t e , a t l e a s t from a m e c h a n i s t i c o r 
" f i r s t p r i n c i p l e s " s t a n d p o i n t , t o pos ses s a t h e o r e t i c a l mo lecu 
l a r - b a s e d a n a l y s i s o f t h i s e q u i l i b r i u m , i n c l u d i n g i n t e r n a l water 
c o n t e n t h y d r a t i o n e f f e c t s . The r ema in i n g d i s c u s s i o n o f t h i s 
t o p i c i s concerned w i t h t he e f f o r t s o f M a u r i t z , et j a l . , i n p ro 
v i d i n g a fundamenta l m o l e c u l a r r e p r e s e n t a t i o n o f t he phenomenon 
o f i o n - p a i r i n g and s u b s e q u e n t l y r e l a t e t h i s model t o the s w e l l i n g 
o f membranes i n s p e c i f i c c a t i o n - e x c h a n g e d s a l t f o rms . 

As d i s c u s s e d by F a l k e l sewhere i n t h i s vo lume, F o u r i e r 
23 

t r a n s f o r m i n f r a r e d , as w e l l as Na hWR s p e c t r o s c o p y has been 
used t o m o n i t o r c a t i o n i n t e r a c t i o n s w i t h the s u l f o n a t e m o e i t i e s 
i n N a f i o n membranes hav ing a c a t i o n / s i d e c h a i n mo la r r a t i o o f 
u n i t y (13) . In summary, t h e b roaden ing and s h i f t t o h i ghe r 

f r e q u e n c i e s , w i t h d e c r e a s i n g w a t e r c o n t e n t , o f t h e - S O ^ " 

s y m m e t r i c s t r e t c h i n g mode has been a l s o a t t r i b u t e d t o an 
i n c r e a s i n g p o p u l a t i o n o f c o u n t e r i o n s t h a t a r e s t r o n g l y 
i n t e r a c t i n g w i t h t he s u l f o n a t e g r oup , t he i n t e r a c t i v e magnitude 

d i m i n i s h i n g w i t h i n c r e a s i n g ba re i o n i ( L i + , N a + , K + , Rb + ) s i z e . 

The on se t o f both IR and NMR s p e c t r a changes occu r a t membrane 
water c o n t e n t s t h a t j u s t b a r e l y p r o v i d e enough water m o l e c u l e s 
f o r comp le te i o n i c h y d r a t i o n . 

M o l e c u l a r Model o f C o u n t e r i o n D i s s o c i a t i o n E q u i l i b r i u m . The 
f o l l o w i n g m o l e c u l a r concep t i s s u p p o r t e d , o r s u g ge s t ed , by bo th 
t he se s p e c t r o s c o p i c o b s e r v a t i o n s and pas t u l t r a s o n i c i n v e s t i g a 
t i o n s o f s i m p l e aqueous e l e c t r o l y t e s . In p a r t i c u l a r , a f o u r -
s t a t e model r e m i n i s c e n t o f t he m u l t i s t e p i o n i c d i s s o c i a t i o n 
mechanism o f E igen e t _ a l . , (22^, 23) was adopted (24) . With 
r ega rd to F i g u r e 5, tne s t a t e s a r e c T a s s i f i e d a s : 1) c o m p l e t e l y 
d i s s o c i a t e d hyd ra ted i on p a i r s , 2) i o n p a i r s a t t he c o n t a c t o f 
u n d i s t u r b e d p r ima r y h y d r a t i o n s h e l l s , and 3) ou te r and 4 ) i n n e r 
sphere complexes . The r e l a t i v e p o p u l a t i o n s o f t he se s t a t e s , (P^ ; 

i = 1 -4 ) , have been dete rmined from the use o f Boltzman s t a t i s 
t i c s u t i l i z i n g s p e c i f i c s o l v a t i o n and i n t e r i o n i c e n e r g e t i c f o r 
m u l a t i o n s . In a d d i t i o n to the d i r e c t q u a n t i t a t i v e i n c o r p o r a t i o n 
o f h y d r a t i o n e n e r g e t i c s , t h e model d i f f e r s from most c l a s s i c a l 
approaches t h a t a r e based on the t h e o r y o f B jer rum (25) i n s o f a r 
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as a d i s c r e t e s e t o f w e l l - s p e c i f i e d s t a t e s o f i o n - w a t e r " com
p l e x e s " i s c o n s i d e r e d . 

The d e s o l v a t i o n e n e r g e t i c s encounte red i n pa s s i n g between 
s t a t e s 2 and 3, and 3 and 4 , a r e computed by t he u t i l i z a t i o n o f a 
s i m p l e model i n wh ich t he energy change accompanying the fo rma
t i o n o f a g i v e n i o n i c a s s o c i a t i o n i s p r o p o r t i o n a l t o t h e change 
i n t he f r a c t i o n a l degree o f volume o v e r l a p between the p r i m a r y 
h y d r a t i o n s h e l l s o f t he i o n i c s i d e g r oup s and c o u n t e r i o n s . The 
r e q u i s i t e number o f e j e c t e d water m o l e c u l e s accompanying the 
o v e r l a p i s then taken t o be t he p roduc t o f t h i s volume r a t i o and 
the o r i g i n a l m o l e c u l a r p o p u l a t i o n o f t h e p e n e t r a t e d h y d r a t i o n 
s h e l l . On t he ave rage , each d i s p l a c e d water m o l e c u l e r e s u l t s i n 
a h y d r a t i v e energy l o s s o f H+/n+, where H+ and n+̂  a re the e x p e r i 
m e n t a l l y - d e t e r m i n e d hyd ra t i on ! e n e r g i e s andT numbers, r e s p e c t i v e l y , 
o f t he g i v e n ( p o s i t i v e o r ne ga t i v e ) i o n . S t a t e 3 i s a c t u a l l y 
c o n s i d e r e d as a h y b r i d i z a t i o n , t h a t i s , e n e r g e t i c a l l y - w e i g h t e d 
m i x t u r e o f t he two a l t e r n a t e modes o f h y d r a t i o n s h e l l o v e r l a p 
d e p i c t e d i n F i g u r e 6. The c a t i o n -S0^~ i n t e r a c t i o n , p r e s e n t l y , 

i s r e p r e s e n t e d by a s i m p l e m o d i f i c a t i o n o f Cou lomb ' s l aw f o r two 
p o i n t c ha r ge s o f o p p o s i t e s i g n t h a t a re a t t h e e n e r g e t i c a l l y -
f a v o r a b l e s e p a r a t i o n f o r the g i v e n i o n i c - h y d r a t e comp lex . A l s o , 
a " m o l e c u l a r " d i e l e c t r i c c o n s t a n t , K, t h a t v a r i e s l i n e a r l y w i t h 
n , t he average number o f water m o l e c u l e s a v a i l a b l e t o a c a t i o n 

-S0^~ p a i r , a s shown i n F i g u r e 7, i s u t i l i z e d i n the f o r m u l a t i o n . 

Of c o u r s e , Van der Waal s and o the r secondary f o r c e s can be i n 
c l u d e d i n more s o p h i s t i c a t e d c o m p u t a t i o n s . Thus, as the water 
c o n t e n t d rops be low a l e v e l a t which c o m p l e t e l y popu l a ted h yd r a 
t i o n s h e l l s can e x i s t , t h e e l e c t r o s t a t i c s h i e l d i n g e f f e c t o f t he 

water becomes l e s s e f f e c t i v e r e s u l t i n g i n enhanced c a t i o n -SO^" 
a t t r a c t i o n . Thus the i o n i c d i s s o c a t i o n e q u i l i b r i u m model i s 
dependent on water c o n t e n t f o r η < η + η . 

To be s u r e , t he s p e c i f i c prim +ary " h yd r a t i on s t r u c t u r e s o f 
s i n g l e i o n s , v iewed w i t h i n a dynamic framework, o r o t h e r w i s e , as 
w e l l as " h y d r a t i o n numbers" and " h y d r a t i o n e n e r g i e s , " d e r i v i n g 
from numerous e x p e r i m e n t a l p r o c e d u r e s , a r e s t i l l under d e b a t e . 
Fu r t he rmo re , e q u a t i n g t he h y d r a t i o n p r o p e r t i e s o f i o n s i n p o l y 
e l e c t r o l y t e g e l s , o r i onomer s , w i t h t ho se o f t h e a p p r o p r i a t e 
e l e c t r o l y t e ana l o gue s , may be q u e s t i o n e d , i n a s t r i c t s en se . 
N o n e t h e l e s s , t h e concept o f p r i m a r y h y d r a t i o n s h e l l s , o r i o n i c 
" c o - s p h e r e s , " a s they were o r i g i n a l l y dubbed by Gurney, (26) has 
been u s e f u l t h rough yea r s o f i o n i c s o l u t i o n t h e o r y and has r e 
c e i v e d c o n s i d e r a b l e a t t e n t i o n i n t he a rea o f b i o p o l y n e r s , a s 
w e l l . A l s o , i f one m a i n t a i n s c o n s i s t e n c y i n u t i l i z i n g n-^1 s and 
H+_fs, i n t h a t t h e numbers from d e t e r m i n a t i o n s u s i n g d i f f e r e n t 
t e c h n i q u e s a r e not i n t e r m i x e d , and i f t he p a r t i c u l a r c o n t e x t i n 
which t h e numbers a re t o be used, e . g . , t r a n s p o r t c a l c u l a t i o n s , 
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incomplete 
hydrat ion 

n_+ n+ 

Figure 7. Linear variation of dielectric 
parameter, K, with η at low water con

tents (24). 
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e q u i l i b r i u m h y d r a t i v e s t r u c t u r e c a l c u l a t i o n s , a r e matched to the 
e x p e r i m e n t a l c o n d i t i o n s t h a t most r e a s o n a b l y s i m u l a t e a c t u a l 
s y s tems , t he compar i son o f c o m p u t a t i o n a l r e s u l t s f o r a s e r i e s o f 
i o n s i s o f s i g n i f i c a n c e , a t l e a s t q u a l i t a t i v e l y . 

F i n a l l y , t he r e l a t i v e p o p u l a t i o n s o f t he v a r i o u s s t a t e s can 
be d e r i v e d from t h e c o r r e s p o n d i n g e n e r g e t i c s b y : 

P. = Q " 1 e x p ( - E . / R T ) , i = 1,2,3,4, (1 ) 

where : 

i s t he combined h y d r a t i o n and cou lomb ic energy per g i v e n 

i o n p a i r f o r the s t a t e i and Τ the K e l v i n t e m p e r a t u r e . P,. i s 
o b v i o u s l y t h e t h e o r e t i c a l degree o f d i s s o c i a t i o n and the o v e r a l l 
bound p e r c e n t o f c a t i o n s i s (1 -P^) χ 100%. 

The c a l c u l a t e d s h i f t i n the spectrum o f s t a t e s w i t h d e c r e a s 

i ng water c o n t e n t f o r the Na + form i s shown i n F i g u r e 8. P^ 

s t e a d i l y d rops a f t e r a v a l u e o f n , c o r r e s p o n d i n g to an a p p r o x i 

mate combined h y d r a t i o n number o f a Na +S0-*~ p a i r , i s r e a c h e d . 

S t a t e 3, the o u t e r sphere complex , becomes i n c r e a s i n g l y popu l a ted 

and becomes p h y s i c a l l y i d e n t i c a l to S ta te 2 a f t e r the water 

c o n t e n t has dropped to about 4 moles o f water per e q u i v a l e n t o f 

r e s i n . The i n n e r sphere complex , o r c o n t a c t i on p a i r , w h i l e 

po s se s s i ng the g r e a t e s t e l e c t r o s t a t i c b i n d i n g , has a p o p u l a t i o n 

d e n s i t y o f p r a c t i c a l l y z e r o , however, because o f t h e d i f f i c u l t y 

i n removing the f i n a l i n t e r p o s e d water m o l e c u l e s t h a t must i n t e r 

ac t w i t h both the Na + i on and S0^~ m o e i t y . 

P l o t t e d i n F i g u r e 9 a re (a) the bound p e r c e n t o f Na i o n s 

and (b) B, t h e o v e r a l l p o p u l a t i o n pe rcentage of Na + i o n s hav ing 
i n s u f f i c i e n t t he rma l k i n e t i c energy needed to overcome e l e c t r o 
s t a t i c b i n d i n g to the s u l f o n a t e g roup . The s i t u a t i o n d e p i c t e d i n 
F i g u r e 9 , i . e . , a p r o g r e s s i v e l y g r e a t e r p r o p o r t i o n o f i n t i m a t e 
c a t i o n - s u l f o n a t e i n t e r a c t i o n s w i t h d i m i s h i n g i n t e r n a l w a t e r 
c o n t e n t , i s a t l e a s t q u a l i t a t i v e l y c o n s i s t e n t w i t h the p h y s i c a l 
model a r i s i n g from s p e c t r o s c o p i c i n t e r p r e t a t i o n . 

23 
I t i s no t p o s s i b l e to d i r e c t l y compare the Na WR e x p e r i 

ments and t h e r e s u l t s o f the t h e o r e t i c a l c a l c u l a t i o n s o f t h e 
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7. KOMOROSKi A N D M A U R I T Z NMR Studies of Ion Pairing 129 

Figure 8. Dependence of the distribution of states of ionic association on η for the 
Na+ form (24). 
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Figure 9. Variation of i - P 2 and Β with η for the Na+ form (24). 
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7. KOMOROSKi A N D M A U R I T Z NMR Studies of Ion Pairing 131 

i o n i c d i s s o c i a t i o n e q u i l i b r i u m . Rapid m u l t i s t a g e exchange p ro 
c e s s e s cannot be d i s t i n g u i s h e d from s i m p l e t w o - s i t e r a p i d ex 
change. A compar i son w i t h the t h e o r y c o u l d be made i f t he chem i 
c a l s h i f t and l i n e w i d t h i n each s t a t e were known. 

23 
A l t hough a d i r e c t compar i son i s no t p o s s i b l e , t he Na 

expe r imen t s s t i l l p r o v i d e c o n s i d e r a b l e i n s i g h t i n t o a t h e o r e t i c a l 
f ramework. F i r s t , t he p o p u l a t i o n o f c o n t a c t i o n p a i r s , P^, as 

c a l c u l a t e d u s i n g a two s t age m o d e l , i s s m a l l a t a l l except the 
l owe s t water c o n t e n t s , i n agreement w i t h t h e o r y . The f a c t t h a t 

23 
w a t e r - s a t u r a t e d Na f i on e x h i b i t s a Na l i n e w i d t h l a r g e r than t h a t 
o f t he model s a l t i n d i c a t e s r e s t r i c t e d i o n i c m o b i l i t y f o r some o r 
a l l o f t h e c a t i o n s i n t h i s c a s e . The t h e o r y p r e d i c t s a s i z e a b l e 
p o p u l a t i o n f o r Ρ a t r e l a t i v e l y h i g h water c o n t e n t s . Ions i n 
S ta te 2 would be expected t o have an i n c r e a s e d l i n e w i d t h due to 
t h e i r p r o x i m i t y t o a n i o n s . Of c o u r s e , r a p i d exchange between 
S ta te s 1 and 2 would produce the s i n g l e , broadened l i n e seen f o r 
w a t e r - s a t u r a t e d N a f i o n . 

A Theory o f Membrane I n t e r n a l Water A c t i v i t y . From a the rm-
odynamic s t a n d p o i n t , tfië ( w a t e r - s w o l l e n ) e q u i l i b r i u m membrane 
s t r u c t u r e must depend, i n p a r t , upon t he i n t e r n a l o smot i c p rè s 
su re which i s de te rmined by the water a c t i v i t y , â , w i t h i n the 
m i c r o s c o p i c c l u s t e r r e g i o n s , i , i n t u r n , s hou l d be a f u n c t i o n 
o f t h e r e l a t i v e p o p u l a t i o n o f unpa i r ed i o n s and f r e e water mo le 
c u l e s i n the c l u s t e r s o l u t i o n . 

I f the r e s i n " s o l u t i o n " were i d e a l , i n a thermodynamic 
s en se , then the i n t e r n a l water a c t i v i t y would s i m p l y be t h e mole 
f r a c t i o n o f sorbed w a t e r , i . e . , 

I = n/(n+1), (3) w 

where the u n i t y term i n t he denominator r e f e r s t o one e q u i v a l e n t 
o f r e s i n . However, s i n c e o smot i c e f f e c t s a r e p r i m a r i l y d e t e r 

mined by t he m i x i n g o f f r e e water w i t h f r e e i o n s , â , computed by 

e q u a t i o n ( 3 ) , must be i n c o r r e c t becau se : 1) t h e r e e x i s t s a 
f i n i t e p o p u l a t i o n , P2+P^+P^, o f a s s o c i a t e d o r bound c a t i o n s ; 2) 

o f t he η water m o l e c u l e s per i o n exchange s i t e , a c e r t a i n p o r t i o n 
w i l l be c o n s t r a i n e d i n a s t a t e o f h y d r a t i v e b i n d i n g . Th i s hypo
t h e t i c a l d i v i s i o n o f t he i n t e r n a l e l e c t r o l y t e i n t o i t s o s m o t i c a l -
l y " a c t i v e " and " i n a c t i v e " c o n s t i t u e n t s i s c o n c e p t u a l i z e d i n 
F i g u r e 10. 

Adopt ing the more r e a l i s t i c d e f i n i t i o n o f t he i n t e r n a l water 
a c t i v i t y as be i n g t h e r a t i o o f t h e number o f mo le s o f f r e e water 
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7. KOMOROSKi A N D M A U R I T Z NMR Studies of Ion Pairing 133 

to the number o f mo les o f f r e e water p l u s mo les o f f r e e c a t i o n -
an ion p a i r s per e q u i v a l e n t o f r e s i n , e q u a t i o n (3) becomes: 

â w = ' W ^ f r e e + ' V ' (*> 

where : 

n f r e e = n " ( V n - ) ( P 1 + P 2 ) ~ P 3 < N 3 > " P 4 < N 4 > e ( 5 ) 

In a d d i t i o n to η and η , which are t he p r ima ry h y d r a t i o n numbers 
o f c a t i o n and a n i o n , r e s p e c t i v e l y , <N~> and <N.>, t he average 
number o f water m o l e c u l e s bound i n the i i y d r a t i v e a s s o c i a t i o n s o f 
S t a t e s 3 and 4 , a r e a l s o computed u s i ng the model f o r the a s s o c i 
a t i o n - d i s s o c i a t i o n e q u i l i b r i u m between bound and unbound c a t i o n s 
d e s c r i b e d p r e v i o u s l y . 

A compar i son o f t h e o r e t i c a l l y - d e t e r m i n e d i n t e r n a l water 
a c t i v i t i e s f o r membranes i n t h e monova lent c a t i o n forms over a 
range o f water c o n t e n t s i s p r o v i ded i n F i g u r e 11. For i n c r e a s 
i n g l y l a r g e n , d i f f e r e n c e s between c a t i o n i c forms becomes n e g l i 
g i b l e and à a s y m p t o t i c a l l y approaches u n i t y ( d i l u t i o n e f f e c t ) , 

w 

At l ow n , however, a s y s t e m a t i c d i f f e r e n t i a t i o n i s apparent 

where in the water a c t i v i t i e s i n c r e a s e i n the f o l l o w i n g p r o g r e s 

s i o n : Rb + > K + > Na + > L i + . The p r ima ry cause o f t h i s b e h a v i o r , 

as w e l l as t he o v e r a l l dec rea se from the p i c t u r e d i d e a l s o l u t i o n 
a c t i v i t y , i s t he a b i l i t y o f the s m a l l e r c a t i o n s t o engage a 
l a r g e r number o f water m o l e c u l e s i n a s t a t e o f h y d r a t i o n and 
t h e r e f o r e e f f e c t i v e l y p revent them from p a r t i c i p a t i n g i n o s m o t i c 

s w e l l i n g e f f e c t s . The p o s i t i v e d e v i a t i o n o f à from t h a t o f t he 

i d e a l s o l u t i o n , a t l a r g e n , i s due t o i n comp le t e i o n i c d i s s o c i a 

t i o n . S i n c e , i n the p roce s s o f e q u i l i b r a t i o n w i t h pure water ( a 
w 

= 1) , t h e g r a d i e n t o f water a c t i v i t y a c r o s s t h e membrane/ l i qu id 
i n t e r f a c e i n c r e a s e s i n the r e v e r s e i o n i c p r o g r e s s i o n , t he i n 
t e r n a l o smot i c p re s su re w i l l be g r e a t e s t f o r L i + and l o w e s t f o r 
the Rb f o r m . I t i s , i n f a c t , e x p e r i m e n t a l l y obse rved t h a t t he 

e q u i l i b r i u m water uptake o f Na f i o n membranes f o l l o w s t h e o r d e r : 

L i + > N a + > K + > R b + . In the e s t a b l i s h m e n t o f c h e m i c a l e q u i l i b 

r i um f o r s m a l l c a t i o n i c f o rms , a d d i t i o n a l water must n e c e s s a r i l y 

e n t e r the membrane and r e s u l t i n g r e a t e r s w e l l i n g as compared t o 

l a r g e c a t i o n i c forms. Of c o u r s e , t he a b s o l u t e q u a n t i t a t i v e 
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134 P E R F L U O R I N A T E D I O N O M E R M E M B R A N E S 

n(mole/equiv.) 

Figure 11. Theoretical aw vs. η for L/+, Na+, K+, and Rb+. Also shown for com
parison over the range of η is the ideal solution activity (24). 

Π 

<° Π -

Figure 12. Hypothetical increase in the in
ternal osmotic swelling pressure, 77, and 
counteractive polymer matrix elasticity 
(reflected in an increasing cohesive energy 
density, E), with increasing water content, 
n. n0 is the number of moles of water, per 
ionic sidechain, for which Π-Ε = 0 (24). 
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7. KOMOROSKi A N D M A U R I T Z NMR Studies of Ion Pairing 135 

p r e d i c t i o n o f water uptake a l s o depends on the l i m i t o f polymer 
" n e t w o r k " d e f o r m a t i o n . 

The approach t o e q u i l i b r i u m f o r an i n i t i a l l y - d r y i o n ex 
change membrane ( i n a g i v e n c o u n t e r i o n s a l t form and c o n t a i n i n g 
no c o - i o n s ) t h a t i s s u b s e q u e n t l y immersed i n pure water can be 
v i s u a l i z e d i n t he f o l l o w i n g way: A l though t he i n t e r a c t i o n be 
tween the o r g a n i c polymer backbone and water i s endothe rmic and 
may i n f l u e n c e t h e r a t e o f s w e l l i n g , t he s t r o n g exo the rmic t enden 
cy o f the c o u n t e r i o n s and i o n o g e n i c s i d e c h a i n s t o h yd ra te r e s u l t s 
i n hav ing t he i n i t i a l l y - a r r i v e d water m o l e c u l e s s t r o n g l y bound i n 
i o n i c s o l v a t i o n s h e l l s r e s u l t i n g i n l i t t l e o r no volume expan s i on 
o f t h e network . In the t r u l y d r y s t a t e , t h e c o u n t e r i o n s a re 
s t r o n g l y bound by e l e c t r o s t a t i c f o r c e s i n c o n t a c t i o n p a i r s . 
F u r t h e r uptake o f water beyond t h a t which i s b a r e l y r e q u i r e d f o r 
maximum occupancy o f a l l the h y d r a t i o n s h e l l s r e s u l t s i n moving 
t he a s s o c i a t i o n - d i s s o c i a t i o n e q u i l i b r i u m between bound and un
bound c o u n t e r i o n s toward i n c r e a s e d c o u n t e r i o n m o b i l i t y . The 
d r i v i n g f o r c e f o r s w e l l i n g i s t he tendency f o r the water to 
d i l u t e the polymer ne twork . S t a ted i n thermodynamic t e r m s , t he 
d i f f e r e n c e between the water a c t i v i t y i n t h e i n t e r i o r and ex
t e r i o r o f t he membrane g i v e s r i s e t o an i n t e r n a l o smot i c p r e s s u r e 
t h a t s e r ve s as t h e d r i v i n g f o r c e f o r polymer c h a i n network de 
f o r m a t i o n . 

As the water uptake p r o c e e d s , t h e i n c r e a s e d s i d e c h a i n - c o u n t 
er i o n d i s s o c i a t i o n a l l o w s f o r more complete i o n i c h y d r a t i o n . The 
d e f o r m a t i o n o f t he polymer c h a i n network upon f u r t h e r i n c o r p o r a 
t i o n o f water m o l e c u l e s a l s o proceeds by a s h i f t i n t h e d i s t r i 
b u t i o n o f r o t a t i o n a l i s omer s t o h i ghe r energy c o n f o r m a t i o n s and 
changes i n o t h e r i n t r a m o l e c u l a r , as w e l l as i n t e r m o l e c u l a r i n t e r 
a c t i o n s . Con sequen t l y , t h e i n c r e a s e d o v e r a l l energy s t a t e , f o r a 
g i v e n membrane water c o n t e n t o f η m o l e s , per e q u i v a l e n t o f r e s i n , 
i s m a n i f e s t e d by polymer c h a i n r e t r a c t i v e f o r c e s t h a t r e s i s t 
expans i on o f t he network . A c c o r d i n g l y , t h e c o n f i g u r a t i o n a l 
en t r opy d e c r e a s e s as l e s s c o n f o r m a t i o n s become a v a i l a b l e w i t h i n 
t h e m a t r i x . E v e n t u a l l y , an e q u i l i b r i u m water c o n t e n t , n Q , i s 

r e a c h e d , a t which the o smot i c p r e s s u r e , Π , i s ba l anced by the 
c o h e s i v e energy d e n s i t y , Ε (see F i gu re 12 ) . I t s hou ld be s t r e s 
sed t h a t t h e r e p r e s e n t l y i s no s a t i s f a c t o r y t h e o r e t i c a l m o l e c u l a r 
r e p r e s e n t a t i o n o f t he r e t r a c t i v e po l yme r i c r e spon se , E, p a r t i 
c u l a r l y i n the case o f h y d r o p h i l i c / h y d r o p h o b i c pha se - sepa ra ted 
s y s tems . 

A Look t o t he F u t u r e 

S e v e r a l t e c h n i c a l advances i n the WR f i e l d appear p r om i s i n g 
f o r f u t u r e s t u d i e s o f N a f i o n . A l l o f t he se t e c h n i q u e s have the 
a c q u i s i t i o n o f h i g h r e s o l u t i o n s p e c t r a o f t he s o l i d polymer as 
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136 P E R F L U O R I N A T E D I O N O M E R M E M B R A N E S 

t h e i r g o a l . These t e c h n i q u e s a r e b r i e f l y ment ioned here to 
i n d i c a t e t h e d i r e c t i o n t he a u t h o r s b e l i e v e NMR s t u d i e s w i l l go . 

S p e c i a l hMR probes t h a t can o p e r a t e a t t empe ra tu re s up t o 
400°C have been deve loped (2J_, 2 8 ) . With such a p robe , h i g h 

19 
r e s o l u t i o n F FT WR s p e c t r a have been o b t a i n e d f o r f l u o r o -
po lymers bo th i n s o l u t i o n and i n t h e m e l t . The s p e c t r a were o f 
s u f f i c i e n t q u a l i t y t o y i e l d c o m p o s i t i o n a l and m i c r o s t r u c t u r a l 

19 
i n f o r m a t i o n ( 28 ) . High temperatu re F NMR might y i e l d i n f o r m a 

t i o n c o n c e r n i n g comonomer sequence d i s t r i b u t i o n i n Na f i on o r l i k e 

m a t e r i a l s . 
13 

I t i s now w e l l - e s t a b l i s h e d t h a t C NMR s p e c t r a i n wh ich 
r e s o l u t i o n approaches t h a t o f t he l i q u i d s t a t e can be o b t a i n e d 
f o r s o l i d hydrocarbon po lymers by employ ing a c omb i na t i o n o f 
e s o l u t i o n ( H d i p o l a r d e c o u p l i n g and magic ang le s p i n n i n g ) and 

13 1 
s e n s i t i v i t y ( C - H c r o s s p o l a r i z a t i o n ) enhancement t e c h n i q u e s 
(29 , 30) . Th is work has r e c e n t l y been extended to the f l u o r o -

19 
po lymers PTFE and po ly ( c h l o r o t r i f l u o r o e t h y l e n e ) (PCTFE) u s ing F 

13 19 
d i p o l a r d e c o u p l i n g and C - F c r o s s p o l a r i z a t i o n ( 31 ) . Narrow 
l i n e s , on the o rde r o f 15 t o 70Hz, were o b t a i n e d f o r bo th 
po lymers . The two n o n e q u i v a i e n t ca rbons of PCTFE were r e s o l v e d . 
These e x c i t i n g r e s u l t s suggest t h a t such t e c h n i q u e s c o u l d be 
q u i t e power fu l f o r the s tudy o f N a f i o n . In a d d i t i o n t o m i c r o -
s t r u c t u r a l i n f o r m a t i o n such as copolymer sequence d i s t r i b u t i o n , 
i n f o r m a t i o n on polymer m o b i l i t y shou ld be f o r t h com ing as f o r 
hydrocarbon po lymers (2^9). The h i g h r e s o l u t i o n t e chn i que would 
a l l o w bo th the polymer backbone and the s i d e c h a i n s t o be i n d e 
p e n d e n t l y probed as a f u n c t i o n o f e n v i r o n m e n t a l c o n d i t i o n s . 
M o l e c u l a r i n f o r m a t i o n c o n c e r n i n g the f l uo roca rbon/aqueou s i n t e r 
f a c e might be f o r t h c o m i n g . 

The above t echn i que i s a p p l i c a b l e to n u c l e i i n low n a t u r a l 
13 15 

abundance ( e . g . , C, N) i n s o l i d s . P r o g r e s s has a l s o been 
made toward the o b s e r v a t i o n o f h i g h r e s o l u t i o n s p e c t r a o f abun-

1 19 
dant s p i n s i n s o l i d s ( 32 ) . High r e s o l u t i o n s p e c t r a o f H or F 
i n s o l i d s can be observed by a p p l i c a t i o n o f m u l t i p l e - p u l s e s e 
quences s p e c i a l l y de s i gned to e l i m i n a t e the s t r o n g homonuclear 
d i p o l a r i n t e r a c t i o n s r e s p o n s i b l e f o r most o f t he l i n e b r o a d e n i n g . 
M u l t i p l e - p u l s e d i p o l a r ave rag ing NMR has been a p p l i e d to PTFE and 

19 
p o l y ( T F E - h e x a f l u o r o p r o p y l e n e ) (33^ 3 4 ) . I n d i v i d u a l F r e s onanc 
es a r i s i n g from t he c r y s t a l l i n e and amorphous r e g i o n s o f PTFE 
were r e s o l v e d . Hence, i t proved p o s s i b l e to s t udy i n d e p e n d e n t l y 
polymer c h a i n mo t i on s i n each r e g i o n and t o o b t a i n a d i r e c t 
measurement o f t he degree o f c r y s t a l l i n i t y . A p p l i c a t i o n s t o 
Na f i on systems a r e o b v i o u s . 
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7. KOMOROSKi A N D M A U R I T Z NMR Studies of Ion Pairing 137 

C o n c l u s i o n s 

P r e l i m i n a r y r e s u l t s o f t h e M R i n v e s t i g a t i o n o f t h e mo lecu 
l a r n a t u r e o f t he i o n i c c l u s t e r r e g i o n s o f Na f i on p e r f l u o r o s u l -
f ona te membranes have been p r e s e n t e d . An advantage o f t h e WR 
probe i s t he a b i l i t y t o mon i t o r s h o r t - r a n g e dynamic a s p e c t s o f 
the i o n i c - h y d r a t e m o l e c u l a r a r c h i t e c t u r e f o r e q u i l i b r i u m s t a t e s . 
I t has a l s o been demonst rated how t h e r e s u l t a n t c o n c e p t s can be 
t r a n s l a t e d i n t o a m o l e c u l a r - b a s e d model t h a t may be s i g n i f i c a n t 
i n p r o v i d i n g a base f o r m a t h e m a t i c a l r e p r e s e n t a t i o n s o f v a r i o u s 
mac ro s cop i c p h y s i c a l p r o p e r t i e s . 

0r\ the o t h e r hand, i t seems t h a t , a s i d e from the o v e r a l l 
c l u s t e r i n g a s p e c t , l i t t l e has been d i s c o v e r e d , t o d a t e , r e g a r d i n g 
s t r u c t u r a l f e a t u r e s o f t h e polymer i t s e l f , p a r t i c u l a r l y from M R 
s t u d i e s . What, f o r example, can be l e a r n e d o f comonomer sequence 
d i s t r i b u t i o n , o r backbone and s i d e c h a i n c o n f o r m a t i o n s w i t h t he 
accompanying dynamic e f f e c t s ? How i s c o n f o r m a t i o n a f f e c t e d by 
c o u n t e r i o n t y p e , water c o n t e n t , and t e m p e r a t u r e , t o name a few? 
What can we say about the f l uo r oca rbon/aqueou s i n t e r f a c e a t t he 
m o l e c u l a r l e v e l ? F u tu re s t u d i e s s i m i l i a r t o tho se ment ioned i n 
t h e l a s t s e c t i o n may r e s o l v e t h e s e r e m a i n i n g p rob lems . 
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Infrared Spectra of Perfluorosulfonated Polymer 

and of Water in Perfluorosulfonated Polymer 

MICHAEL FALK 
Atlantic Research Laboratory, National Research Council of Canada, 1411 Oxford Street, 
Halifax, Nova Scotia B3H 3Z1, Canada 

Infrared spectroscopy provides information on the 
microscopic structure of hydrated polymers which is not easily 
available by other means. Nafion is a new material and so far 
only four infrared studies on it have been reported (1-4). The 
scope of these studies is summarized in Table I; they are of 
preliminary nature and do not exhaust the possibilities of the 
infrared technique. In the present chapter the structural 
information which has been so far derived from infrared studies 
of Nafion will be collected, and some additional results from the 
author's laboratory will be presented. 

Control of Water Content of Nafion Membranes in Infrared Studies 

The first infrared measurements on Nafion were carried out 
without controlling its water content (1,2). Because membranes 
exposed to the air tend to lose water by evaporation, especially 
when exposed to the heat of the infrared beam, the spectra of 
ref. 1 and 2 correspond to rather low water contents, probably 
below one H2O molecule per sulfonate group. 

Control of water content was introduced by Lowry and Mauritz 
(3) who observed that membranes pressed tightly between flat 
plates did not lose water during the recording of the spectrum. 
This enabled them to record Attenuated Total Reflectance (ATR) 
spectra (5) at different stages of water loss, starting with a 
thoroughly soaked membrane and allowing some of the water to 
evaporate between consecutive measurements. They estimated the 
water content by quickly weighing the membrane before and after 
each spectrum and again after thorough drying (3). 

In the author's laboratory, two experimental techniques have 
been developed for controlling the water content. In the vapor 
equilibrium technique the membrane is suspended in a hygrostatic 

NRCC No. 19534 

0097-6156/82/0180-0139$08.00/0 
© 1982 American Chemical Society 
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8. F A L K IR Spectra of Water in Polymer 141 

c e l l i n which moist a i r of c o n t r o l l e d h u m i d i t y and H/D r a t i o i s 
c i r c u l a t e d . T h i s t e c h n i q u e , i n t r o d u c e d i n r e f . 4̂ , y i e l d s 
r e p r o d u c i b l e water c o n t e n t s . However, the d e t e r m i n a t i o n of water 
by weighing the membrane becomes i n a p p r o p r i a t e because d u r i n g the 
r e c o r d i n g of the spectrum the p o r t i o n of the membrane which i s 
s u b j e c t e d to the i n f r a r e d r a d i a t i o n i s heated to an e s t i m a t e d 
10°C above ambient temperature, c a u s i n g temporary l o c a l 
d i m i n u t i o n of the water c o n t e n t . When water c o n t e n t s of the 
suspended membranes were determined from the absorbance of the 
H 20 band at 1620 cm"1 (as d e s c r i b e d i n the f o l l o w i n g s e c t i o n ) i t 
was found t h a t the h i g h e s t l e v e l s of h y d r a t i o n a t t a i n e d w i t h t h i s 
t echnique were o n l y about 2 H 20/-S0 3" and not 6 H 20/-S0 3" as had 
been c a l c u l a t e d from weighing measurements (4^). We have s i n c e 
l e a r n e d to i n c r e a s e the water content of the membranes i n the 
vapor e q u i l i b r i u m t e c h n i q u e t o about 5 H 20/-S0 3" by procedures 
m i n i m i z i n g the e f f e c t of beam h e a t i n g , but b a s i c a l l y t h i s 
t e c h n i q u e i s l i m i t e d t o the study of i n c o m p l e t e l y hydrated 
membranes· 

More r e c e n t l y , a complementary sandwiched f i l m technique was 
developed i n which s p e c t r a of N a f i o n membranes c o n t a i n i n g 1 to 14 
H 20 per s u l f o n a t e were r o u t i n e l y o b t a i n e d . The top l e v e l o f 
h y d r a t i o n can be taken t o r e p r e s e n t a membrane c o m p l e t e l y 
s a t u r a t e d w i t h water under our e x p e r i m e n t a l c o n d i t i o n s . T h i s 
t e c h n i q u e i s an a d a p t a t i o n of the method of Lowry and M a u r i t z of 
s e a l i n g a membrane of a g i v e n water content between two f l a t 
p l a t e s (3^). The procedure i s e q u a l l y s u i t a b l e f o r ATR 
measurements ( i n which the membrane i s sandwiched between the 
i n t e r n a l r e f l e c t a n c e c r y s t a l and the back p l a t e , as i n r e f . 3) or 
f o r t r a n s m i t t a n c e measurements ( i n which the membrane i s 
sandwiched between two CaF 2 or AgCl p l a t e s ) . The disadvantage of 
the sandwiched f i l m technique i s t h a t when the membrane i s 
t i g h t l y p ressed a c e r t a i n amount of l i q u i d water can be observed 
to be squeezed out and trapped between the membrane and the 
c o n f i n i n g p l a t e s . Thus the t r a n s m i t t a n c e spectrum, and even more 
so the ATR spectrum may c o n t a i n a c o n t r i b u t i o n from a t h i n l a y e r 
o f pure water, the more so the h i g h e r the o r i g i n a l water c o n t e n t . 
T h i s does not i n t e r f e r e unduly w i t h the bands of N a f i o n , but 
f a l s i f i e s to some e x t e n t , e s p e c i a l l y a t h i g h water c o n t e n t s , the 
s p e c t r a l band shapes of water i n N a f i o n . 

As of the time of w r i t i n g , an i d e a l method of r e c o r d i n g 
i n f r a r e d s p e c t r a of N a f i o n membranes at a l l l e v e l s of h y d r a t i o n 
i s s t i l l b e i ng sought. 

D e t e r m i n a t i o n of Water Content from Absorbance a t 1620 cm"1 

In what f o l l o w s , absorbance i s d e f i n e d as A = - l o g 1 Q T, where 
Τ i s t r a n s m i t t a n c e . The use of i n t e g r a t e d absorbance of the 
1620-cm" 1 band ( B ^ O ^ o r i t s P e a l c absorbance ( A 1 6 2 Q ) t o 
determine the membrane water content r e p r e s e n t s a c o n s i d e r a b l e 
improvement over weighing t e c h n i q u e s , being d i r e c t and r e f l e c t i n g 
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142 P E R F L U O R I N A T E D I O N O M E R M E M B R A N E S 

the a c t u a l water c o n t e n t of the p a r t of the membrane w i t h i n the 
i n f r a r e d beam. The p r e f e r e n c e f o r the use of the H 20 bending 
fundamental a t 1620 cm"1 i s based on i t s i n s e n s i t i v i t y t o changes 
i n m o l e c u l a r environment. T h i s i s demonstrated by the n e a r l y 
c o i n c i d e n t v a l u e s measured i n t h r e e d i f f e r e n t l a b o r a t o r i e s f o r 
the i n t e g r a t e d a b s o r p t i v i t y of t h i s fundamental i n l i q u i d water, 
water vapor, and s o l u t i o n of water i n acetone: 5.9 χ 10 6 cm/mol 
( 6 ) , 6.4 χ 1 0 6 cm/mol Ç7), and 5.8 χ 1 0 6 cm/mol ( 8 ) , 
r e s p e c t i v e l y . The s t a n d a r d d e v i a t i o n o f these v a l u e s i s 5%, 
about the expected e x p e r i m e n t a l e r r o r . Using the mean v a l u e , 
6.1 χ 1 0 6 cm/mol, and p h y s i c a l c o n s t a n t s a p p r o p r i a t e to N a f i o n 
142 membrane* ( t h i c k n e s s 0.0051 cm, e q u i v a l e n t weight 1400 g/mol 
S0 3 " , dry d e n s i t y 1.98 g/cm 3) and a l l o w i n g f o r the d i f f e r e n c e 
between n a t u r a l l o g a r i t h m s (used i n r e f s . ^~8) and d e c a d i c 
l o g a r i t h m s , we o b t a i n the f o l l o w i n g r e l a t i o n f o r the r a t i o R o f 
H 20 molecules to s u l f o n a t e groups: 

B 1 6 2 Q [ c m " 1 ] χ 1400[g/mol -S0 3~] χ 2.303 
R — — = 0.052 χ B 1 6 2 0 

0.0051[cm] χ 6.1x10 6 [cm/mol H 20] χ 1.98[g/cm 3] 

where B 1 6 2 Q i s the measured band area ( a b s c i s s a : cm" 1; o r d i n a t e : 
d e c a d i c absorbance) of the bending fundamental of H 20 i n N a f i o n . 
Or, s i n c e the h a l f w i d t h ( i . e . the f u l l w i d t h at h a l f h e i g h t ) of 
t h i s band i s about 50 cm" 1, and assuming t h a t the band area 
equals the product of peak absorbance by the h a l f w i d t h , we o b t a i n 
the a l t e r n a t e e x p r e s s i o n : 

R = 2.6 χ A 1 6 2 0 

where A 1 6 2 Q i s the peak absorbance of the H 20 bending 
fundamental. For N a f i o n 125 a p a r a l l e l c a l c u l a t i o n y i e l d s 
R « 0.017 χ B 1 6 2 0 or R = 0.83 χ A 1 6 2 Q . Whenever the absorbance 
o f the water band a t 1620 cm"1 was too h i g h to be measured 
a c c u r a t e l y , the absorbance at 1700 cm" 1, A 1 7 Q Q , away from the 
band c e n t e r c o u l d be measured i n s t e a d , as i t has been found t h a t , 
c o n v e n i e n t l y , A 1 7 0 Q = 0.10 χ A 1 6 2 Q . These r e l a t i o n s have been 
used to c a l c u l a t e H 20 c o n t e n t s i n our r e c e n t measurements on 
N a f i o n ; they are e s t i m a t e d to be a c c u r a t e t o 15%. 

I t may be noted t h a t the absorbance of the OH s t r e t c h i n g 
fundamental has a l s o been used to e s t i m a t e the water content o f 
N a f i o n ( 1 ) , but i t i s much l e s s a p p r o p r i a t e f o r t h i s purpose 
because o f the v e r y l a r g e changes accompanying any changes i n 
hydrogen bonding. For example, the i n t e g r a t e d a b s o r p t i v i t y of 

*The e x p l a n a t i o n of the n u m e r i c a l codes i s i n f o o t n o t e to Table I . 
D e n s i t y and o t h e r p h y s i c a l c o n s t a n t s of N a f i o n membranes are 
t a b u l a t e d i n Dupont Product I n f o r m a t i o n B u l l e t i n s . 
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8. F A L K IR Spectra of Water in Polymer 143 

the two s t r e t c h i n g fundamentals of H 20 i n c r e a s e s by a f a c t o r o f 
18 going from vapor to l i q u i d , and by a f a c t o r of 2 going from 
l i q u i d to i c e (6_). 

P r i n c i p a l F e a t u r e s of the S p e c t r a 

Sodium s a l t of N a f i o n . F i g u r e 1 shows the i n f r a r e d 
t r a n s m i s s i o n spectrum of the t h i n n e s t c o m m e r c i a l l y a v a i l a b l e 
N a f i o n membrane, Dupont's N a f i o n 142, whose t h i c k n e s s i s about 
51 ym. F i l m s of t h i s t h i c k n e s s are s u i t a b l e f o r s t u d i e s of t h e 
l e s s i n t e n s e i n f r a r e d a b s o r p t i o n bands by o r d i n a r y t r a n s m i s s i o n 
t e c h n i q u e s . However, the more i n t e n s e bands of N a f i o n , such as 
those i n the r e g i o n o f 1340-1100 cm"1 and the water bands i n the 
r e g i o n of 3650-3150 cm"1 f o r samples of h i g h water c o n t e n t , 
absorb c o m p l e t e l y o r almost c o m p l e t e l y a t such t h i c k n e s s e s . 
P r e p a r a t i o n of t h i n n e r f i l m s i s d i f f i c u l t but f i l m s of any 
t h i c k n e s s may be s t u d i e d by the technique of A t t e n u a t e d T o t a l 
R e f l e c t a n c e (ATR) (2^,_3). F i g u r e 2 shows the ATR spectrum of the 
same N a f i o n f i l m as i n F i g u r e 1. One minor disadvantage o f the 
ATR technique i s the common occurrence of s p u r i o u s peaks due t o 
uncompensated a b s o r p t i o n by atmospheric H 20 and C0 2 and v a r i o u s 
s u r f a c e contaminants. A more s e r i o u s disadvantage of ATR i s t h a t 
i t i s a s u r f a c e technique w i t h a depth of p e n e t r a t i o n of the 
order of wavelength, i . e . 3-10 ym (5) and the p o s s i b i l i t y i s 
always present t h a t the s p e c t r a observed are not r e p r e s e n t a t i v e 
of the b u l k sample ( 3 ) . I t i s t h e r e f o r e a d v i s a b l e to v e r i f y 
f i n d i n g s from ATR experiments by t r a n s m i s s i o n s p e c t r o s c o p y as f a r 
as p o s s i b l e . We have observed t h a t bands due to N a f i o n i n ATR 
s p e c t r a correspond c l o s e l y t o the c o r r e s p o n d i n g t r a n s m i t t a n c e 
s p e c t r a , but t h a t t h i s i s not g e n e r a l l y t r u e of bands due t o 
water i n N a f i o n . 

T a b l e I I l i s t s the p o s i t i o n s and r e l a t i v e i n t e n s i t i e s of the 
main a b s o r p t i o n bands of the sodium s a l t of N a f i o n , t o g e t h e r w i t h 
the best a v a i l a b l e assignments to v i b r a t i o n a l modes of the 
s t r u c t u r a l components of N a f i o n : the f l u o r i n a t e d hydrocarbon 
main c h a i n , the e t h e r - l i n k e d f l u o r i n a t e d s i d e - c h a i n s , the i o n i c 
end groups - S 0 3 ~ N a + and water of h y d r a t i o n . 

The most i n t e n s e a b s o r p t i o n s i n the spectrum are those due 
to the f l u o r o c a r b o n main c h a i n . The spectrum of N a f i o n t h e r e f o r e 
s t r o n g l y resembles t h a t of p o l y t e t r a f l u o r o e t h y l e n e (PTFE; 
T e f l o n ) , a l l of the major bands of PTFE being a l s o observed i n 
N a f i o n a t v e r y n e a r l y the same wavenumbers. E s p e c i a l l y i n the 
r e g i o n of symmetric and a n t i s y m m e t r i c CF 2 s t r e t c h i n g (1350 t o 
1100 cm""1) these i n t e n s e P T F E - l i k e bands obscure a l l o t h e r 
a b s o r p t i o n s of N a f i o n . The CF 2 and CF u n i t s i n the s i d e - c h a i n s 
have no d i s t i n c t i v e a b s o r p t i o n s but the e t h e r l i n k a g e s g i v e r i s e 
to the w e l l - s e p a r a t e d band a t 980 cm" 1, which has been s a i d t o 
o r i g i n a t e i n the C-0-C symmetric s t r e t c h (2^). The - S0 3~Na + end 
groups g i v e r i s e to o n l y one d i s t i n c t i v e a b s o r p t i o n band 
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unobscured by the f l u o r o c a r b o n bands: The - S 0 3 ~ symmetric 
s t r e t c h at about 1060 cm" 1. 

I n f r a r e d s p e c t r a of N a f i o n , except those of v e r y t h o r o u g h l y 
d r i e d specimens, c o n t a i n prominent bands due to the s t r e t c h i n g 
and bending fundamentals of water of h y d r a t i o n , the r e l a t i v e 
i n t e n s i t y of these bands i n c r e a s i n g w i t h the water content of the 
specimen. The OH s t r e t c h i n g fundamental occurs i n the r e g i o n of 
3750-3200 cm - 1, devoid of a b s o r p t i o n s by o t h e r groups of N a f i o n , 
so t h a t the spectrum here i s due o n l y to water m o l e c u l e s . T h i s 
r e g i o n c o n t a i n s i n f o r m a t i o n c o n c e r n i n g hydrogen bonding of water. 
The Η0Η bending fundamental a t about 1620 cm"1 a l s o l i e s c l e a r of 
major N a f i o n a b s o r p t i o n s and c o n t a i n s r e l a t i v e l y l i t t l e 
s t r u c t u r a l i n f o r m a t i o n about water i n N a f i o n but p r o v i d e s a 
convenient measurement of the water c o n t e n t . The H 20 l i b r a t i o n a l 
fundamentals absorb i n the 800-500 cm"1 r e g i o n too s t r o n g l y 
obscured by N a f i o n a b s o r p t i o n s to be s t r u c t u r a l l y u s e f u l . The OD 
s t r e t c h i n g band of D 20 o c c u r s i n the r e g i o n of 2750-2350 cm" 1, 
and c o n t a i n s s i m i l a r i n f o r m a t i o n to the OH s t r e t c h i n g fundmental, 
though i t s u f f e r s from being superposed on an overtone of CF 
s t r e t c h i n g v i b r a t i o n s c e n t e r e d at 2360 cm" 1. On the r e a s o n a b l e 
assumption t h a t the band shape of t h i s overtone i s independent of 
the s t a t e of h y d r a t i o n or d e u t e r a t i o n of N a f i o n , the overtone 
a b s o r p t i o n may be compensated by a matching f i l m of d r y , 
undeuterated N a f i o n i n the r e f e r e n c e beam of the spectrometer ( 4 ) . 

Other S a l t s of N a f i o n . S p e c t r a of N a f i o n w i t h o t h e r 
c o u n t e r i o n s d i f f e r somewhat from those of the sodium s a l t . The 
most i n t e r e s t i n g among such d i f f e r e n c e s i n v o l v e bands due to 
water. These are p r e s e n t l y under study i n the author's 
l a b o r a t o r y ( 1 5 ) . There are a l s o o b s e r v a b l e d i f f e r e n c e s i n the 
N a f i o n bands a t 1060 and 980 cm" 1. These w i l l be d i s c u s s e d i n 
l a t e r s e c t i o n s . 

A c i d Form of N a f i o n . The i n f r a r e d spectrum of the a c i d form 
of N a f i o n i s d i s t i n c t from the s p e c t r a of i t s s a l t s . F i g u r e 3 
shows the t r a n s m i s s i o n spectrum of N a f i o n 142 i n the a c i d form a t 
t h r e e water c o n t e n t s . I t has been noted by Lopez e t a l . (1) and 
by H e i t n e r - W i r g u i n (2) t h a t N a f i o n membranes i n the a c i d form 
absorb almost c o m p l e t e l y below 3700 cm" 1. As F i g u r e 3 shows, 
t h i s i s t r u e o n l y at h i g h water c o n t e n t s . Dry or n e a r l y d r y 
membranes y i e l d s p e c t r a c h a r a c t e r i s t i c of the a c i d group -SO3H. 
A s m a l l band at about 930 cm"1 corresponds to the s t r e t c h i n g 
v i b r a t i o n o f the S-0 bond w i t h the s i n g l e - b o n d c h a r a c t e r i n the 

^° 
-S=0 group, i n analogy to the band observed by Zundel a t 

0-H 
907 cm" 1 f o r p o l y s t y r e n e s u l f o n i c a c i d ( 1 0 ) . This band i s a good 
measure of the u n d i s s o c i a t e d s u l f o n i c a c i d groups i n the system. 
The extremely i n t e n s e and broad band c e n t e r e d at 2750 cm"1 i s due 
t o the a c i d protons i n v o l v e d i n v e r y s t r o n g hydrogen bonds. Such 
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s t r o n g bonds a r e l i k e l y t o form between -S0 3H groups, w i t h the 
fo r m a t i o n of hydrogen-bonded c h a i n s or perhaps dimers of the form 

^0····Η-0^ 
-S==0 0==S-. The s p e c t r a of hydrated a c i d membranes show 

0-Η····0^ 
the disappearance of the band a t 930 cm""1, which i n d i c a t e s the 
d i s s o c i a t i o n o f the -SO3H groups. A complex p a t t e r n o f i n t e n s e 
and broad bands i n the OH s t r e t c h i n g r e g i o n i s r e m i n i s c e n t of the 
s p e c t r a o f aqueous s o l u t i o n s of a c i d s and i s c h a r a c t e r i s t i c of 
the s t r o n g hydrogen bonding of water molecules to the pr o t o n a t e d 
s p e c i e s H 30 + o r H 50 2

+. A d e t a i l e d study o f these bands i n N a f i o n 
has not been made so f a r . 

I n f o r m a t i o n from A b s o r p t i o n Bands of N a f i o n 

The 1060 cm""1 Band. Th i s band i s due to the symmetric 
s t r e t c h i n g v i b r a t i o n o f -S0 3~ groups. Lowry and M a u r i t z 
conducted a c a r e f u l study of the e f f e c t s of h y d r a t i o n and 
c o u n t e r i o n type on t h i s band u s i n g the ATR technique (3_). F i g u r e 
4 reproduces the s p e c t r a of r e f . _3. f o r the f u l l y h ydrated and 
d r i e d samples of N a f i o n w i t h L i , Na, K, and Rb c o u n t e r i o n s ; 
F i g u r e 5 shows the s p e c t r a of the L i sample a t d i f f e r e n t water 
c o n t e n t s . 

W h i l e the s p e c t r a o f the f o u r hydrated membranes are v e r y 
s i m i l a r , the s p e c t r a of the co r r e s p o n d i n g dry samples show 
s i g n i f i c a n t d i f f e r e n c e s . I t i s apparent t h a t the degree of 
h y d r a t i o n , as w e l l as the c o u n t e r i o n t y p e , has a s i g n i f i c a n t 
e f f e c t on the 1060-cnf 1 band. F i g u r e 5 shows t h a t f o r the L i 
sample the peak p o s i t i o n remains f a i r l y c o n s t a n t u n t i l water 
co n t e n t f a l l s below about 5 H 20 molecules per i o n p a i r . At t h i s 
p o i n t the peak begins to s h i f t to h i g h e r f r e q u e n c i e s and broadens 
s u b s t a n t i a l l y . The r e s u l t s o f Lowry and M a u r i t z may be 
summarized as f o l l o w s : ( i ) The magnitude of the s h i f t of the 
1060-cm""1 peak decreases as the r a d i u s of the c o u n t e r i o n 
i n c r e a s e s , ( i i ) The s h i f t begins a t lower H 20/ion r a t i o s f o r the 
h e a v i e r c a t i o n s . ( i i i ) No s h i f t occurs i n the s p e c t r a of the 
R b - c o n t a i n i n g N a f i o n . These ATR r e s u l t s have been f u l l y 
c onfirmed and extended to a d d i t i o n a l c a t i o n s by t r a n s m i s s i o n 
s p e c t r a recorded i n the author's own l a b o r a t o r y (12 ). F i g u r e 6 
shows our r e s u l t s f o r the s e r i e s of a l k a l i - m e t a l c a t i o n s and the 
c u r r e n t l y a v a i l a b l e r e s u l t s from both types o f measurements a r e 
summarized i n Table I I I . The good agreement between the two s e t s 
o f r e s u l t s i s r e a s s u r i n g . 

The i n t e r p r e t a t i o n o f these o b s e r v a t i o n s i s as f o l l o w s (3^). 
The changes i n the v i b r a t i o n a l frequency of the -S0 3~ s t r e t c h i n g 
v i b r a t i o n are due to the p o l a r i z a t i o n o f the S-0 d i p o l e by the 
e l e c t r o s t a t i c f i e l d of adja c e n t c o u n t e r i o n s . The magnitude o f 
t h i s p o l a r i z a t i o n depends on the r a d i u s of the bare c a t i o n , b e i n g 
the l a r g e s t f o r L i , and p r a c t i c a l l y n e g l i g i b l e f o r Rb and Cs. I n 
the f u l l y h y d r a t e d membrane, the peak p o s i t i o n i s independent o f 
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l_l I I U 
Figure 5. ATR spectra of the Li form of 1100 1000 cm" 1 

Nafion 113 in the region of 1100 to 1000 
cm-1 for different water contents (3 ). Journal of the American Chemical Society 
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TABLE I I I 
S h i f t s o f the 1060-cm""1 Band due to H y d r a t i o n 

C o u n t e r i o n Hydrated Membrane Dry Membrane Co u n t e r i o n 

ATR 
( r e f . 3) 

T r a n s m i s s i o n 
( T h i s work) 

ATR 
( r e f . 

T r a n s m i s s i o n 
( T h i s work) 

Cs - 1056.0 - 1055.0 
Rb 1057 1057.5 1057 1057.0 
Κ 1058 1058.5 1059 1060.0 
Na 1058 1059.0 1064 1065.0 
L i 1058 1057.5 1073 1071.0 

the c o u n t e r i o n , as each - S 0 3 ~ group i s s h i e l d e d by s e v e r a l water 
m o l e c u l e s from the n e a r e s t c o u n t e r i o n . As water i s being 
removed, at some p o i n t too few water molecules remain to p r o v i d e 
complete s h i e l d i n g between anions and c a t i o n s and c o n t a c t p a i r s 
b e g i n to form. Beyond t h i s p o i n t , whose onset depends on the 
h y d r a t i o n number and h y d r a t i o n e n e r g e t i c s of the c a t i o n , a s t r o n g 
i n t e r a c t i o n occurs between the s u l f o n a t e group and the c a t i o n . 
F o r Na and L i c o u n t e r i o n s the s h i f t of the - S 0 3 " s t r e t c h i n g 
frequency begins when the water content f a l l s below about 5 H 20 
per s u l f o n a t e group. For Κ c o u n t e r i o n s , the water co n t e n t must 
f a l l below 2 H 20 per s u l f o n a t e b e f o r e a b a r e l y d e t e c t a b l e 
frequency s h i f t o c c urs (1.5 c m - 1 ) , w h i l e f o r Rb and Cs no s h i f t 
i s observed even f o r c o m p l e t e l y d r i e d m a t e r i a l . 

The b e h a v i o r o f the 1060-cm""1 band i n d i c a t e s t h a t c o n t a c t 
p a i r s do occur i n N a f i o n a t low degree of h y d r a t i o n and t h a t the 
dynamic e q u i l i b r i u m s h i f t s i n the d i r e c t i o n of g r e a t e r 
d i s s o c i a t i o n w i t h i n c r e a s i n g water c o n t e n t . 

The 980-cm" 1 Band. Th i s band appears to be due to t h e 
symmetric s t r e t c h i n g v i b r a t i o n of COC groups i n the pendant s i d e -
c h a i n s - C F 2 C F - 0 - C F 2 Ç F - of N a f i o n (2_) . In the ATR s p e c t r a o f 
Lowry and M a u r i t z (3) t h i s band r e s o l v e s i n t o t h r e e components: 
main peak near 980 cm" 1, a secondary peak near 970 cm" 1, and a 
s h o u l d e r at about 995 cm" 1. An i n s p e c t i o n of s p e c t r a o f r e f . ^, 
reproduced i n F i g u r e 4, r e v e a l s a p p r e c i a b l e changes i n the shape 
o f t h i s band d u r i n g the h y d r a t i o n - d e h y d r a t i o n c y c l e : the 
970-cm" 1 component becomes more prominent and b e t t e r r e s o l v e d i n 
the s p e c t r a o f h y d r a t e d membranes, t h i s being more n o t i c e a b l e 
w i t h L i and Na than w i t h Κ and Rb. The t r a n s m i s s i o n s p e c t r a i n 
t h i s range s u f f e r from v e r y s t r o n g a b s o r p t i o n , but n e v e r t h e l e s s 
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8. F A L K IR Spectra of Water in Polymer 155 

i n the s p e c t r a r e c o r d ed i n the author's l a b o r a t o r y ( F i g u r e 7) the 
occurrence of t h r e e components can be i n f e r r e d . As i n the ATR 
s p e c t r a , the low-frequency component g a i n s i n r e l a t i v e i n t e n s i t y 
w i t h r e s p e c t to the main peak and becomes b e t t e r r e s o l v e d at 
i n c r e a s i n g water c o n t e n t . S m a l l s h i f t s of t h i s band, by s e v e r a l 
wavenumbers, have a l s o been r e p o r t e d when an a l k a l i m etal 
c o u n t e r i o n i s r e p l a c e d by a t r a n s i t i o n - m e t a l i o n (2_). 

The mechanism r e s p o n s i b l e f o r these changes i s not a t 
p r e s e n t c l e a r , but i t does i n d i c a t e some i n t e r a c t i o n of the 
c a t i o n s w i t h the e t h e r oxygens, p a r t i c u l a r l y f o r Na, L i , and 
p o l y v a l e n t c a t i o n s . One may conclude t h a t i n hydrated N a f i o n 
some p o r t i o n s of the s i d e - c h a i n s are exposed to the e l e c t r o s t a t i c 
f i e l d of the c a t i o n s , and hence t h a t the s i d e - c h a i n s p e n e t r a t e to 
some extent i n t o the i o n c l u s t e r s . 

I n f o r m a t i o n from A b s o r p t i o n Bands of Water 

S p e c t r a of water i n the sodium s a l t of N a f i o n were s t u d i e d 
i n c o n s i d e r a b l e d e t a i l i n r e f . _4, w i t h s p e c i a l a t t e n t i o n to the 
s p e c t r a l p r o f i l e s of the s t r e t c h i n g fundamentals of i s o t o p i c a l l y 
i s o l a t e d HDO. I s o t o p i c i s o l a t i o n i s a c h i e v e d e x p e r i m e n t a l l y by 
o b s e r v i n g the OD s t r e t c h i n g fundamental of a sample w i t h D/H 
r a t i o of 1/10 or l e s s , o r a l t e r n a t i v e l y the OH s t r e t c h i n g 
fundamental of a sample w i t h H/D r a t i o of 1/10 or l e s s . These 
bands are much s i m p l e r and thus e a s i e r to i n t e r p r e t s t r u c t u r a l l y 
than the s t r e t c h i n g fundamentals of e i t h e r H 20 or D 20. The 
s p e c t r a d e s c r i b e d i n r e f . _4 have been f u l l y c onfirmed by f u r t h e r 
work i n the author's l a b o r a t o r y , except t h a t the samples 
d e s c r i b e d as " f u l l y h y d r a t e d " have now been found to correspond 
to water content below 3 H 20/-S0 3" whereas f u l l h y d r a t i o n f o r 
sodium N a f i o n corresponds to some 14 H 20/-S0o~. With t h i s 
r e - i n t e r p r e t a t i o n , the r e s u l t s of r e f . 4 w i l l be summarized i n 
the next two s e c t i o n s . 

HDO Bands a t Low Water Contents. F i g u r e 8, reproduced from 
r e f . ^, shows the r e g i o n of the OH s t r e t c h i n g fundamental of 
N a f i o n 125 and 142 i n the sodium form. The two s p e c t r a are v e r y 
s i m i l a r , showing t h a t a t l e a s t a t low water c o n t e n t s the p h y s i c a l 
s t a t e of water i n N a f i o n does not change a p p r e c i a b l y w i t h the 
s u l f o n a t e c o n t e n t of the polymer. 

U n l i k e the s i n g l e , broad OH s t r e t c h i n g band of HDO i n the 
s p e c t r a of l i q u i d water (16) and h y d r o p h i l i c polymers ( 1 7 ) , the 
spectrum of HDO i n N a f i o n a t 1.6 H 20 per s u l f o n a t e c o n s i s t s o f 
two bands, marked A and Β i n F i g u r e 8. The f r e q u e n c i e s of these 
bands, 3660 and 3520 cm" 1, are much h i g h e r than those of HDO i n 
l i q u i d water. The c o r r e s p o n d i n g OD s t r e t c h i n g a b s o r p t i o n of HDO 
i n N a f i o n e x h i b i t s an analogous d o u b l e t , a t 2695 and 2588 cm"1 

( F i g u r e 9 ) . I t can be concluded t h a t OH groups of water i n 
N a f i o n a t low l e v e l s of h y d r a t i o n occur i n two types of 
s u r r o u n d i n g s . 
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Canadian Journal of Chemistry 
Figure 8. The OH stretching region of HDO in the spectrum of deuterated (95% D, 
5% H) Nafion 125 and 142 membranes in the sodium form. Water content: ap

proximately 1.6 water molecules per —SOs~ group (4). 
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Figure 9. The OD stretching region of the spectrum of HDO at low deuteration 

(10% D, 90% H) in Nafion 125 membranes in the sodium form ( 4 ) . 
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The main band, l a b e l l e d B, i s c l e a r l y a s s o c i a t e d w i t h those 
OH (or OD) groups of water i n N a f i o n which form hydrogen bonds. 
Two types o f hydrogen bonds ar e p o s s i b l e , water*·»water and 
water*·-sulfonate ( F i g u r e 10). The occurrence of o n l y one band 
w i t h no r e s o l v e d s u b s t r u c t u r e i n d i c a t e s t h a t these two p o s s i b l e 
types of 0-Η···0 bonds are of comparable average s t r e n g t h . 
S i m i l a r l y , t h e r e i s no s p e c t r o s c o p i c d i s t i n c t i o n between the 
s t r e t c h i n g f r e q u e n c i e s of water molecules which are i n t e r a c t i n g 
through t h e i r l o n e e l e c t r o n p a i r s w i t h the sodium i o n s (Η,^Ο1 and 
H 2 0 2 i n F i g u r e 10) and those which o n l y i n t e r a c t w i t h o t h e r water 
m o l e c u l e s ( H 2 0 3 and R20^ i n F i g u r e 10). The s i t u a t i o n i s not 
u n l i k e t h a t observed i n the s p e c t r a of HDO i n s a l t s o l u t i o n s 
( 1 6 ) . The l a r g e s h i f t o f band Β to h i g h frequency w i t h r e s p e c t 
to the l i q u i d - p h a s e v a l u e (3404 cm"1 f o r OH s t r e t c h and 2504 cm"1 

f o r 0D s t r e t c h ) shows t h a t the mean s t r e n g t h o f hydrogen bonds i s 
s u b s t a n t i a l l y lower than i n l i q u i d water. 

The s m a l l e r band, l a b e l l e d A, i s a t a frequency s u f f i c i e n t l y 
c l o s e to t h a t of the gas-phase HDO (3707 cm"1 f o r OH s t r e t c h and 
2727 cm"1 f o r 0D s t r e t c h ) t h a t i t must be c o n s i d e r e d due to OH 
groups not i n v o l v e d i n 0-Η···0 hydrogen bonding. I t was shown i n 
réf. _4 t h a t the f r e q u e n c i e s are i n f a c t v e r y n e a r l y those t h a t 
would be expected f o r water molecules on the p e r i p h e r y of the 
aqueous medium, w i t h one o r both OH o r 0D groups exposed to the 
f l u o r o c a r b o n , but a l s o engaging i n some water-water and w a t e r - i o n 
i n t e r a c t i o n s . 

H 20 and D^O Bands a t Low Water Contents. F i g u r e 11 shows 
the OH s t r e t c h i n g r e g i o n of the spectrum of H 20 i n undeuterated 
N a f i o n w h i l e F i g u r e 12 shows the 0D s t r e t c h i n g r e g i o n of D 20 i n 
h i g h l y d e u t e r a t e d N a f i o n (about 95% D, 5% H). S i m i l a r l y t o 
F i g u r e s 8 and 9, these s p e c t r a , reproduced from r e f . 4̂ , r e f e r t o 
the sodium s a l t o f N a f i o n and to water c o n t e n t s o f 0.3 to 1.6 
H 20/-S0 3". 

The H 20 spectrum i n t h i s r e g i o n c o n s i s t s of f o u r bands, w e l l 
r e s o l v e d at the lowest water c o n t e n t s . For D 20 a t low water 
c o n t e n t s f i v e d i s t i n c t bands are e v i d e n t . The assignment of 
these H 20 and D 20 bands and t h e i r r e l a t i o n to the HDO bands A and 
Β have been a n a l y z e d as f o l l o w s (4_). 

I f , as has been concluded from the HDO spectrum, OH groups 
i n N a f i o n occur i n two types of s p e c t r o s c o p i c a l l y d i s t i n c t 
s u r r o u n d i n g s , A and B, which d i f f e r w i d e l y as to the s t r e n g t h o f 
hydrogen bonding, then the c o r r e s p o n d i n g H 20 spectrum should 
c o n s i s t of a s u p e r p o s i t i o n of c o n t r i b u t i o n s from two s t r e t c h i n g 
fundamentals, v± and v 3 , of H 20 molecules i n each of t h r e e 
d i s t i n c t types of s u r r o u n d i n g s : Α···Η0Η···Α, Α···Η0Η···Β, and 
Β···Η0Η···Β. For b r e v i t y , these w i l l be c a l l e d AA, AB, and BB. 
In a d d i t i o n , the l o w e r - f r e q u e n c y p o r t i o n of the OH s t r e t c h i n g 
r e g i o n o f the H 20 spectrum may a l s o c o n t a i n a c o n t r i b u t i o n from 
the overtone 2 v 2 of the bending v i b r a t i o n , a t about 2 χ 1620 = 
3240 cm" 1. T h i s overtone may c o m p l i c a t e the observed spectrum by 
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8. F A L K IR Spectra of Water in Polymer 159 

Canadian Journal of Chemistry 
Figure 10. Hydrogen-bonded ( ) and nonhydrogen-bonded ( · · · ) interactions 

of water molecules in a portion of hydrated ion cluster in Nafion (4). 
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e n t e r i n g i n t o Fermi resonance w i t h the l o w e r - f r e q u e n c y H 20 
s t r e t c h i n g fundamental, V j , r e s u l t i n g i n i n t e n s i t y r e d i s t r i b u t i o n 
and frequency s h i f t s ( 1 8 ) . An analogous s i t u a t i o n may be 
expected to a r i s e f o r D 20. 

U s i n g well-known c o r r e l a t i o n s between s t r e t c h i n g f r e q u e n c i e s 
of HDO and those of H 20 and D 20, d e r i v e d by S c h i f f e r et a l . ( 1 9 ) , 
the and v 3 f r e q u e n c i e s of H 20 m o l e c u l e s o f types AA, AB, and 
BB were c a l c u l a t e d from the observed A and Β f r e q u e n c i e s of HDO. 
These c a l c u l a t e d f r e q u e n c i e s , which must be c o n s i d e r e d 
f i r s t - o r d e r a p p r o x i m a t i o n s , s i n c e they n e g l e c t Fermi resonance 
w i t h 2 v 2 and c o u p l i n g of l i k e v i b r a t i o n s on n e i g h b o u r i n g 
m o l e c u l e s , a r e shown s c h e m a t i c a l l y i n F i g u r e 13. The observed 
H 20 spectrum i n F i g u r e 11 shows a broad band at about 3248 cm" 1, 
which c l e a r l y corresponds t o the 2v 2 o v e r t o n e , a l l o w i n g f o r a 
s m a l l downward s h i f t due to Fermi resonance. The remaining t h r e e 
observed f e a t u r e s , a t 3714, 3668, and 3524 cm" 1, a r e then 
a s s i g n e d to the and v 3 fundamentals of AA, AB, and BB 
m o l e c u l e s as shown by the broken l i n e s i n the upper p a r t of 
F i g u r e 13. A p p a r e n t l y the bands due t o v 3 ( B B ) , V j ( A B ) , and 
v ^ B B ) o v e r l a p i n t o a s i n g l e u n r e s o l v e d band, w h i l e Vj(AA) i s too 
weak to be observed i n the midst of o t h e r , more i n t e n s e 
a b s o r p t i o n s . As may be expected from the HDO spectrum, most o f 
the i n t e n s i t y a r i s e s from the a b s o r p t i o n s of molecules of type 
BB, w i t h a s m a l l e r c o n t r i b u t i o n from AB, and a v e r y s m a l l but 
o b s e r v a b l e c o n t r i b u t i o n from AA. 

S i m i l a r l y , the observed D 20 spectrum ( F i g u r e 12) shows a 
band a t about 2412 cm" 1, which i s due to the 2 v 2 overtone. T h i s 
l e a v e s f o u r f e a t u r e s which are then a s s i g n e d to the p a r t l y 
superposed vl and v 3 fundamentals of the t h r e e types of D 20 
m o l e c u l e s , as shown by broken l i n e s i n the lower p a r t of F i g u r e 
13. The reason f o r one more band being r e s o l v e d i n the D 20 
spectrum than i n the H 20 spectrum i s the l a r g e r s e p a r a t i o n i n D 20 
between the and v 3 fundamentals i n molecules of type BB. As a 
r e s u l t , D 20 and H 20 s p e c t r a p r esent a d i f f e r e n t appearance i n the 
s t r e t c h i n g r e g i o n . As b e f o r e , the o b s e r v a t i o n of the D 20 band a t 
2748 cm"1 shows n o n - n e g l i g i b l e o c c u r r e n c e of water molecules o f 
type AA, a t l e a s t at lowest h y d r a t i o n s . 

HDO Bands a t H i g h e r Water Contents. The h i g h e s t water 
c o n t e n t s t h a t have so f a r been reached w i t h the vapor e q u i l i b r i u m 
t echnique correspond to about 5 H 20/-S0 3~. S p e c t r a at h i g h e r 
water c o n t e n t s , up t o 14 H 20/-S0 3~ (which corresponds t o membrane 
s a t u r a t i o n ) were o n l y o b t a i n e d w i t h the sandwiched f i l m t e c h n i q u e 
and are u n c e r t a i n because of s p e c t r a l c o n t r i b u t i o n from the t h i n 
l i q u i d f i l m of squeezed out water. T y p i c a l s p e c t r a of the OD 
s t r e t c h i n g fundamental of HDO i n the sodium s a l t o f N a f i o n , 
o b t a i n e d by both t e c h n i q u e s , are shown i n F i g u r e 14. I n c r e a s i n g 
the water content can be seen to r e s u l t i n an i n c r e a s e d i n t e n s i t y 
of band Β and g r a d u a l s h i f t of i t s frequency from 2588 cm"1 to 
about 2530 cm"1 ( c f . F i g u r e 15). The frequency o f band A remains 
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Figure 13. Comparison of the observed stretching frequencies of H20 and D20 in 

Nafion with those calculated from the corresponding HDO frequencies (4). 
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164 P E R F L U O R I N A T E D I O N O M E R M E M B R A N E S 

2700 2500 2300 cm" 

Figure 14. The region of OD stretching fundamental in the spectrum of HDO in 
Nafion 125 (sodium form, 95% H, 5% D). The top spectrum was obtained by the 
sandwiched film technique, the others by the vapor equilibrium technique. The point-
by-point spectrum was recorded with 3-min time lapses between points to minimize 

effects of beam heating. 
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F A L K IR Spectra of Water in Polymer 

2600 F-

5 10 
WATER CONTENT (H20/SULFONATE) 

15 

Figure 15. Plot of the frequency of the Β component of OD stretching of HDO in 
Nafion 125 as a function of water content. Key: [], sandwiched film technique; Q, 

vapor equilibrium technique. 
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166 P E R F L U O R I N A T E D I O N O M E R M E M B R A N E S 

a t 2695±8 cm""1 and i t s i n t e n s i t y r e l a t i v e to t h a t o f band Β 
decreases. These f i n d i n g s must be c o n s i d e r e d p r e l i m i n a r y , but a t 
l e a s t f o r the range 1 to 5 H 20/-S0 3~ the same tr e n d s have been 
observed by both methods, and q u a l i t a t i v e l y these trends a r e 
expected to c o n t i n u e up t o s a t u r a t i o n l e v e l . 

The decrease of the i n t e n s i t y of band A, r e l a t i v e to t h a t o f 
band B, i n d i c a t e s t h a t a t i n c r e a s i n g water c o n t e n t s an i n c r e a s i n g 
f r a c t i o n of water molecules form 0-Η···0 hydrogen bonds. The 
s h i f t o f band Β t o lower f r e q u e n c i e s i n d i c a t e s i n c r e a s i n g average 
s t r e n g t h of hydrogen bonds w i t h i n c r e a s i n g water c o n t e n t . The 
constancy of the peak frequency of band A i s i n l i n e w i t h i t s 
i d e n t i f i c a t i o n w i t h OH groups i n 0-H»»«CF2 environments. The 
s t r e t c h i n g f r e q u e n c i e s o f these groups, which do not p a r t i c i p a t e 
i n hydrogen bonding, are not expected to change much e i t h e r w i t h 
the s i z e o f hydrogen-bonded networks o r w i t h the average 
hydrogen-bond s t r e n g t h . 

F r a c t i o n o f OH Groups Exposed t o the F l u o r o c a r b o n Environment 

In p r i n c i p l e , the r a t i o of the areas of bands A and Β of HDO 
i n N a f i o n should p r o v i d e a measure o f the r e l a t i v e p r o p o r t i o n s o f 
OH groups i n 0-H«»»CF 2 and 0-Η···0 environments, and thus some 
i n s i g h t i n t o the geometry o f the aqueous r e g i o n s i n N a f i o n . 
U n f o r t u n a t e l y , because of the c u r r e n t e x p e r i m e n t a l u n c e r t a i n t i e s 
d i s c u s s e d i n an e a r l i e r s e c t i o n , a q u a n t i t a t i v e e s t i m a t e does not 
yet appear p o s s i b l e , a l t h o u g h an order-of-magnitude e s t i m a t e can 
c e r t a i n l y be made a t low water c o n t e n t s . 

I t i s d i f f i c u l t to determine the i n d i v i d u a l areas of bands A 
and Β a c c u r a t e l y because of o v e r l a p and u n c e r t a i n p r o f i l e s o f the 
two component bands. The best p o s s i b l e e s t i m a t e made i n r e f . k_ 
was t h a t bands A and Β have an area r a t i o of the o r d e r o f 1:13. 
Th i s of course r e f e r s to N a f i o n c o n t a i n i n g under 2 H 20 per -S0 3". 
In o r d e r to c a l c u l a t e the a c t u a l r a t i o o f OH groups i n the two 
environments, one has to a l l o w f o r the well-known i n c r e a s e of the 
i n f r a r e d a b s o r p t i v i t y o f OH ( o r OD) o s c i l l a t o r s w i t h hydrogen 
bonding, which has been mentioned above. Using the approximate 
l i n e a r r e l a t i o n between OD frequency and i n f r a r e d a b s o r p t i v i t y 
from r e f . 20, one e s t i m a t e s t h a t OD groups g i v i n g r i s e t o band Β 
at 2580 cnT^" (3520 cm"1 f o r OH) absorb about f o u r times more 
i n t e n s e l y than those which g i v e r i s e to band A at 2695 cm""1 

(3660 cm"1 f o r OH). T h i s means t h a t the r a t i o o f OH groups i n 
0-H«««CF 2 environments to those i n 0-Η···0 environments i s of the 
orde r o f 4:13, hence a f r a c t i o n 4/(13+4)=0.24 of a l l OH groups do 
not p a r t i c i p a t e i n hydrogen bonding a t these low water c o n t e n t s . 

At h i g h e r water c o n t e n t s the r e l a t i v e areas o f bands A and Β 
are i n c r e a s i n g l y d i f f i c u l t to e s t i m a t e from the spectrum because 
of the u n c e r t a i n t i e s a l r e a d y mentioned. I t appears t h a t the t o t a l 
numbers of OH groups exposed to the f l u o r o c a r b o n i n c r e a s e s l o w l y 
i f a t a l l w i t h i n c r e a s i n g water c o n t e n t , w h i l e the f r a c t i o n o f 
the OH groups which are so exposed d i m i n i s h e s r a p i d l y . 
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8. F A L K IR Spectra of Water in Polymer 

Geometry o f the Hydrated Ion C l u s t e r s i n N a f i o n 

167 

S t u d i e s of low-angle X-ray s c a t t e r i n g and of o t h e r p h y s i c a l 
p r o p e r t i e s of N a f i o n by Yeo and E i s e n b e r g ( 2 1 ) , G i e r k e (22 ) , and 
o t h e r s (23-25), suggest t h a t hydrated N a f i o n i s a two-phase 
system, c o n s i s t i n g of hydrated c l u s t e r s of i o n s embedded i n the 
s u r r o u n d i n g f l u o r o c a r b o n medium. From observed Bragg s p a c i n g s , 
and assuming t h a t the c l u s t e r s are s p h e r i c a l i n shape, G i e r k e e t 
a l . e s t i m a t e d t h a t i n f u l l y hydrated N a f i o n the c l u s t e r s a r e 
about 4.0 nm i n diameter, w i t h the diameter d e c r e a s i n g to 1.9 nm 
at v e r y low water c o n t e n t s ( 2 6 ) . 

Some s t r u c t u r a l d e d u c t i o n s about the c l u s t e r s may be made 
a_ p r i o r i . In the hydrated sodium form of N a f i o n a t 14 H 20 per 
-SOg-Na"*" t h e r e i s s u f f i c i e n t water to complete the c o o r d i n a t i o n 
of the sodium c a t i o n (which r e q u i r e s s i x H 20) and of the 
polymer-bound s u l f o n a t e a n i o n (which a l s o r e q u i r e s about s i x 
H 2 0 ) , e s p e c i a l l y as water molecules may be shared between the 
c a t i o n and the a n i o n ( c f . F i g u r e 10). The i o n p a i r s -S0 3~Na + can 
t h e r e f o r e be expected to be c o m p l e t e l y surrounded by water, w i t h 
the i n d i v i d u a l i o n s separated most of the time. T h i s i s indeed 
confirmed by the i n f r a r e d data on the 1060-cm" 1 band, which a l s o 
show t h a t a minimum of about 5 H 20 m o l e c u l e s are needed to 
complete the process of i o n h y d r a t i o n . The lone p a i r s o f 
e l e c t r o n s on the water molecules w i t h i n the c l u s t e r s may i n t e r a c t 
e i t h e r w i t h a sodium i o n or w i t h an OH group of another water 
m o l e c u l e . S i m i l a r l y , the OH groups may i n t e r a c t e i t h e r w i t h an 
oxygen atom of an anion or w i t h the oxygen of another water 
molecule ( F i g u r e 1 0 ) . Because of e l e c t r o s t a t i c r e p u l s i o n , the 
p e r i p h e r y of the c l u s t e r cannot be covered c o m p l e t e l y w i t h - S 0 3 ~ 
i o n s , so t h a t some water molecules must f i n d themselves i n d i r e c t 
c o n t a c t w i t h the f l u o r o c a r b o n phase. The occurrence of band A i n 
the s t r e t c h i n g r e g i o n of the spectrum of HDO and o f bands AA and 
AB i n the c o r r e s p o n d i n g spectrum of H 20 and D 20 g i v e s d i r e c t 
e vidence f o r the occurrence of such 0-H««»CF2 c o n t a c t s . Some 
0-H««»CF2 c o n t a c t s may a l s o a r i s e through the p e n e t r a t i o n o f 
p a r t s o f the pendant s i d e - c h a i n s i n t o the hydrated c l u s t e r . The 
observed changes of band shape of the 980-cm" 1 band w i t h water 
c o n t e n t may i n f a c t be i n d i c a t i v e o f such p e n e t r a t i o n s . 

At low water c o n t e n t s (below 2 H 20 per -S0 3~) r o u g h l y one 
q u a r t e r of a l l OH groups of water appear to be exposed to the 
f l u o r o c a r b o n . T h i s corresponds to s m a l l c l u s t e r s w i t h an 
a p p r e c i a b l e f r a c t i o n of water molecules o f type 1 and 4 i n F i g u r e 
10. Simple model b u i l d i n g l e a d s to a c l u s t e r s i z e of the o r d e r 
of 1.2 nm, assuming a s p h e r i c a l shape and n e g l e c t i n g the volumes 
occupied by the i o n s ( 4 ) . T h i s i s not i n c o n s i s t e n t w i t h G i e r k e ' s 
e s t i m a t e of 1.9 nm f o r v e r y low water c o n t e n t s ( 2 6 ) . 

At h i g h e r water c o n t e n t s , as the c l u s t e r s grow l a r g e r , the 
f r a c t i o n of f u l l y hydrogen-bonded water molecules ( t y p e 2 and 3 
i n F i g u r e 10) i n c r e a s e s . The f r a c t i o n of OH groups i n 0-H«»»CF2 

environments c o u l d not be c a l c u l a t e d but c l e a r l y i t decreases 
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168 P E R F L U O R I N A T E D I O N O M E R M E M B R A N E S 

g r a d u a l l y w i t h i n c r e a s i n g water c o n t e n t . ( T h i s was not r e a l i z e d 
i n r e f . 4^ l e a d i n g to an i n c o r r e c t c o n c l u s i o n ) . The s p e c t r a can, 
i n f a c t , be r e c o n c i l e d w i t h the c l u s t e r e s t i m a t e s of G i e r k e ( 2 6 ) , 
the i n c r e a s e of band Β w i t h r e s p e c t to A being c l e a r l y the r e s u l t 
of an e x t e n s i o n of the s i z e of the hydrogen-bonded networks and 
the d i m i n u t i o n of the r e l a t i v e importance of the non-bonded OH 
groups a t the s u r f a c e of the c l u s t e r . 

I t must be s t r e s s e d t h a t even i n f u l l y h ydrated N a f i o n , the 
average hydrogen-bond s t r e n g t h does not approach t h a t i n l i q u i d 
water. T h i s i s i n d i c a t e d by the f i n d i n g t h a t the c e n t e r of band 
Β of HDO i s a t 2530 cm" 1, which i s s t i l l a t l e a s t 26 cm""1 above 
i t s v a l u e f o r l i q u i d water. (2530 cm"1 i s the lower l i m i t ; the 
e f f e c t o f the c o n t r i b u t i o n o f the l i q u i d f i l m squeezed out from 
the membrane would be to lower the observed v a l u e toward t h a t o f 
l i q u i d w a t e r ) . Weaker hydrogen bonding i s r e l a t e d to 
incompleteness of the hydrogen-bonded networks, deduced from the 
o c c u r r e n c e of band A. C o o p e r a t i v i t y of hydrogen bonding between 
water molecules i s w e l l known ( 2 7 ) . S i n g l e water molecules a r e 
r e l a t i v e l y weak hydrogen-bond donors and a c c e p t o r s and the 
s t r e n g t h of hydrogen bonding d i m i n i s h e s r a p i d l y w i t h d e c r e a s i n g 
s i z e of water c l u s t e r s (28 ) . Even f o r water c l u s t e r s as l a r g e as 
4.0 nm i n diameter, the exposure of OH groups on the c l u s t e r 
s u r f a c e to the f l u o r o c a r b o n would be s u f f i c i e n t t o d i m i n i s h the 
average s t r e n g t h of the remaining hydrogen bonds throughout the 
c l u s t e r . In t h i s c o n n e c t i o n , i t should be remembered t h a t the 
mean minimum d i s t a n c e of a p o i n t i n s i d e a sphere from the s u r f a c e 
i s o n l y 0.125 of the sphere's diameter. Hence, mol e c u l e s i n a 
s p h e r i c a l c l u s t e r of 4.0 nm diameter are on the average o n l y 
0.5 nm d i s t a n t from the f l u o r o c a r b o n phase; t h i s r e p r e s e n t s l e s s 
than two hydrogen-bond l e n g t h s . 

F a r I n f r a r e d S p e c t r a 

A f t e r the present chapter had been completed, the a u t h o r 
l e a r n e d of the r e c e n t and as y e t u n p u b l i s h e d study o f the f a r 
i n f r a r e d s p e c t r a of N a f i o n by S. L. P e l u s o , A. T. T s a t s a s , and 
W. M. R i s e n ( 2 9 ) . These workers examined the s p e c t r a l r e g i o n o f 
300 t o 50 cm"^~for N a f i o n membranes w i t h group l a (except L i + ) 
and l i a c o u n t e r i o n s . They d i s c o v e r e d a broad, w e l l - d e f i n e d band 
i n a l l the s p e c t r a , though i n the case of N a + and C a + 2 p a r t l y 
masked by the 205-cm" 1 band of the polymer main c h a i n . The 
band c e n t e r s were a t a p p r o x i m a t e l y 150, 111, and 92 cm"1 f o r K +, 
Rb +, and C s + , r e s p e c t i v e l y , and a t a p p r o x i m a t e l y 240, 155, and 
125 cm"1 f o r Mg + 2, S r + 2 , and B a + 2 , r e s p e c t i v e l y . W i t h i n each 
c a t i o n group the frequency was found t o v a r y n e a r l y l i n e a r l y w i t h 
the i n v e r s e of c a t i o n mass, showing t h a t the v i b r a t i o n i s due 
l a r g e l y t o c a t i o n motion. The f r e q u e n c i e s of group 11a 
c o u n t e r i o n s were found to be h i g h e r than those of the group l a 
c o u n t e r i o n s o f s i m i l a r mass, showing t h a t the c a t i o n - s i t e f o r c e s 
are e s s e n t i a l l y i o n i c i n n a t u r e . I t i s l i k e l y t h a t a d e t a i l e d 
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8. F A L K IR Spectra of Water in Polymer 169 

r e p o r t o f the r e s u l t s o f Pel u s o e t a l . and f u r t h e r f a r - i n f r a r e d 
s t u d i e s done as a f u n c t i o n of the water content w i l l add g r e a t l y 
t o our knowledge of the i n t e r n a l s t r u c t u r e o f N a f i o n . 
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9 

Mössbauer Spectroscopy of Perfluorosulfonated 

Polymer Membranes 

Structure of the Ionic Phase 

B. RODMACQ, J.M.D. COEY,1 and M. PINERI 

Equipe Physico-Chimie Moléculaire, Section de Physique du Solide, Département 
de Recherche Fondamentale, Centre d'Etudes Nucléaires de Grenoble, 85 X, 38041 
Grenoble Cédex, France 

Spectroscopic techniques are valuable in studies of the 
structure of polymers because they give information about the 
environment of the probe atom on a microscopic scale. Mössbauer 
spectroscopy is particularly useful because the absorption spec
trum is entirely due to one isotope of a single chemical element, 
most commonly 57Fe. By introducing iron into polymers containing 
acid groups, it is possible therefore to examine the ionic phase 
specifically. Its structure can be defined to some extent, and 
interactions of the cations with their surroundings can be 
determined. 

There have been Mössbauer studies of Nafion membranes by 
several groups (1-6), besides some work on other ionomers (7,8) 
and a body of results on polymers where iron or tin is introduced 
into the polymeric matrix as a probe impurity (8). This chapter 
will concentrate on the information that has been extracted from 
the Mössbauer studies of Nafion membranes, and their variations 
as a function of parameters such as temperature, applied magnetic 
field, water content and chemical treatment. The results will be 
discussed in terms of the information they provide about the 
structure of the ionic phase in perfluorosulfonate materials. 

Interpretation of Mössbauer spectra 

Mössbauer spectroscopy is now a well-established if somewhat 
specialized spectroscopic method, explained in numerous text 
books (9). However, it may be unfamiliar to many workers in the 
field of polymer science, so we will begin by briefly summarizing 
the essential features of the method, and some aspects of the in
terpretation of the spectra. More details are given in a recent 
paper (5). 

1 Current address: Department of Pure and Applied Physics, Trinity College, Dublin 2, Ire
land. 

0097-6156/82/0180-0171 $06.00/ 0 
© 1982 American Chemical Society 
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172 P E R F L U O R I N A T E D I O N O M E R M E M B R A N E S 

The u s u a l e x p e r i m e n t a l method i s a b s o r p t i o n s p e c t r o s c o p y . 
I t d i f f e r s from o r d i n a r y o p t i c a l s p e c t r o s c o p y i n t h a t the e n e r g i e s 
of the γ-photons i n v o l v e d are some 101* times g r e a t e r than o p t i c a l 
photon e n e r g i e s , and the o r d e r of magnitude of the e n e r g y - l e v e l 
s p l i t t i n g s measured i s some 10 8 times s m a l l e r . A schematic compa
r i s o n of Mossbauer and IR s p e c t r o s c o p y i s g i v e n i n T a b l e I . 

Table I 
Comparison of I n f r a - r e d and Mossbauer s p e c t r o s c o p y 

I n f r a - r e d 

Energy l e v e l s 

Photon energy 

Source 

Energy s e l e c t i o n 

I n t e r a c t i o n s mea
sured 

10 1 - 1 eV 
( i . r . l i g h t ) 
Broad band, %\eV 

Monochromator 

I n t e r a t o m i c ( v i b r a t i o n a l ) 

I n t r a a t o m i c ( e l e c t r o n i c ) 

Mossbauer 

V i b r a t i o n a l or E l e c t r o n i c N u c l e a r 

101* - 10 5 eV 
( y - r a y s ) 
Narrow l i n e , 
w i t h M0~8 eV 
Doppler s h i f t 

H y p e r f i n e 

The r a d i o a c t i v e Mossbauer source i s monochromatic t o a 
remarkably h i g h degree, b e t t e r than one p a r t i n 1 0 1 2 , but the 
energy range swept i n the experiment i s r e s t r i c t e d t o a v e r y 
narrow band c e n t r e d on the γ-energy, Ε . The sample t o be s t u d i e d 
i s used as an a b s o r b e r , and i t must coXtain n u c l e i of the same 
s t a b l e i s o t o p e which i s e m i t t i n g i n the source. Resonant absorp
t i o n o c c u r s whenever the d i f f e r e n c e i n energy between the ground 
and e x c i t e d s t a t e s of the n u c l e i i n source and absorber p r e c i s e l y 
c o i n c i d e . Each s t a t e i s s p l i t by h y p e r f i n e i n t e r a c t i o n of the 
n u c l e a r e l e c t r i c and magnetic moments w i t h the e l e c t r i c and magne
t i c f i e l d s c r e a t e d a t the n u c l e u s by i t s s u r r o u n d i n g e l e c t r o n s 
and more d i s t a n t atoms. The energy of γ-rays e m i t t e d from the 
source i s s l i g h t l y modulated, and the spectrum scanned by v a r y i n g 
the Doppler s h i f t o b t a i n e d by moving the source w i t h a v e l o c i t y 
v, of o r d e r 10 mm/sec. The s m a l l r e s u l t a n t energy s h i f t ΔΕ i s 
g i v e n by the f o r m u l a ΔΕ/Ε = v / c , where c i s the v e l o c i t y of 
l i g h t . S t r u c t u r e observed i n the Mossbauer spectrum t h e r e f o r e 
depends on the n a t u r e and s u r r o u n d i n g s of the i o n c o n t a i n i n g the 
resonant n u c l e u s , and, f o r t h i s r e a s o n , Mossbauer s p e c t r o s c o p y 
p r o v i d e s i n f o r m a t i o n about the s t r u c t u r a l environment of an i o n 
on a m i c r o s c o p i c s c a l e . 

A l t h o u g h more than f o r t y elements possess i s o t o p e s which 
have been shown to e x h i b i t the Mossbauer e f f e c t , v e r y few of them 
are i d e a l l y s u i t e d f o r Mossbauer s p e c t r o s c o p y . Most work has been 
done on 5 7 F e , but 1 5 1 E u and 1 1 9 m S n have a l s o been used i n polymer 
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9. R O D M A C Q E T A L . Mossbauer Spectroscopy 173 

s t u d i e s ( 5 , 8 ) . We are e x c l u s i v e l y concerned w i t h 5 7 F e here. The 
source f o r the resonance i s r a d i o a c t i v e 5 7 C o i n a m e t a l l i c m a t r i x , 
which p o p u l a t e s the e x c i t e d s t a t e of 5 7 F e . Absorbers a r e N a f i o n 
membranes exchanged w i t h i r o n from s o l u t i o n s made from s a l t s of 
n a t u r a l i r o n , c o n t a i n i n g 2 % of the resonant 5 7 F e i s o t o p e . A l t e r 
n a t i v e l y , s a l t s e n r i c h e d i n 5 7 F e a re sometimes needed t o improve 
the s i g n a l / n o i s e r a t i o i n the spectrum. 

The main i n f o r m a t i o n t h a t can be e x t r a c t e d from the absorp
t i o n s p e c t r a i s the f o l l o w i n g : 

2ïS§î?i£.2I22Ël£iËË«2Ê_£îîÊ.lË££Î£Ë ^ n w n i ° n t n e resonant atom 
i s bound. The area of the a b s o r p t i o n spectrum i s governed by the 
p r o b a b i l i t y o f a nu c l e u s a b s o r b i n g a γ-photon e m i t t e d by the 
source w i t h o u t r e c o i l . The Mossbauer e f f e c t i s a c t u a l l y the 
quantum-mechanical r e s u l t t h a t such a resonant a b s o r p t i o n p r o c e s s 
sho u l d have a n o n - v a n i s h i n g p r o b a b i l i t y of t a k i n g p l a c e , g i v e n 
by the r e c o i l l e s s f r a c t i o n 

- -E 2 < x 2 > / t i 2 c 2 

f = e γ 

where <x 2> i s the mean square d i s p l a c e m e n t of the a b s o r b i n g nu
c l e u s , and -h" i s P l a n c k ' s c o n s t a n t . O b s e r v a t i o n of the e f f e c t i s 
o n l y p o s s i b l e i f <x 2> i s s m a l l , e f f e c t i v e l y o n l y i f the source 
and absorber n u c l e i are each bound i n a s o l i d m a t r i x , c r y s t a l l i n e 
or amorphous. The a b s o r p t i o n a rea f a l l s o f f w i t h i n c r e a s i n g tem
p e r a t u r e because of the i n c r e a s i n g a m p l i t u d e of thermal v i b r a 
t i o n s . Atomic v i b r a t i o n s are o f t e n p a r a m e t r i z e d i n terms of a 
c h a r a c t e r i s t i c temperature 0 D o b t a i n e d by f i t t i n g f ( T ) t o the 
p r e d i c t i o n s o f the Debye model. A b s o r p t i o n d i s a p p e a r s e n t i r e l y 
when <x 2> d i v e r g e s a t the m e l t i n g p o i n t , or near the g l a s s t r a n s i 
t i o n Tg of a n o n - c r y s t a l l i n e phase. I t has been found i n many 
polymers t h a t Τ i s c l o s e l y c o r r e l a t e d w i t h the temperature where 
In f ( T ) b e g i n s §o f a l l away a b r u p t l y (10,11,12). 

ÇÎ}ËlË££Ëli^Ë£Î2î}_2Î_£l}ê_ËlÊ2t:I2Bi2_£2î}£iSHE££i2B °f t n e r e s o ~ 
nant i o n s . The o x i d a t i o n and s p i n s t a t e of the i r o n i o n determine 
the isomer s h i f t (IS) which depends on the charge d e n s i t y a t the 
n u c l e u s . I t i s the s h i f t of the c e n t r e of g r a v i t y o f the spec
trum, g e n e r a l l y quoted w i t h r e s p e c t t o a st a n d a r d absorber of i r o n 
m e t a l . T y p i c a l v a l u e s a r e 0.2 t o 0 +5 mm/sec f o r h i g h s p i n F e 3 + , 
0.8 t o 1.5 mm/sec f o r h i g h s p i n F e 2 and -0.2 t o 0.3 mm/sec f o r 
low s p i n F e 2 ( 9 ) . 

t22Ël_ËÎ£Ë_ËZ™B2£lZ °f t n e resonant i o n . An e l e c t r i c f i e l d 
g r a d i e n t i s produced a t the nu c l e u s by e l e c t r o n s of the i o n i t s e l f 
and by charges on n e i g h b o u r i n g atoms, when the s i t e symmetry i s 
lower than c u b i c . A common type of i r o n spectrum i s a quadrupole 
d o u b l e t , a r i s i n g from i n t e r a c t i o n of the n u c l e a r quadrupole moment 
w i t h the e l e c t r i c f i e l d g r a d i e n t . The s e p a r a t i o n of the two peaks 
i s the quadrupole s p l i t t i n g (QS). F o r i n s t a n c e , QS i s 1.74 mm/sec 
f o r Fe2Cl6 dimers, 0.86 mm/sec f o r l o n g e r c h a i n s , and almost zero 
f o r c r y s t a l l i n e FeCl3 ( 1 3 ) . F i g u r e 1 g i v e s an example of the 
i n f o r m a t i o n t h a t can be o b t a i n e d from quadrupole d o u b l e t s i n 
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174 P E R F L U O R I N A T E D I O N O M E R M E M B R A N E S 

Figure 1. Mossbauer spectra at 100 Κ of solid (Fe(bipy)3) (Cl2) (a), Nafion treated 
in a 10~2 M solution of (Fe(bipy)3) (Cl2) buffered at pH 7 (b), and the latter in an 

unbuffered solution (c) (28). 
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9. R O D M A C Q E T A L . Mossbauer Spectroscopy 175 

N a f i o n s . S p e c t r a i n a) and b) are i d e n t i c a l , showing t h a t the low 
s p i n ( F e ( b i p y ) ^ ) ^ + i o n i s i n c o r p o r a t e d i n t o the membrane from a 
b u f f e r e d s o l u t i o n , but spectrum (c) i s c o m p l e t e l y d i f f e r e n t . I t s 
parameters IS = 1.40 ( 5 ) . QS = 3.25(10), are t y p i c a l of the h i g h 
s p i n [Fe(H 20)6] 2 +i° n« T h e v i o l e t c o l o u r of t h e s o a k e d membrane r a 
p i d l y b l eaches u n l e s s the s o l u t i o n or membrane i s b u f f e r e d as the 
[Fe(bipy ) 3 ] 2 + i s co n v e r t e d by a c i d to F e 2 + and f r e e 2 ? 2 T - b i p y r i d y l . 
The change i n c o o r d i n a t i o n o f the f e r r o u s i o n i s obvious from the 
s p e c t r a d e s p i t e poor s t a t i s t i c s caused by v e r y low uptake of the 
c o m p a r a t i v e l y l a r g e ( F e ( b i p y ) 3 ) 2 + i o n s . 

M a g n e t i c _ i n t e r a c t i o n s between i o n s . A w e a l t h of s t r u c t u r a l 
i n f o r m a t i o n can be d e r i v e d from the e f f e c t s of magnetic i n t e r a c 
t i o n s on F e 3 s p e c t r a , p a r t i c u l a r l y when they are rec o r d e d a t low 
temperatures w i t h the o p t i o n of a p p l y i n g an e x t e r n a l magnetic 
f i e l d . We c o n s i d e r the e v o l u t i o n of the Mossbauer spectrum of 
f e r r i c i o n s as a f u n c t i o n of t h e i r environments. When d i s t a n c e s 
between i o n s are l a r g e , as i n d i l u t e f r o z e n aqueous s o l u t i o n s f o r 
example, s p i n - s p i n i n t e r a c t i o n s are weak and e l e c t r o n i c r e l a x a t i o n 
times are lo n g f o r f e r r i c i o n s . W e l l d e f i n e d paramagnetic hyper-
f i n e s t r u c t u r e can be observed, and the spectrum i s the s u p e r p o s i 
t i o n of c o n t r i b u t i o n s from the t h r e e Kramers d o u b l e t s |±5/2>, 
|±3/2>, |±1/2> f o r the F e 3 + i o n (S = 5/2). The spectrum s u p e r f i 
c i a l l y resembles a s i x - l i n e magnetic p a t t e r n w i t h h y p e r f i n e f i e l d 

= 580 kOe, but i t s shape i s extremely s e n s i t i v e t o a p p l i e d 
e x t e r n a l magnetic f i e l d s , even when they are q u i t e weak (s 100 Oe) 
(14). When the i o n s get c l o s e r , a t d i s t a n c e s of about 10 t o 15 A, 
the r e l a x a t i o n time decreases because of s p i n - s p i n i n t e r a c t i o n s 
and the magnetic h y p e r f i n e spectrum p r o g r e s s i v e l y d i s a p p e a r s , 
t r a n s f o r m i n g i n t o a c e n t r a l peak or doubl e t w i t h a s m a l l quadru
p o l e s p l i t t i n g ( 1 5). C o n t i n u i n g t o s t i l l s m a l l e r d i s t a n c e s , t h e r e 
are two p o s s i b i l i t i e s when the f e r r i c i o n s are on n e a r e s t - n e i g h 
bour s i t e s , at d i s t a n c e s of about 3 A. I n the f i r s t c a s e , a 
s t r o n g i n t e r a c t i o n between an i s o l a t e d p a i r of io n s l e a d s t o the 
f o r m a t i o n of dimers and u s u a l l y g i v e s a doub l e t w i t h a l a r g e qua
dr u p o l e s p l i t t i n g , because of the a n i s o t r o p y of the environment 
(16). I n the second case, t h e r e i s f o r m a t i o n of s m a l l i r o n - c o n 
c e n t r a t e d c l u s t e r s which may or d e r m a g n e t i c a l l y even when they 
are amorphous (1 7 ) , l e a d i n g t o superparamagnetism above a c e r t a i n 
b l o c k i n g temperature. Below the b l o c k i n g temperature a magnetic 
s e x t u p l e t appears w i t h a h y p e r f i n e f i e l d of about 450 kOe. Above 
the b l o c k i n g temperature, the spectrum i s a normal quadrupole 
d o u b l e t . The temperature at which b l o c k i n g o c c u r s a l l o w s an e s t i 
mate t o be made of the c l u s t e r s i z e . 

Thus one can see t h a t two v e r y d i f f e r e n t cases ( w e l l - i s o l a t e d 
atoms and c o n c e n t r a t e d c l u s t e r s ) can a p p a r e n t l y g i v e r i s e t o 
s i m i l a r Mossbauer p a t t e r n s . N e v e r t h e l e s s , i t i s easy t o d i f f e r e n 
t i a t e these two cases by a p p l y i n g an e x t e r n a l magnetic f i e l d C7_, 
11,14,18) or by a study as a f u n c t i o n of the i r o n c o n c e n t r a t i o n . 
For i s o l a t e d i o n s , i n c r e a s i n g the i r o n c o n c e n t r a t i o n s h o u l d l e a d 
to the disappearance of the paramagnetic h y p e r f i n e s t r u c t u r e as 
the i n t e r i o n i c d i s t a n c e s decrease. On the c o n t r a r y , i n the case 
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Figure 2. Mossbauer spectra of a Nafion sample 5% neutralized with Fé*+ as a 
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function of temperature (2) : a, 28% H20 by weight; b, 3.6% H20 by weight. 
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of i r o n c l u s t e r s , i n c r e a s i n g the i r o n c o n c e n t r a t i o n s h o u l d i n c r e a 
se the c l u s t e r s i z e , i n c r e a s e the b l o c k i n g temperature and t h e r e b y 
i n c r e a s e the i n t e n s i t y of the magnetic h y p e r f i n e component a t a 
g i v e n temperature. 

W i t h these n o t i o n s of Mossbauer s p e c t r o s c o p y , we can now go 
on t o c o n s i d e r r e s u l t s o b t a i n e d on i r o n N a f i o n s . 125-300 urn f i l m s 
of DuPont N a f i o n w i t h an e q u i v a l e n t weight of 1100 o r 1200 have 
g e n e r a l l y been used. F u l l d e t a i l s of the e x p e r i m e n t a l procedures 
may be found i n the o r i g i n a l a r t i c l e s ( 2 - 5 ) . 

Fe N a f i o n s a l t s 

I n f l u e n c e of water c o n t e n t . F i g u r e 2 shows two s e r i e s of + 

Mossbauer s p e c t r a f o r a sample n e u t r a l i z e d to about 5 % w i t h F e 2 

by s o a k i n g i n an a c i d s o l u t i o n of 5 7 F e C l 2 . The sample was b o i l e d 
i n water f o r the s p e c t r a i n f i g u r e 2a) and d r i e d i n vacuum at 20°C 
f o r the s p e c t r a i n f i g u r e 2b). Table I I g i v e s the c o r r e l a t i o n 
between weight g a i n and sample tr e a t m e n t . 

T a b l e I I 
Water con t e n t of a N a f i o n sample 5 % 

n e u t r a l i z e d w i t h F e 2 a f t e r v a r i o u s treatments 

Treatment % H2O by weight 

B o i l e d H 20 28 

soaked H 20 17.5 

96 % r e l a t i v e h u m i d i t y 7.8 

68 % r e l a t i v e h u m i d i t y 6.6 

d r i e d i n vacuum at 20° C 3.6 

d r i e d i n vacuum a t 170° C 0.8 

Data on the 28 % water sample were f i t t e d by computer t o a 
s i n g l e quadrupole dou b l e t whose parameters are p l o t t e d as a f u n c 
t i o n of temperature i n f i g u r e 3. V a l u e s of isomer s h i f t and 
quadrupole s p l i t t i n g of the d o u b l e t are q u i t e c l o s e to those 
found f o r f r o z e n aqueous s o l u t i o n s of FeCl2 and FeS0i+ (19) . They 
are t y p i c a l of the f u l l y h y d r a t e d [ F e ( H 2 0 ) 6 ] 2 i o n . The tempera
t u r e where the f - f a c t o r f a l l s t o zero i s around 220 Κ f o r the 
w a t e r - s a t u r a t e d membrane, but 300 Κ f o r the d r i e d one. Asymmetry 
i s n o t i c e a b l e i n the s p e c t r a of f i g u r e 2b) p a r t i c u l a r l y above 
200 K. Data on the d r i e d sample at each temperature were f i t t e d 
to two quadrupole d o u b l e t s i d e n t i f i e d w i t h f e r r o u s i r o n i n s i t e s 
w i t h d i f f e r e n t degrees of h y d r a t i o n ( 2 ) . 
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Figure 3. Temperature dependence of Mossbauer parameters of a ferrous Nafion 
deduced from a one-site fit of spectra in Figure 2a. 

 P
ub

lic
at

io
n 

D
at

e:
 F

eb
ru

ar
y 

4,
 1

98
2 

| d
oi

: 1
0.

10
21

/b
k-

19
82

-0
18

0.
ch

00
9



180 P E R F L U O R I N A T E D I O N O M E R M E M B R A N E S 

C o n t i n u i n g t h i s a n a l y s i s f u r t h e r , we show i n f i g u r e 4 the 
e v o l u t i o n of the Mossbauer parameters at 4.2 Κ as a f u n c t i o n of 
water c o n t e n t . S p e c t r a were a l l f i t t e d t o a s i n g l e quadrupole 
d o u b l e t . There i s a r a p i d v a r i a t i o n of the isomer s h i f t and qua
d r u p o l e s p l i t t i n g when the water content f a l l s below 6 %, and a 
p l a t e a u above t h i s v a l u e . There i s a l s o a marked i n c r e a s e i n 
l i n e w i d t h below t h i s h y d r a t i o n l e v e l . 

I t s h o u l d be noted t h a t 6 % H2O by weight corresponds t o 7-8 
water m o l e c u l e s per f e r r o u s i o n , assuming t h a t the absorbed water 
i s u n i f o r m l y d i s t r i b u t e d among the a c i d and n e u t r a l i z e d groups. 
T h i s f i g u r e i s c l o s e + t o the v a l u e of 6 water m o l e c u l e s needed t o 
form the [Fe ( ^ O ) ^ ] 2 complex. Moreover, e i g h t i s l i k e l y t o be 
an o v e r e s t i m a t e a c c o r d i n g t o d a t a on water s o r p t i o n i n N a f i o n by 
Takamatsu et a l . (20) who found t h a t n e u t r a l i z e d groups tend t o 
absorb l e s s water than a c i d groups. 

The v a r i a t i o n s observed i n the s p e c t r a w i t h changing water 
content ( f i g u r e 4) imply a m o d i f i c a t i o n of the environment of the 
f e r r o u s i o n below 6 % water. [ F e i ^ O ^ ] 2 " 1 " complexes are p r o g r e s 
s i v e l y dehydrated, but i t i s d i f f i c u l t t o e s t a b l i s h a p r e c i s e , 
q u a n t i t a t i v e c o r r e l a t i o n between the h y p e r f i n e parameters and the 
number of water m o l e c u l e s i n the v i c i n i t y of the i o n . The i n 
f l u e n c e of the s t r u c t u r e of the N a f i o n i t s e l f becomes i n c r e a s i n g 
l y f e l t as the water c o n c e n t r a t i o n d e c r e a s e s , and c e r t a i n l y l e a d s 
to a v e r y broad d i s t r i b u t i o n of environments f o r the f e r r o u s i o n , 
as may be seen from the v a r i a t i o n i n l i n e w i d t h as the water con
t e n t approaches z e r o . 

I n f l u e n c e of temperature. A study of the t e m p e r a t u r e - v a r i a 
t i o n of the Mossbauer s p e c t r a of samples w i t h d i f f e r e n t water 
c o n t e n t s has been c a r r i e d out ( 5 ) . R e s u l t s are p r e s e n t e d i n 
f i g u r e 5, where l n f i s p l o t t e d as a f u n c t i o n of Τ f o r water concen
t r a t i o n s r a n g i n g from 3.6 % t o 17.5 %. The temperature T q where 
the f f a c t o r f a l l s t o zero i s p l o t t e d as a f u n c t i o n of water 
content i n the i n s e r t . The shape of the curve i s s i m i l a r t o t h a t 
found f o r a l l the h y p e r f i n e parameters ( f i g u r e 4 ) . 

Below 160 K, the curves i n f i g u r e 5 c o r r e s p o n d i n g t o samples 
of d i f f e r e n t water content superpose f a i r l y w e l l on the l n f ( T ) 
curve c a l c u l a t e d from the Debye model w i t h 0^ = 140 K. Above 
160 K, d a t a d e v i a t e from the t h e o r e t i c a l l i n e , and d e v i a t i o n s a re 
g r e a t e r as the water content of the sample i n c r e a s e s . A d d i t i o n 
of water t o a dehydrated sample t h e r e f o r e tends t o decrease 
the r i g i d i t y of the l a t t i c e i n which the i r o n i o n s are bound at 
temperature above 160 K. An anomaly, t y p i c a l of a g l a s s t r a n s i 
t i o n has been found i n the DTA c u r v e s of h y d r a t e d N a f i o n membranes 
i n the same temperature range (21). We i n d i c a t e d i n the i n t r o d u c 
t i o n t h a t Τ i n polymers i s g e n e r a l l y c o r r e l a t e d w i t h the tempera
t u r e where a break o c c u r s i n the l n f ( T ) c u r v e , and the same i s 
t r u e of f r o z e n s o l u t i o n s (10,11,12,22), but the g l a s s t r a n s i t i o n 
i n N a f i o n membranes cannot be t h a t of PTFE, which o c c u r s around 
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Tmmfef 
0.6J 

20 H20weight% 

Figure 4. Low temperature (4.2 K) parameters of a ferrous Nafion as a function of 
water content (one-site fit). 

2èo T K 

Figure 5. In f vs. Τ for a ferrous Nafion as a function of water content. Key: •, 
3.6% H20; Φ, 6.6% H20; Q 7.8% H20; Q), 17.5% H20. The solid line corre
sponds to the theoretical In f curve with BD = 140 K. Insert shows the temperature, 

To, at which the i-factor falls to zero. 
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400 K. I t must be a g l a s s t r a n s i t i o n a s s o c i a t e d w i t h the i o n i c 
phase. 

The most remarkable f e a t u r e of the d a t a i s t h a t the f f a c t o r 
f a l l s to zero so f a r below 273 Κ i n f u l l y h y d r a t e d samples. T h i s 
must r u l e out any simple p i c t u r e t h a t p l a c e s the i o n s i n a normal 
aqueous phase. A r e d u c t i o n of 50 Κ i n the f r e e z i n g p o i n t of 
water cannot r e a s o n a b l y be provoked by s a l t i n s o l u t i o n nor by 
the presence of water i n m i c r o p o r e s . 

I n f l u e n c e of i r o n c o n c e n t r a t i o n . S p e c t r a have a l s o been 
r e c o r d e d f o r a sample exchanged w i t h Mohr's s a l t , n e u t r a l i z e d t o 
about 60 % and c o n t a i n i n g 17 % water. H y p e r f i n e parameters are 
i d e n t i c a l t o those o b t a i n e d f o r the l e s s n e u t r a l i z e d samples ex
changed w i t h f e r r o u s c h l o r i d e . There i s no evidence i n s p e c t r a 
at 4.2 Κ f o r magnetic h y p e r f i n e s t r u c t u r e at t h i s n e u t r a l i z a t i o n 
l e v e l and the l a c k of any s i g n i f i c a n t magnetic i n t e r a c t i o n s i s 
a l s o e v i d e n t from the s u s c e p t i b i l i t y which f o l l o w s a s i m p l e C u r i e 
law down to 4.2 K. I t f o l l o w s t h a t the f e r r o u s i o n s are p h y s i c a l 
l y i s o l a t e d from each o t h e r over a wide range of i r o n 
c o n c e n t r a t i o n . 

F e 3 + N a f i o n s a l t s 

I n f l u e n c e of c h e m i c a l parameters. F e r r i c i r o n appears i n a 
w i der v a r i e t y of s t r u c t u r a l forms i n N a f i o n membranes than f e r r o u s 
i r o n . To i l l u s t r a t e the p o i n t , we show i n f i g u r e 6 a r e p r e s e n t a 
t i v e s e r i e s of s p e c t r a taken a t 100 Κ f o r N a f i o n membranes exchan
ged and t r e a t e d i n v a r i o u s ways. a)-d) are s p e c t r a of N a f i o n 115 
soaked i n 0.2 M aqueous s o l u t i o n s of d i f f e r e n t f e r r i c s a l t s . A l l 
are composed of the same two d o u b l e t s , A w i t h IS = 0.25(1), 
QS = 0.44(3) and Β w i t h IS = 0.34(1), QS = 1.66(2). Only the r e 
l a t i v e p r o p o r t i o n changes somewhat, from 38 % of d o u b l e t Β f o r 
the s u l p h a t e to 55 % f o r the n i t r a t e . Quenching i n l i q u i d n i t r o 
gen i n c r e a s e s the p r o p o r t i o n of d o u b l e t B. 

The d i s t i n c t i v e quadrupole s p l i t t i n g of d o u b l e t B, u n u s u a l l y 
l a r g e f o r F e 3 , i n d i c a t e s a h i g h l y asymmetric c a t i o n environment. 
Knudsen e t a l . (23) have found an i d e n t i c a l spectrum i n f r o z e n 
aqueous s o l u t i o n s of F e ( C l 0 i + ) 3 , which they a t t r i b u t e t o oxygen-
b r i d g e d decaqua dimers [ ( ^ O ^ F e - O - F e ( ^ 0 ) 5 ] ^ . D e c i s i v e evidence 
t h a t d o u b l e t Β i s due to a dimer w i t h s t r o n g a n t i f e r r o m a g n e t i c 
c o u p l i n g i s p r e s e n t e d i n the next s e c t i o n . F i g u r e 6 a l s o shows 
the e f f e c t s of d e h y d r a t i o n (g) and c o n c e n t r a t i o n of the s o l u t i o n 
used f o r c a t i o n exchange ( f ) . D e h y d r a t i o n g r e a t l y i n c r e a s e s the 
p r o p o r t i o n of dimers. F i g u r e 7 i l l u s t r a t e s the c o n c e n t r a t i o n 
dependence i n more d e t a i l f o r FeCl3 s o l u t i o n s . The r e l a t i v e p r o 
p o r t i o n of dimers, and the t o t a l a b s o r p t i o n area are n l o t t e d as 
a f u n c t i o n of m o l a r i t y . Samples exchanged i n d i l u t e s o l u 
t i o n s were e q u i l i b r a t e d by r e p e a t e d immersion i n f r e s h s o l u t i o n 
because i t was found t h a t the form of the spectrum changes a f t e r 
each of the f i r s t few s o a k i n g s . These d a t a show t h a t the 
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Figure 6. Mossbauer spectra at 100 Κ of a series of ferric Nafions. Nafions a-e were 
exchanged in 0.2 M aqueous solutions of ferric nitrate (a), chloride (b), per chlo
rate (c), sulfate (d), and acidified ferric nitrate (e). For Nafion f the membrane 
was repeatedly soaked in 0.02 M FeCl3. Nafion g and h are sample b either dried in 

vacuum at 20° C (g) or re-exchanged with KCl (h) (6). 
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0.001 OJ01 0.1 1 10 
Molarity 

Figure 7. Variation of the total absorption area A (Q) and the fraction of dimers 
(X) present in the Mossbauer spectra of samples equilibrated with FeCls solutions 

of different concentrations (6). 
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p r o p o r t i o n of dimers i s l e s s , the weaker the s o l u t i o n . Uptake of 
i r o n i s g r e a t e s t from the weak s o l u t i o n s . The s m a l l uptake from 
v e r y c o n c e n t r a t e d s o l u t i o n s , an unexpected r e s u l t at f i r s t s i g h t , 
i s p r o b a b l y r e l a t e d to t h e i r a c i d i t y . Exchanged i r o n may be com
p l e t e l y removed by r i n s i n g the membrane i n c o n c e n t r a t e d HC1, 
Samples d i l u t e i n i r o n (y 2Fe/100 SO3) c o u l d be o b t a i n e d by soa
k i n g the N a f i o n i n a s o l u t i o n of 5 7 F e metal i n c o n c e n t r a t e d HC1. 

I t s h o u l d be remarked t h a t samples h i g h l y n e u t r a l i z e d by use 
of aqueous FeCl3 s a l t s which have been a n a l y s e d c h e m i c a l l y and by 
neu t r o n a c t i v a t i o n , sometimes c o n t a i n an excess of i r o n beyond 
what i s needed f o r complete n e u t r a l i z a t i o n of the s u l f o n a t e 
groups. T h i s may be due t o the presence of CI io n s i n the mem
branes. However, the s p e c t r a of f i g u r e 6 a ) - d ) , which have the 
same b a s i c s t r u c t u r e r e g a r d l e s s of the s a l t used, i n d i c a t e t h a t 
anions from the aqueous s a l t s o l u t i o n are not d i r e c t l y i n v o l v e d 
i n the c o o r d i n a t i o n sphere of the f e r r i c c a t i o n s . 

A l s o shown i n f i g u r e 6e) i s the spectrum o b t a i n e d when the 
N a f i o n was soaked i n a c o l o u r l e s s s o l u t i o n of a c i d i f i e d f e r r i c 
n i t r a t e . The s o l u t i o n c o n t a i n s hexaqua [Fe(H2U)6] 3 i o n s , and 
these i o n s appear i n the N a f i o n g i v i n g a c h a r a c t e r i s t i c broad 
paramagnetic r e l a x a t i o n spectrum at 100 Κ (24). F i n a l l y the 
spectrum i n f i g u r e 6h) i s t y p i c a l of a membrane exchanged f i r s t 
w i t h F e C l 3 , then w i t h a s o l u t i o n of an a l k a l i or a l k a l i n e e a r t h 
c h l o r i d e . I r o n , once i n t r o d u c e d , cannot be d i s p l a c e d from the 
N a f i o n by subsequent treatment w i t h another s a l t , but i t s s t r u c 
t u r a l form i s c o m p l e t e l y changed. The dimers of doub l e t Β have 
d i s a p p e a r e d , and a new d o u b l e t D w i t h IS = 0.37(2), 
QS = 0.70(5) mm/s appears i n i t s p l a c e . 

Bauminger et a l . (3,40 f i n d a spectrum at 4 Κ composed of 
d o u b l e t s A and Β f o r N a f i o n 110 e q u i l i b r a t e d w i t h a methanol s o l u 
t i o n of F e C l 3 . Parameters were the same as f o r the aqueous ex
changes, but the i n t e n s i t y r a t i o was somewhat d i f f e r e n t . These 
au t h o r s have a l s o examined Redcat p o l y ( e t h y l e n e s u l p h o n i c a c i d ) 
and sulphonated p o l y s u l p h o n e membranes where they a g a i n f i n d two 
d o u b l e t s , but A has QS = 0.60(3) mm/s. 

F i g u r e 8 shows the v a r i a t i o n of the spectrum at v e r y low 
temperatures. Below 4 K, do u b l e t A p r o g r e s s i v e l y d i s a p p e a r s t o the 
p r o f i t of a magnetic p a t t e r n C which has a h y p e r f i n e f i e l d 
^ h f = 560(20) kOe. Doublet Β remains unchanged, as expected f o r 
a d i m e r i c s p e c i e s . From the r e l a t i v e v a r i a t i o n s of s u b s p e c t r a A 
and C, the authors concluded t h a t i r o n was p r e s e n t i n c l u s t e r s of 
v a r i o u s s i z e s . C l u s t e r s l a r g e r than a c e r t a i n c r i t i c a l s i z e which 
depends on temperature g i v e a magnetic spectrum because of super
paramagnetic b l o c k i n g . U s i n g the superparamagnetic model which 
was p r e v i o u s l y a p p l i e d t o s t y r e n e - b u t a d i e n e - v i n y l p y r i d i n e t e r p o l y -
mers (7) they e s t i m a t e d the d i s t r i b u t i o n of c l u s t e r diameters f o r 
v a r i o u s membranes and found good agreement w i t h those e v a l u a t e d 
by G i e r k e on the b a s i s of s m a l l angle x - r a y s c a t t e r i n g experiments 
(25). 
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12 > 6 · 3 0 3 6 

VELOCITY (mm/sec) 
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Figure 8. Mossbauer spectra of iron in Nafion equilibrated in methanol solution 
(4). 
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9. R O D M A C Q E T A L . Mossbauer Spectroscopy 187 

T h i s i n t e r p r e t a t i o n appears t o be at v a r i a n c e w i t h the r e 
s u l t s on F e 2 N a f i o n s , summarized i n the p r e v i o u s s e c t i o n , which 
g i v e no evidence f o r magnetic c l u s t e r i n g . However, we have seen 
i n the i n t r o d u c t i o n t h a t a magnetic h y p e r f i n e spectrum at low 
temperatures can a l s o a r i s e from i s o l a t e d paramagnetic f e r r i c 
i o n s . To a r r i v e at a c o r r e c t i n t e r p r e t a t i o n of the magnetic 
h y p e r f i n e p a t t e r n a p p e a r i n g a t low temperatures i n the N a f i o n s , 
an e x t e r n a l magnetic f i e l d must be a p p l i e d . We t h e r e f o r e made a 
s y s t e m a t i c study of f e r r i c N a f i o n as a f u n c t i o n of i r o n c o n c e n t r a 
t i o n , u s i n g an e x t e r n a l magnetic f i e l d when n e c e s s a r y (.5). 

I n f l u e n c e of c o n c e n t r a t i o n . The s t r u c t u r a l form of the i r o n , 
b e s i d e s depending on c h e m i c a l t r e a t m e n t s , i s r a t h e r d i f f e r e n t i n 
s l i g h t l y and g r e a t l y n e u t r a l i z e d membranes. We d i s c u s s two e x t r e 
mes b e f o r e c o n s i d e r i n g samples w i t h i n t e r m e d i a t e i r o n c o n c e n t r a 
t i o n and the e f f e c t of changing the water content of the N a f i o n 
membranes ( 5 ) . + 

We f i r s t c o n s i d e r a sample d i l u t e i n i r o n (2Fe 3 /100S0 3) made 
w i t h F e 5 7 . As w i t h the F e 2 + N a f i o n s a l t s , no a b s o r p t i o n was appa
r e n t a t room temperature and i t was n e c e s s a r y t o c o o l the sample 
below about 200 Κ i n o r d e r t o o b t a i n a r e a s o n a b l e r e c o i l l e s s 
f r a c t i o n . The spectrum o b t a i n e d at 4.2 Κ i s shown i n f i g u r e 9a). 
A p a r t from a s m a l l amount of F e 2 c o n t a m i n a t i o n g i v i n g peaks i n 
the same p o s i t i o n as f i g u r e 2a, the spectrum c o n s i s t s of a magne
t i c h y p e r f i n e p a t t e r n w i t h a h y p e r f i n e f i e l d of magnitude 574 kOe. 
I t i s not a s i m p l e magnetic s e x t u p l e t however. E x t r a s t r u c t u r e 
i s v i s i b l e at -7.6 and 4.3 mm/s. The spectrum i s v e r y s i m i l a r 
to those r e p o r t e d by Knudsen f o r d i l u t e f r o z e n aqueous s o l u t i o n s 
of Fe (N03)3 a t t h i s temperature (14). That autho r e x p l a i n e d h i s 
s p e c t r a as b e i n g due to slow r e l a x a t i o n of i s o l a t e d [ F e ( H 2 0 ) 6 ] 3 

s p e c i e s . 
To c o n f i r m t h a t t h i s i n t e r p r e t a t i o n h o l d s f o r the N a f i o n s a l t 

we a p p l i e d a p a r a l l e l magnetic f i e l d H = 3 9 kOe t o our sample. 
The r e s u l t i n g spectrum i s shown i n f i g u ? i 9b). The s p e c t r a l l i n e s 
have become much sharper and the spectrum can be f i t t e d by t h r e e 
f o u r - l i n e h y p e r f i n e p a t t e r n s h a v i n g f i e l d s of 535, 305 and 76 kOe 
and r e l a t i v e i n t e n s i t i e s 7 : 2 : 1 . These f i e l d s are r e p r e s e n t e d 
by the bar diagram i n f i g u r e 9b). The s p e c t r a c o n s i s t of o n l y 
f o u r l i n e s because two out of the u s u a l s i x are suppressed by the 
a p p l i c a t i o n of a p a r a l l e l magnetic f i e l d . S i n c e the h y p e r f i n e 
f i e l d f o r F e 3 i o n s i s n e g a t i v e ( i . e . o p p o s i t e l y d i r e c t e d t o the 
s p i n moment), the magnitude of the f i e l d measured a t the n u c l e u s 
decreases i n an e x t e r n a l f i e l d by e x a c t l y the r i g h t amount 
(-574 + 39 = -535). Both the f i e l d s and the r e l a t i v e i n t e n s i t i e s 
are as expected f o r the t h r e e p a i r s of Zeeman l e v e l s i s s u i n g from 
the Kramers d o u b l e t s |±5/2>, |±3/2> and |±1/2> of the F e 3 i o n 
i n the slow r e l a x a t i o n regime. T h i s c o n f i r m s t h a t the spectrum 
of d i l u t e F e 3 N a f i o n i s due t o w e l l i s o l a t e d F e 3 i o n s and not 
to m a g n e t i c a l l y ordered c l u s t e r s . 
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188 P E R F L U O R I N A T E D I O N O M E R M E M B R A N E S 

Figure 9. Mossbauer spectra at 4.2 Κ of a 
Nafion sample containing 2 Fe3+ ions per 
100 S03~: a, Hex = 0 kOe; b, H « = 39 

kOe parallel to the y-ray direction. 
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Figure 10. Mossbauer spectra at 4.2 Κ of a 
Nafion sample containing 43 Fe3+ ions 
per 100 SOs~: a, H e l = 0 kOe; b, H « = 

39 kOe parallel to the y-ray direction. 
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At the o t h e r extreme we have a sample n e u t r a l i z e d w i t h 0.2 M 
n a t u r a l i r o n c h l o r i d e s o l u t i o n (43Fe 3 /100 SO3). The spectrum at 
4.2 Κ i s shown i n f i g u r e 10a). A p a r t from a s m a l l magnetic hyper
f i n e component, the spectrum c o n s i s t s e s s e n t i a l l y of the u s u a l 
two f e r r i c quadrupole d o u b l e t s A and B. The spectrum o b t a i n e d 
i n an a p p l i e d p a r a l l e l magnetic f i e l d of 39 kOe ( f i g u r e 10b) h e l p s 
to c l a r i f y the i n t e r p r e t a t i o n . There appears a magnetic h y p e r f i n e 
component i d e n t i c a l t o t h a t i n f i g u r e 9b) which i s a t t r i b u t e d t o 
i s o l a t e d i r o n i o n s . The h y p e r f i n e s p l i t t i n g of the two outermost 
l i n e s a g a i n corresponds t o a f i e l d of 535 kOe. T h i s component 
comprises 30 % of the t o t a l a b s o r p t i o n and corresponds t o the 
weak magnetic h y p e r f i n e a b s o r p t i o n a l r e a d y v i s i b l e w i t h o u t the 
f i e l d and a broad c e n t r a l r e l a x a t i o n spectrum. Most of the 
a b s o r p t i o n i n the a p p l i e d f i e l d i s i n the c e n t r a l p a r t of the 
spectrum w i t h a h y p e r f i n e f i e l d l e s s than 100 kOe. 

The moment induced by an a p p l i e d f i e l d H on any paramagne
t i c f e r r i c i r o n e x p e r i e n c i n g no s i g n i f i c a n t exERange i n t e r a c t i o n 
i s g i v e n by the B r i l l o u i n f u n c t i o n w i t h S = 5/2 

<S> . 0 . , ^ Β S Happ. 
S ^ J S v kT ; 

Paramagnetic f e r r i c i o n a b l e t o r e l a x r a p i d l y among i t s S z 

s t a t e s s h o u l d g i v e a f o u r - l i n e magnetic p a t t e r n w i t h h y p e r f i n e 
f i e l d of 440 kOe at 4.2 Κ i n a 39 kOe p a r a l l e l a p p l i e d f i e l d s i n c e 
t h i s f i e l d i s s u f f i c i e n t t o produce 85 % s a t u r a t i o n of the moment. 
No f a s t r e l a x i n g i s o l a t e d i r o n i s p r e s e n t . I n f a c t a l l the cen
t r a l p a r t of the spectrum must r e p r e s e n t i r o n e x p e r i e n c i n g s t r o n g 
a n t i f e r r o m a g n e t i c i n t e r a c t i o n s i n groups w i t h no net moment. T h i s 
i s c e r t a i n l y t r u e f o r the dimers of doubl e t Β which c o n t r i b u t e 
to the a b s o r b t i o n i n the c e n t r a l p a r t of the spectrum, but measu
rement of the areas shows t h a t much of the a b s o r p t i o n of do u b l e t 
A a l s o appears i n the c e n t r a l p a r t of the spectrum i n the f i e l d . 
T h e r e f o r e the p o s s i b i l i t y of a t t r i b u t i n g d o u b l e t A e x c l u s i v e l y 
to almost i s o l a t e d i o n s ( i . e . paramagnetic f e r r i c i o n s w i t h o u t 
s t r o n g magnetic i n t e r a c t i o n s ) i s e x c l u d e d . I n s t e a d i t must be 
ma i n l y a t t r i b u t e d t o i r o n i n groups c o n t a i n i n g even numbers of 
a n t i f e r r o m a g n e t i c a l l y c o u p l e d f e r r i c i o n s . 

To summarize thus f a r , we have d i s t i n g u i s h e d f o u r components 
i n the s p e c t r a a t two extremes of i r o n c o n c e n t r a t i o n . 
i ) A paramagnetic h y p e r f i n e spectrum due t o i s o l a t e d F e 3 i o n s and 
not t o m a g n e t i c a l l y ordered c l u s t e r s . 
i i ) A f e r r i c d o u b l e t Β w i t h a l a r g e quadrupole s p l i t t i n g a s s o c i a 
t e d w i t h dimers. 
i i i ) A second f e r r i c d o u b l e t A a s s o c i a t e d m a i n l y w i t h groups ha
v i n g the p a r t i c u l a r s t r u c t u r e mentioned above. A s m a l l c o n t r i b u 
t i o n from n e a r l y i s o l a t e d i o n s i s not ex c l u d e d . 
i v ) A t h i r d , f e r r o u s , d o u b l e t due t o F e 2 + i o n s . 

The v a r i a t i o n of the r e l a t i v e p r o p o r t i o n s of the t h r e e f e r r i c 
components as a f u n c t i o n of i r o n c o n c e n t r a t i o n f o r sample^ which 
have been soaked i n water i s shown i n f i g u r e 11. The F e 2 
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190 P E R F L U O R I N A T E D I O N O M E R M E M B R A N E S 

Figure 11. Variation of the proportions of the three ferric components as a function 
of iron concentration (Ύ = 4.2 K, % H20 = 17.5). Key: M, isolated ions; Ç), 

dimers; Φ, larger groups. 

% f 
i o o H 

% H 20 by weight 

Figure 12. Variation of the proportions of the three ferric components as a func
tion of water content (Ύ = 4.2 K, 23 Fe3+/100 SOs-). Key: isolated ions; Q, 

dimers; Φ, larger groups. 
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component i s n e g l e c t e d as i t i s s m a l l and does not v a r y i n any 
s y s t e m a t i c way. The c o n t r i b u t i o n due t o i s o l a t e d i o n s i s the 
o n l y one p r e s e n t at low c o n c e n t r a t i o n s . I t r i s e s t o a maximum at 
33 Fe/100 S0 3 and then f a l l s . The second c o n t r i b u t i o n s c a l e s 
e x a c t l y w i t h the square of the c o n c e n t r a t i o n thus c o n f i r m i n g i t s 
a t t r i b u t i o n t o dimers. The i n c r e a s e of the t h i r d c o n t r i b u t i o n 
w i t h c o n c e n t r a t i o n i s more r a p i d than the dimers, s u g g e s t i n g i t i s 
due t o l a r g e r groups. 

We had good evidence from the r e s u l t s on F e 2 as a f u n c t i o n 
of water content t h a t the water i s a s s o c i a t e d w i t h the i o n i c pha
se. Given the volume f r a c t i o n of water i n the wet polymer (35 % ) , 
the average d i s t a n c e between i o n s at 33 Fe/100 S0 3 i s c a l c u l a t e d 
as 12.5 A. I t i s p r e c i s e l y at t h i s d i s t a n c e t h a t paramagnetic 
h y p e r f i n e s p l i t t i n g (slow r e l a x a t i o n ) i s found t o d i s a p p e a r i n 
f r o z e n s o l u t i o n s (15). The i d e a t h a t the i r o n i s p r e s e n t i n an 
aqueous phase i s t h e r e f o r e confirmed. 

3 + 

I n f l u e n c e of water c o n t e n t . Another way of v a r y i n g the Fe -
F e 3 d i s t a n c e i s to change__the water content of the sample. Re
s u l t s f o r the 23 Fe/100 SO3 sample are shown i n f i g u r e 12. There 
i s the same g e n e r a l tendency f o r component ( i ) t o decrease and 
component ( i i ) t o i n c r e a s e as the Fe-Fe d i s t a n c e s are reduced. 
A d i f f e r e n c e compared w i t h the data as a f u n c t i o n of i r o n c o n t e n t 
( f i g u r e 11) i s t h a t the t h i r d component seems to decrease when 
i r o n i s most c o n c e n t r a t e d i n the aqueous phase. The quadrupole 
s p l i t t i n g of d o u b l e t Β drops markedly when the water content f a l l s 
below about 6 %. A s y s t e m a t i c study was c a r r i e d out on samples 
d r i e d at 150° C as a f u n c t i o n of i r o n c o n t e n t . I n t h i s case, the 
Mossbauer s p e c t r a were w e l l f i t t e d by o n l y two s u b s p e c t r a , a 
magnetic s e x t u p l e t c o r r e s p o n d i n g t o i s o l a t e d i o n s and a d o u b l e t 
w i t h a quadrupole s p l i t t i n g of o r d e r 0.8 mm/s. 

D i s c u s s i o n 

A f e a t u r e common t o Mossbauer s p e c t r a of a l l N a f i o n s i s the 
disappearance of the Mossbauer a b s o r p t i o n at a temperature u s u a l l y 
w e l l below 0° C. For samples a t ambient h u m i d i t y or above, Τ i s 
around 225 Κ f o r F e 2 + and around 245 Κ f o r F e 3 + (5»). ° 
There i s not much d i f f e r e n c e i n Τ f o r the two d o u b l e t s A and Β, 
so f e r r i c i o n i n both environments belongs t o the same phase. 
R e s u l t s on f e r r o u s i r o n i n d i c a t e d t h a t the i o n s are f u l l y h y d r a t e d 
when the water content of the membrane exceeds 6 wt %, and p a r 
t i a l l y h y d r a t e d at lower v a l u e s . We conclude t h a t the i o n s are 
e n t i r e l y l o c a t e d i n an aqueous phase i n the N a f i o n membranes, and 
they are not d i r e c t l y i n c o r p o r a t e d i n the c r y s t a l l i n e or amorphous 
s o l i d phases of the polymer. T h i s i s q u i t e c o n s i s t e n t w i t h s m a l l 
angle s c a t t e r i n g r e s u l t s (26). 
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192 P E R F L U O R I N A T E D I O N O M E R M E M B R A N E S 

The aqueous phase behaves q u i t e d i f f e r e n t l y from a s i m p l e 
i o n i c s o l u t i o n . DSC t r a c e s show a peak near 0° C o n l y i n the 
samples c o n t a i n i n g the most water. However, t h e r e i s a broad 
i n c r e a s e i n s p e c i f i c heat i n the range 200-250 Κ i n a l l samples 
(21). Disappearance of Mossbauer a b s o r p t i o n i n t h i s range of 
temperature i s u n d e r s t a n d a b l e i f i t i s a s s o c i a t e d w i t h a g l a s s 
t r a n s i t i o n i n the aqueous phase. The unusual p r o p e r t i e s of the 
aqueous i o n i c phase may r e s u l t from the presence of anions a t t a 
ched t o the ends of the s i d e c h a i n s . The " s t i r r i n g " motions of 
these groups suppress the normal f r e e z i n g of the aqueous s o l u t i o n , 
and the a g i t a t i o n i s o n l y a r r e s t e d at a temperature around T Q. 
I n f r a r e d s p e c t r a c o n f i r m t h a t hydrogen bonding i s weaker f o r water 
i n N a f i o n than i n s a l t s o l u t i o n (27). 

There are some d i f f e r e n c e s i n the m i c r o s t r u c t u r e of the i o n i c 
phase depending on the exchanged i o n , the c o n c e n t r a t i o n and pH 
of the s o l u t i o n used f o r the exchange, and the water c o n t e n t of 
the membrane. 

2 + 
For Fe , t h e r e i s no evidence f o r magnetic i n t e r a c t i o n s at 

low temperatures, whatever the i o n c o n c e n t r a t i o n . T h i s i n d i c a t e s 
t h a t the f e r r o u s i o n s are w e l l - s e p a r a t e d from each o t h e r and do 
not tend t o form p a i r s o r groups. Changes i n a l l Mossbauer p a r a 
meters below 6 wt % water r e f l e c t a m o d i f i c a t i o n of the f u l l y -
h y d r a t e d i o n environment. 

For F e 3 + the m i c r o s t r u c t u r e depends q u i t e c r i t i c a l l y on the 
degree of n e u t r a l i z a t i o n and the water c o n t e n t , a l t h o u g h no qua
l i t a t i v e i n f l u e n c e of the a n i o n was d e t e c t e d i n a comparison of 
samples n e u t r a l i z e d w i t h d i f f e r e n t f e r r i c s a l t s . At low i r o n 
c o n c e n t r a t i o n s the spectrum i s i d e n t i f i e d w i t h i s o l a t e d f e r r i c 
i o n s w i t h no o t h e r i r o n neighbours w i t h i n about 12 A. The magne
t i c s p l i t t i n g of the Mossbauer spectrum at low temperatures was 
unambiguously shown t o be paramagnetic h y p e r f i n e s t r u c t u r e by 
means of measurements i n an a p p l i e d f i e l d . Furthermore the hyper
f i n e spectrum d i s a p p e a r s and the paramagnetic c e n t r a l peak i n 
c r e a s e s as the i r o n c o n tent i s i n c r e a s e d . T h i s i s j u s t as expec
t e d i f h y p e r f i n e s p l i t t i n g appears o n l y f o r i s o l a t e d s i n g l e i o n s . 

Only i n the case of reexchanged samples ( d o u b l e t D of f i g u r e 
6h) have we found a magnetic h y p e r f i n e p a t t e r n at 4.2 Κ w i t h 
H ^ = 460 kOe which c o u l d be i n t e r p r e t e d i n terms of l a r g e c l u s 
t e r s of f e r r i c i o n s (17). 

As the i r o n c o n tent i n c r e a s e s or the water content d e c r e a s e s , 
the p r o p o r t i o n of i s o l a t e d i o n s d i m i n i s h e s to the b e n e f i t of d i 
mers and l a r g e r groups. A l l the data shows t h a t d o u b l e t Β must 
be a s s o c i a t e d w i t h dimers, i d e n t i f i e d as oxygen b r i d g e d decaqua 
s p e c i e s . The o t h e r d o u b l e t A i n the c e n t r e of the spectrum can
not be a s s o c i a t e d w i t h a s i n g l e type of i r o n i n every case. When 
the i r o n i s d i l u t e , i t i s r e a s o n a b l e t o a t t r i b u t e i t m a i n l y to 
i s o l a t e d i o n s w i t h no i r o n p r e s e n t i n n e a r e s t - n e i g b o u r p o s i t i o n s , 
but some at g r e a t e r d i s t a n c e s . The paramagnetic h y p e r f i n e s t r u c 
t u r e c o l l a p s e s i n t o a c e n t r a l d o u b l e t as temperature i s r a i s e d . 
However, the experiments i n a magnetic f i e l d f o r samples more 
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9. R O D M A C Q E T A L . Mossbauer Spectroscopy 193 

c o n c e n t r a t e d i n i r o n ( f i g u r e 10) and f o r d r i e d samples show t h a t 
most of do u b l e t A does not a r i s e from q u a s i - i s o l a t e d paramagnetic 
i o n s , but from groups w i t h no net moment. Groups i n v o l v i n g an 
even number of a n t i f e r r o m a g n e t i c a l l y - c o u p l e d f e r r i c i o n s formed 
by a s s o c i a t i o n of the dimers would have the n e c e s s a r y magnetic 
p r o p e r t i e s . Such groups may be expected t o b l o c k m a g n e t i c a l l y 
a t v e r y low temperatures ^ 1 K. Bauminger e t a l . ( f i g u r e 7) have 
observed the t r a n s f o r m a t i o n of do u b l e t A i n t o a magnetic h y p e r f i n e 
spectrum i n t h i s temperature range, a l t h o u g h they d i d not d e t e r 
mine how much of the magnetic spectrum was due t o the paramagnetic 
h y p e r f i n e s p l i t t i n g of i s o l a t e d i o n s p r e s e n t i n t h e i r sample. 

I n c o n c l u s i o n , we have demonstrated how i t i s p o s s i b l e t o 
b u i l d up q u i t e a d e t a i l e d p i c t u r e of the m i c r o s t r u c t u r e of the 
i o n i c phase of n e u t r a l i z e d N a f i o n membranes by e x p l o i t i n g the 
magnetic p r o p e r t i e s of i r o n i o n s , and o b t a i n i n g Mossbauer s p e c t r a 
at low temperatures i n an e x t e r n a l magnetic f i e l d . R e s u l t s common 
to the two Mossbauer c a t i o n s (Fe2+ and F e 3 + ) c o n c e r n i n g the 
anomalous c h a r a c t e r of the aqueous phase can r e a s o n a b l y be expec
t e d t o app l y f o r any o t h e r c a t i o n . The tendency f o r F e 3 + i o n s t o 
form p a i r s and l a r g e r groups i s not shared by F e 2 , and i t may be 
a s p e c i a l f e a t u r e of s m a l l t r i p o s i t i v e i o n s . 
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10 
Morphology of Perfluorosulfonated Membrane 
Products 

Wide-Angle and Small-Angle X-Ray Studies 

T. D. GIERKE,1 G . E. M U N N , and F . C. WILSON 

Ε. I. du Pont de Nemours & Co., Inc., Plastic Products and Resins Department, 
Experimental Station, Wilmington, DE 19898 

The morphology of the ionomer resin, from which "Nafion" 
( registered trademark of the Ε. I. du Pont de Nemours and Co.) 
perfluorinated membrane products are made, was studied with wide 
angle and small angle x-ray diffraction techniques. A reflection 
observed in the small angle x-ray scan from hydrolyzed polymer is 
attributed to ionic clustering. The effects of equivalent weight, 
cation form, temperature, water content, and tensile draw on this 
reflection were studied and are discussed. 

"Nafion" perfluorinated membranes are constructed from per-
fluoinated resins containing covalently bonded ion exchange sites. 
A typical perfluorinated resin, used in these membranes, possesses 
the general chemical structure 

where the value of m can be as low as 1. The value of x, in the 
above formula determines the equivalent weight (EW) of the resin. 
Typical values range between 6 and 14 and correspond to an EW 
range of from 1000 to 1800 grams/equivalent. The SO2F group is 
easily hydrolysed to form the strongly acidic perfluorosulfonic 
acid exchange site. In this form, the resin is extremely hydro-
phil ic and can absorb as much as 30 water molecules per exchange 
site and more than double its volume. 

As in other ionomers, the ion exchange sites in "Nafion" mem
branes are observed to aggregate and form clusters. Ionic clus
tering in "Nafion" membranes has been indicated by a variety of 
physical studies including dielectric relaxation (1), small angle 
x-ray scattering (1-4), neutron scattering (4), electron micro-
1 Current address: Parkersburg, WV 26101. 

0097-6156/82/0180-0195$05.50/0 
© 1982 American Chemical Society 
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196 P E R F L U O R I N A T E D I O N O M E R M E M B R A N E S 

scopy (2,5), NMR (6), IR C7, 8), Mossbauer spectroscopy (9,1£) and 
several transport studies (2,11,12). In t h i s paper we s h a l l 
review the r e s u l t s of small angle x-ray s c a t t e r i n g , SAXS, experi
ments. We s h a l l confine our remarks to a d e s c r i p t i o n of the per
tinent experimental r e s u l t s . In a l a t e r section, a model for 
i o n i c c l u s t e r i n g w i l l be proposed and the effects of ion c l u s 
t e r i n g w i l l be proposed and the ef f e c t s of ion c l u s t e r i n g on ion 
transport w i l l be discussed. 

Experimental. Our experiments were conducted of fil m s of 
known equivalent weight which were 0.1 to 0.3 mm t h i c k . Samples 
are e a s i l y hydrolysed by heating i n any convenient basic medium, 
e.g. sodium hydroxide. Samples i n various cation forms are pre
pared using standard ion exchange techniques. The amount of s o l 
vent the sample absorbs depends on the thermal h i s t o r y of the 
sample (13) and, unless otherwise stated, a l l samples were con
ditioned by b o i l i n g one hour i n water. The amount of solvent 
absorbed by the polymer was determined g r a v i m e t r i c a l l y . Dry 
polymer de n s i t i e s were determined using standard bouyancy tech
niques on samples dried for 18 hours i n a nitrogen flushed vacuum 
oven maintained at 110°C. Our values agree with other reported 
values (13,14). The values reported by Roche et a l (4), f o r 
s i m i l a r thermal h i s t o r i e s , are about a factor of two larg e r . 

To obtain x-ray d i f f u s i o n r e s u l t s from swollen hydrolyzed 
samples, methods were developed to i n h i b i t sample dehydration 
during the course of the experiment. This was achieved by s e a l 
ing the samples, thermally, i n a bag constructed from oriented 
polypropylene f i l m . Oriented polypropylene was selected because 
i t possesses low permeability to water and i s also e s s e n t i a l l y 
"transparent" i n the small angle x-ray scans. With such a con
s t r u c t i o n , we determined that the weight of a swollen sample 
changed by less than 0.2% during the period required to obtain 
the small angle x-ray scans. 

The small-angle data were gathered on a Kratky small-angle 
"camera" equipped with a Nal(Tl) s c i n t i l l a t i o n counter and a Ni 
f i l t e r f o r CuKa r a d i a t i o n . Pulse-height-analysis was set to 
accept 90% of the CuKa r a d i a t i o n symmetrically, and the x-ray 
source was a s p e c i a l short (7mm) l i n e focus tube (Siemens) so 
that there was no v i g n e t t i n g of the source by the x-ray tube 
window. After subtraction of instrumental background, a l l the 
scans were normalized to the i n t e n s i t y expected from a sample of 
optimum thickness (Itransmitted/l - 1/e). 

The normalized small-angle i n t e n s i t i e s (except for highly 
oriented samples) were desmeared according to the procedure of 
Schmidt and Hight (15,16). The desmeared i n t e n s i t i e s were 
m u l t i p l i e d by the square of the sc a t t e r i n g angle — t h i s can be 
considered as the a p p l i c a t i o n of the small-angle Lorentz, cor
r e c t i o n or the c a l c u l a t i o n of the Invariant argument, h 1(h), 
where h i s the scatte r i n g wave vector. The e f f e c t of t h i s data 
analysis on the observed v a r i a t i o n i n amplitude with s c a t t e r i n g 
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10. G I E R K E E T A L . X-Ray Studies of Morphology 197 

angles i s shown fo r a t y p i c a l scan i n Figure 1, where the ampli
tudes of the three traces i n t h i s f i g u r e are i n a r b i t r a r y u n i t s . 
(In t h i s manuscript the scatte r i n g angle, 20 i s always expressed 
i n degrees.) Even at low water contents, a maximum, i n the ob
served i n t e n s i t y , i s normally detected at sca t t e r i n g angles of 
1<20<3. 

Wide angle data were obtained on a P h i l l i p s E l e c t r o n i c s wide 
angle power diffractometer with counting ele c t r o n i c s equivalent 
to that described above. In most SAXS and WAXD scans, we have 
included, at the top of the f i g u r e , a scale of Bragg spacings to 
ai d the reader i n comparing these data to other s c a t t e r i n g experi
ments. 

Results. The small angle x-ray scans frcm hydrolysed poly
mer are f a i r l y complex and the r e s u l t s are consistent with the 
existence of three d i s t i n c t phases (3,4). Only part of t h i s i n 
formation, however, i s d i r e c t l y related to i o n i c c l u s t e r i n g and 
to better d i s t i n g u i s h features i n the SAXS associated with i o n i c 
c l u s t e r i n g i t i s appropriate to f i r s t examine some experimental 
r e s u l t s from a wide angle x-ray d i f f r a c t i o n (WAXD) experiments. 

WAXD scans from unhydrolysed polymer, -SO^F, reveal that the 
polymer i s s e m i c r y s t a l l i n e . (Figure 2) This r e s u l t i s s i m i l a r 
to the behavior observed i n copolymers of tetrafluoroethylene, 
(TFE) with hexafluoropropylene or perfluoropropylvinyl ether. As 
the EW increases, the molar r a t i o of TFE to comonomer increases 
and the amount of c r y s t a l l i n i t y also increases. The amount of 
c r y s t a l l i n i t y , deduced from the r e l a t i v e i n t e n s i t y of the amor
phous halo and c r y s t a l l i n e peak, ranges between 0 and 40%, how
ever, these values represent q u a l i t a t i v e estimates rather than 
quantitative r e s u l t s . 

The degree of c r y s t a l l i n i t y i n the polymer i s only moderately 
a l t e r e d , compared to the e f f e c t of equivalent weight, when the 
polymer i s hydrolyzed, as demonstrated i n Figure 3. Although the 
c r y s t a l l i n i t y does decrease somewhat upon hyd r o l y s i s , i t i s clear 
the hydrolyzed polymer i s s t i l l p a r t l y c r y s t a l l i n e . Similar 
r e s u l t s are obtained f o r polymer i n other cation forms. Thus, 
any i o n i c c l u s t e r i n g which e x i s t s i n the polymer does not com
p l e t e l y disturb the c r y s t a l l i n e portion of the matrix. 

The e f f e c t of temperature on the WAXD scans i s shown i n F i g 
ure 3. (Note i n the scans of t h i s f i g u r e , the s c a t t e r i n g angle 
increases from r i g h t to l e f t . ) The i n t e n s i t y of the c r y s t a l l i n e 
r e f l e c t i o n decreases gradually with increasing temperature u n t i l 
i t has e s s e n t i a l l y disappeared above 270°C. The melting point 
of the polymer, determined by d i f f e r e n t i a l scanning calorimetry, 
i s about 275°C. This behavior i s i n marked contrast to that ob
served i n highly c r y s t a l l i n e polytetrafluoroethylene where the 
i n t e n s i t y of the c r y s t a l l i n e peak does not change with tempera
ture except over a range of several degrees at the melting point. 
This r e s u l t suggests that melting i n "Nafion" occurs over a very 
broad temperature range. 
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10. G I E R K E E T A L . X-Ray Studies of Morphology 199 

BRAGG SPACING, d , nm 
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Figure 2. Wide angle x-ray scans from unhydrolyzed polymer. Top, with various 
equivalent weights. Key: — • • • — 1100 EW; , 1200 EW; - -1500 EW; 
—, 1800 EW. Bottom, the effect of hydrolysis on 1800 equivalent weight polymer. 

Key: —, S02F form; , H+ form, dry; • • • H+ form, wet. 
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T=54°C T=149°C T=200°C 

20 16 12 8 20 16 12 8 20 16 12 8 
SCATTERING ANGLE, 20 

Figure 3. Wide angle x-ray scans from unhydrolyzed 1379 EW polymer showing 
the effect of temperature. Note scans are from left to right. 
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10. G I E R K E E T A L . X-Ray Studies of Morphology 201 

The WAXD scan from a f i b e r which was extruded from the poly
mer has recently been obtained by Starkweather (17). He observes 
that the c r y s t a l structure of "Nafion" i s very s i m i l a r to that 
observed i n p-TFE and the peak observed i n Figures 2 & 3 corre
spond to the 100 r e f l e c t i o n . From the width of the 002 r e f l e c 
t i o n , Starkweather concludes that the c r y s t a l l i t e s i z e along the 
chain axis (4.4 nm) i s larger than the average separation of 
sidechains (2.0 nm). Starkweather proposed a fringed m i c e l l a r 
structure for the c r y s t a l l i n e portion of the polymer consisting 
of two rows of a hexagonal l a t t i c e with the sidechains extending 
outwardly from both sides of the c r y s t a l l i n e domain. 

In summary, the r e s u l t s of t h i s section i n d i c a t e that unhy-
drolysed polymer i s s e m i c r y s t a l l i n e and that the c r y s t a l s t r u c 
ture i s very s i m i l a r to that observed i n p-TFE. In addition, the 
hydrolysis of the r e s i n and consequent formation of i o n i c c l u s 
ters only moderately changes the degree of c r y s t a l l i n i t y . 

Small Angle X-ray Results from Non-Ionized Polymer. SAXS 
has also been used to study the morphology of non-ionized polymer. 
Figure 4 shows the SAXS scans from several polymers with d i f f e r 
ent EWfs. Like the c r y s t a l l i n e peak i n the WAXD scans, the i n 
t e n s i t y of t h i s feature decreases with decreasing EW. A s i m i l a r 
r e f l e c t i o n i s also observed i n tetrafluoroethylene./hexafluoro-
propene copolymer and tetrafluoroethylene/perfluoropropylvinyl 
ether copolymer. Figure 5 shows the v a r i a t i o n of the apparent 
Bragg spacing of t h i s r e f l e c t i o n with the tetrafluoroethylene/ 
comonomer molar r a t i o n . These r e s u l t s i n d i c a t e that t h i s feature 
i s associated with the fluorocarbon matrix and should not be 
att r i b u t e d to i o n i c c l u s t e r i n g . 

Some of the properties of t h i s r e f l e c t i o n are i n t e r e s t i n g . 
The i n t e n s i t y of t h i s r e f l e c t i o n increases as temperature i n 
creases, shown i n Figure 6, u n t i l the polymer melts and the 
r e f l e c t i o n disappears. On cooling, the r e f l e c t i o n i s again ob
served i n the SAXS scan. C l e a r l y the i n t e n s i t y of t h i s r e f l e c 
t i o n i s related to the electron density difference between crys
t a l l i n e and amorphous portions of the polymer, and i s thus not 
to be confused with i o n i c c l u s t e r i n g . The effe c t of t e n s i l e draw 
on the SAXS scan i s demonstrated i n Figure 7. After moderate 
draw, the Bragg spacing i s larger i n the machine d i r e c t i o n and 
smaller i n the transverse d i r e c t i o n when compared with an undrawn 
sample. At higher extension, as observed i n a f i b e r , t h i s r e f l e c 
t i o n i s only detected i n the meriodional scan. (Note that raw 
data i s shown for highly extended samples, not invariant scans.) 
This implies a p e r i o d i c i t y along the f i b e r a x i s , which, from the 
WAXD scan, corresponds to the d i r e c t i o n along which the mole
cular chains are aligned. These r e s u l t s are s i m i l a r to those 
observed i n polyethylene for the r e f l e c t i o n a t t r i b u t e d to "chain 
f o l d i n g " (18, 19). Our r e s u l t s , however, are not comprehensive 
enough to conclude that chain f o l d i n g also e x i s t s i n the per-
f l u o r o s u l f o n i c acid ionomer r e s i n . 
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BRAGG SPACING, d, nm 
30 20 15 10 7.5 

q\ 1 i i i i i i LJ 

0.0 0.2 0.4 0.5 0.6 1.0 1.2 1.4 1.5 
SCATTERING ANGLE, 20 

Figure 7. Small angle invariant x-ray scans from unhydrolyzed polymer showing 
effect of strain. Top, 1200 EW film drawn 2 times. Key: —, undrawn control; , 
drawn, machine direction; • • • drawn, transverse direction. Bottom, 1179 EW 

spun fiber. Key: , equatorial scan; —, meridional scan. 

 P
ub

lic
at

io
n 

D
at

e:
 F

eb
ru

ar
y 

4,
 1

98
2 

| d
oi

: 1
0.

10
21

/b
k-

19
82

-0
18

0.
ch

01
0



206 P E R F L U O R I N A T E D I O N O M E R M E M B R A N E S 

Roche et a l (4) observe a r e f l e c t i o n i n t h e i r small angle 
neutron s c a t t e r i n g experiments which i s e s s e n t i a l l y i d e n t i c a l to 
these SAXS r e s u l t s . These authors also a t t r i b u t e t h i s feature to 
an interference between c r y s t a l l i n e portions of the polymer. 

Small Angle X-ray from Hydrolyzed Polymer. When the polymer 
i s hydrolyzed, a new r e f l e c t i o n i s observed i n the SAXS scan, as 
shown i n Figure 8, which corresponds to a Bragg spacing of from 
3 to 5 nm. I t i s t h i s r e f l e c t i o n which has been a t t r i b u t e d to 
i o n i c c l u s t e r i n g i n "Nafion" (1-4). The o r i g i n of t h i s r e f l e c 
t i o n i s currently the subject of debate and we w i l l defer our d i s 
cussion of t h i s topic for a subsequent chapter of t h i s text (20). 
We f i r s t w i l l present the r e s u l t s of our SAXS experiments. 

Figure 9 shows the v a r i a t i o n of SAXS scans i n hydrclzed poly
mer with equivalent weight, EW. Unlike the WAXD scans and SAXS 
scans from unhydrolyzed polymer, the i n t e n s i t y of the r e f l e c t i o n 
at 5.0 nm increases with decreasing EW. This v a r i a t i o n i n inten
s i t y with EW r e f l e c t s the increase i n water content of swollen 
polymer as EW decreases (_1) and i s thus consistent with i o n i c 
c l u s t e r i n g . The p o s i t i o n of t h i s r e f l e c t i o n occurs at larger 
Bragg spacing, lower s c a t t e r i n g angles, as the EW decreases. In 
f a c t , the Bragg spacing i s l i n e a r l y related to the exchange cap
a c i t y , (1000/EW), of the polymer as shown i n Figure 10. 

The e f f e c t of temperature on a SAXS scan i s shown i n Figure 
11. Note that the r e f l e c t i o n at 4 nm p e r s i s t s above the melting 
point of the polymer, 265°C. Similar behavior was observed i n 
ethylene/methacrylic acid ionomer (21, 22) and i s strong support 
for the existence of i o n i c c l u s t e r i n g i n the dry state of the 
polymer. Indeed, we w i l l demonstrate sh o r t l y that t h i s r e f l e c 
t i o n i s observed i n dry polymers at room temperature neutralized 
with heavier metal ions. 

The e f f e c t of t e n s i l e draw on the " c l u s t e r " r e f l e c t i o n i s 
shown i n Figure 12 and should be compared with Figure 7 for un
hydrolyzed polymer. Under moderate s t r a i n s , 1.75 times, i t i s 
seen that the " c l u s t e r " r e f l e c t i o n i s observed mostly i n a d i r 
ection normal to the s t r a i n . This i s also true i n the SAXS scan 
from f i b e r where the r e f l e c t i o n i s p r i n c i p a l l y observed i n the 
equatorial scan. This implies a p e r i o d i c i t y which i s normal to 
the f i b e r a x i s . Thus, the p e r i o d i c i t y associated with t h i s 
r e f l e c t i o n tends to be orthogonal to the p e r i o d i c i t y associated 
with the r e f l e c t i o n observed i n the meridional SAXS scan of unhy
drolyzed f i b e r . S imilar e f f e c t s of sample o r i e n t a t i o n have 
recently been reported for ethylene-methacrylic acid ionomer (23). 

The e f f e c t of d i f f e r e n t cations on the SAXS scan i s shown 
i n Figure 13. Very l i t t l e change i n the p o s i t i o n of the r e f l e c 
t i o n i s seen with changing cation. The i n t e n s i t y of the r e f l e c 
t i o n decreases as the cation weight increases. This i s a r e s u l t 
of both the change i n water absorption and a change i n contrast 
for x-ray s c a t t e r i n g between the i o n i c c l u s t e r s and flucrocarbon 
matrix, since the electron density of the c l u s t e r w i l l increase 
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2000 1600 1200 1000 900 
EQUIVALENT WEIGHT, grams 

0.5 0.6 0.7 0.8 0.9 1.0 
EXCHANGE CAPACITY, Meq /gram 

1.1 1.2 

Figure 10. Variation of small angle Bragg spacing with exchange capacity in hydro
lyzed polymer swollen with water. 
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BRAGG SPACING, d, nm 
10 5.0 4.0 3.0 

0I 1 1 1 1 ' « > '— 
0.0 0.8 1.6 2.4 3.2 

SCATTERING ANGLE, 20 

BRAGG SPACING, d, nm 
10 6.0 3.0 

0.0 1.0 2.0 3.0 4.0 
SCATTERING ANGLE, 29 

Figure 12. Small angle invariant x-ray scans from hydrolyzed polymer showing 
effect of strain. Top, 1200 EW polymer in sodium ion form swollen with water and 
1.75 draw ratio. Key: —, undrawn control; , drawn, machine direction; • • • 
drawn, transverse direction. Bottom, 1179 EW spun fiber in sodium ion form and 

swollen with water. Key: —, equatorial scan; , meridional scan. 
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for heavier cations which are also less h y drophilic (13). In 
fac t i t i s possible, by varying water content and cation form 
simultaneously, to make t h i s r e f l e c t i o n "disappear" altogether. 
A s i m i l a r r e s u l t can be obtained by changing the s a l t concentra
t i o n of the s o l u t i o n with which the polymer e q u i l i b r a t e s . Again, 
the i n t e n s i t y of the r e f l e c t i o n decreases as the concentration 
increases because the electron density of the c l u s t e r i s i n c r e 
asing. I n t e r e s t i n g l y , even the proton form of the polymer pos
sesses the r e f l e c t i o n a t t r i b u t e d to c l u s t e r i n g . This observation 
i s i n marked contrast to the r e s u l t s observed i n hydrocarbon 
analogues (20, 21). 

The e f f e c t of water content on the SAXS scans from swollen 
polymer i s i l l u s t r a t e d i n Figure 14. The decrease i n i n t e n s i t y 
with decreasing water content again r e f l e c t s the increasing 
r e l a t i v e electron density of the c l u s t e r . Note, however, that 
the Bragg spacing increases with increasing water content. This 
i s shown more c l e a r l y i n Figure 15. Extrapolation to the dry 
state y i e l d s Bragg spacing of about 3^ nm. Results have also 
been obtained on 1200 EW polymer i n H and Ag ion form and a 
Bragg spacing i n dr_y polymer of 3.0 nm was also obtained. The 
r e s u l t s f o r the Ag ion form are p a r t i c u l a r l y i n t e r e s t i n g . As 
the water concentration i s lowered, the i n t e n s i t y of the r e f l e c 
t i o n f i r s t decreases, disappears, and then increases so that the 
r e f l e c t i o n i s observed i n the dry state of the polymer. Cle a r l y 
t h i s v a r i a t i o n of i n t e n s i t y with water content i s again the 
r e s u l t of changing the electron density of the c l u s t e r with 
respect to the fluorocarbon matrix. 

Roche et a l (4) also report SAXS r e s u l t s as a function of 
water content and t h e i r r e s u l t s are e s s e n t i a l l y i d e n t i c a l to 
those shown i n Figure 14. 

Discussion. The r e s u l t s i n Figures 8-15 provide strong 
support f or the existence of i o n i c c l u s t e r i n g i n "Nafion". How
ever, d e t a i l s of the arrangement of matter i n these c l u s t e r s 
cannot be obtained from small angle x-ray r e s u l t s alone. For 
hydrocarbon ionomers, several d i f f e r e n t i n t e r p r e t a t i o n s have 
been advanced as the cause of the SAXS maximum. These include 
a model of spheri c a l c l u s t e r s on a p a r a c r y s t a l l i n e l a t t i c e pro
posed by Cooper et a l (22), the s h e l l core model of Macknight 
et a l (24) and more recently a lamellar model (23). At present, 
there i s no consensus about which of these models best describes 
c l u s t e r i n g i n hydrocarbon ionomers. The s i t u a t i o n f o r the per-
flu o r i n a t e d ionomers i s further complicated because they d i f f e r 
dramatically i n several respects from ethylene/methacrylic acid, 
(E/MA), ionomers. The SAXS peak i s observed i n the acid form 
of our polymer while i t i s not observed i n E/MA ionomers when i n 
acid form. This difference i s accounted for by recognizing that 
the p e r f l u o r o s u l f o n i c acid exchange s i t e i s a very strong acid 
and i s completely dissociated i n water. This also leads to the 
remarkable high degree of water uptake observed i n the pe r f l u o r -
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10. G I E R K E E T A L . X-Ray Studies of Morphology 215 

inated ionomer, as much as 50% by volume for 944 EW polymer. This 
water absorption promotes i o n i c c l u s t e r i n g i n the perfluorinated 
ionomer i n contrast to the observed tendency i n E/MA ionomer (22). 
Thus, the d e t a i l s of i o n i c c l u s t e r i n g i n the perfluorinated iono
mer may be s u b s t a n t i a l l y d i f f e r e n t from c l u s t e r i n g i n E/MA iono
mer. 

Any model which i s proposed for i o n i c c l u s t e r i n g i n these 
perfluorinated ionomers should be consistent with the r e s u l t s of 
these x-rays studies. I t i s appropriate, then, to enumerate the 
pertinent r e s u l t s of these studies. 

a. ) The polymer i s s e m i c r y s t a l l i n e , and the structure of 
the c r y s t a l l i n e phase i s s i m i l a r to the structure observed i n 
p-TFE. 

b. ) The s i z e of the c r y s t a l l i t e s are larger than the ave
rage separation between sidechains (16). 

c. ) Ionic c l u s t e r i n g only moderately changes the degree of 
c r y s t a l l i n i t y , and i o n i c c l u s t e r i n g e x i s t s i n the absence of 
c r y s t a l l i n i t y . 

d. ) The e f f e c t i v e Bragg spacing associated with i o n i c c l u s 
t e r i n g increases with increasing water content and decreasing 
equivalent weight but i s f a i r l y i n s e n s i t i v e to the cation used 
to n e u t r a l i z e the polymer. 

e. ) This r e f l e c t i o n i s observed i n the acid form of the 
r e s i n . 

f. ) The r e f l e c t i o n also i s observed i n the dry r e s i n . 
g. ) The cl u s t e r separation tends to be normal to the d i r 

e ction of the polymer chains i n strained r e s i n s . 
In a l a t e r chapter we w i l l propose a model of i o n i c c l u s 

t e r i n g which we believe i s an e s s e n t i a l agreement with these 
r e s u l t s (20). The r e a l strength of the model, however, i s that 
i t can be used to understand and describe ion transport through 
"Nafion" perfluorinated membranes 03, _25, 26). 
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Structure of Sulfonated and Carboxylated 
Perfluorinated Ionomer Membranes 

Small-Angle and Wide-Angle X-Ray Scattering and Light Scattering 

TAKEJI HASHIMOTO, MINEO FUJIMURA,1 and HIROMICHI KAWAI 
Kyoto University, Department of Polymer Chemistry, Faculty of Engineering, 
Kyoto 606, Japan 

A series of the Nafion membranes (registered trade mark of E. 
I. du Pont de Nemours & Co. Inc. for its perfluorinated sulfonic 
acid products) having different equivalent weights (E.W.), 1100, 
1150, 1200, 1400, and 1500 E.W. are chemically modified to prepare 
a series of sulfonic acid and carboxylic acid form of the per
fluorinated ionomer membranes. For a given E.W.(1100), we pre
pared the membranes in the forms of sulfonic acid, sulfonates 
(sodium and cesium sulfonates), sulfonyl chloride and sulfoamide 
as well as carboxylic acid and sodium carboxylates. Small-angle 
X-ray scattering (SAXS), wide-angle X-ray diffraction (WAXD) and 
small-angle light scattering (SALS) studies were pursued on the 
ionomer membranes to clarify their internal supermolecular struc
tures at various levels, ranging from a few nm to a few µm. The 
SAXS profiles generally exhibit two scattering maxima; one at 
small scattering angle which is associated with a long identity 
period D of lamellar crystals and the other at large scattering 
angle which is associated with the ionic clusters. X-ray crys
tal l i n i t y Xc of the membranes were estimated from WAXD, and sphe-
r u l i t i c superstructure, if it exists, was investigated by SALS. 
The structural parameters D, Xc, size of the ionic cluster, and 
spherulite size as well as amount of water uptake were investi
gated as a function of the E.W. and of the functional groups. 

The electrochemical (1) and mechanical properties(2,3) of the 
perfluorinated ionomer membranes as an ion-exchange membrane are 
obviously influenced by t h e i r i n t e r n a l structure of the membranes, 
es p e c i a l l y s p a t i a l organization of the i o n i c s i t e s . In t h i s paper 
we attempted to carry out very basic studies on the structure of 
the perfluorinated ionomer membranes i n the absence of applied ex
te r n a l e l e c t r i c f i e l d . Although for p r a c t i c a l applications of the 
membranes i t i s extremely important to study the structure under 
1 Current address: Japan Synthetic Rubber Co., Inc., Research and Development, 7 5 6 9 
Ikuta, Tama-ku, Kawasaki 214, Japan. 

0 0 9 7 - 6 1 5 6 / 8 2 / 0 1 8 0 - 0 2 1 7 $ 0 8 . 0 0 / 0 
© 1982 American Chemical Society 
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the applied e l e c t r i c f e i l d , t h i s type of the analysis i s beyond 
the scope of the present i n v e s t i g a t i o n . 

We s h a l l study wide-angle X-ray d i f f r a c t i o n (WAXD) of the 
membranes to assess X-ray c r y s t a l l i n i t y ( X c ) , small-angle X-ray 
sca t t e r i n g (SAXS) to estimate the long i d e n t i t y period (D) of 
lamellar c r y s t a l s from the SAXS maximum at small angles as w e l l as 
the s i z e of the i o n i c c l u s t e r from the SAXS maximum at large 
angles (defined as " i o n i c s c a t t e r i n g maximum", the spacing as es
timated from the s c a t t e r i n g angle giving r i s e to the i o n i c maximum 
being defined as S), small-angle l i g h t s c a t t e r i n g (SALS) to e s t i 
mate s i z e (R) of the s p h e r u l i t i c superstructure, i f i t e x i s t s . 
The s t r u c t u r a l parameters X c, D, S, and R as w e l l as amount of 
water uptake by the membranes are measured as a function of the 
equivalent weight (the weight of polymer which w i l l n e u t r a l i z e one 
equivalent of base(l)) for the membranes having s u l f o n i c acid 
groups or carboxylic acid groups. These parameters are measured 
also as a function of types of the functional groups (such as car
bo x y l i c a c i d , sodium carboxylate, s u l f o n i c a c i d , sodium and cesium 
sulfonates and s u l f o n y l chloride) for the membranes having a given 
E.W. of 1100. 

EXPERIMENTAL METHOD 

Test Specimens. A series of the Nafion membranes with 
d i f f e r e n t E.W. (1100, 1150, 1200, 1400, and 1500 E.W.) are chemi
c a l l y modified to prepare a s e r i e s of s u l f o n i c - a c i d and carboxylic 
-acid forms of the perfluorinated ionomer membranes having the 
E.W. corresponding to the o r i g i n a l Nafion membranes. (Nafion i s a 
registered trade mark of E.I. du Pont de Nemours & Co.(Inc.) for 
i t s p e r f l u o r i n a t e d - s u l f o n i c acid products.) The ionomer membranes 
i n the forms of s u l f o n i c a c i d , sodium or cesium sulfonate, s u l 
f onyl chloride and sulfoamide, - S O 2 N H R (R; (CH2)3NH2) as w e l l as 
carboxylic acid and sodium carboxylate were prepared from the 
Nafion membranes having 1100 E.W.. The d e t a i l e d procedure w i l l be 
described elsewhere (4). In the carboxylic-acid and carboxylated 
ionomer membranes, the r e s i d u a l amount of sulfonate groups were 
qu a n t i t a t i v e l y estimated to be minute by analyzing an amount of 
s u l f u r atoms before and a f t e r the chemical modification with 
fluorescent X-ray spectroscopy. 

X-ray and Light Scattering Measurements. X-ray and l i g h t 
s c a t t e r i n g measurements were performed for dry membranes and for 
membranes swollen with water. The SAXS and WAXD p r o f i l e s were 
taken with cameras u t i l i z i n g one-dimensional p o s i t i o n s e n s i t i v e 
proportional counter. Cu-Ka r a d i a t i o n (A = 1.54 A) was used as an 
incident beam. A graphite c r y s t a l was used for monochromatization 
of the incident beam. The pulse-height analyzer i n the detector 
e l e c t r o n i c s eliminates the higher order harmonics of white X-ray. 
The X-ray beam was generated by a 12 Kw-rotating anode X-ray gen
erator (RU-z or RU-a, Rigaku, operated at 50 KV and 200 mA). The 
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1 1 . H A S H I M O T O E T A L . Structure of Ionomer Membranes 219 

SAXS curves were corrected for absorption, a i r s c a t t e r i n g , non-
uniformity of the detector s e n s i t i v i t y , s l i t - l e n g t h and s l i t -
width smearings as described i n d e t a i l i n our previous paper(5). 
The WAXD curves were corrected for absorption, a i r s c a t t e r i n g and 
p o l a r i z a t i o n . The d e t a i l s of the apparatus u t i l i z i n g the p o s i t i o n 
s e n s i t i v e detector (PSD) were also described elsewhere(6). 

The depolarized component of the scattered l i g h t was also i n 
vestigated to explore c r y s t a l l i n e supermolecular structure of the 
membranes. The Hy sca t t e r i n g (taken with v e r t i c a l l y p olarized 
incident beam and h o r i z o n t a l l y polarized analyzer) depends on 
s p a t i a l o r i e n t a t i o n c o r r e l a t i o n of o p t i c a l l y anisotropic s c a t t e r 
ing elements C7, 8) . 

Most of the measurements were ca r r i e d out under so-called 
"standard s t a t e " to obtain reproducible r e s u l t s , i . e . , the 
"standard swollen s t a t e " i s obtained a f t e r a half-hour b o i l i n g the 
membranes i n water, and the "standard-dry s t a t e " i s obtained a f t e r 
drying the membranes at 107°C for 18 hrs i n vacuum oven. Here
a f t e r the measurements under the standard state are simply desig
nated as "dry" or "swollen" state. Some measurements were ca r r i e d 
out under nonstandard states; the membranes dried at room tempera
ture are designated as "room-temperature dry" membranes, and the 
specimens immersed i n water at room temperature for a few days are 
designated as "immersed" membranes. 

X-RAY CRYSTALLINITY 

Figure 1 shows t y p i c a l WAXD p r o f i l e s for a series of the 
s u l f o n i c - a c i d membranes having d i f f e r e n t E.W. under dry state 
where the measured p r o f i l e s are shown with the data points marked 
by dots, while the curves "b" to "d" are decomposed p r o f i l e s . The 
measured p r o f i l e s were decomposed int o the fundamental p r o f i l e s 
"b" to "d" where the decomposition was achieved by least-squares 
f i t of the measured p r o f i l e with the reconstructed curve "a" ob
tained by a superposition of the three fundamental p r o f i l e s "b" 
to "d". In order to a t t a i n the least-squares f i t , each fundamen
t a l p r o f i l e was assumed to be eit h e r Gaussian, Lorentzian, a 
l i n e a r combination of them or a l i n e a r polynomial (for the back
ground s c a t t e r i n g p r o f i l e ) with t h e i r peak p o s i t i o n s , heights, and 
widths, a r e l a t i v e abundance of Gaussian and Lorentzian (for the 
case of a l i n e a r combination of them) and the parameters for the 
polynomials as va r i a b l e s . I t i s seen that the measured p r o f i l e s 
s a t i s f a c t o r i l y agree with the reconstructed curves "a" for a l l 
the cases. 

A measured p r o f i l e i s decomposed in t o a broad peak at 20 -
16.1° and f u l l - w i d t h at h a l f maximum (FWHM) - 4° and a sharp peak 
at 29 - 17.7° and (FWHM) ̂  1.2°, which are assigned, r e s p e c t i v e l y , 
to d i f f r a c t i o n maxima associated with n o n c r y s t a l l i n e and c r y s t a l 
l i n e regions of the membranes i n our previous work(4). I t i s 
c l e a r l y seen that the c r y s t a l l i n i t y increases with increasing 
E.W.. Figure 2 shows t y p i c a l change of the p r o f i l e s with tempera-
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Figure 1. WAXD profiles for a series of the sulfonic acid membranes under dry 
state. The measured profiles are shown by dots, while Curves b-d are the decom
posed profiles by the least squares method, and the Curve a is reconstructed from 

Curves b-d. 
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11. H A S H I M O T O E T A L . Structure of Ionomer Membranes 221 

ture f or the s u l f o n i c - a c i d membranes having 1500 E.W.. I t c l e a r l y 
shows that the sharp peak looses i t s i n t e n s i t y while the broad 
peak i s enhanced as a consequence of decreasing c r y s t a l l i n i t y with 
temperature. The c r y s t a l l i n e peak for the s u l f o n i c - a c i d membranes 
having 1100 E.W. completely disappears at 275°C(4). Figure 3 
shows an ef f e c t of annealing of the membrane having 1500 E.W., 
showing that an annealing at 275°C increases the c r y s t a l l i n i t y of 
the membrane. 

We estimated X-ray c r y s t a l l i n i t y X c ( a weight average crys
t a l l i n i t y ) , the l a t t i c e spacing of the c r y s t a l l i n e peak, and f u l l -
width at h a l f maximum (FWHM) of the c r y s t a l l i n e peaks. 

oo oo 

X = J I (s)s 2ds / / [I (s) + I ( s ) ] s 2 d s (1) c 'o cr ' o cr am 

where s = (2 s i n 9)/A„ 29 i s the s c a t t e r i n g angle, and X i s the 
wavelength of X-ray. I c r and I a m are the r e l a t i v e scattered i n 
t e n s i t y of the sharp and broad peaks, res p e c t i v e l y . The r e s u l t s 
for the series of the s u l f o n i c - a c i d and the carboxylic-acid mem
branes are shown i n Figure 4 and i n Tables I and I I . The r e s u l t s 
for the membranes having 1100 E.W. but d i f f e r e n t functional groups 
are l i s t e d i n Table I I I . 

As seen from Figure 4, (and also from Tables I and I I ) , X-ray 
c r y s t a l l i n i t y increases with increasing E.W. of the membrane. 
Moreover, FWHM decreases, and the l a t t i c e spacing also tends to 
decrease s l i g h t l y with increasing E.W., i n d i c a t i n g that the per
f e c t i o n of the c r y s t a l s also becomes high with E.W.. For a given 
E.W. the membranes having the carboxylic-acid groups have a 
greater c r y s t a l l i n i t y and a higher perfection on c r y s t a l s than 
those having the s u l f o n i c - a c i d groups. For a given E.W., the 
c r y s t a l l i n i t y i s a function of cations, as w e l l as anions ( - S O 3 
and -COO"), as seen i n Table I I I and Figure 5, i . e . , the c r y s t a l 
l i n i t y of the membranes decreases i n the order of H +, Na +, and 
L s • 

The increase of the c r y s t a l l i n i t y with increasing E.W. for a 
given fu n c t i o n a l groups i s natural and i s a consequence of a de
creasing number of n o n c r y s t a l l i z a b l e u n i t s . On the other hand, 
the v a r i a t i o n of c r y s t a l l i n i t y with the cations or with the anions 
for a given E.W. i s c l o s e l y related to c l u s t e r formation ( 9 ) of the 
i o n i c s i t e s which generally perturbs c r y s t a l l i z a t i o n , g iving r i s e 
to lower c r y s t a l l i n i t y . As w i l l be discussed l a t e r , a b i l i t y of 
forming the i o n i c c l u s t e r s through the dipole-dipole i n t e r a c t i o n 
between the ion-dipole complexes(10) increases i n the order of 
- S O 2 C I , -C00H, - S O 3 H , -S0 3Na, and -S0 3Cs, r e s u l t i n g i n ( i ) i n 
creasing SAXS spacing S ( i . e . , increasing c l u s t e r size) f or the 
" i o n i c s c a t t e r i n g maximum" (the sc a t t e r i n g maximum a r i s i n g from 
the c l u s t e r s ) i n t h i s order, as seen i n Table I I I , and also i n 
( i i ) decreasing c r y s t a l l i n i t y , as seen i n Table I I I and Figure 5. 
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Figure 2. Temperature dependence of the WAXD profiles for the sulfonic acid mem
branes having 1500 EW. 
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Figure 3. Effect of annealing of the sulfonic acid membranes having 1500 EW; the 
membranes as received (a), and the membranes annealed at 275° C (b). 
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11. H A S H I M O T O E T A L . Structure of Ionomer Membranes 225 

Table I. Physical Properties of Sulfonic-Acid Form of 
Perfluorinated Ionomer Membranes as a Function of 
Equivalent Weight. 

Water Uptake C r y s t a l l i n e Phase SAXS Spacing (nm) c ) 

Overall N a ) FWHMb) X (wt%) Lamellar(D) Ionlc(S) 
(wt%) (deg.) C D r y D r y W e t 

E.W. 

1100 32 19.6 1.6 12 18.3 2.6 5.5 
1150 23 14.7 — — — — 

1200 20 13.3 1.4 19 18.7 2.7 5.2 
1400 10 7.8 1.0 20 22.2 2.8 4.4 
1500 8 6.7 0.9 22 24.9 2.8 4.4 

a) number of water molecules per one -S03H group. 
b) FWHM of the decomposed p r o f i l e due to c r y s t a l s i n the wide-

angle X-ray d i f f r a c t i o n p r o f i l e . 
c) spacing estimated from Bragg fs equation. 

Table I I . Properties of Carboxylic-Acid Form of Perfluorinated 
Ionomer Membranes as a Function of Equivalent Weight. 

E w Water Uptake C r y s t a l l i n e Phase S A X S S P a c i n S ( n m ) 

Overall N a ) FWHMb) X (wt%) Lamellar(D) lonic(S) 
(wt%) (deg.) C D r y D r y W e t 

1100 6 3.6 1.3 18 13.6 — 4.1 
1150 5 3.1 1.2 20 15.5 — 4.0 
1200 4 2.6 1.1 23 14.6 — 3.8 
1400 3 2.3 0.9 27 16.9 — 3.4 
1500 4 3.0 0.8 28 20.2 — 3.5 

a) number of water molecules per one -C00H group. 
b) FWHM of the decomposed p r o f i l e due to c r y s t a l s i n the wide-

angle X-ray d i f f r a c t i o n p r o f i l e . 
c) spacing estimated from Bragg's equation. 

LONG-IDENTITY PERIOD 

Figure 6 shows t y p i c a l SAXS p r o f i l e s f o r the various ionomer 
membranes having 1100 E.W. under dry state. In general the pro
f i l e s contain two types of sc a t t e r i n g maxima, one at small s = 
(2 s i n 0)/A ̂  0.07nm_1, and the other at large s = 0.3nm*x (0 and 
X being one h a l f of the s c a t t e r i n g angle and wavelength of X-ray, 
respectively) as previously found by Girke et al(18) and Roche 
et al(19). We proposed i n our previous paper(4) that the small-
angle s c a t t e r i n g maximum arises from a long i d e n t i t y period of the 
lamellar p l a t e l e t s and the large-angle s c a t t e r i n g maximum (desig-
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226 P E R F L U O R I N A T E D I O N O M E R M E M B R A N E S 

Figure 6. Typical SAXS profiles for the various perfluorinated ionomer membranes 
having 1100 EW under dry state; S = (2 sin S)/X, 2 0 is the scattering angle. Key: 

1, —S08Cs; 2, —S02NHR; 3, —S03H; 4, —COOH; 5, —S02CI; 6, —S03Na. 
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11. H A S H I M O T O E T A L . Structure of Ionomer Membranes 227 

Table I I I . A Comparison of Various Perfluorinated Ionomer 
Membranes for a Given Equivalent Weight 1100. 

Chemical Water Uptake C r y s t a l l i n e Phase SAXS Spacing (nm) 
M o d i f i  Overall N FWHM X (wt%) Lamellar(D) Ionic(S) 
cations (wt%) (deg.) c Dry Dry Wet 

-S03H 32 19.6 1.6 12 14.6 2.6 5.5 
-S03Na 27 16.9 1.5 8 14.6 3.1 5.5 
-S0 3Cs 13 8.9 1.0 3 — 3.2 5.6 
- S O 2 N H R 3 2.0 — — 12.6 3.0 3.8 
-C00H 6 3.6 1.3 18 13.6 - 4.1 
-COONa — — — (14) 12.3 (2.8) 4.6 
-S0 2C1 1 0.6 1.2 23 13.2 — — 

nated as " i o n i c - s c a t t e r i n g maximum") arises from the i o n i c c l u s 
t e r s . The long i d e n t i t y period D was measured for the s e r i e s of 
the ionomer membranes from the p o s i t i o n of the small angle scat
t e r i n g maximum 2 9 m s by using Bragg 1s equation, 

2D sinO = X (2) ms 
The r e s u l t s were summarized i n Tables I to I I I and i n Figure 7. 
As seen i n Figure 7 and Tables I and I I , for a given functional 
group, the spacing D increases with increasing E.W., which corre
sponds to increasing c r y s t a l l i n i t y and perfection of the c r y s t a l s 
with E.W. as observed from the WAXD p r o f i l e s . This tendency i s 
again interpreted to r e s u l t from decreasing number of the non-
c r y s t a l l i z a b l e units with increasing E.W.. For a given E.W., the 
su l f o n i c - a c i d membranes have greater D than the carboxylic acid 
membranes. This difference may be best interpreted to r e s u l t 
p r i m a r i l y from a difference i n thickness of the i n t e r l a m e l l a r 
amorphous layer. That i s , as w i l l be discussed l a t e r , i n com
parison with the carboxylic-acid membranes, the s u l f o n i c - a c i d mem
branes have a larger c l u s t e r s i z e owing to a greater e l e c t r o s t a t i c 
energy released upon c l u s t e r collapse. The cl u s t e r s disturb crys
t a l l i z a t i o n to re s u l t i n smaller c r y s t a l l i n i t y and thickner i n t e r 
lamellar amorphous layer. 

IONIC CLUSTERS 

Models For Ionic Clusters. Figure 6 also shows the SAXS pro
f i l e s f or the various ionomer membranes having 1100 E.W. under dry 
state at large s region where the i o n i c s c a t t e r i n g maximum ap
pears. The membranes having unionized or only weakly ionized 
groups (e.g., - S O 2 C I and -C00H) do not e x h i b i t the i o n i c s c a t t e r 
ing maximum, while the membranes having ionized groups (e.g., 
-S0 3H, - S O 2 N H R (where R i s -(CH 2) 3NH 2), and -S0 3Cs) e x h i b i t the 
maximum, i n d i c a t i n g c l e a r l y that the s c a t t e r i n g maximum i s asso-
siated with the i o n i c s i t e s , i t s s p a t i a l d i s t r i b u t i o n and organi
zation. 
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I I I I I I I 
II 12 13 14 15 

E W / 1 0 0 
Figure 7. The long identity periods D for the sulfonic acid (-•-,) and carboxylic 

acid (- -Q- -) membranes under dry state as a function of EW. 
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11. H A S H I M O T O E T A L . Structure of Ionomer Membranes 229 

In our e a r l i e r papers(4, 11) the i o n i c s c a t t e r i n g maximum i s 
proposed to a r i s e from the i o n i c clusters(9) which are e s s e n t i a l l y 
i o n - r i c h regions containing some fluorocarbon chains. The c l u s 
ters are s t a b i l i z e d by the dipole-dipole i n t e r a c t i o n between the 
ion-dipole complexes such as -S0 3~ H +(10). The e l e c t r o s t a t i c 
energy released upon the c l u s t e r collapse tends to be balanced 
with the e l e a s t i c free energy associated with deformation of f l u o 
rocarbon chains to form the c l u s t e r s , giving r i s e to optimum s i z e 
of the clusters(12). 

We have shown that the two basic models, as shown i n Figure 8, 
can explain the i o n i c s c a t t e r i n g maximum from the perfluorinated 
membranes(4,11). These two models are nothing other than those 
proposed to explain the i o n i c s c a t t e r i n g maximum for the hydro
carbon-based carboxylated ionomers. ( i ) Tu)o-phase model (Figure 
8(a)), proposed by Cooper et a l . ( 1 3 ) , i n which the i o n i c c l u s t e r s 
are dispersed i n the matrix composed of fluorocarbon chains and 
non-clustered ions (multiplets(12)). I t should be noted that i n 
the o r i g i n a l two-phase model proposed by Cooper et a l . the c l u s 
ters do not contain polymer chains but are composed only of i o n i c 
s i t e s , i . e . , m u l t i p l e t s . The s c a t t e r i n g maximum i s a t t r i b u t e d to 
an ordered s p a t i a l organization of the m u l t i p l e t s i n a paracrys-
t a l l i n e l a t t i c e . In t h i s paper, however, we extend the d e f i n i t i o n 
of the two-phase model so that the model includes the systems i n 
which the i o n - r i c h regions (defined as c l u s t e r s i n the book by 
Eisenberg and King (9)) are dispersed i n the matrix of intermedi
ate i o n i c phase composed of fluorocarbon chains and nonclustered 
ions. The i o n i c s c a t t e r i n g maximum i s then a t t r i b u t e d to an 
inter-cluster interference, r e f l e c t i n g an average i n t e r - c l u s t e r 
distance. The Debye fs hard-sphere type scattering(14) may be the 
simplest possible model to describe the s c a t t e r i n g maximum. ( i i ) 
Core-shell model (Figure 8(b)), proposed by Macknight, Stein and 
t h e i r coworkers(15,16), i n which the i o n i c c l u s t e r ( i o n - r i c h core) 
i s surrounded by a s h e l l which i s r i c h i n fluorocarbon chains. 
The c o r e - s h e l l p a r t i c l e s are dispersed i n the matrix composed of 
fluorocarbon chains and non-clustered ions. In t h i s model the 
scatte r i n g maximum arises e s s e n t i a l l y from intrccparticle inter
ference of the c o r e - s h e l l p a r t i c l e . The s c a t t e r i n g angle 2 6 m l 

giving r i s e to the maximum sca t t e r i n g i s related to the short-
range order distance. The shape of the c o r e - s h e l l p a r t i c l e s has 
been o r i g i n a l l y assumed to be spherical(15,16) and modified l a t e r 
to be of lamellar type(17). The c o r e - s h e l l model has been found 
to be more appropriate than the two-phase model from the studies 
on v a r i a t i o n of the i o n i c s c a t t e r i n g maximum upon swelling the 
membranes with w a t e r ( l l ) . In Table I to I I I are shown the spacing 
S as estimated from 2 0 ^ by applying Bragg ?s equation, 

2S s i n 8 . = X (3) ml 
The membranes having sodium sulfonates or sodium carboxylates 
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230 P E R F L U O R I N A T E D I O N O M E R M E M B R A N E S 

(a) (b) 
Figure 8. Two models describing the spatial organization of the ionic sites, a: Two-
phase model composed of ionic clusters (ion-rich regions) dispersed in a matrix of 
the intermediate ionic phase, which is composed of fluorocarbon chains and non-
clustered ions. The ionic scattering maximum arises from an interparticle interfer
ence effect, reflecting an average intercluster distance S. b: Core-shell model in 
which the ion-rich core is surrounded by an ion-poor shell composed mostly of 
perfluorocarbon chains. The core-shell particles are dispersed in the intermediate 
ionic phase. The scattering maximum arises from an interparticle interference effect, 
reflecting a short-range order distance S of the core-shell particle. Note that the 
crystalline region was not drawn in the model for the sake of simplification and that 

the shape of the core-shell particle may not necessarily be spherical. 
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11. H A S H I M O T O E T A L . Structure of Ionomer Membranes 231 

do not exhibit clearly the ionic scattering maximum, which has 
been found not to be due to absence of the ionic clusters but 
rather simply due to very small electron density difference bet
ween the clusters and the surrounding medium(4). 

Effects of Anions and Cations. For a given E.W. and anions, 
the spacing S for the sodium-sulfonate membranes i s greater than 
that for the sulfonic-acid membranes, and for a given E.W. and 
cations, the spacing S for the sodium-sulfonate membranes i s 
greater than that for the sodium-carboxylate membranes. (The 
spacing S for the sodium salts was estimated by extrapolating the 
spacing measured as a function of degree of swelling with water to 
zero degree of swelling). These differences i n the spacing may be 
interpreted i n terms of difference i n the dipole-dipole i n t e r 
action. The larger the interaction, the larger i s the electro
s t a t i c energy released upon the cluster collapse, and consequent
ly the greater i s the cluster size. 

It should be noted that the spacing S does not generally have 
one-to-one correspondence to the cluster size. The change of S 
results from either (i) the change of an average inter-cluster d i s 
tance (for the two-phase model) or ( i i ) the change of a short-
range order distance (for the core-shell model). In our systems 
the change of the average inter-cluster distance or the short-
range order distance i s closely associated with the change of the 
cluster size, and, i n our discussion above and hereafter, we 
assume one-to-one correspondence between the change of spacing and 
that of the cluster size for qualitative discussions. One should 
note, however, that the short-range order distance in the core-
s h e l l model (which i s estimated from the peak position of the 
ionic scattering) depends not only on the size of the core and 
s h e l l but also the electron densities of the core and s h e l l ( l l ) . 
The l a t t e r effect on S which i s small compared with the former i s 
neglected i n our discussion. We are not also concerned with the 
estimation of an absolute value of the cluster size. We remain 
to state that the cluster size i s order of S. 

Effect of E.W. The cluster size depends on E.W. as shown in 
Figure 9(a) and i n Table I, the greater the E.W., the larger the 
cluster size. The elect r o s t a t i c energy released per an ionic s i t e 
upon cluster collapse should essentially be constant with E.W. . 
However the thermodynamic work of the e l a s t i c deformation of poly
mer c o i l s required for the cluster collapse should decrease with 
increasing E.W., i . e . , with increasing average molecular weight of 
molecules between the ionic s i t e s , which leads to increasing clus
ter size with E.W.. One should note that the free energy for the 
el a s t i c deformation of the c o i l s i s modified by c r y s t a l l i n i t y 
which i s also a function of E.W.. This factor may complicate our 
interpretation. 

Effect of Temperature. The ionic scattering maximum exists 
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11. H A S H I M O T O E T A L . Structure of Ionomer Membranes 233 

even at temperatures above the melting temperature, as i n the 
case of ethylene ionomers(15). For example we have shown i n our 
previous paper(4) that the cesium sulfonate membranes having 1100 
E.W. exhibit the i o n i c maximum at 276°C, s l i g h t l y above the melt
ing temperature of the membranes. Upon elevating the temperature 
the i o n i c maximum s h i f t s s l i g h t l y toward larger s, i n d i c a t i n g that 
the i n t e r - c l u s t e r distance or the short-range order distance (and 
consequently the c l u s t e r size) decreases with temperature. The 
decrease i n the c l u s t e r s i z e with temperature may be r a t i o n a l i z e d 
by increased thermodynamic work for the deformation of polymer 
c o i l s to form the c l u s t e r (which i s proportional to Boltzmann free 
energy kgT). This thermodynamic factor may outweigh the ef f e c t of 
the thermal expansion which tends to make the c l u s t e r s bigger. 

Effe c t of Deformation. As we discussed i n d e t a i l s elsewhere 
(11), the i o n i c s c a t t e r i n g changes with s t r e t c h i n g the membranes. 
Figure 10 represents t y p i c a l oscilloscope traces showing v a r i a 
tions of the i o n i c SAXS p r o f i l e s upon stretching the cesium-
sulfonate membranes having 1100 E.W. under dry state. The scat
t e r i n g p r o f i l e s were measured by an o p t i c a l system with which the 
e f f e c t i v e weighting function becomes i s o t r o p i c , i . e . , with a point 
c o l l i m a t i n g system and with a h i g h t - l i m i t i n g s l i t i n front of the 
PSD. In a d i r e c t i o n p a r a l l e l to stretching d i r e c t i o n (a), the 
i o n i c maximum s h i f t s toward smaller angles and i t s peak i n t e n s i t y 
decreases with the draw r a t i o A. On the other hand, i n a d i r e c 
t i o n perpendicular to stretching d i r e c t i o n (b), the maximum 
s h i f t s toward larger angles and i t s i n t e n s i t y increases with X. 

The deformation behaviors have been interpreted i n terms of 
the two basic models(11), ( i ) the deformed two-phase model i n 
which the i n t e r p a r t i c l e distances and the p a r t i c l e s , i n i t i a l l y 
g i v ing r i s e to Debye's hard-sphere type scattering(14), are af-
f i n e l y deformed under constant volumes (designated as "deformed 
hard-particles") and ( i i ) the deformed c o r e - s h e l l p a r t i c l e model 
i n which a spherical c o r e - s h e l l p a r t i c l e i s a f f i n e l y deformed 
under constant volume i n t o an e l l i p s o i d a l c o r e - s h e l l p a r t i c l e . 
I t has been found(11) that the both models give a s i m i l a r e f f e c t 
of deformation and can account for the v a r i a t i o n s of the SAXS pro
f i l e s at an early stage of deformation. However at large deforma
t i o n the simple models cannot account for the observed p r o f i l e s 
and requires some modifications(11). I t should be noted that the 
v a r i a t i o n s of the p r o f i l e s with deformation may also be described 
i n terms of o r i e n t a t i o n and deformation of non-spherical c l u s t e r s 
(17). 

SWELLING BEHAVIOR 

Water Uptake. Amount of water uptaken by the membranes was 
measured for various perfluorinated ionomer membranes i n the 
standard state. The r e s u l t s are summarized i n Tables I to I I I 
and also shown i n Figure 11 where the percentage of water uptaken 
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H A S H I M O T O E T A L . Structure of Ionomer Membranes 

Figure 11. Ionic spacing S, crystallinity X c , H20 uptake per a membrane (W) and 
per an ionic site (N)for the sulfonic acid (-+-), and carboxylic acid (- -Q- -) mem-

branes as a function of EW. 
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236 P E R F L U O R I N A T E D I O N O M E R M E M B R A N E S 

by the membranes, W = 100 (weight of water uptaken by the mem
brane) / (weight of the standard-state dry membrane), and number 
of water molecules uptaken per a given f u n c t i o n a l group, N, are 
plotted as a function of E.W., together with other important and 
measurable quantities such as percentage c r y s t a l l i n i t y X c and the 
spacing S measured from the i o n i c s c a t t e r i n g maximum for the s u l 
f o n i c - a c i d and carboxylic-acid membranes. 

For both the s u l f o n i c - a c i d and the carboxylic-acid membranes, 
W decreases with increasing E.W., due to decreasing number of 
i o n i c s i t e s and also to increasing thermodynamic work of expand
ing the clusters with water i n the medium of a higher r i g i d i t y 
resulted from a higher c r y s t a l l i n i t y . The decrease of N with E.W. 
which i s e s p e c i a l l y d r a s t i c for the s u l f o n i c - a c i d membranes should 
be obviously related to the increased thermodynamic work of the 
swelling due to the increased c r y s t a l l i n i t y of the medium. In 
comparison to the carboxylic-acid membranes, the s u l f o n i c - a c i d 
membranes have lower c r y s t a l l i n i t y and higher a f f i n i t y to water, 
r e s u l t i n g i n both N and W for the s u l f o n i c - a c i d membranes being 
higher than those for the carboxylic-acid membranes for a given 
E.W.. 

In Table I I I i t i s shown that, for a given anion(e.g.-S0 3 and 
-COO") both W and N decrease with the cations i n the order of 
proton, sodium, and cesium, despite of the fact that the c r y s t a l 
l i n i t y decreases with the cations i n t h i s order. This r e s u l t also 
may be interpreted i n terms of the increasing a f f i n i t y of the 
f u n c t i o n a l groups to water i n the order of cesium, sodium, and 
proton for a given anion. 

As w i l l be discussed i n d e t a i l i n next section, the water 
uptaken by the membranes, expands the i o n i c c l u s t e r s in t o bigger 
s i z e s , r e s u l t i n g i n increased i o n i c spacing S as shown i n Figure 
9(b). For the s u l f o n i c - a c i d membranes, although the i o n i c spacing 
i n dry state s l i g h t l y increases with E.W., the spacing i n the 
swollen state decreases with E.W., which again i s related to i n 
creased c r y s t a l l i n i t y with E.W., s i m i l a r l y to the E.W. dependence 
of N. The i o n i c spacings for the wet s u l f o n i c - a c i d membranes are 
greater than those for the wet carboxylic-acid membranes, which 
again should be related to smaller c r y s t a l l i n i t y and higher af
f i n i t y of the s u l f o n i c acid groups to water i n comparison to the 
carboxylic-acid groups. 

Microscopic Swelling. In t h i s section we s h a l l discuss 
change of the i o n i c s c a t t e r i n g maximum with water uptaken by the 
membranes. Figure 9(b) shows change of the i o n i c SAXS maximum 
upon swelling the s u l f o n i c - a c i d membranes having various E.W.. 
Comparisons with Figure 9(a) c l e a r l y i n d i c a t e that upon swelling 
the s c a t t e r i n g i n t e n s i t y dramatically increases and scattering 
maximum s h i f t s toward smaller s for a l l the membranes. This 
suggests that, upon swelling the membranes, the clusters grow i n 
s i z e and the density of c l u s t e r s decreases r e l a t i v e to that of 
the surrounding medium as a consequence of p r e f e r e n t i a l water 
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11. H A S H I M O T O E T A L . Structure of Ionomer Membranes 237 

uptake by the c l u s t e r s ( 4 , l l ) . I t should be noted that the i o n i c 
spacings i n the wet membranes decrease with increasing E.W. as 
shown i n Figures 9(b) and 11, although they are much larger than 
those i n the dry membranes. 

Figure 12 shows the i o n i c SAXS p r o f i l e s for various membranes 
having 1100 E.W. i n the standrad swollen state. The neutral mem
branes (e.g. s u l f o n y l - c h l o r i d e membranes) do not n a t u r a l l y e x h i b i t 
the i o n i c s c a t t e r i n g maximum. In comparison to the i o n i c maxima 
i n dry state (Figure 6), the i o n i c s c a t t e r i n g maxima for a l l the 
membranes (except f or s u l f o n y l - c h l o r i d e membranes) under swollen 
state are s h i f t e d toward smaller angles, as a consequence of 
pr e f e r e n t i a l water uptake by the c l u s t e r s . This p r e f e r e n t i a l 
water uptake by the clu s t e r s generally enhances the electron den
s i t y difference between the clu s t e r s and surrounding medium, re
s u l t i n g i n enhanced scattering i n t e n s i t y . For the sulfonated 
membranes, the wet i o n i c spacings S or the c l u s t e r sizes under 
swollen state are almost independent of the cations, cesium, so
dium, and proton, despite of the facts that the c r y s t a l l i n i t y or 
the r i g i d i t y of the medium increases i n the order of cesium, so
dium, and proton and that the c l u s t e r s i z e i n dry state decreases 
i n t h i s order. This may be interpreted i n terms of increasing 
a f f i n i t y of the functional group to water i n t h i s order and i s 
w e l l correlated with the v a r i a t i o n s W and N with the cations. 

One can control an equilibrium amount of water uptake by the 
membranes and also the s i z e of the i o n i c clusters by changing 
r e l a t i v e humidity of the membranes or by immersing the membranes 
i n aqueous solutions of sodium chloride with d i f f e r e n t concentra
tions (1,1). Figure 13 shows change of SAXS p r o f i l e s upon immers
ing the sodium-sulfonated (a) and -carboxylated membranes having 
1100 E.W. (b) in t o the aqueous sodium-chloride solutions with 
various concentrations. 

As c l a r i f i e d i n our previous paper(4), the sodium-sulfonated 
and -carboxylated membranes i n the room-temperature dry state do 
not e x h i b i t the i o n i c s c a t t e r i n g maximum, simply because the e l e 
ctron density of the clu s t e r s c l o s e l y matches to that of the 
medium. When the clus t e r s p r e f e r e n t i a l l y uptake water, t h e i r 
electron densities decrease r e l a t i v e to the medium, giving r i s e to 
the enhanced i o n i c s c a t t e r i n g maximum. The amount of water uptake 
by the membranes and consequently s i z e of the i o n i c c l u s t e r s de
crease with increasing concentration of sodium chl o r i d e , r e s u l t 
ing i n the i o n i c s c a t t e r i n g maximum looses i t s i n t e n s i t y and 
s h i f t s toward larger s c a t t e r i n g angle with increasing the concen
t r a t i o n . The amount of water uptaken by the sulfonated membranes 
are much larger than the carboxylated membranes as shown i n Table 
I I I i n terms of W and N. This gives r i s e to much stronger i o n i c 
s c a t t e r i n g maximum and less d i s t i n c t SAXS maximum at small s 
(associated with i n t e r l a m e l l a r spacing) f or the sulfonated mem
branes i n comparison to the carboxylated membranes. I t should be 
noted that, for the s u l f o n i c - a c i d membranes, the electron density 
of the cl u s t e r s i s lower than that of the medium even under dry 
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238 P E R F L U O R I N A T E D I O N O M E R M E M B R A N E S 

Figure 12. Ionic SAXS profiles for various membranes having 1100 EW under the 
swollen state. Key: 1, —SOsH; 2, —SOsNa; 3, —SOsCs; 4, —COOH; 5, 

—S02NHR; 6, —S02CI. 
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11. H A S H I M O T O E T A L . Structure of Ionomer Membranes 239 

S x I0(nm-') 

Figure 13. SAXS profiles for the sodium-sulfonated (a), and the sodium-carboxyl-
ated (b) membranes having 1100 EW immersed in aqueous NaCl solutions of 0% 

(1), 5% (2), 10% (3), 20% (4), and dry (5). 
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state. The density of the clus t e r s i s further reduced upon up-
taking water, r e s u l t i n g i n further increase of the i n t e n s i t y ( l l ) . 
On the other hand i n case of the cesium sulfonated membranes, the 
density of the clu s t e r s i s higher than the medium under dry state. 
Therefore the i o n i c s c a t t e r i n g maximum f i r s t looses i t s i n t e n s i t y 
with water uptake. Upon further increase of amount of water up
take, the i o n i c i n t e n s i t y becomes zero and then increases(1 1 ) . 
The increase of the i n t e n s i t y i s due to the fact that the density 
of the clusters becomes lower than that of the medium. 

One can investigate a r e l a t i o n s h i p between the microscopic 
degree of swelling X^ as estimated from the i o n i c sc a t t e r i n g and 
the macroscopic degree of swelling Xg as estimated from the 
changes of bulk dimensions or mass of the membranes with water 
uptake. Figure 14 shows the r e s u l t s obtained for the s u l f o n i c -
acid and sodium-sulfonated membranes having 1100 E.W. where X^ i s 
the r a t i o of the wet i o n i c spacing to the dry i o n i c spacing, and 
Xg i s the r a t i o of the bulk dimension i n wet to that i n dry. The 
water uptake was controlled either by changing r e l a t i v e humidity 
( s o l i d c i r c l e s ) of the membranes or by immersing the membranes i n 
the aqueous s o l u t i o n of sodium chloride (open c i r c l e s ) . 

I t i s very important to note that X^ i s much larger than Xg . 
I f the i o n i c s c a t t e r i n g maximum arises from the i n t e r p a r t i c l e 
interference, the i o n i c spacing r e f l e c t s an average i n t e r p a r t i c l e 
distance. This change of the spacing with water uptake should 
c l o s e l y correspond to the change of the bulk dimension, i . e . , X<j 
should be approximately equal to Xg. On the other hand, i f the 
i o n i c s c a t t e r i n g amximum arises from a short-range order distance 
i n the co r e - s h e l l p a r t i c l e s , and i f water i s p r e f e r e n t i a l l y up-
taken by the c l u s t e r s , X<j can be much larger than Xg . Thus t h i s 
swelling behavior favors the core-she l l model rather than the two-
plase model(11). 

SMALL-ANGLE LIGHT SCATTERING 

Depolarized l i g h t s c a t t e r i n g studies were pursued i n order 
to investigate c r y s t a l l i n e superstructure, a highe r - l e v e l s t r u c 
ture than the lamellar c r y s t a l l i t e s . Figures 15 and 16 show, 
respectively, the Hy scat t e r i n g patterns for the carboxylic-acid 
and sodium-carboxylated membranes and those for the s u l f o n i c - a c i d 
and sodium-sulfonated membranes under room temperature dry, soaked 
i n water and ethanol. A l l the membranes have 1100 E.W.. The 
carboxylic-acid and carboxylated membranes which have higher crys-
t a l l i n i t i e s and w e l l defined i n t e r l a m e l l a r spacings than the s u l 
f o n i c - a c i d and sulfonated membranes c l e a r l y e x h i b i t the s p h e r u l i -
t i c s c a t t e r i n g ( 7 ) , while the s u l f o n i c - a c i d and sulfonated mem
branes do not ex h i b i t s p h e r u l i t i c s c a t t e r i n g but rather an aniso
t r o p i c s c a t t e r i n g a t t r i b u t e d to l o c a l s t r a i n e x i s t i n g i n the 
membranes. 

Upon swelling the carboxylic-acid and carboxylated membranes, 
the s c a t t e r i n g angle 0 m a x at which the H v scattered i n t e n s i t y 
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11. H A S H I M O T O E T A L . Structure of Ionomer Membranes 241 

Figure 14. Relationships between the microscopic degree of swelling Xd and the 
macroscopic degree of swelling XB for the sulfonic acid (left) and sodium-sulf onated 
(right) membranes having 1100 EW. Amount of HzO uptake was controlled either 
by changing relative humidity (%) of the membranes or by immersing the mem

branes in the aqueous solution of NaCl of various concentration ( Q ) . 
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244 P E R F L U O R I N A T E D I O N O M E R M E M B R A N E S 

reaches to maximum i n t e n s i t y s h i f t s toward larger scattering 
angles. The greater the degree of swelling, the larger the s h i f t 
i n 6 m a x. The degree of swelling of the membranes for ethanol i s 
much larger than that for water. One can calculate an average 
spherulite radius R from Qm 

max 
4.1 = 47T(R/X)sin(0 /2) (4) max 

where X i s the wavelength of l i g h t i n the medium and 6 i s the 
scattering angle i n the medium. 

The s h i f t of B m a x toward large angles suggests that the 
average s i z e of the spherulites R decreases upon swelling the mem
branes as shown i n Figure 17 where L and L Q are the bulk dimen
sions of the membranes under wet and dry states, respectively. 
The decrease of the spherulite size should be a consequence of 
inhomogeneous swelling of the membranes i n the scale comparable 
to the spherulite s i z e . That i s . , for the membranes having such 
a low c r y s t a l l i n i t y , spherulites may not be v o l u m e - f i l l i n g but 
rather dispersed i n nonc r y s t a l l i z e d matrix, and i t i s quite con
ceivable that the degree of swelling i n the i n t e r s p h e r u l i t i c 
amorphous region i s greater than that with the spherulite. This 
inhomogeneous swelling may exert stress to destroy p a r t i a l l y the 
orie n t a t i o n c o r r e l a t i o n of the o p t i c a l l y anisotropic scattering 
elements of the spherulites, e s p e c i a l l y i n the peripheral regions, 
r e s u l t i n g i n smaller s i z e of the spherulites when observed under 
the Hy scattering. The inhomogeneous swelling may be envisaged 
to occur i f number of the i o n i c clusters i n the i n t e r s p h e r u l i t i c 
amorphous region i s greater than that w i t h i n the spherulites. 

I t should be noted that the change of the spherulite s i z e i s 
reve r s i b l e . That i s , as shown i n Figure 18 for the carboxylated 
membranes, the Hy pattern i s expanded upon immersing the membranes 
i n methanol and i s contructed to o r i g i n a l s i z e upon deswelling the 
membranes. Upon deswelling, the stress i s released to re s u l t i n 
reco n s t i t u t i o n of the s p h e r u l i t i c o r i e n t a t i o n c o r r e l a t i o n i n the 
disordered peripheral regions. 

The depolarized pattern due to frozen-in s t r a i n i n the 
su l f o n i c - a c i d and sulfonated membranes does not vanish but i s 
rather enhanced upon swelling the membranes with water and ethanol 
(Figure 16). This s t r a i n may not be released, unless the c r y s t a l 
l i n i t y and the clusters vanish during the swelling process, which 
does not seem to be quite probable. 

CONCLUDING REMARKS 

The perfluorinated, carboxylated and sulfonated ionomer mem
branes form the i o n i c clusters of a few nm i n s i z e , as i n the case 
of the hydrocarbon-based ionomers such as polyethylene,polystyrene 
and polybutadiene(9). The i o n i c clusters strongly affect physi
c a l properties of the membranes, e.g., the swelling behavior of 
the membranes (amount of water uptaken by the membranes, W and 
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6 • 

5 -
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( L - L 0 ) / L 0 
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Figure 17. Change of the average spherulite radius R as a function of degree of 
swelling for the carboxylic acid and sodium carboxylated membranes having 1100 
EW. L and L 0 are the bulk linear dimensions under wet and room-temperature dry 

states, respectively. 
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246 P E R F L U O R I N A T E D I O N O M E R M E M B R A N E S 

Figure 18. Reversible change of the Hv light-scattering pattern upon swelling and 
deswelling the sodium-carboxylated membranes having 1100 EW with CHsOH. 
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11. H A S H I M O T O E T A L . Structure of Ionomer Membranes 247 

that by a single functional groups, N). They also a f f e c t c r y s t a l 
l i n i t y X c, the i n t e r l a m e l l a r spacing D, and spherulite s i z e R, 
and any physical properties associated with these q u a n t i t i e s . 

The s i z e of the i o n i c clusters or the i o n i c spacing S (as 
estimated from the scattering angle giving r i s e to the i o n i c peak) 
are shown to depend on the equivalent weight (E.W.), cations (H +, 
Na + and C s + ) , anions (-S03~ and -COO"), and temperature. The de
pendencies of the cl u s t e r s i z e on these factors are i d e n t i c a l to 
those found for the hydrocarbon-based carboxylated ionomers, e.g., 
ethylene ionomers(9,15) and can be b a s i c a l l y described by a 
theory proposed by Eisenberg(12). That i s an optimum s i z e of the 
clus t e r s are determined by the two counterbalancing physical fac
tors; ( i ) the energy released upon the c l u s t e r collapse and ( i i ) 
the thermodynamic work of deforming polymer c o i l s which i s re
quired for the cl u s t e r collapse. 

For a given E.W. (1100), i n comparison with the membranes 
having s u l f o n i c acids, the membranes having carboxylic acids have 
smaller i o n i c c l u s t e r s due to the weaker e l e c t r o s t a t i c energy re
leased upon the cl u s t e r collapse, leading to greater X c, bet t e r -
defined D and s p h e r u l i t i c structure. The s u l f o n i c - a c i d and s u l 
fonated membranes do not have s p h e r u l i t i c structure. The greater 
X c of the carboxylic-acid membranes, together with a lower a f f i n i 
ty of carboxylic-acid groups to water r e s u l t i n lower W and 
smaller N, which i n turn r e s u l t s i n smaller c l u s t e r s i z e i n wet 
i n comparison to the s u l f o n i c - a c i d membranes. 

For a given E.W. and for a given anion, the e l e c t r o s t a t i c 
energy released upon the cl u s t e r collapse increases with cations 
i n the order of proton, sodium, and cesium, r e s u l t i n g i n greater 
c l u s t e r size and lower X c i n t h i s order. Despite of the fact that 
X c increases with the cations i n order of Cs +, Na+ and IT*", W and 
N also increase i n t h i s order, which may be best interpreted i n 
terms of a f f i n i t y of the functional groups to water being increas
ed i n t h i s order. The i n t r i n s i c hydration power of the cations, 
i . e . , the number of water molecules that a given cation can 
hydrate, increases i n the order of , Cs +, and Na +. Therefore 
the greater o v e r a l l a f f i n i t y of Na + to water i n comparison to that 
of C s + may be explained i n terms of t h i s hydration power. The 
largest a f f i n i t y of proton to water, however, cannot be explained 
by the hydration power only but should be explained i n terms of 
detailed morphology of c l u s t e r s . 

For a given functional group, as E.W. increases, the e l a s t i c 
free energy of polymer c o i l deformation required for the c l u s t e r 
collapse decreases, r e s u l t i n g i n bigger c l u s t e r s i z e under dry 
state. Moreover as E.W. increases, f r a c t i o n of n o n c r y s t a l l i z a b l e 
i o n i c groups decreases, r e s u l t i n g i n increasing X c and D. This 
increase of X c r e s u l t s i n increased energy required to swell the 
io n i c c l u s t e r s , thus giving r i s e to decreasing N and W with i n 
creasing E.W. which, i n turn, can account for the decreasing the 
i o n i c spacing S i n wet with E.W.. 

American Chemical 
Society Library 

1155 16th St., N.w. 
Washington, DC 20036 
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Neutron Studies of Perfluorosulfonated Polymer 

Structures 

M. PINERI, R. DUPLESSIX,1 and F. VOLINO 
Equipe Physico-Chimie Moléculaire, Section de Physique du Solide, Département 
de Recherche Fondamentale, Centre d'Etudes Nucléaires de Grenoble, 85 X, 38041 
Grenoble Cedex, France 

X-ray and electron microscopy have been widely used to 
provide direct information on the structure of polymers. The neces
sary contrast i s given by differences in electronical density. 
X-ray diffraction is the necessary technique for small molecule 
crystallography and the scattering by an object in solution i s 
also used as a source of structural information. The small angle 
scattering originates from the existence inside the material of 
domains whose size i s generally the radiation wavelength (1 - 5). 
A model of structure has been developped from electron microscopy 
and X-ray studies i n Nafions (6). No basic difference exists 
between X-ray and neutron techniques. Nuclear interactions of 
neutrons with matter are characterized by the coherent scattering 
length and the corresponding values for H and D are very different 
Because of the different origins of the contrast, X-ray and 
neutron small angle scattering techniques are complementary. 

Interactions of neutrons with matter 
Properties of the neutron. The free neutron i s an e l e 

mentary p a r t i c l e with zero charge and spin 1/2, l i b e r a t e d for 
example during the process of f i s s i o n of a heavy nucleus. In a 
nuclear reactor, the neutrons are thermalized by the atoms of the 
moderator y i e l d i n g a Maxwellian d i s t r i b u t i o n of v e l o c i t i e s v 
peaked at some v such that the average (kinetic) energy E i s 

1 - 2 3 
E - - r \ v - - r V 

1 Current address: C.R.M., 6 rue de Boussingault, 67083 Strasbourg, France 

0097-6156/82/0180-0249$08.50/ 0 
© 1982 American Chemical Society 
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250 P E R F L U O R I N A T E D I O N O M E R M E M B R A N E S 

where m i s the mass of the neutron. 
Neutrons can also be considered as plane waves of wave number lc or 
wavelength X = 2Tr/k. The r e l a t i o n s h i p s between p a r t i c l e and wave 
aspects are : 0 0 

2m 
n 

and 
-K k 

V = 

For thermal neutrons (T = 300K), we have E = 26 meV and 
X = 1.8 A. I t i s important to note that these values are of the 
same order of magnitude as the intermolecular energies and 
molecular dimensions, respectively. 
Neutron-nucleus i n t e r a c t i o n . A neutron i n t e r a c t s with a nucleus 
v i a nuclear and magnetic forces. For the nuclear part, since 
nuclear in t e r a c t i o n s are very short range compared to the(thermal) 
neutron wavelength, i t can be shown that the i n t e r a c t i o n 
p o t e n t i a l between a neutron located at r and a nucleus i located 
at r. can be written as 

V ( H ) = -IT— b i 6 (H " *i> 
n 

In t h i s expression (the so-called Fermi pseudo-potential), the 
scatter i n g length b. characterizes the i n t e r a c t i o n and i s inde
pendent of neutron energy, b. can be p o s i t i v e or negative 
according to the a t t r a c t i v e or repulsive nature of the i n t e r a c t i o n 
The t h e o r i c a l c a l c u l a t i o n of b. i s very d i f f i c u l t and i n practice 
i t i s determined experimentally. Concerning the magnetic i n t e r 
a c t i o n , the neutron i n t e r a c t s with the spins v i a the d i p o l e -
dipole coupling. For diamagnetic systems, i t i s always n e g l i g i b l e 
compared to the nuclear i n t e r a c t i o n and w i l l be considered i n the 
following. 

Coherent and incoherent sc a t t e r i n g lengths and cross-sections. 
Consider an assembly of a given atomic species i , with 

many isotopes possessing a nuclear spin. The sc a t t e r i n g length b. 
w i l l change from one atom to another, since the i n t e r a c t i o n 
depends on the nature of the nucleus and on the t o t a l spin state 
of the nucleus neutron system. 

The average < b.> of b. over a l l the isotopes and spin 
states i s c a l l e d the coherent scatte r i n g length. We thus have 

= < b.> l 
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12. P I N E R I E T A L . Neutron Studies 251 

b . i n c o h = [< b. 2 >-< b. > 2 ] 1 / 2 

1 I I 

From these d e f i n i t i o n s , i t i s clear that b 0 0* 1 and b l n c o ^ c a n b e 

changed merely by modifying the r e l a t i v e concentration of the 
various isotopes. This fact i s of great p r a c t i c a l importance i n 
neutron experiments (isotopic substitution). The coherent and 
incoherent scattering cross-section are defined by 

coh . coh N2 = 47T(b^ ) 

incoh , incotu2 a. = 4iTCb. ) l l 

In the following table^^re Jisted the values of these quantities 
in barns (1 barn =10 cm ) for a few common atoms. 

Table I 

atoms spin coh 
a 

incoh 
a 

1 6 o 0 4.2 -

I 2 c 0 5.5 -

1 11.6 ^ 0.3 

D 1 5.6 2.0 

H 1 
2 1 .76 79.7 

Small angle neutron scattering experiment. 

Information about the structure of a material i s 
obtained from small angle scattering by analyzing the coherent 
scattered intensity which i s given by 
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I (Q) = < E E d d exp [-iQ.(r - r)]> 
i j i j 1 1 

where Q i s the scatter i n g vector whose magniture i s given by 
4Trsin ~ 0/A, where 9 i s half the sc a t t e r i n g angle^and X i s the 
wavelength of the incident r a d i a t i o n . The vector r. i s drawn 
from an a r b i t r a r y o r i g i n to a point which possesses a coherent 
scat t e r i n g factor d.. For a system with two scattering components 
the previous equation can be s i m p l i f i e d to give 

HQ) - C(dj - d 2 ) 2 S(Q) 

where 

S(Q) = < £ I exp [ i Q . ( r i - r.)]> 

where dj and d^ denote the scattering factors of region 1 and 2, 
C i s a constant, and < > denotes an equilibrium average. For 
small-angle neutron scattering (SANS), the scatter i n g factor i s 
proportional to the coherent neutron scattering-length density 
6 , givi n g the r e s u l t that 

TABLE II 
Scattering parameters of Nafion-Water system 

b e d 
i / o o 3 3 Group (10 cm A ) (mole el/cm ) (g/cm ) 

CF^ amorphous 3.84 0.91 1.9 
CF^ c r y s t a l l i n e 4.45 1.05 2.2 

RS03H 2.5-3.7 0.5-0.75 1-1 .5 
RS03Na 2.7-3.9 0.53-0.8 1.1-1 .6 

H 20 -0.56 0.55 1 

D 20 6.46 0.55 1.1 
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12. P I N E R I E T A L . Neutron Studies 253 

(dj - d ) 2 = (Bj - e 2 ) 2 

coh coh 

The coherent scatte r i n g length density i s defined by 

6coh - P Z V K 7 Z Y K 
K K 

where P i s the mass density, and n i s the number of atoms with 
coherent sc a t t e r i n g length b and mass m. For SAXS the contrast 
i s determined by the difference i n electron density 

(d, - d 2 ) 2 = (aj - a* ) 2 

Values of coherent neutron scatte r i n g length d e n s i t i e s and 
electrondensities relevant to the Nafion-water system are given 
i n Table I I . Values for CF^ ar^e given corresponding to mass 
den s i t i e s of 2.2 and 1.9 g/cm for c r y s t a l l i n e and amorphous 
materials, r e s p e c t i v e l y . An excellent SANS contrast e x i s t s 
between either amorphous or c r y s t a l l i n e CF 2 and l^O. A difference 
of 4 10~14cm.X~3 i s generally considered good enough to give a 
reasonable s i g n a l . The difference between the side groups and the 
CF^ backbone i s less w e l l defined owing to uncertainties i n the 
mass de n s i t i e s but i s c e r t a i n l y much small. Thus the SANS 
technique i s much less s e n s i t i v e to aggregation of the i o n i c 
groups than i t i s to aggregation of water molecules. A s i m i l a r 
s i t u a t i o n e x i s t s f o r SAXS with r e l a t i v e l y large electron density 
difference between CF 2 and water and a smaller contrast between 
CF^ and the i o n i c side groups. 

Information about both the s i z e and the geometry of the 
scattering p a r t i c l e s can be obtained from d i f f e r e n t s c a t t e r i n g 
domains. In the Guinier range with QR < < 1 the scatteri n g 
function can be written 

2 2 
S(Q) ^ 1 -

where R i s the radius of gyration of the d i f f u s i n g object. In the 
intermediate range the scattering function can be written 

S(Q) <x, 4 
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Table I I I 

Sample Treatment 

Code Form T h e r m a l Hydration AW/W N , 
treatment l e v e l 2 3 

A acid as received dried 23°C 0.02 1.7 
B acid as received 15 % R.H. 0.04 3.4 
C acid as received 50 % R.H. 0.07 5.8 
D acid as received 90 % R.H. 0.15 12.5 
E acid as received soaked (lhr) 0.20 16.7 
F acid as received bo i l e d (lhr) 0.45 37.5 
G Na + as received dried 23°C 0.02 1.7 
H Na + as received 15 % R.H. 0.04 3.4 
I Na + as received 50 % R.H. 0.06 5.0 
J Na + as received 90 % R.H. 0.11 9.2 
K Na + as received soaked (lhr) 0.20 16.7 
L Na + as received b o i l e d ( lhr) 0.60 50.0 
M Na + quenched dried 200°C 0 0 
N Na + quenched dried 23°C 0.02 1.7 
0 Na + quenched 50 % R.H. 0.05 4.2 
P Na + quenched 83 % R.H. 0.09 7.5 
Q Na + quenched soaked (15min) 0.14 11.7 
R Na + quenched soaked (24hr) 0.16 14 
S Na + quenched boil e d (lhr) 0.36 30 
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12. P I N E R I E T A L . Neutron Studies 255 

with n = 1 for rods, n = 2 for a gaussian c o i l or f l a t disk and 
n = 3 for a two density system. 

The s p e c i f i c i t y of neutrons i n structure determination 
of hydrophilic materials has i t s o r i g i n i n t h i s large difference 
between the H and D scatte r i n g lengths. I t i s therefore possible 
to only change the contrast between phases without changing the 
structure of the studied material. Detailed analysis has been 
done concerning t h i s contrast v a r i a t i o n method which i s mainly 
used i n b i o l o g i c a l systems. In a simple two phase system with 
hydrophilic d i f f u s i n g p a r t i c l e s i n an hydrophobic matrix i t w i l l 
be shown that a simple superposition of the d i f f u s i o n curves 
can be obtained with d i f f e r e n t Ĥ O/D̂ O r e l a t i v e concentrations. 
Small angle neutron experiments 

Nafion 120 acid samples were obtained from the Dupont 
Company. Ne u t r a l i z a t i o n was c a r r i e d out by soaking f o r several 
days i n a 2 M aqueous s o l u t i o n of NaOH. The n e u t r a l i z a t i o n was 
measured to be of the order of 77 % by flame photometry. A l i s t 
of samples and corresponding thermal and hydration treatments i s 
given i n Table I I I . The samples as received were given no addi
t i o n a l thermal treatment and are s e m i c r y s t a l l i n e . Quenched 
samples were made by heating samples to 330°C fo r one hour and 
then passing hydrogen gas over the f i l m f o r quenching. Quenching 
speeds obtained by such a procedure are one or two orders of 
magnitude larger that usual quenching i n l i q u i d s . Before hydration 
samples were dried at 23°C under flowing nitrogen gas and then 
were hydrated at d i f f e r e n t humidity l e v e l s i n a hydration c e l l . 
D i f f e r e n t r e l a t i v e humidities (R.H.) were achieved by c o n t r o l l i n g 
the temperature of a water bath through which a i r i s passed 
before entering the c e l l . Higher absorption was achieved by 
soaking or b o i l i n g samples f o r various times. Table I I I l i s t s the 
weight of water absorbed r e l a t i v e to the dry weight AW/W_ along 
with the corresponding number of water molecules per sulfonate 
group NH?0/S0~R. The dry weight corresponds to that of a sample 
dried at 200°C, 

The influence of water content on the scattering curves 
i s shown i n f i g . 1 for the acic^NafjLon [6]. A maximum corres
ponding to a Q value of 3.5 10 A (Bragg spacing of 180 A) i s 
apparent for the low content samples and t h i s maximum becomes a 
shoulder when increasing the water content. A s i m i l a r maximum 
has been reported by Gierke [7] i n a small angle X ray experiment. 
E s s e n t i a l l y analogous r e s u l t s i n t h i s Q range were found for the 
Na samples as shown i n f i g . 2, i n d i c a t i n g that the n e u t r a l i z a t i o n 
has l i t t l e e f f e c t on the structure giving r i s e to the s c a t t e r i n g . 

From SAXS studies i t was found that the samples possess 
a degree of c r y s t a l l i n i t y of the order of 15-20 % based on an 
analysis of the c r y s t a l l i n e d i f f r a c t i o n r i n g at 5.0 A and the 
amorphous halo at 4.9 A. These correspond to rings observed for 
polytetrafloroethylene. Dark f i e l d electron microscope studies of 
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256 P E R F L U O R I N A T E D I O N O M E R M E M B R A N E S 

Figure 1. SANS curves in region of the first scattering maximum as a function of 
humidity for semicrystalline Nafion acid samples. Key: , A, dry; •, C, 50% 

R.H.; • , D , 90% R.H.; •, E, soaked; Q , F, boiled. 
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Figure 2. SANS curves in region of the first scattering maximum for Nafion Na+ 
(not quenched) samples. Key: , G, dry; +, / , 50% R.H.; \J, 90% R.H.; K, 

soaked; Q, L, boiled. 
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these Nafion polymers also show regions with dimensions of 
several hundred Angstroms that give r i s e to c r y s t a l l i n e d i f 
f r a c t i o n patterns. In amorphous f i l m s prepared by the quenching 
technique the 180 A Bragg maximum i s eliminated ( F i g . 3). 

From these r e s u l t s the 180 A peak can c l e a r l y be assigned 
to interference between c r y s t a l l i n e structures. Lamellar s t r u c 
tures with a p e r i o d i c i t y of ̂  1000 A are known to e x i s t i n poly-
tetrafloroethylene [8], Copolymerization would be expected to 
reduce the s t r u c t u r a l repeat uni t i f one considers that the large 
side groups would be excluded from the c r y s t a l l i n e regions. For 
a random copolymer an average distance of 15 A would e x i s t between 
side groups which i s much smaller than the observed p e r i o d i c i t y . 
Therefore i t must be concluded that e i t h e r a very non-random 
d i s t r i b u t i o n of side groups i s present at least i n some portion of 
the material or that some side groups are somehow included i n the 
c r y s t a l l i n e region. 

A second SANS maximum i s observed at larger Q fo r a l l 
samples. The i n t e n s i t y of scat t e r i n g increases and the p o s i t i o n 
of the sc a t t e r i n g maximun s h i f t s to lower angles when increasing 
water content. Such a behavior i s shown i n f i g . 6. 

From these i n i t i a l r e s u l t s we can point out the following 
conclusions : 

- The perfluorinated bakbone of Nafion polymer forms 
superstructures which give r i s e to a scat t e r i n g maximun corres
ponding to a Bragg distance of 180 A. 

- The microstructure of the acid and s a l t forms of the 
membranes i s very s i m i l a r . This point makes a d r a s t i c difference 
between these membranes and the other ion containing polymers 
which ex h i b i t some phase separation only a f t e r n e u t r a l i z a t i o n . 

- The sca t t e r i n g s i g n a l a r i s i n g from the hydrophilic 
i o n i c regions exhibits a maximum over a wide range of water 
concentrations. The i n t e r p r e t a t i o n of t h i s maximum i s s t i l l under 
discussion. Models involvi n g an i n t e r n a l i o n i c aggregate s t r u c 
ture of a p a r a c r y s t a l l i n e ordering of the aggregates are possible 
but d i f f i c u l t to understand because of the absence of any known 
range ordering p o t e n t i a l . 

The technique of is o t o p i c replacement (I^O/^O) has then 
been used to define i f there are more than two phases i n the 
quenched material and also to define the r e l a t i v e amount of water 
i n the i o n i c phase. I f the quenched material can be described as 
a two phase system, for a we l l defined amount of water absorbed 
we can change the r e l a t i v e contrast between phases by changing 
the r e l a t i v e percentage Ĥ O/D̂ O of the absorbed water. The inten
s i t y r a t i o corresponding to two d i f f e r e n t Ĥ O/D̂ O values i s 
therefore independent of the sca t t e r i n g vector and the s c a t t e r i n g 

 P
ub

lic
at

io
n 

D
at

e:
 F

eb
ru

ar
y 

4,
 1

98
2 

| d
oi

: 1
0.

10
21

/b
k-

19
82

-0
18

0.
ch

01
2



12. P I N E R I E T A L . Neutron Studies 259 

Figure 3. SANS curves in region of the first scattering maximum for Nafion Na+ 
(90% R.H.) samples. Key: Q, J, not quenched; , P, quenched. 
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d ( A ) 

200 100 50 

o l I I I I 1 1 I I I 
0 4 8 12 14 

Q x 10* ( A " ' ) 
Figure 4. SANS curves in region of the second scattering maximum for Nafion acid 

samples. Key: •, E, soaked 1 h; Q, F, boiled 1 h. 
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200 100 

o 
( A ) 
50 

6 . -

ol I I | L_J I I I I 
0 4 8 12 14 

Q x 10* ( A " ' ) 
Figure 5. SANS curve in region of second scattering maximum for Nafion Na+ 

quenched sample S boiled 1 h. 
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I K 

B O I L E D 

Figure 6. SANS curves in region of the second scattering maximum for Nafion Na+ 
samples. Key: X , N, dried 23° C; — 50% R.H.; Q P, 83% R.H.; +, Q, soaked 

15 min; A, R, soaked 1 h; Q, S, boiled. 
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12. P I N E R I E T A L . Neutron Studies 263 

curves d i f f e r only by a constant multiple. For systems involv i n g 
more than two phases t h i s w i l l not generally be the case. No 
s t r u c t u r a l changes are expected to occur on i s o t o p i c replacement. 

A superposition of SANS curves f o r samples hydrated at 
100 % R.H. with d i f f e r e n t mixtures of H20/D20 i s shown i n f i g . 7. 
These samples contain about 9 % by weight water. The Q range 
studied corresponds to the zero order scattering region. Before 
superposition a constant value corresponding to the incoherent 
sc a t t e r i n g i n t e n s i t y has been subtracted from each curve. A 
correction has also been made for differences i n the sample 
transmission f a c t o r s . Subequently a constant of m u l t i p l i c a t i o n has 
been chosen to give the best possible o v e r a l l superposition. A 
good superposition i s achieved p a r t i c u l a r l y f o r Q > 0.01. An 
analogous superposition i s shown i n f i g . 8 for samples soaked 
24 hours i n a mixture of H 20 and D 20 and which contain 16 % by 
weight water. For a sample soaked i n a mixture of 12.5 % H20/87.5 
D 20 e s s e n t i a l l y no scattering was observed above a constant 
background. This r e s u l t i n i t s e l f indicates that the scattering 
system contains e s s e n t i a l l y two phases or contrast regions. The 
matching concentration i s known as the i s o p i c n i c point. 

A superposition of data i s shown i n f i g . 9 f o r samples 
boiled 1 hour which contain 36 % by weight water. Here the region 
of the scattering maximun has been explored. In t h i s case the 
isopycnic point was determined to correspond to a concentration of 
25 % H20/75 % D 20. 

6 - 6 1 2 
In f i g . 10 are plotted the r a t i o -^6 = a versus D20/ 

H20. 6j - 6 2 represents the contrast H2° difference bet
ween two phases and A6H 20 corresponds to t h i s value for the poly
mer containing only H 20. These a values have been obtained from 
the superposition factors used i n f i g . 7, 8 and 9. A sign reversal 
occurs i n a values for D2O/H2O r a t i o s beyond the i s o p i c n i c point. 
For a sample hydrated with H 20 a large difference i n the scattering 
lenght density e x i s t s between the phase containing most of the wa
ter and the low water content matrix which contains mainly CF 2 

u n i t s . As the r a t i o [D 20]/[H 20] changes, t h i s contrast decreases 
r e s u l t i n g i n a decreased scattered i n t e n s i t y . F i n a l l y beyond the 
isopycnic point the scattering length density of the hydrophobic 
nhase exceeds that of the matrix and the i n t e n s i t y increases again. 

The t h e o r e t i c a l l i n e a r dependence of a versus D20/H20 for 
a two phases system, i s only observed for the high water content 
samples. A large deviation drom the l i n e a r i t y occurs i n the 9 % 
water content specimen. The two phase approximation i s therefore 
less v a l i d i n t h i s sample and the superposition which was observed 
may r e s u l t from a fortuitous choice of m u l t i p l i c a t i o n constants. 

These r e s u l t s indicate that both the zero order scat
teri n g component and the scattering maximum ar i s e from the same 
scatterin g length density differences. The zero order scattering 

 P
ub

lic
at

io
n 

D
at

e:
 F

eb
ru

ar
y 

4,
 1

98
2 

| d
oi

: 1
0.

10
21

/b
k-

19
82

-0
18

0.
ch

01
2



264 P E R F L U O R I N A T E D I O N O M E R M E M B R A N E S 
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0.01 "Sol T7 
Q (A ] 

Figure 7. Superposition of SANS curves (in low Q region) for samples P with mix
tures of H20/D20 of 0.0 (O), 0.5 O , 0.75 (+), 0.875 (v), and 1 (%). 

 P
ub

lic
at

io
n 

D
at

e:
 F

eb
ru

ar
y 

4,
 1

98
2 

| d
oi

: 1
0.

10
21

/b
k-

19
82

-0
18

0.
ch

01
2



P I N E R I E T A L . Neutron Studies 

U -
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0.01 0 . 0 2 , . 1 t 

Q(A_ 1) 

Figure 8. Superposition of SANS curves (in low Q region) for samples R soaked 
mixtures of H20/D20 of 0.0 (Q), 0.25 (v), 0.5 (\J), 0.75 (+), and 1 (•). 
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I 

9 

8 -

7 -

6 -

5 -

U -

3 -

2 

1 A 

0 
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• 5 .... $* 
o 

0.05 010 .„ 0.1*5 
Q(A ) 

Figure 9. Superposition of SANS curve (in high Q region) for samples S boiled in 
mixtures of H20/D20 of 0.0 (Q), 0.25 (+), 0.875 (v), and 1 (•). 
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A|3H«0 

0.5 A 

0 

-05 J 

-1 
0 0.25 0.5 075 

(DtO)/(H*0) 
Figure 10. Multiplication used in superposition of Figures 2-4 as a function of 

[H20]/[D20]. 
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does not therefore a r i s e from im p u r i t i e s . The existence of a 
sc a t t e r i n g maximum indicates that a s p a t i a l ordering e x i s t s 
between d i f f e r e n t water r i c h regions. The zero order sc a t t e r i n g 
presumably indicates that there i s an inhomogenous d i s t r i b u t i o n 
of these regions of c l u s t e r s . A discussion of t h i s component f o r 
other ionomer system has been recently given [ 9]. D i f f e r e n t 
models have been tested to obtain a more quantitative idea of the 
chemical composition of the two phases [10]. A comparison has 
also been made with the known values of the SAXS mean squared 
electron density f l u c t u a t i o n . 

The model f i t s show that the Nafion-water system 
can be considered as e s s e n t i a l l y two phases at water content of 
15 % by weight or greater with a majority of the water molecules 
clustered i n one phase and the vast majority of the -CF^-CF^-
type u n i t s i n the other phase. The current study cannot r u l e out 
the existence of some non-clustered water. In addition l i t t l e can 
be said about the l o c a t i o n of the i o n i c groups. I t would be 
expected that a majority of such groups would be found i n a region 
between phases. The existence of such an i n t e r f a c i a l region can be 
detected from the behavior at large Q. Our SANS measurements do 
not extend to large enough 0 to analyze such behavior but appro
p r i a t e plots from the SAXS data are shown i n f i g . 11. For a two 
phase system with an i n f i n i t e l y sharp boundary and no density 
f l u c t u a t i o n s w i t h i n phases the scattered i n t e n s i t y follows 
Porod Ts law which, f o r the case of s l i t smeared i n t e n s i t i e s , 
y i e l d s : 

lim Q3 I(Q) = K 
Q ^ CO 

If a t r a n s i t i o n zone e x i s t s negative deviations from Porod's law 
occur while density f l u c t u a t i o n s within phases w i l l lead to p o s i 
t i v e deviations. A d e t a i l e d discussion of Porod law behavior has 
been recently given [11]. Here we observe good agreement with 
Porod 1s law i n d i c a t i n g no apparent t r a n s i t i o n zone for the soaked 
and boiled samples. I t i s possible that the t r a n s i t i o n zone 
thickness i s very small compared to the dimension of the phases 
themselves and that i t s e f f e c t i s not observable. Cutler [12] has 
reported t r a n s i t i o n zone thicknesses of 5 A f o r Nafion samples 
containing water but gave no p l o t s . Such a value i s of the order 
of the minimum observable by SAXS. A sample hydrated at 83 % R.H. 
shows p o s i t i v e deviations from Porod fs law i n d i c a t i n g that the 
phases are less pure at low water contents. Such p o s i t i v e devia
tions have been previously observed f o r other ionomer systems at 
low water contents [13]. This r e s u l t i s consistent with the pre
v i o u s l y stated conclusion that the two-phase model i s less v a l i d 
at lower water contents. From theses i s o t o p i c replacement expe
riments i t i s therefore shown that at high water content (15 % by 
weight) Nafion membranes are e s s e n t i a l l y two phases systems. I f a 
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t r a n s i t i o n zone e x i s t s between phases i t s thickness must be very 
l i m i t e d as indicated by SAXS behavior at large Q. At lower water 
contents deviations from the two phase model are observed by both 
the SANS is o t o p i c replacement experiments and the SAXS behavior 
at large Q. 

The neutron q u a s i - e l a s t i c s c a t t e r i n g (NQES) method 

In an i n e l a s t i c s c a t t e r i n g experiment, one analyzes the 
energy of the scattered neutrons, f o r several scattering angles. 
The term q u a s i - e l a s t i c i s used when the analysis i s r e s t r i c t e d 
to small energy changes. I f the molecular motions are of d i f f u s i v e 
nature, and are s u f f i c i e n t l y f a s t , the NQES spectra generally 
appear as a broad curve centered around OJ = 0 where w i s the 
neutron energy t r a n s f e r . Various spectra components may often 
be separated. The time scale of the molecular motions i s given by 
the width of the spectra, and the nature of these motions i s 
contained i n the angular dependence of the shape, and of the 
r e l a t i v e i n t e n s i t i e s of the various components. I f the scatteri n g 
i s mainly incoherent, as i s generally the case with hydrogen 
containing systems, then the data should be analyzed i n terms of 
s e l f motion of the moving protons. This can be done by d i r e c t 
comparison of the t h e o r i c a l incoherent scatter i n g law corres
ponding to a given model, with the spectra. The NQES method y i e l d s 
i n fact a rather severe test of the model since i t should f i t not 
only one, but many spectra. 

With one component systems l i k e p l a s t i c c r y s t a l s [14] or 
l i q u i d c r y s t a l s [f4, 15] the experimental s i t u a t i o n i s rather 
simple since only the n u c l e i of in t e r e s t contribute to the spectra 
With a composite system l i k e water absorbed i n a membrane, i t i s 
important to be able to separate the contribution to the scat
tered i n t e n s i t y from the water, and from the polymer. A useful i n d i 
cation on the r e l a t i v e i n t e n s i t i e s of these contributions may be 
obtained by comparison between the neutron d i f f r a c t i o n patterns 
of the wet and dry membranes. This i s because the i n t e n s i t y of 
the d i f f r a c t i o n curve at a given Q value i s approximately the 
i n t e g r a l over the energy of the NQES spectrum at the same Q. This 
i s why i t i s often useful to make a neutron d i f f r a c t i o n experiment 
before performing the q u a s i e l a s t i c study. 

Neutron d i f f r a c t i o n r e s u l t s 

D i f f r a c t i o n experiments were performed on the DIB d i f -
fractometer of the ILL. F i g . 12 shows the r e s u l t s f o r the wet and 
dry samples. The spectra are very s i m i l a r to those obtained by 
X-rays [7]. Their mairijfeature i s the existence of a broad peak 
between 0.9 and 1.4 A which i s due to the l a t e r a l packing of the 
polymer chain. This broad peak i s usually decomposed into a broad 
and a sharp component, as schematically indicated by a dashed 
l i n e on the spectrum of the dry sample. The components are 
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12. P I N E R I E T A L . Neutron Studies 271 

Figure 12. Neutron diffraction spectra of acid Nafion membrane for wet and dry 
samples. Instrument is D IB. Incident wavelength is X0 = 2.56 A. The horizontal 
axis is expressed either in scattering angles (2 0) units, or in neutron momentum 
transfer (Q = 4n/a0 sinO) units. Note the different vertical scales for the two sam
ples. The separation between the amorphous and crystalline contributions to the 

large angle peak is shown for the dry sample. Temperature ~ 25° C. 
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a t t r i b u t e d to the amorphous and c r y s t a l l i n e parts of the mem
brane, r e s p e c t i v e l y . Despite the s i m i l a r i t y between these two 
d i f f r a c t i o n spectra, there are three important differences : 

i ) the broad peak i s s i g n i f i c a n t l y broader f o r the wet 
sample than for the dry sample. This means that the wet material 
i s more disordered, 

i i ) the wet sample ex h i b i t s very intense small angle 
sc a t t e r i n g below 0.4 A while the dry sample does not. This 
means that t h i s s c a t t e r i n g should be e s s e n t i a l l y a t t r i b u t e d to 
the water, and t h i s simple r e s u l t means that the water i s not 
uniformely d i s t r i b u t e d i n the sample. The extensive study of t h i s 
s c a t t e r i n g [6^9]_,lO] was mainly aimed at the determination of the 
structure and the d i s t r i b u t i o n of the corresponding " c l u s t e r s 1 1 , 

i i i ) the background i s much higher for the wet than f o r 
the dry sample (note the d i f f e r e n t v e r t i c a l scales i n f i g . 12). 
This extra background should be at t r i b u t e d to the incoherent 
sc a t t e r i n g of the protons of the water molecules. This background 
l e v e l i s i n theory independent of Q. However due to i n e l a s t i c 
e f f e c t s , a small decrease i s observed, as indicated on the f i g u r e . 

These r e s u l t s show that the main contribution to the 
scattered_j.ntensity comes from the water molecules. For 
Q > 0.4 A , i t i s reasonable to assume that the corresponding 
sca t t e r i n g i s incoherent since the broad peak aroud 1.2 A comes 
mainly from the polymer. Consequently, the analysis of the quasi-
e l a s t i c spectra may be carr i e d out i n terms of s e l f motion of the 
protons. For Q <L0.4 A the existence of intense small angle 
sc a t t e r i n g due to water means that the coherent scatte r i n g i s no 
more negligeable and that i t may be important to include c o l 
l e c t i v e e f f e c t s i n the a n a l y s i s . In the present work, we have 
r e s t r i c t e d the NQES study to Q values between 0.4 and 1.2 A so 
that the l a t t e r e f f e c t s can be neglected. 

Neutron q u a s i - e l a s t i c s c a t t e r i n g r e s u l t s 
The q u a s i - e l a s t i c experiments were performed on the 

multichopper t i m e - o f - f l i g h t spectrometer IN5 at the ILL. Three 
incident wavelenghts were used : 10, 11 and 13 A corresponding 
to ( e l a s t i c ) energy resolutions AOJ of 18.5, 14 and 9yeV 
(lyeV = 1.52 x 10 rd/s) f u l l width at hal f maxumum (FWHM), res
p e c t i v e l y . For each wavelenght, eight spectra were recorded 
simultaneously at d i f f e r e n t s c a t t e r i n g angles corresponding to 
the Q range 0.4 to 1.2 A . 

Two t y p i c a l spectra obtained with wet and dry samples 
are shown i n f i g . 13. For the wet sample, the NQES spectra are 
composed of a sharp peak reproducing the res o l u t i o n function of 
the instrument superimposed on a broad component having about 
lOOyeV FWHM. The dry sample on the contrary, e x h i b i t s only the 
sharp peak. This observation immediately t e l l s us that the broad 
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L 0 _ 
5 ? • 

Figure 13. Examples of neutron quasielastic spectra of acid Nafion membrane for 
Q = 0.59 A-1, a: Membrane containing 15% HsO by weight, (13n) dried mem
brane, b: Reproduces exactly the experimental resolution function obtained with a 
V sample. Instrument IN5, incident wavelength 10 A, energy resolution 18.5 fieV 

FWHM. Temperature ~ 25° C. 
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component of the wet sample spectrum i s due to the water, and 
consequently that the water molecules move on the time scale of 
ca. 10 sec, i . e . p r a c t i c a l l y as f a s t as i n bulk water. In 
order to get information on the nature of these motions, i t i s 
necessary to analyze i n d e t a i l a l l the NQES spectra. 

We f i r s t studied the shape and the width of the broad 
component. For t h i s purpose, we excluded the ce n t r a l part of the 
spectra and f i t t e d a sing l e l o r e n t z i a n l i n e , convoluted with the 
re s o l u t i o n function, to the remaining points of the spectra. The 
re s u l t i s that the experimental curve systematically deviates 
from the lo r e n t z i a n shape, the deviation being more pronounced as 
Q increases, i n our experimental range. This i s i l l u s t r a t e d i n 
F i g . 14a and 14b. This procedure was used to define the experi
mental width as the width of the lo r e n t z i a n which y i e l d s the best 
f i t as given by a standard least square f i t routine. In f i g . 15 , 
we have shown the experimental width obtained i n t h i s way versus 
Q̂ , fo r a l l the spectra recorded. I t i s seen that the width i s 
p r a c t i c a l l y constant at low Q and then increases at larger Q. The 
meaning of such r e s u l t s can be understood by comparison with the 
predictions of the following c l a s s i c a l models : 

- long range s e l - d i f f u s i o n characterized by a d i f f u s i o n 
c o e f f i c i e n t B^. In t h i s case, the NQES spectra are sing l e 
l o r e n t z i a n l i n e s whose HWHM i s equal to D̂ Q . In the log-log plot 
of f i g . 15, t h i s means that the points are on a st r a i g h t l i n e 
whose slope i s 1. Since the experimental l i n e shapes are not 
lor e n t z i a n and the experimental widths are c l e a r l y not propor
t i o n a l to Q , t h i s model must be rejected for water i n nafion. 
At t h i s point i t i s i n t e r e s t i n g to compare the present NQES data 
with data obtained with bulk water. Such an experiment was 
performed on IN5 at 10 A [16]. In t h i s case ( i ) the experimental 
spectrum i s l o r e n t z i a n w i t h i n experimental accuracy (cf f i g . 14c) 
and ( i i ) the corresDon^ing HWHM i s given by DfcQ (cf f i g . 15), 
with D = 2.5 x 10"5cm /s, which i s an accepted value at 28°C for 
water [20, 21]. This l a s t r e s u l t gives confidence, i n the a b i l i t y 
of the high r e s o l u t i o n NQES method to test q u a n t i t a t i v e l y models 
fo r molecular motions. 

- Rotation of the water molecules. Since t h i s r o t a t i o n a l 
motion i s probably nearly i s o t r o p i c , the incoherent s c a t t e r i n g 
law i s given to a good approximation by the Sears formula [19]. 
In t h i s model the protons are assumed to d i f f u s e on a sphere of 
radius p. The d i f f u s i o n i s characterized by a r o t a t i o n a l d i f 
f usion c o e f f i c i e n t D . This model predicts that the broad com
ponent of the spectra i s no longer l o r e t z i a n : i t s width i s 
constant at low Q and then increases at higher Q, as observed 
i n our experiment. We have thus t r i e d to f i t t h i s model to the 
spectra. Taking p = 0.95 A which i s the distance between the 
center of mass and the protons [20], we cannot f i t the spectra 
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12. P I N E R I E T A L . Neutron Studies 275 

Figure 14. Broadened component of neutron quasielastic spectra, experimental 
points and best fit Lorentzian line, a: Nafion membrane containing 15% H20, Q = 
0.59 A-1, b: Idem, but Q = 1.05 A-1, c: Bulk pure H20 at 28° C, Q = 0.59 
A-1. The small sharp component in Figure 14c comes from the quartz sample 
holder. Instrument IN5, incident wavelength 10 A. Temperature ~ 25° C. Note 

the systematic deviation from the Lorentzian shape in Figures 14a and 14b. 
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HWHM(meV 
01 

HWHM(meV] 
1 

Figure 15. Half width at half maximum of the broadened component of the neutron 
quasielastic spectra obtained with an acid Nafion membrane containing 15% H20 
by weight. The points are the widths of the best fit Lorentzian lines from spectra 
obtained with an incident wavelength of 10 A (O), 11 A ([J), and 13 A (A). The 
full line is the theoretical width predicted by the model with diffusion in a sphere 
(with D = 1.8 X 10~5 cm2Is and a = 4.25 A). The two theoretical asymptotes 
for Q O and Q oo are also shown (compare with Figure 2 of Reference 2 for 
more details). Half width at half maximum of the best fit Lorentzian lines to the 
spectra obtained with bulk water at 28° C (incident wavelength 10 A) is denoted 
by +. The straight line passing through the points (+) is the theoretical width pre-
dieted by the simple self diffusion model with D t = 2.5 X 10-5 cm2Is. Note the 

different vertical scales for the Nafion sample and the bulk water sample. 
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f o r any D̂ . Taking p as an adjustable parameter, i t seems that 
some f i t may be found f o r p ^ 3 A. Since t h i s value does not 
correspond to any "radius" i n the water molecule, we have pushed 
the analysis f u r t h e r , but t h i s r e s u l t has some i n t e r e s t i n g 
meaning as we s h a l l see below. In any case, t h i s shows that the 
NQES data cannot be explained i n terms of the r o t a t i o n of the 
water molecules only. 

- Translational s e l f - d i f f u s i o n and r o t a t i o n of the water 
molecules. Since the above two models f a i l to explain the data, 
one may think of a model which combines both, and which i s cer
t a i n l y more r e a l i s t i c . We have2tried such a p o s s i b i l i t y with 
p = 0.95 and D = 1.6 x 10 cm /s. This l a s t value i s the long 
range s e l f - d i f f u s i o n c o e f f i c i e n t of water i n t h i s membrane, 
measured by radioactive t r a c e r s . We found that no f i t i s possible 
with these values whatever D i s chosen. As for the preceeding 
section, we f i n d that the f i E improves considerably i f we take 
ei t h e r p or D t as parameters. With D t f i x e d , we should increase 
p t o _ ^ B^A, as above, and with p f i x e d , we should increase to 
^ 1 0 cm /s. These r e s u l t s suggest that one should think of a 
model which contains these two features. The simplest one i s a 
model where the water molecules, more p r e c i s e l y the protons, are 
r e s t r i c t e d to d i f f u s e ( d i f f u s i o n _ g o e ^ f i c i e n t D) i n a sphere of 
radius a, where we expect D ^ 10 cm and a ^ 3 A. 

This model has been developped [21] in v o l v i n g the d i f 
f usion of an incoherent p a r t i c l e i n s i d e a sphere with an imper
meable surface. The main features of t h i s model are (cf r e f . 2_1_ 
for d e t a i l s ) 

i ) the spectra are composed of a sharp 6(to) peak, super
imposed on broad component which i s a sum of an i n f i n i t e number 
of Lorentzian l i n e s , 2 

i i ) the HWHM of t h i s broad component i s 4.33 D/a = 
constant for Qa < < TT and tends to DQ f o r Qa » T T. Moreover, i n 
these l i m i t i n g cases, the shape i s nearly Lorentzian, 

i i i ) i n the intermediate case Qa ^ TT, the shape i s no 
more lo r e n t z i a n but i s more peaked around 0) = 0 than Lorentzian. 

A d e t a i l l e d comparison of t h i s model with the experi
mental data has been made i n reference [22]. In f i g . 16 are 
represented the experimental spectra together with the t h e o r i c a l 
spectra ( s o l i d l i n e ) calculated using the best f i t t e d values : 

D ( d i f f u s i o n c o e f f i c i e n t i n s i d e the sphere)= 1.8 10 cm^s 
a (radius of the sphere) = 4.25 A_^ ^ 
D t(long range d i f f u s i o n ) = 1.6 10 cm /s. 

This l a s t value has been obtained from radioactive tracer measu
rements . 
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^ 2 ^5 5 Si 55 or3 (S 
meV 

Figure 16. a: Series of experimental spectra together with the best fit theoretical 
curves calculated. Parameters: D = 1.8 X 10-5 cm2/s, a = 4.25 A,Dt= 1.6 X 
10-6 cm2/st \ = 10 A. The separation between the various components of the 

spectra are indicated. 
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-oh ' 6 o'i ' 55 ' o'3 
meV 

Figure 16. b: Series of experimental spectra together with the best Jit theoretical 
curves calculated. Parameters: D = 1.8 X 10~5 cm2/s, a = 4.25 A, Dt = 1.6 X 
10~6 cm2/s, X = ll A. The separation between the various components of the 

spectra are indicated. 
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Figure 16. c: Series of experimental spectra together with the best fit theoretical 
curves calculated. Parameters: D = 1.8 X 10~5 cm2/s, a = 4.25 A, Dt = 1.6 X 
10~6 cm2/s, X = 13 A. The separation between the various components of the 

spectra are indicated. 

 P
ub

lic
at

io
n 

D
at

e:
 F

eb
ru

ar
y 

4,
 1

98
2 

| d
oi

: 1
0.

10
21

/b
k-

19
82

-0
18

0.
ch

01
2



12. P I N E R I E T A L . Neutron Studies 281 

This model therefore accounts well f or the experimental 
r e s u l t s except at large Q where the t h e o r i c a l shape of the broad 
component deviates from the experimental one. This deviation 
mainly comes from the l i m i t a t i o n of the d i f f u s i v e d e s c r i p t i o n at 
large Q ( f i n i t e jump distance between two successive proton 
p o s i t i o n s ) . We have also examined the p o s s i b i l i t y of an aniso -
t r o p i c shape of the r e s t r i c t e d volume. We have found that the 
possible anisotropy i s i n any case rather small (at most 1.5 to 2) 

These r e s u l t s show the power of the high r e s o l u t i o n 
neutron q u a s i - e l a s t i c scattering technique to study the water 
m o b i l i t y i n these membranes. The main conclusion i s that on a 
space scale of 8 A, the water protons move p r a c t i c a l l y as f r e e l y 
as i n bulk water, but the longer distance motion i s much more 
d i f f i c u l t . Since the Vander Waals radius of the water protons i s 
about 1 A, the space should be renormalized to 10 A f o r the water 
molecules. 

From these d i f f e r e n t neutron studies i t has been shown 
that Nafion membranes are composed of small c r y s t a l l i n e regions 
which may act as physical c r o s s l i n k i n g points and a hydrophilic 
phase dispersed i n an hydrophobic matrix. The s i z e of the i o n i c 
c l u s t e r s i s a few hundred angstroms and some i n t e r or i n t r a 
p a r t i c l e c o r r e l a t i o n give a maximum i n a small angle neutron 
scatteri n g experiment. Neutron q u a s i - e l a s t i c s c a t t e r i n g r e s u l t s 
have evidenced a l o c a l d i f f u s i o n of water molecules. These small 
geometries may have two o r i g i n s : substructure inside the i o n i c 
phase or intermediate structure between the hydrophilic i o n i c 
c l u s t e r s . The small geometries i n which t h i s l o c a l d i f f u s i o n i s 
observed may correspond to substructure e x i s t i n g inside the hydro
p h i l i c i o n i c c l u s t e r s . 
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The Cluster-Network Model of Ion Clustering in 

Perfluorosulfonated Membranes 

T. D. GIERKE1 and W. Y. HSU 

Ε. I du Pont de Nemours & Co., Inc., Central Research and Development Depart
ment, Experimental Station, Wilmington, DE 19898 

A model for ionic clustering in "Nafion" (registered trade
mark of Ε. I. du Pont de Nemours and Co.) perfluorinated mem
branes is proposed. This "cluster-network" model suggests that 
the solvent and ion exchange sites phase separate from the fluoro-
carbon matrix into inverted micellar structures which are con
nected by short narrow channels. This model is used to describe 
ion transport and hydroxyl rejection in "Nafion" membrane pro
ducts. We also demonstrate that transport processes occurring in 
"Nafion" are well described by percolation theory. 

The solvent and ion exchange sites in "Nafion" perfluori
nated membranes phase separate from the fluorocarbon matrix to 
form clusters (1-5). This ionic clustering wi l l not only affect 
the mechanical properties of the polymer (1), but should also 
have a direct effect on the transport properties across these 
membranes (2). In addition the exchange sites in the resin are 
strongly acidic and the polymer is extremely hydrophilic. Com
bined with the polymer's exceptional thermal and chemical stabi
lity, these properties make "Nafion" membranes particularly suit
able for a variety of applications. These include applications 
as membrane separators in several electrochemical processes (6-9), 
as a superacid catalyst in organic syntheses (10-12), and as a 
membrane electrode (13). 

The principal application of "Nafion" currently is as a mem
brane separator in chlor-alkali cells , shown schematically in 
Figure 1. In this process water is decomposed in the cathode 
compartment to produce caustic and hydrogen, while saturated 
brine is fed to the anode compartment where the chloride ion is 
reduced to chlorine gas. The role of the membrane is to separate 
the two compartments, allow the facile transport of sodium ions 
from the anode to cathode compartments, and to restrict the flux 
of hydroxyl ions across the membrane. In the classical picture 
of ion exchange membranes (14) where the ion exchange sites are 

1 Current address: Parkersburg, WV 26101. 

0097-6156/82/0180-0283$06.25/0 
© 1982 American Chemical Society 
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284 P E R F L U O R I N A T E D I O N O M E R M E M B R A N E S 

homogeneously d i s t r i b u t e d , the membrane w i l l f u l f i l l t h i s r o l e 
only i f the i n t e r n a l molal concentration of ion exchange s i t e s 
greatly exceeds the concentration of hydroxide ion i n the cathode 
compartment. This condition i s not s a t i s f i e d . The i n t e r n a l con
centration of exchange s i t e s i s generally between 5 and 15 molal, 
while the concentration of the caustic produced i n the cathode 
compartment t y p i c a l l y exceeds 15 molal. Indeed we have observed 
that traces of calcium i n the brine tend to p r e c i p i t a t e at the 
anode surface, which suggests that the membrane i s very basic 
throughout i t s thickness. However, i n these same membranes, over 
90% of the current may be c a r r i e d by the sodium ions. I t appears 
that the hydroxide ion can get into the membrane, but i t s motion 
i s highly r e s t r i c t e d i n r e l a t i o n to the f l u x of sodium ions. I t 
seems l i k e l y that i o n i c c l u s t e r i n g plays some r o l e i n r e l a t i o n 
to t h i s behavior. 

In t h i s work we propose a model for i o n i c c l u s t e r i n g , which 
we have c a l l e d the cluster-network model (2), to account for 
hydroxyl r e j e c t i o n i n "Nafion" perfluorinated membranes. In dev
eloping t h i s model we have been guided by two requirements: 1. 
the model should be consistent with the a v a i l a b l e data on the 
microscopic structure of the polymer (1-5) 2. the model should 
be cast i n a form which can be used to describe ion transport. 
In pursuing the second condition, we make several approximations 
i n our model which are c l e a r l y i d e a l i z a t i o n s . We f e e l that these 
assumptions are reasonable and are j u s t i f i e d , i n part, by the 
u t i l i t y and success of the model which r e s u l t s . 

In the next section we w i l l present the data and arguments 
on which the cluster-network model i s based. We w i l l also d i s 
cuss the eff e c t s of equivalent weight, ion form, and water con
tent on the dimensions and composition of the c l u s t e r s . In the 
t h i r d section we w i l l present a formalism, which follows from the 
cluster-network model, based on absolute reaction rate theory (2) 
and hydroxyl r e j e c t i o n i n "Nafion" perfluorinated membranes. 
F i n a l l y we w i l l o u t l i n e the concepts of percolation theory and 
demonstrate that ion transport trough "Nafion" i s w e l l described 
by percolation. 

The Cluster on Network Model. Previous small angle x-ray 
(1-5) and neutron (4) sc a t t e r i n g experiments c l e a r l y i n d i c a t e 
that i o n i c c l u s t e r i n g i s present i n "Nafion". However, d e t a i l s 
of the arrangement of matter i n these c l u s t e r s cannot be obtained 
from these r e s u l t s alone. For hydrocarbon ionomers several d i f 
ferent i n t e r p r e t a t i o n s have been advanced as the cause of the 
SAXS maximum. These include a model of sp h e r i c a l c l u s t e r s on a 
p a r a c r y s t a l l i n e l a t t i c e proposed by Cooper et a l . (16), the s h e l l 
core model of Macknight et a l . (17) and more recently a lamellar 
model (18). At present there i s no consensus about which of 
these models best describes c l u s t e r i n g i n hydrocarbon ionomers. 
In considering these various models, we concluded that the s h e l l 
core model was highly u n l i k e l y because of the unfavorable e l e c t r o -
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13. G I E R K E A N D H S U Ion Clustering Model 285 

s t a t i c energetics of having i s o l a t e d ion dipole pairs imbedded i n 
a fluorocarbon medium which possesses a very low d i e l e c t r i c con
stant (19). 

Of the remaining geometries which could lead to the observed 
SAXS r e f l e c t i o n , one could include c l u s t e r i n g i n t o spheres, c y l 
inders, or sheets. Transmission electron microscopic studies 
i n d i c a t e that the sphe r i c a l c l u s t e r morphology i s the most l i k e l y 
geometry of the three geometries j u s t mentioned (2,20,21). Micro
graphs from stained, ultramicrotomed sections always reveal metal
l i c c l u s t e r s approximately c i r c u l a r i n shape with diameters of 
3-10 nm. An example i s shown i n Figure 2. No evidence to support 
an extensive c y l i n d r i c a l or sheet-like morphology, which would 
give noncircular projections i n the micrographs, has been observed 
by us (21). These r e s u l t s do not exclude the p o s s i b i l i t y that 
the c l u s t e r s are aspherical. In t h i s respect our observations 
are not inconsistent with the model of Roche et a l . (18), provided 
the aspect r a t i o of the lamellar structures i s not too large. 

The model of i o n i c c l u s t e r i n g we believe to be most l i k e l y at 
present i s that of an approximately s p h e r i c a l , inverted m i c e l l a r 
structure. In t h i s model the absorbed water phase separates in t o 
approximately spherical domains, and the ion exchange s i t e s are 
found near the i n t e r f a c e , probably imbedded int o the water phase. 
Such a structure s a t i s f i e s the strong tendency f o r the s u l f o n i c 
acid s i t e s to be hydrated, and at the same time t h i s structure 
w i l l minimize unfavorable int e r a c t i o n s between water and the 
fluorocarbon matrix. 

The e f f e c t of deformation and o r i e n t a t i o n on t h i s c l u s t e r i n g 
can be understood by r e c a l l i n g that the SAXS peak, associated 
with c l u s t e r i n g , i s normal to the molecular chain axis 03,5). In 
a WAXD study of t h i s f i b e r Starkweather has suggested the c r y s t a l 
l i n e portion of the polymer e x i s t s as a fringed m i c e l l e with a 
pseudo-hexagonal l a t t i c e (22). Even i n the n o n - c r y s t a l l i n e por
t i o n of the polymer one might expect short range order of t h i s 
nature. We believe ion c l u s t e r s form on either side of t h i s 
fringed m i c e l l a r structure, and thus the average distance between 
cl u s t e r s i s heavily weighted towards a value equal to the sum of 
the thickness of the fluorocarbon fringed m i c e l l e plus the c l u s 
t e r diameter. This could p o t e n t i a l l y account for our a b i l i t y to 
detect the SAXS r e f l e c t i o n at low water contents. Naturally any 
deformation which orients the polymer chains w i l l r e s u l t i n t h i s 
most probable c l u s t e r separation being observed normal to the 
d i r e c t i o n of deformation, which i s i n agreement with observation 
C3, 5). We believe t h i s model i s i n su b s t a n t i a l agreement with 
experimental observation; however, further experimentation w i l l 
be required before the complete d e t a i l s of i o n i c c l u s t e r i n g i n 
perfluorinated ionomers are defined. 

I f the i o n i c c l u s t e r s are approximately sphe r i c a l i n shape, 
then t h e i r average s i z e may be estimated from solvent absorption 
studies (6) using straight-forward geometric arguments. Suppose, 
for the sake of c a l c u l a t i o n only, that the c l u s t e r s were d i s t r i -
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t 
;ci 2 

OVERFLOW 
(15-25% NaCl) 

Anode 

NaCL 

NAFION 
PERFLUORINATED 

MEMBRANE 

t 
H 2 ' 

Na + -

H 20-

Cl -

2. 

'A 

OH -

NaOH 
(10-40%) 

Cathode 

H 20 

Figure 1. Nafion perfluorinated membrane as a membrane separator in a typical 
chlor-alkali cell. 

Figure 2. Transmission electron micrograph from 1200 EW cross section, stained 
by counter-diffusion of Ag+ and Sn

+2 ions across film. 
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13. G I E R K E A N D H S U Ion Clustering Model 287 

buted on a simple cubic l a t t i c e with an average l a t t i c e constant, 
d, given by the observed Bragg r e f l e c t i o n . We also know that the 
change i n volume, AV, which occurs during the swelling of polymer 
with water i s described by the empirical r e l a t i o n (6) 

AV = p Am/p (1) p w 
3 3 

where AV i s the f r a c t i o n a l volume change i n (cm /cm of dry poly
mer), m i s the f r a c t i o n a l weight gain i n (g/g dry polymer), p 
i s the density of dry polymer and p i s the density of water. 
The values of Am are either taken from reference 6 or are meas
ured. For a simple cubic l a t t i c e the volume of a c l u s t e r , V , 
w i l l be given by 

v = i . - r l ? d 3 + N V (2) c 1+ AV p p 
where N i s the number of ion exchange s i t e s i n a c l u s t e r and V 
the volume of an exchange s i t e . N can be obtained d i r e c t l y fr8m 
the density and equivalent weight,^EW, of the polymer 

N = [NAp /EW(1 + AV]d 3 (3) P A p 
i s Avogadro's number, and the term in s i d e the brackets, [-] 

represents the number of exchange s i t e s i n a cubic centimeter of 
swollen polymer. The c l u s t e r diameter, d , i s , of course, given 
b y 1/3 d = [6V /TT] ± / J (4) c c 
F i n a l l y , the number of water molecules i n our average c l u s t e r i s 
given by 

Nw = t N
A P Am/18(l + AV)]d (5) 

We emphasize that only estimates of c l u s t e r dimension are obtain
ed by using Equations (1.-5) . Yet, recognizing t h i s l i m i t a t i o n 
one may be able to obtain a d d i t i o n a l i n s i d e for the structure of 
i o n i c c l u s t e r s and how t h i s structure varies with equivalent 
weight, cation form, water content, and other f a c t o r s . 

Table 1 shows the r e s u l t s of such c l u s t e r morphology c a l c u l 
ations for polymers w i t h _ ^ f f e ^ e n t equivalent weights. The value 
fo r V was taken as 68x10 cm and corresponds to an e f f e c t i v e 
radius for the ion exchange s i t e s of 0.25 nm. This i s the same 
order of magnitude assumed by Hora et a l . (23) . As the equiva
lent weight increases, the c l u s t e r diameter, ion exchange s i t e s 
per c l u s t e r , and water per exchange s i t e decrease. Q u a l i t a t i v e l y , 
these trends may be understood by recognizing that the c r y s t a l 
l i n i t y and polymer s t i f f n e s s increase with increasing EW. At 
higher EWTs, i t w i l l thus require more energy to hydrate each 
exchange s i t e and to have the exchange s i t e s aggregate. 

Table 2 shows the r e s u l t s for c l u s t e r morphology c a l c u l a 
tions for 1200 EW polymer neutralized with various cations. As 
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the cation weight increases, the c l u s t e r diameter and water per 
exchange s i t e decrease, but the number of exchange s i t e s per c l u s 
ter increases. C l e a r l y , the h y d r o p h i l i c i t y of the exchange s i t e 
i s lower with the heavier cations which i s consistent with the 
observation that the heavier cations are more t i g h t l y bound to 
the exchange s i t e (24, 25). One explanation for the increase i n 
number of exchange s i t e s per c l u s t e r for the heavier cations 
might be related to the balance of energy of e l a s t i c deformation 
on one hand and hydration and ion aggregation on the other (26). 
As the hydration of the i n d i v i d u a l exchange s i t e s decreases with 
heavier cations, the e l a s t i c s t r a i n of the fluorocarbon matrix 
associated with hydration w i l l also decrease. This w i l l make i t 
possible for a d d i t i o n a l c l u s t e r i n g to occur, with an associated 
increase i n e l a s t i c s t r a i n , u n t i l thermodynamic equilibrium i s 
achieved with the external solvent. 

Table 3 shows c l u s t e r morphology c a l c u l a t i o n s for 1200 EW 
polymer with d i f f e r e n t i n t e r n a l water content. The r e s u l t s i n 
t h i s table provide some i n s i g h t into the growth of c l u s t e r s . As 
the polymer absorbs more water, the c l u s t e r diameter, exchange 
s i t e s per c l u s t e r , and waters per exchange s i t e increase. F i g 
ure 3 shows more c l e a r l y the v a r i a t i o n of c l u s t e r diameter and 
exchange s i t e per c l u s t e r with water content. As noted e a r l i e r , 
c l u s t e r s do e x i s t i n the dry polymer, and i n t h i s sample they 
are about ^1.9 nm i n diameter and contain ^26 ion exchange s i t e s . 

The increase i n the number of exchange s i t e s per c l u s t e r 
with increasing water content i s noteworthy because i t suggests 
that c l u s t e r growth does not merely occur by an expansion of the 
dehydrated c l u s t e r . Rather the growth of c l u s t e r appears to 
occur by combination of t h i s expansion and a continuous reorgani
zation of exchange s i t e s so there are a c t u a l l y fewer cl u s t e r s i n 
the f u l l y hydrated sample. The type of reorganization v i s u a l i z e d 
i s shown schematically i n Figure 4. This figures i l l u s t r a t e s on 
dehydration how the exchange s i t e s from two c l u s t e r s (#6-10) 
could be r e d i s t r i b u t e d to form a t h i r d new c l u s t e r without a 
s i g n i f i c a n t t r a n s l a t i o n of polymer chains. 

Of course the incentive f o r obtaining a better understanding 
of i o n i c c l u s t e r i n g i n "Nafion" i s to determine the r e l a t i o n s h i p 
between ion c l u s t e r i n g and mass transport. With t h i s i n mind we 
have measured the hydraulic permeability and d i f f u s i o n c o e f f i c i 
ent of water through membranes of d i f f e r e n t equivalent weights. 
These data are l i s t e d i n Table 4. These transport measurements 
were used to estimate the average s i z e of the s t r u c t u r a l feature 
c o n t r o l l i n g transport, or the e f f e c t i v e pore diameter, D . The 
d i f f u s i o n data were analyzed according to equation (6) o? (7) 
(27). 

( D / D ° T T ) = (A/Ao) = (u/4d 2) (D - a ) 2 (6) W W p w 
or 
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10 20 
WATER CONTENT, g H 2 0/100 g DRY POLYMER 

Figure 3. The variation of cluster diameter (O) and ion exchange sites (A) per 
cluster with water content in 1200 EW polymer. 
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G I E R K E A N D H S U Ion Clustering Model 

Figure 4. Representation of redistribution of ion exchange sites that occurs on de
hydration of polymer. 
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13. G I E R K E A N D H S U Ion Clustering Model 295 

D = o + [4d 2(D /D° ) / i r ] 1 / 2 (7) 

where D i s the measured d i f f u s i o n c o e f f i c i e n t (28), D° i s the 
d i f f u s i o n c o e f f i c i e n t of water i n water, a i s the diameter of 
a water molecule (taken as 0.35 nm) and d i s the distance between 
cl u s t e r s which i s obtained from the SAXS data 03, J5). The hydrau
l i c permeability were analyzed according to the expression (27). 

D p = (128 t n L p d 2 / 7 r ) 1 / 4 (8) 

where t i s the thickness of the membrane, n i s the v i s c o s i t y of 
water, and L i s the hydraulic permeability c o e f f i c i e n t . The 
r e s u l t s f o r e f f e c t i v e pore diameter are also l i s t e d i n Table 
4. Note that the two experiments r e s u l t i n values which are s e l f -
consistent. 

Combining the r e s u l t s of these water transport experiments 
with the inverted m i c e l l a r structure proposed f o r the c l u s t e r s , 
we a r r i v e at the cluster-network model shown i n Figure 5. In t h i s 
model the cl u s t e r s are connected by short narrow channels whose 
dimensions are derived from the water transport measurements. 
The c l u s t e r separation (5.0 nm) i s consistent with the SAXS ex
periments, and the c l u s t e r diameters (4.0 nm) are consistent with 
the r e s u l t s given i n Tables 1-3. The s i g n i f i c a n c e of the cross-
hatched area w i l l be explained s h o r t l y . As we w i l l demonstrate, 
t h i s model of i o n i c c l u s t e r i n g i s very useful i n describing ion 
transport i n "Nafion". 

Absolute Reaction Rate Formalism. Given the structure shown 
i n Figure 5, we can explain the observation described above of 
high current e f f i c i e n c y i n membranes which are basic throughout 
t h e i r thickness. Because of repulsive e l e c t r o s t a t i c i n t e r a c t i o n s , 
hydroxide ions w i l l be excluded from the surface of the c l u s t e r s 
and connecting channels by the polymeric f i x e d charges which are 
assumed, i n the model, to be located i n these regions. From the 
theory of the e l e c t r i c double layer (29,30), we know that the 
e f f e c t i v e range of these interactions w i l l be about 0.5 nm at the 
concentrations that e x i s t i n s i d e the membrane. This region i s re
presented by the cross-hatched area i n Figure 5. In a large por
t i o n of the c l u s t e r , the hydroxide ion w i l l be e f f e c t i v e l y s h i e l d 
ed from these in t e r a c t i o n s by sodium ions, and by Boltzmann s t a 
t i s t i c s the hydroxide concentration i n the i n t e r i o r of the c l u s t e r 
w i l l be s i m i l a r to the external concentration. This would ex
p l a i n why the membrane i s basic throughout i t s thickness when i n a 
c h l o r - a l k a l i c e l l . However, for a hydroxyl ion to migrate from 
one c l u s t e r to the next, i t would have to overcome a f a i r l y large 
e l e c t r o s t a t i c b a r r i e r i n the channel, which a p o s i t i v e ion l i k e 
Na w i l l not experience. I t i s t h i s b a r r i e r which would account 
for the high current e f f i c i e n c y . 

These q u a l i t a t i v e concepts may be cast i n t o a quantitative 
formalism using absolute reaction rate theory (31). As the hydro-
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296 P E R F L U O R I N A T E D I O N O M E R M E M B R A N E S 

5.0 nm 

Figure 5. Cluster-network model for Nafion perfluorinated membranes. The poly
meric ions and absorbed electrolyte phase separate from the fluorocarbon backbone 
into approximately spherical clusters connected by short, narrow channels. The 
polymeric charges are most likely embedded in the solution near the interface be
tween the electrolyte and fluorocarbon backbone. This configuration minimizes both 
the hydrophobic interaction of water with the backbone and the electrostatic repul
sion of proximate sulfonate groups. The dimensions shown were deduced from 
experiments. The shaded areas around the interface and inside a channel are the 

double layer regions from which the hydroxyl ions are excluded electrostatically. 
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13. G I E R K E A N D H S U Ion Clustering Model 297 

x y l i on migrates through the membrane, i n a c h l o r - a l k a l i c e l l i t 
w i l l encounter an o s c i l l a t i n g p o t e n t i a l which i s low i n the c l u s 
ter and high i n the channel. This s i t u a t i o n i s shown schmatical-
l y i n Figure 6. The o v e r a l l p o t e n t i a l gradient, A<|>, i s provided 
by the voltage drop across the membrane, and the b a r r i e r height, 
a, contains both a term due to the geometric r e s t r i c t i o n , $* and 
a term due to the e l e c t r o s t a t i c repulsion, <o>>. For i o n i c spec
ies M with charge q (M), we may write 

a(M) = 3(M) - q(M) «f» (9) 

A<|>, a, B, and <<(>> are a l l expressed i n reduced units (units of 
k f iT). In Figure 6, d corresponds to the e f f e c t i v e Bragg spacing 
deduced from the SAXS experiments. 

Using absolute reaction rate theory (31) an expression for 
the r a t i o of the hydroxide ion f l u x to sodium ion f l u x may be 
derived: 

-[J(OH)/JCHa)] -gGg- § g § exp [-2.0 <*>] (10) 

In equation (10), J(M) i s the f l u x of species M, C(0H,n) i s the 
concentration of hydroxide ion i n the cathode compartment, C(Na,0) 
i s the concentration of sodium ions i n the anode compartment, and 
y(M) i s defined 

y(M) = k Q(M) exp [-B(M)] (11) 

where k (M) i s the i n t r i n s i c rate of transport of species M. The 
experimental quanity i s the current e f f i c i e n c y , CE, which i s 
defined by, 

CE = 1.0/(1.0-J(OH)/J(Na)) (12) 

In equation (10) there are two unknown q u a n t i t i e s : the r a t i o 
of m o b i l i t i e s ,^C(OH)/jtt(Na) , and the e l e c t r o s t a t i c c o ntribution to 
the b a r r i e r , <cj>>. A value for <<J>> can be estimated by assuming 
that the channel i s a c y l i n d r i c a l c a p i l l a r y of diameter, D , with 
a uniform charge density at the surface, a^, givin g . P 

a c = [dp p/(2EW(l+AV))] [•£ ( ̂  ) 2 ] 1 7 3 (13) 

The r a d i a l p o t e n t i a l d i s t r i b u t i o n i n s i d e the c a p i l l a r y , (f)(r), i s 
then obtained by solving the Poisson-Boltzmann equation f o r c y l 
i n d r i c a l symmetry (30). The r e s u l t i n g p o t e n t i a l depends on a 
sin g l e adjustable constant which i s f i x e d by the boundary condi
t i o n on the p o t e n t i a l which re l a t e s the p o t e n t i a l gradient at 
r=l/2D to the surface charge density,(p . Then we define P 

f 1/2D / n 1/2D 
«J» = J P < K r ) r d r / j P rdr (14) 
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298 P E R F L U O R I N A T E D I O N O M E R M E M B R A N E S 

< > 
Anode Cathode 

Figure 6. Schematic potential seen by a hydroxyl ion as it moves across a Nafion 
perfluorinated membrane in a chlor-alkali cell. This potential consists of two parts: 
a constant sloping portion that arises from the voltage drop across the membrane; 
and an oscillating part that arises from electrostatic restriction of the hydroxyl ions. 
Physically, the hills and troughs correspond to the channel and cluster regions, re
spectively. For simplicity, a one-dimensional, periodic, model potential is used to 
evaluate the membrane current efficiency although the real potential is three-dimen

sional and aperiodic. 
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13. G I E R K E A N D H S U Ion Clustering Model 299 

I t should be noted that <<(» i s calculated without any ad
ju s t a b l e parameters, since D , and the parameters i n equation 
(13) are experimentally accessible. Thus only the m o b i l i t y r a t i o 
i s required for a c a l c u l a t i o n of current e f f i c i e n c y . In Figure 
7 we show the experimental v a r i a t i o n of current e f f i c i e n c y with 
polymer equivalent weight ( s o l i d l i n e ) . The s o l i d c i r c l e s are 
the r e s u l t s of the cluster-network-absolute-reaction-rate c a l c u — 
l a t i o n . The m o b i l i t y r a t i o has been fi x e d by r e q u i r i n g agree
ment between the c a l c u l a t i o n and experiment at 1400 equivalent 
weight. The remaining four points were calculated without any 
adjustable parameters. The agreement i s evident. 

The dashed l i n e and squares represent the r e s u l t s of s i m i 
l a r c a l c u l a t i o n s using the same m o b i l i t y r a t i o and neglecting 
the e f f e c t of <<(>>. This corresponds to the c l a s s i c a l p i c t u r e of 
an ion exchange membrane with homogeneously d i s t r i b u t e d f i x e d 
charges. Adjustment of the m o b i l i t y r a t i o cannot reproduce 
simultaneously the observed magnitude and slope i n current e f f i 
c i e n c i e s . In further support of the cluster-network model we 
note that we were able to c a l c u l a t e the apparent d i f f u s i o n co
e f f i c i e n t of NaOH as defined by Berzins (32), using the same para
meters derived above. The r e s u l t s are shown i n Table 5. The 
agreement between the calculated and experimental values i s 
apparent. 

Percolation Theory. The p o s s i b i l i t y that ion transport i n 
"Nafion" membranes might be described by percolation theory was 
f i r s t proposed by Hsu, Barkley, and Meakin (15). The concept 
behind percolation theory can be conveniently i l l u s t r a t e d i n a 
two-dimensional g r i d with some of i t s s i t e s randomly occupied 
(Figure 8). For our case the empty and occupied s i t e s would 
represent the fluorocarbon phase and the ion c l u s t e r phase, res
p e c t i v e l y . At low concentration of coverage the occupied s i t e s , 
which are represented by the crosses, are w e l l separated into 
i s l a n d s ; consequently, macroscopic ion flow i s impossible. At 
a higher concentration of occupancy, such as i n (b) where the 
shaded areas are s i t e s previously occupied and the crosses are 
fo r s i t e s newly occupied, two developments occur: (1) the con
ductive " i s l a n d s " grow i n s i z e , and (2) they connect to form 
extended pathways. However, c r u c i a l l i n k s , such as those l a b 
e l l e d L i n (b), are s t i l l missing such that conduction i s impos
s i b l e . F i n a l l y , above a c e r t a i n threshold as shown i n (c) some 
of the key missing l i n k s have been f i l l e d to form continuous 
channels that pervade the g r i d ; macroscopic conduction i s now 
allowed. Therefore, an i o n i c i n s u l a t o r to conductor t r a n s i t i o n 
occurs at the threshold e l e c t r o l y t e loading, at which the aver
age s i z e of connected io n - c l u s t e r s (which i s the c o r r e l a t i o n 
length i n our phase t r a n s i t i o n problem) also becomes macroscopic. 
At yet higher l e v e l s of occupancy such as shown i n (d), percola
t i o n channels c r i s s - c r o s s the board engulfing deadends and f i l 
l i n g i n missing l i n k s leading to progressively higher conductiv-
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100 

1100 1300 1500 
EQUIVALENT WEIGHT 

1600 

Figure 7. Computed current efficiency as a function of EW according to the absolute 
reaction rate theory. The closed circles and open squares are results of the Cluster-
Network (CN) model and classical Donnan equilibrium (DE), respectively. In 
comparison the experimental trend ( ) is also shown. The adjustable param
eter in the CN model is fixed at 1400 EW, whereas no choice of the parameter on 

DE can simultaneously reproduce both the empirical slope and magnitude. 

Table V . Cluster-Network Model Calculations of NaOH Apparent Diffusion Co
efficients. 

Sample 
2 

D (cm /sec) 
Calculated 

2 
D (cm /sec) 3 2 

Experimental 

1150 Sulfonate 1.4 x 10"6 1.3 x 10"6 

1200 Sulfonate 8.8 x 10"7 1.1 x 10"6 

1300 Sulfonate 4.0 x 10"7 6.4 x 10* 7 

-7 -7 
1500 Sulfonate 1.0 x 10 2.2 x 10 
1150 Sulfonamide 2.9 x 10"8 2.5 x 10"8 
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13. G I E R K E A N D H S U Ion Clustering Model 301 

Figure 8. A two-dimensional illustration for the concept of percolation. The shaded 
and crossed areas correspond, respectively, to sites that were previously occupied 
and sites that have just been occupied. Those marked L in (b) are empty sites that 
must be occupied before the onset of ion transport. The percentage of occupancy of 
the grid are 18,31, 45, and 53% for Cases a to d, respectively. In this context, the 
empty and occupied sites would represent the fluorocarbon backbone and the elec

trolyte phase, respectively. 
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302 P E R F L U O R I N A T E D I O N O M E R M E M B R A N E S 

i t y become f i n i t e ? (2) how does i t depend on the e l e c t r o l y t e up
take? Insight can be obtained t h e o r e t i c a l l y by using one of the 
techniques l i s t e d i n Table 6. The mean f i e l d theory (33) pro
vides an a n a l y t i c a l and exact s o l u t i o n i n a six-dimensional (6D) 
hyperspace. In 3D the renormalization group (34) and the e f f e c 
t i v e medium (35) techniques complement each other n i c e l y . Last 
but not l e a s t , computer simulations (36) have been used to pro
vide quantitative information. After lengthy analyses the main 
conclusion of the formal percolation theory i s s i m i l a r to the 
q u a l i t a t i v e d e s c r i p t i o n j u s t given, i . e . , there i s a threshold 
value for the volume loading of the aqueous phase below which ion 
transport i s extremely d i f f i c u l t and improbable because of a lack 
of extended pathway. Above and near the threshold the conduc
t i v i t y obeys a simple power law: 

o=o (c-c ) n (1) o o 
where c i s the volume f r a c t i o n of the aqueous phase. The c r i t i 
c a l exponent n i s a u n i v e r s a l constant that depends on the s p a t i a l 
dimensionality only (37). I t i s equally applicable to any per-
c o l a t i v e system regardless of i t s chemical, mechanical, struc
t u r a l , and morphological properties. In 3D, n i s about 1.5, and 
appropriate values f o r other dimensions are l i s t e d i n Table 7. 
The threshold volume f r a c t i o n , c , depends not only on the spat
i a l dimensionality but also on e x t r i n s i c f a c t o r s . For a 3D, con
tinuous, random mixture, d i s i d e a l l y 15%; values for other 
dimensions are l i s t e d i n Table 7. However, c may be e a s i l y 
affected by the state of dispersion, s i z e , shape, o r i e n t a t i o n , 
and d i s t r i b u t i o n of the conductive phase. Therefore, i t i s best 
determined e m p i r i c a l l y . F i n a l l y , the prefactor o depends on 
d e t a i l s of i o n i c and molecular in t e r a c t i o n s and can only be com
puted from s p e c i f i c microscopic models. The important feature to 
be appreciated here i s that the to p o l o g i c a l and geometrical i n 
formation of the c l u s t e r connectivity i s lumped together i n the 
(c-c ) factor whereas the microscopic d i f f u s i o n information and 
various i n t e r a c t i o n s are contained i n the prefactor o . 

To test t h i s theory, the room temperature conduc?ivity of 
"Nafion" perfluorinated resins was measured as a function of 
e l e c t r o l y t e uptake by a standard a.c. technique for l i q u i d elec
t r o l y t e s (15). The data obey the percolation p r e d i c t i o n very 
w e l l . Figure 9 i s a log-log plo t of the measured conductivity 
against the e x c e l l volume f r a c t i o n of e l e c t r o l y t e (c-c ). The 
p r i n c i p a l experimental uncertainty was i n the determination of 
c as shown by the h o r i z o n t a l error bars. The dashed l i n e i s a 
non-linear l e a s t square law to the data points. The best f i t 
value f o r the threshold c i s 10% which i s less than the i d e a l 
value of 15% for a comple random system. This observation 
i s consistent with a bimodal c l u s t e r d i s t r i b u t i o n required by 
the cluster-network model. In accord with the t h e o r e t i c a l pre
d i c t i o n , the c r i t i c a l exponent n as determined from the slope of 
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13. G I E R K E A N D H S U Ion Clustering Model 303 

Table V I . Theoretical Tools Used in the Formal Analysis of Percolation and Their 
Range of Applicability (d, Dimension; c, Electrolyte Volume Loading). 

T e c h n i q u e Range o f A p p l i c a b i l i t y 

Mean F i e l d T h e o r y E x a c t f o r d > 6 

R e n o r m a l i z a t i o n 
G r o u p T h e o r y c > c 

O 

E f f e c t i v e M e d i u m 
T h e o r y 3c < c < 1 

o — 

N u m e r i c a l S i m u l a t i o n A n y c and d 
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13. G I E R K E A N D H S U Ion Clustering Model 305 

c - c 0 

Figure 9. Log-log plot of conductivity vs. excess volume fraction (c-c0) of the 
aqueous phase. Typical error bars for the determination of volume fraction are 
shown. The corresponding errors for conductivity are much smaller and omitted for 
clarity. The straight line is a fit of the percolation prediction Equation 1 to the 

data with n = 1.5, c 0 = 0.10, and <To = 0.16Qi-1 cm-1. 
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306 P E R F L U O R I N A T E D I O N O M E R M E M B R A N E S 

the dashed-line i s 1.5. F i n a l l y , the prefactor a i s about 
0.2ft cm . ° 

Summary. We have shown that ion transport i n "Nafion 1 1 per
f l u o r i n a t e d membrane i s con t r o l l e d by percolation, which means 
that the connectivity of ion c l u s t e r s i s c r i t i c a l . This b a s i c a l 
l y r e f l e c t s the heterogeneous nature of a wet membrane. Although 
transport across a membrane i s usually perceived as a one-dimen
s i o n a l process, our analysis suggests that i t i s d i s t i n c t l y 
three-dimensional i n "Nafion". (Compare the experimental values 
of c and n with those l i s t e d i n Table 7.) This i s not t o t a l l y 
unexpected since ion c l u s t e r s are t y p i c a l l y 5.0 nm, whereas a 
membrane i s normally several mils t h i c k . We have also uncovered 
an i o n i c insulator-to-conductor t r a n s i t i o n at 10 volume % of 
e l e c t r o l y t e uptake. Similar t r a n s i t i o n s are expected i n other 
ion-containing polymers, and the Cluster-Network model may f i n d 
u s e f u l a p p l i c a t i o n to ion transport i n other ion containing 
polymers. F i n a l l y , our transport and current e f f i c i e n c y data 
are consistent with the Cluster-Network model, but not the con
ventional Donnan equilibrium. 

Discussions with P. Meakin and contributions by G. Munn, 
J. Barkley, and F. Wilson are g r a t e f u l l y acknowledged. 
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14 

Electrosynthesis with Perfluorinated Ionomer 

Membranes in Chlor-Alkali Cells 

RONALD L. DOTSON and KENNETH E. WOODARD 
Olin Corporation, P. O. Box 248, Charleston, TN 37310 

The field of electrochemical science has been quietly revolu
tionized during this past decade by development and application 
of a new family of perfluorinated ionomer ion-exchange membrane 
separators in concert with new cell designs and stable electrode 
systems for electrosynthesis (1) (2). 

These new membranes are much more than structural supports. 
The perfluorocarbon structures impart oxidative and hydrolytic 
resistance to the membrane materials while their cationic 
strength rejects anions. This combination of unusual ionic 
character and exceptional chemical resistance makes these 
materials prime candidates for use as e l e c t r o l y t i c separators for 
electrosynthesis (3). 

In recent years, a number of electrolytic processes have uti
lized membranes in producing both anodic and cathodic products. 
By far, however, the most important application of this tech
nology has been in the c h l o r - a l k a l i industry. Intense commercial 
and academic interest has been focused into this field during the 
past decade so that ion exchange theory as applied to membranes 
is in a more advanced state than any of the other ion exchange 
systems. The primary examples of in d u s t r i a l c h l o r - a l k a l i 
electrochemistry are found in the production of chlorine, caustic 
soda and potash, hydrogen and hypochlorite (1) (4). 

The three general types of ch l o r - a l k a l i electrolyzers i n use 
today are mercury, diaphragm and membrane c e l l s . Each one offers 
certain advantages, and the f i r s t two have undergone many changes 
since their appearance i n industry over 80 years ago. During the 
past decade there has been a resurgence of interest i n the design 
and operation of ch l o r - a l k a l i c e l l s , and an ent i r e l y new type of 
c e l l was invented. This new c e l l , the membrane c e l l , was deve
loped i n response to the new pollution requirements and higher 
c a p i t a l , energy and operating costs required by the older types 
of c e l l s (5) (6) (7). 

0097-6156/82/0180-0311$13.50/0 
© 1982 American Chemical Society 
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312 P E R F L U O R I N A T E D I O N O M E R M E M B R A N E S 

Membrane c e l l s use metal anodes and fluorinated ion-exchange 
membranes as separators to produce high q u a l i t y caustic and 
chlorine i n a two chambered c e l l where chlorine i s discharged 
from the anode i n a r e l a t i v e l y pure form, having low oxygen con
tent and where the hydrogen i s evolved from the cathode i n pure 
form and separated from the chlorine by the membrane. The catho-
l y t e i n these c e l l s contains 20 to 38 weight percent caustic with 
16 to 22 weight percent s a l t i n the anolyte. The successful 
development of the membrane c e l l has depended on the s t r u c t u r a l 
i n t e g r i t y , dimensional s t a b i l i t y , low e l e c t r i c a l resistance and 
high current e f f i c i e n c y over a long operating l i f e of these new 
membranes. In order to bring t h i s technology into f u l l 
commercialization, i t has also been important to develop a fun
damental understanding of the physical and chemical properties of 
these membrane systems i n t e r a c t i n g with simple electrodes i n the 
so l u t i o n environments i n which they are used (8). 

Membrane C h l o r - A l k a l i C e l l C h a r a c t e r i s t i c s 

The three types of electrochemical c e l l s used for the produc
t i o n of chlorine gas, CI2, hydrogen, H2, and caust i c , NaOH, men
tioned are unique i n d i f f e r e n t ways. Both flowing mercury 
cathode and diaphragm type c e l l s have undergone many developments 
during the past four score years, and each offers c e r t a i n 
advantages. During the past decade, however, there has been a 
resurgence of i n t e r e s t i n c e l l s because of increased power, c a p i 
t a l and labor costs and questions about p o l l u t i o n and product 
q u a l i t y . Considerable changes have been made i n c e l l sizes and 
materials of construction; and an e n t i r e l y new type of c e l l , the 
membrane c e l l , was invented and commercialized (9) (10). 

Membrane c e l l s are electrochemical c e l l s with metal e l e c t r o 
des set into a two chambered container separated by a l e t t a b l e 
perfluorinated ion exchange membrane. The successful development of 
the membrane c e l l has resulted from the development of new and 
improved membranes having long l i f e and a unique property of the 
membrane ca l l e d cation permselectivity. This s e l e c t i v i t y permits 
the passage of p o s i t i v e l y charged sodium ions and water, while i t 
e s s e n t i a l l y rejects the passage i n both directions of negatively 
charged ions, such as chloride ( C l ~ ) , and hydroxyl ions, (OH"). 
The membrane c e l l ' s present success has depended on the 
membrane's a b i l i t y to operate e f f i c i e n t l y over an extended time 
period. 
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14. D O T S O N A N D W O O D A R D Electrosynthesis in Chlor-A Ikali Cells 313 

The o v e r a l l electrode reactions for the diaphragm and 
membrane c e l l s are both the same, and given as: 

E l e c t r i c a l 
Power 

Na + + CI" > 1/2 C l 2 + e + Na + (anode) 
OH" + tf*" + e > 1/2 H 2 + OH" (cathode) 

NaCl + H20 > 1/2 C l 2 + 1/2 H 2 + NaOH 

as with the diaphragm c e l l , the cathode current e f f i c i e n c y 
depends on two factors: the amount of hydroxyl back-migration 
across the separator from the catholyte to the anolyte, and the 
extent of water s p l i t t i n g i n the anolyte or membrane p o l a r i z a t i o n 
at the brine - membrane phase boundaries depending on brine 
concentration (6) (7). 

Basic Membrane C e l l Operation 

A membrane c e l l i s s i m i l a r to a diaphragm c e l l except that 
the porous diaphragm i s replaced by a non-porous ion exchange 
membrane, as shown i n Figure 1. 

Saturated brine i s fed to the anode chamber, chlorine gas 
produced by oxidation of the chloride ion, (CI") at the anode 
leaves the anode chamber as CL 2 8 a s» Th e weak brine leaves 
the anode chamber for resaturation. Sodium ions, (Na +), and 
water molecules are driven through the membrane as a flow of 
current by an imposed e l e c t r i c a l pressure and ions flow through 
the perms e l e c t i v e cation exchange membrane separator and then 
i n t o the cathode chamber. The ion exchange membrane prevents 
passage of chloride ions to the cathode chamber and hydroxyl 
ions to the anode chamber. Some of the water added to the 
cathode chamber i s electolyzed at the cathode forming hydrogen 
gas and hydroxyl ions, and these hydroxyl ions combine wLth the 
sodium ions to form sodium hydroxide. 

Performance of the conventional membrane c e l l depends on 
several operating variables such as: caustic strength, brine 
concentration, c e l l voltage, c e l l temperature, current density, 
brine p u r i t y and pH. 

The current e f f i c i e n c y of these c e l l s shows a dependence on 
anolyte and catholyte concentrations. Most c e l l s operate from 
l-3KA/m2 with anolyte strengths of 3-3.5N, (176-205 GPL) at 
80-90°C and caustic products of 20-40 weight percent. The c e l l 
voltage increases dramatically with caustic strength. The ohmic 
drop of the membrane or i t s e l e c t r i c a l resistance increases with 
increasing caustic concentration and also with brine con
centration but to a l e s s e r extent with brine than c a u s t i c strength. 

The water transfer c o e f f i c i e n t of a membrane depends d i r e c t l y 
on anolyte and catholyte concentrations. The amount of water 
transferred across the membrane per mole of sodium transferred, 
c a l l e d the water transfer c o e f f i c i e n t , decreases with increasing 
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14. D O T S O N A N D W O O D A R D Electrosynthesis in Chlor-AIkali Cells 315 

anolyte concentration; however, i t changes very l i t t l e with the 
catholyte concentration i n the range of 30-40% caustic. In 
order to keep the catholyte concentration constant, the rate of 
external water addition to the c e l l must be balanced with the 
rate of water transfer across the membrane. The reason that the 
water balance i s important i s that the composition of the desired 
corresponding c r y s t a l l i n e caustic hydrate, (NaOH'nl^O), formed i n 
the catholyte must be maintained during c e l l operation at 25,35, 
and 40 wt% as seen i n the freezing point s o l u b i l i t y given i n 
Figure 2. In every case, the known structures of the 
corresponding c r y s t a l l i n e hydrates are retained i n concentrated 
solutions (1). 

The pH dependence of membrane conductivity i s important. The 
pH dependence of the membrane conductivity shows that for weak acid 
membranes below a c e r t a i n c r i t i c a l pH, the membrane conductivity 
drops dramatically. This occurs because i n the acid form, the 
membrane i s i n an undissociated form and the p o l y e l e c t r o l y t e be
comes much less dissociated than when i n the sodium s a l t form(19). 

Membrane C e l l Components 

Dimensionally stable electrodes i n t h i s system serve as 
conductive, r i g i d , corrosion r e s i s t a n t e l e c t r o c a t a l y s t s . 

Anode 

The dimensionally stable anode i n t h i s system i s composed of 
an e l e c t r i c a l l y conductive substrate of titanium, having a 
coating of a defect s o l i d s o l u t i o n containing mixed c r y s t a l s of 
precious metal oxides. These s u b s t i t u t i o n a l s o l i d solutions are 
both e l e c t r i c a l l y conductive, e l e c t r o c a t a l y t i c , and dimensionally 
st a b l e . Within the aforementioned s o l i d - s o l u t i o n host structures 
the valve metals include: titanium, tantalum, niobium, and 
molybdenum; while the implanted conductive precious metal guest 
elements include: platinum, ruthenium, palladium, indium, 
rhodium, and osmium. There i s a close connection between the 
nature of the defect s o l i d and i t s c a t a l y t i c properties i n the 
coatings. At present, the titanium-dioxide ruthenium-dioxide 
s o l i d s o l u t i o n coatings are preferred. 

Cathode 

The cathode material may be made of any conductive metal 
having a surface that i s capable of withstanding the corrosive 
conditions i n the cathode chamber of the c e l l . Useful materials 
may be selected from a group consisting of s t a i n l e s s s t e e l , 
n i c k e l , s t e e l , or platinum metals with sintered or otherwise 
porous coated surfaces that provide c a t a l y t i c s i t e s showing low 
overvoltage c h a r a c t e r i s t i c s for hydrogen evolution. The cathode 
may be made from foraminiferous expanded metal mesh or screen. A 
high surface area material i s desired with correct geometrical 
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316 P E R F L U O R I N A T E D I O N O M E R M E M B R A N E S 

Figure 2. Freezing point solubilities for ice (A), ice + NaOH • 7H20 (B), NaOH • 
7HzO (C), NaOH • 7H20 + NaOH • 5H20 (D), NaOH • 5H20 (E), NaOH • 
5H20 + NaOH • 4H20 (F), NaOH • 4H20 (G, X), NaOH • 4H20 + NaOH • 
3.5H20 (H, *), NaOH • 3.5H20 (product) (I), NaOH • 3.5H20 + NaOH • 2#20 
W , NflOi¥ • 2H20 (K), NaOH • H20 (L, M), NaOH • H20 + NaOH (N), and 

NaOH(P). 
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14. D O T S O N A N D W O O D A R D Electrosynthesis in Chlor-A Ikali Cells 317 

design so as to provide good gas release hydrodynamics and m i n i 
mize e l e c t r o l y t i c resistance. F a c i l e release of gas i s important 
i n the catholyte where membrane-cathode bubble masking within the 
h i g h l y viscous caustic s o l u t i o n i s found to dramatically increase 
voltages as claimed by U.S. Patent 4,105,514. 

Membrane 

The separator i n the c h l o r - a l k a l i c e l l i s by far the most 
important component. I t allows the free passage of e l e c t r i c a l 
current and keeps reactants and products apart by maintaining 
s u f f i c i e n t gradients between i t s phase boundaries. 

In the absence of an e l e c t r i c a l f i e l d and i n d i l u t e 
s o l u t i o n s , the degree of i o n i c s e l e c t i v i t y depends s o l e l y on the 
physico-chemical properties of the membrane, but i n the presence 
of a high i n t e n s i t y e l e c t r i c a l f i e l d and the resultant large 
f i e l d gradients i n concentrated s o l u t i o n s , the dynamic proper
t i e s of both the membrane and s o l u t i o n i n t e r a c t with the imposed 
e l e c t r i c a l f i e l d to provide the anomalous perms e l e c t i v i t y 
observed. 

Membrane Properties and Processes 

Membranes are characterized by structure and function; that 
i s , what they are and how they perform. The most s i g n i f i c a n t 
primary s t r u c t u r a l properties of a membrane are i t s chemical 
nature; including the presence of charged species at the molecu
l a r l e v e l , i t s m i c r o c r y s t a l l i n e structure at the m i c r o c r y s t a l l i n e 
l e v e l , and on the c o l l o d i a l l e v e l i t s pore s t a t i s t i c s such as 
pore size d i s t r i b u t i o n and density, and degree of asymmetry (11) 
(12). 

Cation exchange membranes are used i n the membrane chl o r -
a l k a l i c e l l process and must have good chemical s t a b i l i t y . 
This requirement i s s a t i s f i e d by the perfluoropolymers. The 
types of membranes that are a v a i l a b l e f o r i n d u s t r i a l c h l o r - a l k a l i 
production are c l a s s i f i e d as: 1) p e r f l u o r o s u l f o n i c acid; 2) 
perfluorosulfonamide: and 3) perfluorocarboxylic acid types. 

Large differences i n permeabilities of membranes can be 
a t t r i b u t e d to differences i n i n t e r c h a i n displacement and f l e x i b i l 
i t y related to polar and s t e r i c e f f e c t s . The polar molecules 
such as polytetrafluoroethylene have a stronger tendency to form 
r i g i d associations leading to c r y s t a l formation than nonpolar 
molecules. Polytetrafluoroethylene polymers are h i g h l y 
c r y s t a l l i n e products with sharply definable melting points. 
Oriented specimens of high strength may be obtained, exactly as 
i n the c r y s t a l l i n e condensation polymers (13). 

For every amorphous polymer there e x i s t s a narrow temperature 
region i n which i t changes from a viscous or rubbery condition 
at temperatures above t h i s region, and changes to a hard and 
r e l a t i v e l y b r i t t l e one below i t . This transformation i s equiva
l e n t to the s o l i d i f i c a t i o n of a l i q u i d to a glass; i t i s not 
n e c e s s a r i l y a phase t r a n s i t i o n (13)(14). 
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Not only do hardness and b r i t t l e n e s s undergo rapid changes i n 
the v i c i n i t y of the glass t r a n s i t i o n temperature, Tg, hut other 
properties such as the thermal expansion c o e f f i c i e n t , heat 
capacity, and i n the case of a polar polymer the d i e l e c t r i c 
constant also changes markedly over the i n t e r v a l of a few hundred 
degrees, Tg i s regarded as the b r i t t l e temperature, or the c r i 
t i c a l temperature for the glassy state, or second order tran
s i t i o n temperature, although no phase t r a n s i t i o n i s involved (14) 
(15). 

Considering phase e q u i l i b r i a i n these l i q u i d systems, when a 
solvent i s chosen for a given polymer that becomes progressively 
poorer or the concentrations or temperature i s lowered, even
t u a l l y a point i s reached below which solvent and polymer are no 
longer miscible i n a l l proportions. At each lower concentration 
or temperature, mixtures of polymer and solvent over a c e r t a i n 
composition range w i l l separate int o two phases leading to a par
t i t i o n i n g of species between the two phases. 

Membranes produced f o r c h l o r - a l k a l i applications are 
generally composites of two equivalent weights of polymer or of 
one equivalent weight where one surface has been chemically 
modified to change the nature of the ion exchange grouping. 
These modifications a l t e r the dynamic properties of the membrane. 
It has been found from experiments i n which NaCl and NaOH s o l u 
tions are separated by such membranes that the side of the 
membrane i n contact with the NaOH s o l u t i o n dominates i n the 
cont r o l of membrane performance as found i n i t s resistance and 
s e l e c t i v i t y . The apparent membrane d i f f u s i o n c o e f f i c i e n t s for 
NaOH have been measured for such systems. D i f f u s i o n of sodium 
ions increases with the lower equivalent weights and decreased 
NaOH concentrations. Surface modifications can be used to pro
duce films with lower d i f f u s i o n rates by increasing the a c t i v a 
t i o n energy for d i f f u s i o n (15). 

The measurement and control of transport properties for ion 
exchange membranes i s the key element i n optimizing the operating 
conditions for modern c h l o r - a l k a l i membrane c e l l s . I d e a l l y , a 
membrane should allow a large anolyte-catholyte sodium ion flu x 
under load, while at the same time the hydroxide ion and water 
fluxes are kept minimal. Under these conditions, high current 
e f f i c i e n c y and low membrane resistance can be re a l i z e d simulta
neously i n a c e l l producing concentrated caustic and chlorine 
gas. 

Water, sodium i o n , and hydroxide ion concentrations have been 
measured within the membrane phase as a function of bulk caustic 
s o l u t i o n concentration and temperature. These i n t e r n a l membrane 
concentrations are important because of t h e i r influence on the 
membrane polymer morphology, s t r u c t u r a l memory, p l a s t i c i t y and the 
resultant effects on i t s i n t e r n a l resistance, v i s c o e l a s t i c i t y and 
material transport. In add i t i o n , the s e l f - d i f f u s i o n c o e f f i c i e n t 
of the sodium ions i n various Nafion membranes has been measured 
as a function of temperature and external caustic concentration 
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14. D O T S O N A N D W O O D A R D Electrosynthesis in Chlor-AIkali Cells 319 

using the ̂ N a + radiotracer isotope. In t h i s way, a true s e l f -
d i f f u s i o n c o e f f i c i e n t i n the membranes can now be determined 
without the complicating problems of osmotic flow of water and 
the resultant gradients i n i o n i c a c t i v i t y ever present i n d i a l y 
s i s membranes (15). 

D i f f u s i o n the Fundamental Process 

D i f f u s i o n c o e f f i c i e n t s provide two kinds of information. 
F i r s t , t h e i r absolute magnitudes, combined with membrane sodium 
ion concentrations, are useful indicators of the temperature 
dependence of io n i c s e l f - d i f f u s i o n and thereby they y i e l d the 
a c t i v a t i o n energy for d i f f u s i o n . They thereby provide insight 
i n t o the nature of the d i f f u s i o n mechanism (16). When a c t i v a t i o n 
energies are measured for various types of related membranes, the 
influence of di f f e r e n t membrane s t r u c t u r a l design features can 
thus be separated and determined d i r e c t l y . 

Measurements of the 120, 214 and 295 duPont Nafion films and 
also f u l l y converted ethylene diamine films are considered to be 
t y p i c a l . The 120 polymer i s a homogeneous f i l m 10 mils thick 
of 1200 equivalent weight, (ew), perfluorosulfonic acid r e s i n . 
The 214 and 295 films are each of 7 mils thick r e s i n of 1150 ew 
having one surface facing the cathode that has been chemically 
modified to 1.5 mils depth, and having T-24 backing. The 295 
films are the same as the 214 except that they are modified to a 
1.5 m i l depth and have T-900 backing (17) (18). 

Results show that the water uptake decreases and caustic con
centration i s r e l a t i v e l y constant for these materials as the 
caustic concentration of the solution increases. The temperature 
dependence of these properties i s not pronounced. The s e l f -
d i f f u s i o n c o e f f i c i e n t of Na+ i n these membranes i s strongly 
dependent on both temperature and caustic concentration. Below 
c e r t a i n temperatures, dependent on caustic concentrations, EDA 
treated Nafion becomes impermeable to sodium ion d i f f u s i o n . At 
higher temperatures, d i f f u s i o n proceeds by a d i f f e r e n t process 
with a c t i v a t i o n energies of 7 to 12 kcal/mol depending on the 
separator material. The a c t i v a t i o n energies are i n s e n s i t i v e to 
caus t i c concentration, but the absolute magnitudes of sodium ion 
d i f f u s i o n c o e f f i c i e n t s are very concentration dependent. Also, 
differences i n the a c t i v a t i o n energy for 214 and 295 Nafion" can 
be correlated with differences i n membrane voltage drops found i n 
operating c e l l s . An o v e r a l l conclusion from t h i s work i s that 
the f a b r i c backing i n these materials i s an important factor i n 
increasing the e l e c t r i c a l membrane resistance (19) (20). 

Several processes occur simultaneously within the membrane 
phase of an operating c e l l . Sodium, chloride and hydroxide ions 
a l l migrate under the combined e f f e c t s of concentration and 
e l e c t r i c a l p o t ential gradients with sodium ions as the major 
current c a r r i e r . The flow of sodium ions i n a f i e l d i s accom
panied by a net elect roosmo t i c flow of water i n the same 
d i r e c t i o n . Chloride ion fl u x i s much smaller than that of sodium 
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and hydroxide ions, since the membrane presents an e f f e c t i v e 
b a r r i e r to i t , and the e l e c t r i c a l p o t e n t i a l across the separator 
opposes the transport of the chloride. Interactions occur among 
cations, anions, water and the membrane matrix. The magnitude of 
these interactions depends on the membrane properties as wel l as 
the water and e l e c t r o l y t e sorption, combined with c a p i l l a r y 
transport through the t h i n - f i l m q u a s i - l a t t i c e of imbibed 
s o l u t i o n . These polymer-solvent int e r a c t i o n s define the o v e r a l l 
operational properties of the membrane such as i t s s e l e c t i v i t y , 
resistance and operating properties. The r e l a t i v e magnitudes of 
these interactions d i f f e r from those observed i n e l e c t r o l y t e 
solutions due to the presence of fixed charges and polymer i n the 
membrane phase (19). 

Ionic transport through these perfluorinated ionomers i s con
sidered now to be e s s e n t i a l l y a d i f f u s i o n a l process whenever no 
flow of current i s imposed. This d i f f u s i o n can be defined as a 
rate process with an average energy b a r r i e r for d i f f u s i o n that 
must be exceeded before transport can occur. This approach i s 
useful because t h i s a c t i v a t i o n energy provides a convenient inde-
cator of the minimum energy requirements for ion transport 
through the membrane, and t h i s provides a mechanism for d i f f u s i o n 
there. Ionic d i f f u s i o n c o e f f i c i e n t s and the resultant a c t i v a t i o n 
energies are thereby related to the operating c h a r a c t e r i s t i c s of 
the membrane under current flow or load conditions. A s e l f -
d i f fusion c o e f f i c i e n t can be obtained without imposing con
centration gradients of water and ions across the membrane, and 
so that i t i s an unambiguous measure of the d i f f u s i o n a b i l i t y of 
an ion through a separator (18) (19) (20) (21) (22). 

The thermodynamic d i f f u s i o n c o e f f i c i e n t , DT, i s defined as: 

D=DT(1 + dlny/dlnC) (1.) 

here y i s the a c t i v i t y c o e f f i c i e n t , a/C, 
and: 

D T = RTU (2.) 

where U i s the mo b i l i t y , and: 

D = X 2/2 T (3.) 

and (3.) constitutes a new d e f i n i t i o n of the d i f f u s i v i t y i n 
terms of the mean molecular jump distance X , and the mean 
time per jump, T , and (3.) also can be given as: 

D =X2k (4.) 

Here, (4.) gives the d i f f u s i v i t y i n terms of molecular 
properties. In t h i s case, k i s the Absolute Reaction Rate 
constant given for a solution which i s homogeneous, i n which con
ducting holes are dis t r i b u t e d at random along with the solute 
molecules across the thi n f i l m q u a s i - l a t t i c e . The s p e c i f i c rate 
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14. D O T S O N A N D W O O D A R D Electrosynthesis in Chlor-A Ikali Cells 321 

constant from Absolute Reaction Rate Theory (A.R.R.T) i s given as: 

k = k'T/h (F*/F) exp (-EA/k'T) (5.) 

where F* and F are the p a r t i t i o n functions for the system and 
E A the a c t i v a t i o n energy per molecule at 0°K, and k 1 the normal 
Boltzmann's constant, so that: 

D=Do exp(-E A/RT) (6.) 

Given i n terms of v i s c o s i t y , experimental r e s u l t s confirm the 
t h e o r e t i c a l E i n s t e i n formula r e l a t i n g the d i f f u s i o n c o e f f i c i e n t 
to v i s c o s i t y : 

D = X 2/2 T - RT/N(l/6irn r) (7.) 

where X i s the average molecular displacement i n time x and n the 
v i s c o s i t y (22) (23) and r the radius of the fi n e c a p i l l a r y across 
the t h i n f i l m q u a s i - l a t t i c e . 

D i f f u s i o n Related to Flux 

D i f f u s i v i t y i s defined as the Fick's law c o e f f i c i e n t which i s 
based on an analogy with other physical phenomena, such as heat 
tra n s f e r and e l e c t r i c a l conduction. The drag on the ions and 
molecules being driven through a so l u t i o n and producing 
resistance to flow i s caused by the v i s c o s i t y of the medium. For 
d i f f u s i o n rates which are not extermely high, the mean v e l o c i t y 
of d i f f u s i n g molecules i s proportional to the force acting on 
them: 

v (m/s) = U (m2/V-s) f (V/m) (8.) 

here v i s the net v e l o c i t y of the ion or molecule, U i s the pro
p o r t i o n a l i t y contant ca l l e d the mo b i l i t y , and f i s the drivi n g 
force acting on the p a r t i c l e , c a l l e d the p o t e n t i a l gradient or 
e l e c t r i c f i e l d strength. The concentration, C, times the 
v e l o c i t y , v, gives the f l u x , J , as: 

J = Cv = - RTU {dC/dx} * - D{dC/dx} (9.) 

given as Fick's F i r s t law. The c o e f f i c i e n t , D, i s the 
d i f f u s i v i t y . I t i s more convenient to express the product Cv i n 
terms of the molecular f l u x , J, and area of solution transferred: 

J(moles/m 2s) - -D(m2/s) {dC/dx} (moles/m3)(1/m) (10.) 

Experimentally, the quantity J i s measured by the average time 
rate of change of concentration per unit area. 

In any case, d i f f u s i v i t y depends on the concentrations 
established across the b a r r i e r films and the d i f f u s i o n coef-
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f i c i e n t i s very useful because i t relates d i r e c t l y to the mobil
i t y , U, which can be determined from d i f f u s i o n experiments(22)(23). 

Di f f u s i o n through Quasi-Lattice Films 

C r y s t a l structures of many simple m e t a l l i c oxides, including 
strong a l k a l i s , are considered to consist of hexagonal or cubic 
close-packing structures of two types: 1.) Voids surrounded by 
four oxygen ions, tetrahedral voids, and 2.) Voids surrounded by 
s i x oxygen ions, the octahedral voids. In the close - packed 
structures there are two tetrahedral s i t e s and one octahedral s i t e 
per oxygen ion (24) (25). 

Even though most of the simple MO oxides have the halide 
structures where the metal ions are octahedrally coordinated by 
the oxygen ions there are a few MO oxides where the metal ions 
are t e t r a h e d r a l l y coordinated (26). The a l k a l i metal oxides, LI2O, 
Na20, K 20 and Rb 20 possess the a n t i - f l u o r i t e structure with oxygen 
ions considered as close-packed and cations occupying a l l of the 
tetrahedral s i t e s . 

The structures of a number of concentrated aqueous solutions 
have been examined by x-ray d i f f r a c t i o n by Finbak and co-workers, 
including n i t r i c acid, s u l f u r i c acid and sodium hydroxide. 

The x-ray r a d i a l d i s t r i b u t i o n curves obtained for a 38 weight 
percent aqueous solution of NaOH i s interpreted as i n d i c a t i n g a 
tetrahedral arrangement of water molecules that surrounds the 
Na+-0H2 at bond distances of 2.03 A. At 38 weight percent caustic, 
a NaOH-3.6H20 composition i s found at 536 GPL (25). In these 
very concentrated solutions, formation of Na+OH" ion - pairs i s 
assumed to e x i s t . Even though i t may not be generally agreed 
that i t i s j u s t i f i a b l e to draw detailed conclusions about struc
tures of i o n i c solutions from t h e i r x-ray scattering patterns, i t 
i s possible to obtain information about the structure and imme
diate environment of c e r t a i n ions i n t h i s manner (25) (27). 

E l e c t r i c a l Conductivity 

Whenever an e l e c t r i c f i e l d , E, i s applied across a t h i n f i l m 
q u a s i - c r y s t a l system, such as found i n these m e t a l l i c oxides, a 
force i s exerted on the charged p a r t i c l e s i n a q u a s i - c r y s t a l . If 
an ion or a defect has a charge, Qi, then the force, F i , on t h i s 
ion or defect f i l m i s given as (21) (28): 

F i (joules/m) = Q i(coul) E 1(V/m) (11.) 

where: coulombs = amp-sec, and joules = watt-sec=coulomb-volt 
This force causes a d i r e c t i o n a l transport of the charged par
t i c l e s i n the c r y s t a l , or qu a s i - c r y s t a l f i l m , i n addition to 
t h e i r random thermal motion. In t h i s case, Qi i s the net charge 
contained within a mobile, c o l l e c t i v e Gaussian surface. Ions 
cross i n t e r f a c i a l boundaries such as membranes and create a net 
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14. D O T S O N A N D W O O D A R D Electrosynthesis in Chlor-A Ikali Cells 323 

transfer of charge to produce the steady-state p o t e n t i a l surfaces 
observed. The re s u l t i n g current density i s given by (22) (26): 

I (amps/m2) = ^(ohm'V* 1) E(V/m) (12.) 

and where: 

a^ohm-V" 1) = p (amp-s/m3) U(m2/V-s) (13.) 

and where a± i s the conductivity, p i s the charge density, and 
U i s the ion mobility of ions within the Gaussian surface. 

Here a represents the t o t a l e l e c t r i c a l conductivity, the 
i o n i c conductivity of ion i i s given as a± and related to the 
t o t a l conductivity through a p r o p o r t i o n a l i t y constant, t±9 or the 
transport, or transference number of species i (22) (26): 

t i = a±/a (14.) 

In an ionizable compound of any geometry, the t o t a l e l e c t r i c a l 
conductivity i s given by the sum of anionic and c a t i o n i c 
c o n d u c t i v i t i e s : 

a = a + a - a ( t c + t a ) (15.) 
Cation Anion 

and, i t follows that: 

t c + t a - 1 (16.) 

The current density of the p a r t i c l e s of type i , 1^, i s 
related to t h e i r migration or d r i f t v e l o c i t y , v^, through the 
re l a t i o n s h i p s : 

I i = C 1Q 1v 1=C 1Z 1ev i = pv A (17.) 

where C± i s the io n i c concentration, Q̂ , the i o n i c charge and 
given as the product of charge e and number of charges, Z^, and 
i n terms of charge density, p, the current density i s : 

I(amp/m2) = a(ohm'"1m""1) E(V/m) = 

= p(amp-s/m3) U(m2/V-s) E(V/m) (18.) 

here with Ẑ  as i o n i c valence and Ĉ  concentration of p a r t i c l e s , 
the charge mobility U i s defined as the v e l o c i t y i n a unit 
e l e c t r i c f i e l d (23). 

D i f f u s i o n Related to Transport 

E l e c t r i c a l transport through i n d u s t r i a l membranes used i n 
c h l o r - a l k a l i c e l l s i s not shared equally among a l l of the mobile 
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components within the conductive polymer f i l m . In a l l cases, 
however, the sodium ion within the hydrated ionomeric phase of 
the polymeric f i l m i n the membrane i s the major current c a r r i e r 
as these ions move through the membrane they drag along much 
water with them. A quantitative d e f i n i t i o n of the transport of 
water molecules and sodium ions through ion exchange membranes i s 
thus found to be of fundamental importance i n a l l phases of c e l l 
operation (16) (24). 

Electroosmotic C o e f f i c i e n t s 

The electroosmotic transport c o e f f i c i e n t for water through 
Nafion 295 and 1150 membranes i s t y p i c a l and i s shown to be 
highly dependent on the anolyte concentration to the exclusion of 
a l l the other variables studied. The water transport c o e f f i c i e n t 
varies almost l i n e a r l y with anolyte concentration from 6 to 17 
molar cau s t i c , giving 2.9 to 0.8 moles/F, as shown i n Figure 3. 
The sodium ion transport number goes through a maximum of 0.82 
eq/F i n the 7 to 13 molar caustic range (27). 

The data shows that changes i n water concentration and a c t i 
v i t y across the f i l m , as controlled by anolyte concentration, 
regulates the close range i o n i c hydration of the hydrophylic 
macro-molecules making up the matrix of the membrane, by changing 
i t s phases. These phase changes induce changes i n the d i f f u s i o n 
mechanism for water molecules, sodium and hydroxide ions passing 
through the polymer f i l m , e s p e c i a l l y at the th i n f i l m catholyte 
i n t e r f a c e . 

When one views the membrane as a multi-layer thin f i l m 
device, he begins to understand how the interphases control i t s 
e l e c t r o p h y s i c a l properties and the reaction rates across i t s 
junctions (18) (29). 

Voltage P r o f i l e s 

Membrane voltages are plotted versus current density for 
Nafion 120 and 295 films and given i n Figures 4 and 5. The 
curve i n Figure 4 shows a greater slope change, dE/dl, for the 
Nafion 120 than for the Nafion 295. The e s s e n t i a l difference 
between these membranes i s the degree of hydration of the catho-
di c surface of the separator f i l m s . The Nafion 120 membrane 
material o v e r a l l contains 30% water, and t h i s i s released i n the 
presence of high concentrations of caustic or s a l t , thereby 
forming dynamic t h i n - f i l m l a t t i c e b a r r i e r layers. The large 
v a r i a t i o n i n t h i s slope implies existence of a s e l e c t i v i t y that 
i s strongly dependent on caustic concentration, while the 
Nafion 295 membrane contains a t h i n chemically modified layer of 
ethylenediamine, having 10-15% water (27). 

Sodium Transport 

The transport properties of the Nafion membranes can best be 
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14. D O T S O N A N D W O O D A R D Electrosynthesis in Chlor-AIkali Cells 325 

NaOH, % by Weight 

Figure 3. Water electro-osmotic coefficient vs. anolyte concentration for Nafion 295 
membrane, 80° C, 2 kA/m2. Key: Q, measurements with new cell design, identical 
anolyte/catholytes; •, chlorate present in anolyte; A, measurements with old cell 

design, identical catholyte/anolytes. 
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Figure 4. Membrane cell voltage profile for Nafion 120 membrane. Key: •* 25% 
NaOH; Q, 32% NaOH; A, 33% NaOH; O, 35% NaOH. Conditions: 85-90° C, 

18-24% NaCl Anolyte DSA anode, Ni cathode, Vs inch electrode-membrane gap. 

 P
ub

lic
at

io
n 

D
at

e:
 F

eb
ru

ar
y 

4,
 1

98
2 

| d
oi

: 1
0.

10
21

/b
k-

19
82

-0
18

0.
ch

01
4



14. D O T S O N A N D W O O D A R D Electrosynthesis in Chlor-Alkali Cells 327 

Figure 5. Membrane cell voltage profile for Nafion 295 membrane. Key: • , 22% 
NaOH; O, 35% NaOH; A, 39% NaOH. Conditions: 85-90° C, 22-24% NaCl 

anolyte DSA anode, Ni cathode, Vs inch electrode-membrane gap. 
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explained based on the fine-capillary-pore membrane model. The 
membrane appears to be composed of separate phases formed as 
separate three-dimensional s t a t i s t i c a l networks generating phase 
boundary junctions at the membrane pore solution interface. 

Few studies have been made on transport processes involving 
concentrated solutions. In the concentrated solutions, i n the 
range of dehydrated melt formation, incompletely hydrated melts 
and anhydrous salt melts, various structural models are 
described to define their properties, i.e. the free-volume 
model, the lattice-model and the quasi-crystalline model. 
Measured and calculated transport phenomena do not always repre
sent simple ion migration of individual p a r t i c l e s , but instead we 
sometimes find them to be complicated cooperative effects (27). 

At very high concentrations of the i o n i c solutions, the quasi-
l a t t i c e model of Braunstein i s useful wherein a highly con
centrated e l e c t r o l y t e solution i s considered to be a solution of 
water i n fused s a l t s (24) (26). 

The data presented i n Figure 6 gives a t y p i c a l description of 
the transport properties of Nafion membranes within the frame
work of operating data for a c h l o r - a l k a l i or a water electrolyzer 
system. In a l l cases, one finds better s e l e c t i v i t y for d i s c r i m i 
nating against the back-flow of hyiroxyl ions at or near the 
33-38% caustic concentration. This gives a higher sodium to 
hydroxide transport number r a t i o . Since we know that i n each 
case, the known structures of the corresponding c r y s t a l l i n e 
hydrates are retained i n concentrated solutions, then they may 
induce cation p a r t i a l l a t t i c e s within the membrane phase which i n 
turn provides thin f i l m anion p a r t i a l l a t t i c e s i n the 35-36% 
caustic ranges. Whenever the concentrations go above or below 
t h i s maximum i n the curve, the short-range translational motion 
of ions, exemplified by activated jumps from one equilibrium 
position to the other, has great significance i n r e l a t i o n to the 
k i n e t i c transport properties of aqueous electrolyte solutions i n 
the space charge region of these thin f i l m separators. 

The data on e l e c t r i c a l conductance of aqueous s a l t solutions 
are of great interest for r e l a t i n g structural changes i n the elec
t r o l y t e solutions to the degree of swelling and variable pore struc
tures. If the s a l t under consideration forms a c r y s t a l l i n e hydrate, 
then for an isotherm not too far from the melting point of the 
hydrate a maximum i n conductance occurs close to the melting point 
of the hydrate eutectic composition. The existence of these maxima 
i s due to the fact that t h i s v i s c o s i t y increases rapidly at certain 
concentrations causing the hydroxyl ion mobility to decrease on the 
microscale within the micron thick solution quasi-lattice which forms 
i n the pores. These conditions forming the maxima become imposed on 
the phase structure of the membrane and correspond to structural 
transformations within the solutions as shown(22)(24): 

TU/TI = l + A-fcP + B c 
ion-ion ion-solvent 
term term 

(19.) 
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Where no i s the solvent v i s c o s i t y and n solution v i s c o s i t y , C i s 
the bulk concentration and A i s a constant dependent on i n t e r i o n i c 
a t t r a c t i o n and B a constant dependent on ion-solvent i n t e r a c t i o n 
and i s a function of the i o n i c m o b i l i t y . The concentration of 
non-exchange e l e c t r o l y t e i n the pore system of a membrane i s 
determined by a d i s t r i b u t i o n equilibrium, dependent on the width 
of the pore. The higher the concentration of the outside s o l u 
t i o n , the greater i s the concentration of non-exchange e l e c t r o 
l y t e i n the pore system of a poorly hydrated i o n i c membrane f i l m . 

Reactor Design 

Electrochemical reactor design i s i d e a l l y a good compromise 
between c a p i t a l and power costs. The power consumption of a c e l l 
or reactor i s the most important single factor needed to evaluate 
i t s performance. Both the power production and chemical process 
i n d u s t r i e s , (CPI), involve heat and e l e c t r i c a l energy i n a s i m i 
l a r fundamental way, and so are governed by the second law of 
thermodynamics. The second law a c t u a l l y imposes an absolute 
natural l i m i t a t i o n on the e f f i c i e n c y of any energy transfor
mation, and therefore i t provides a r e l i a b l e standard with which 
to compare and c o n t r o l p r a c t i c a l operations (30) (31) (32). 

Power Costs 

Power costs f o r aqueous c h l o r - a l k a l i c e l l s amount to about 
50% of the t o t a l operating costs and almost 75% for water 
e l e c t r o l y s i s . Molten s a l t sodium and aluminum processes are 
even more power intensive than c h l o r - a l k a l i c e l l s . 

Energy E f f i c i e n c y 

Power consumption i s thus seen to be the primary c r i t e r i o n of 
o v e r a l l c e l l performance, where the energy consumption per mole 
of product, i s given (33): 

Wj = (EIt)/Nj = watts/mole (20.) 

where i s the moles of product, E the t o t a l c e l l p o t e n t i a l , I 
i s the amperage, and t the time of the current flow, so that the 
minimum e l e c t r i c a l energy expended f o r the o v e r a l l process i n 
terms of watts (30): 

W(watts) = N^(moles)Wj(watts/mole) jAGj=Minimum e l e c t r i c a l 
energy expended i n 
the process. (21.) 

From thermodynamics, at constant temperature we r e c a l l that the 

AG.j =* AH.j - TASj 
r e l a t i o n s h i p e x i s t s , 

(22.) 
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14. D O T S O N A N D W O O D A R D Electrosynthesis in Chlor-Alkali Cells 331 

where AGj i s the free energy a v a i l a b l e for a reve r s i b l e process, 
AHj the t o t a l enthalpy change and ASj the entropy change, so that 

W j + N j T A S j = N j A H j ^ 2 3 - ^ 
and 23.) i s obtained a f t e r subsituting 20.), 21.) and 22.), so 
that: 

E l j t = NjAHj + Q (24.) 

where the energy balance for the condition E>E° e x i s t s , and Q i s 
the quantity of heat removed from the reactor at constant 
temperature, NjTASj, so that the t o t a l e l e c t r i c a l pressure or 
voltage imposea across the electrodes i n the reactor during the 
process shown i n Figure 7, i s given as (30) (34): 

E = (NjAHj-K))/Ijt (25.) 

The general basis for c a l c u l a t i n g the power usage i n 
electrochemical processes i s the o v e r a l l energy e f f i c i e n c y : 

E.E. = V.E. X C.E. (26.) 

where E.E. i s the t o t a l energy e f f i c i e n c y , and V.E. the voltage 
e f f i c i e n c y for the given process. The voltage e f f i c i e n c y portion 
of equation 26.) deals with the e l e c t r i c a l pressure e f f e c t s 
imposed across the electrodes, and i s calculated by: 

V.E. = (E°/E) x 100 (27.) 

with E the actual bus to bus c e l l voltage and E° the ther
modynamic reversible c e l l p o t e n t i a l . The current e f f i c i e n c y por
t i o n of the o v e r a l l energy e f f i c i e n c y in 26.) above deals with 
the flow of current and i s calculated: 

C.E. = Eq.(Produced)/ nF(Passed) (28.) 

where Eq.(Produced) i s the equivalents of product produced and 
nF(passed) i s the t o t a l Faradays of charge passed (34). 

Voltage Balance 

The t o t a l c e l l p o t e n t i a l E for reaction can be resolved i n t o 
the respective c e l l components, as given i n Table 1., as follows 
(35) (36): 

E = E° + n'a + n f
c + E I R + E I R (29.) 
( i n t e r n a l ) (external) 

As seen i n Table 1., as above, I i s the t o t a l net current flow, 
R e x the external c i r c u i t resistance and R^n the i n t e r n a l c e l l 
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reactor volume element 

electrode 

energy input 
EIT 

energy accumulates 
and c o l l e c t s here 
i n the element 

1_—. 

electrode 

energy out to products 

Qc Q P 

energy disappears or 
dissipates here i n 
the element 

Figure 7. Energy balance for a reactor volume element. 
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resistance. The i n t e r n a l resistance i s made up of resistance i n 
separator and e l e c t r o l y t e s . The anode and cathode over poten
t i a l s are n a and n c r e s p e c t i v e l y . Table 1 gives the t y p i c a l 
voltage breakdown for diaphragm, membrane and mercury c e l l s , with 
E° the t o t a l decomposition potential determined from equilibrium 
thermodynamics• 

The electrode overpotential has several components possible: 

n ? - l±r\i 
Total 

t 

These components of n^ are: t r a n s i t i o n ; concentration; 
d i f f u s i o n ; r e a c t i o n ; c r y s t a l l i z a t i o n and resistance. 

Process Development 

Electrochemical processes are now becoming important i n 
modern technology. There are c e r t a i n basic fundamental design 
factors to consider for any e l e c t r o l y t i c f a c i l i t y . These are 
comprised of four units: c e l l feed preparation, e l e c t r o l y t i c 
c e l l reactions, e l e c t r i c a l power supplies and f i n a l l y product 
recovery equipment. The technology and costs for c e l l feed pre
paration and product recovery equipment are w e l l established i n 
process engineering and not considered further here. The focus 
of t h i s section i s the electrochemical reactor. 

Reactor Design 

A reactor of any type must be optimized i n operating perfor
mance for best yields of products, and the minimum power and 
reactant consumption for any system can be evaluated using the 
basic law of transport as shown i n Figure 7, and the following 
equation (40): 

Mass+ 
Energy + 
Momentum 

input 

Mass + 
Energy + 

_ Momentum 
output 

Generation 
or 

Depletion 

Rate of Accumulation 

External 
Influences 

(31.) 

C r i t i c a l Parameters 

The design of electrochemical reactors impacts c a p i t a l and pro
duction costs very s i g n i f i c a n t l y . Much e f f o r t has thus been 
expended i n the electrochemical process industry during the past 
two decades toward reducing power consumption i n order to meet pro
duction goals with much more expensive power and raw material costs. 
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14. D O T S O N A N D W O O D A R D Electrosynthesis in Chlor-A Ikali Cells 335 

Electrochemical processes are by t h e i r very nature more s p e c i f i c , 
but quite c a p i t a l intensive and thus consume large amounts of 
energy i n i t s most valuable form as e l e c t r i c current (7)(34)(40). 

The e s s e n t i a l task of the electrochemical engineer deals with 
the process optimization, that i s the idea of defining the best 
economics i n terms of compromises among the competing factors 
such as: space-time y i e l d ; energy consumption, product q u a l i t y 
and materials of construction. 

The removal of reaction products i s the second factor that 
the engineer must consider i n order to get the reactor scaled-up 
to the next p r e - p i l o t stage of development succ e s s f u l l y . 

Product r e c y c l i n g must be examined at t h i s stage a f t e r a s u i t 
able reactor system i s selected, designed and proven (28)(30)(34). 

Reactor scale-up i s an extremely important step a f t e r bench-
scale studies have been conducted. 

In design development, reactants are charged into the batch-
type reactor one at a time at the beginning of e l e c t r o l y s i s while 
products are removed at the end of the run. A continuous flow 
system can be evaluated as a natural extension of the batch system. 

C r i t i c a l design parameters for these systems can be cast into 
i d e a l i z e d , quantitative design equations i n order to define such 
factors as reactor volume-flow, electrode overpotential, and 
hold-up time, as functions of reactor design (40). 

We r e a l i z e that whenever the overpotential on an electrode i s 
greater than ~60 m i l l i v o l t s , the reverse reaction can be 
neglected and the k i n e t i c equation can be s i m p l i f i e d as follows: 

I = QA { k fC 0 - k rC r} s OA k fC G = 

= n F A { k fC 0 exp ( - a n Fnj /RT)} (32.) 

Thus, the behavior at d i f f u s i o n limited current flow con
d i t i o n s could be most simply represented as a function of the 
bulk concentration, C G, and given as (5): 

W = nFC 0(fr.) (33.) 

where ( f r . ) i s the flow rate through the reactor, and r e]_ here 
the electrochemical rate: 

r = I/(nFA) = i D / nF { exp (-ann-J/RT)} (34.) 
(electrochem) 

Considering the section of a reactor as shown i n Figure 8, 
apart from i t s v e r t i c a l o r i e n t a t i o n of the electrodes, the only 
other departure from previous nomenclature i s the introduction of 
terms l a and l c which represent the thicknesses of the anode and 
cathode respectively. The e l e c t r i c a l connections are located at 
the tops of the electrodes which are designated by the x = 0 posi-
t ions. 
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Figure 8. Design parameters for single-compartment parallel plate reactor (mem
brane chlor-alkali cell) with slow gas evolution in two dimensions. 
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14. D O T S O N A N D W O O D A R D Elcctrosynthesis in Chlor-AIkali Cells 337 

The passage of current through an element of the e l e c t r o l y t e 
having dimensions Bl.,dx, i s seen in Figure 8. If we assume that 
no current flows through the metal i n the z d i r e c t i o n , then con
duction i s one-dimensional only and takes place i n the x d i r e c 
t i o n . The metal current I a , at a distance x from the top of the 
electrode i s , from Ohm's law (30)(38): 

x a = - Bl aa a(d<S> a/dx) y (35.) 

where $ a i s the p o t e n t i a l and a a i s i t s s p e c i f i c conductance. A 
t o t a l voltage balance over any h o r i z o n t a l section must now include 
the extra p o t e n t i a l contributions at anode and cathode due to mass 
and charge transfer l i m i t a t i o n s , A$ a and A<frc,(5),(33) so that we 
f i n d : 

E = E° + n a + n c + E I R + ( A $ a ) x + ( A $ c ) x (36.) 

Mass and Charge Transfer 
For a general rate equation i n a homogeneous back-mixed reac

t o r under steady-state flow conditions, one finds (34) (40): 

Input = Output + Disappearance + Accumulation (37.) 

where: 

Input = Output = 0 (38.) 

so that neglecting convection and surface coverage, the rate of 
appearance of product i s : 

( d N A / d t ) T = ( d N A / d t ) D + ( d N A / d t ) M + ( d N A / d t ) E X ( 3 9 # ) 

(TOTAL) (DIFFUSION) (ELECTROMIGRATION) (ELECTRON TRANSFER) 

The general equation including a l l components i s given: 

( d N A / d t ) T = ZFU C (jRT/ZF)(dC/dx) D + C°(dE/dx)M 

+ KC° exp (aZFnVRTff E T (40.) 

The f i r s t term, (dC/dx) represents the d i f f u s i o n control, 
the second, (dE/dx), electromigration and the f i n a l terms, 
exp( cxZFn1/RT), the charge transfer or electrode k i n e t i c s term. 

I r r e v e r s i b l e L i q u i d Hydrodynamics 

Equilibrium properties of systems that are operating i n a 
r e v e r s i b l e way can be treated with steady state thermodynamics. 
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For the time dependent phenomena i n a s o l u t i o n such as v i s c o s i t y , 
d i f f u s i o n and e l e c t r i c a l c o n d uctivity, as noted, no f u l l y deve
loped theory e x i s t s . These are the i r r e v e r s i b l e processes, and 
because of t h e i r great importance, they have been studied and 
treated e m p i r i c a l l y by applied s c i e n t i s t s for Newtonian and 
non-Newtonian f l u i d s . 

Convective Mass Transfer 

Several methods are available to determine convective mass 
trans f e r rates, such as: solutions to the convective mass 
tran s f e r Navier - Stokes equations, hydrodynamic mass transfer 
boundary layer equations, and c o r r e l a t i o n of experimental mass 
and momentum tr a n s f e r data (36). 

The basic aim of the method suggested here allows the 
engineer to express mass and momentum transfer data for a given 
system i n terms of mass tr a n s f e r c o e f f i c i e n t s that can be related 
to measurable physical parameters for a system. 

The electrochemical aspects of mass transfer are examined 
here at the electrode-, or separator- solution i n t e r f a c e . In 
c e r t a i n cases, such as with r o t a t i n g disk electrodes, precise 
hydrodynamic analyses are possible and thus the d i f f u s i o n 
equations f o r these systems can be solved exactly. 
Electrochemical and non-electrochemical mass transfer phenomena 
can be correlated using analogies to heat transfer systems for 
both natural and forced flow convection, with reasonable success. 

The coupling between chemistry and mass transport and 
evaluated roughly by external macroscopic measurements 
(36) using equations such as: 

6 C = (n y / V . ) l / 2 (D/tO 1' 3 < 4 1-> 

where 6 C i s the thickness of the d i f f u s i o n l a y e r , n the kinematic 
v i s c o s i t y , V c the l i q u i d v e l o c i t y at the surface and f i n a l l y y i s 
the distance from the given e l e c t r o a c t i v e phase boundary to the 
d i f f u s i o n layer i n the s o l u t i o n . 

The f i n a l general form of the flow-volume design equation 
with flow rate ( f r . ) i s given as: 

( f r . ) = (nFC°/I) { 2 nFD/6 + K exp (anFn'/RT)} (42.) 

Commercial Reactors and Systems 
Brine Process 

Even though the main focus f o r the c h l o r - a l k a l i engineers i s 
the c e l l , and c e l l room, e l e c t r o l y s i s i s only one of many equally 
important operations involved i n t h i s process. A l l e l e c t r o -
synthetic processes require the following a n c i l l a r y processes: 
reactant feed, (or brine, here), preparation, e l e c t r o l y s i s , 
product recovery, and f i n a l l y D.C. power. These process units 
are re l a t e d as shown i n the t y p i c a l membrane c e l l plant (6). 
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In a l l cases the depleted brine from the c e l l s Is dech-
lortnated before I t i s resaturated because It Is d i f f i c u l t to 
remove Iron In the presence of hypochlorite Ions, and resaturatlon 
Is less complicated when brine contains no chlorine. The c e l l 
e f f l u e n t Is a c i d i f i e d with HQ In s u f f i c i e n t amounts to react 
with a l l of the H0C1 present. The remaining a v a i l a b l e chlorine 
can be removed by blowing compressed a i r In or by vacuum dech
l o r i n a t i o n . The t a l l gas from t h i s process can be vented or 
k i l l e d In a milk of lime or cau s t i c absorption tower. This dech-
l o r l n a t e d brine contains less than 0.02 to 0.03 g/1 av a i l a b l e 
chlorine at t h i s stage (6) (7). This dechlorinated strongly acid 
brine i s next neutralized and made s l i g h t l y a l k a l i n e before 
flowing to the saturator. 

Depleted br i n e , dechlorinated and neutral to a l k a l i n e , con
ta i n i n g 260 to 280 GPL NaCl, and at a temperature i n the range of 
50 to 60°C, i s saturated by pumping i t up through a bed of s a l t i n 
di s s o l v i n g tanks. Brine generally leaves the saturator hot and 
saturated; to prevent c r y s t a l l i z a t i o n downstream I t Is generally 
d i l u t e d with a small bypass stream of weak brine. 

Brine P u r i f i c a t i o n - Chemical Treatment 

If rock or s o l a r s a l t i s to be used, the f u l l stream of brine 
i s treated for the removal of Mg"1"*, Fe 4" 1 -* and Ca"*"4", and other 
heavy metals and co n t r o l l e d to close tolerances. The SO • io n 
concentration exceeds the Ca** ion l e v e l s when calcium chloride 
or soda ash i s added. Heavy metals are usually s u f f i c i e n t l y 
absorbed by the p r e c i p i t a t e s formed to remove them by c o p r e c l p l -
t at Ion. The reactions are: 

C a S 0 4 + B a C 0 3 Φ C a C 0 3 + BaSO^ 

CaCl 2 + N a 2 C 0 3 * C a C 0 3 + 2 NaCl 

MgCl 2 + 2 N a 0 H * M g ( 0 H ) 2 + 2 NaCl 

Treatment i s c a r r i e d out i n a series of s t i r r e d tank reactors, 
the usual sequence of additions being N a 2 C 0 3 and then NaOH as 
given i n Figure 9 (79). The brine Is then subsequently c l a r i f i e d 
i n a Dorr Oliver s e t t l e r , and the overflow made sparkling clear 
by f i l t e r i n g through sand or "anthraf l i t " , or given a t o t a l 
f i l t r a t i o n through a pressure l e a f f i l t e r . The calcium l e v e l s at 
th i s stage are about 1 ppm. This i s s t i l l too high for 
membrane c e l l s (56). 

As we see, i t i s most important that a f t e r a chemical t r e a t 
ment, insoluble materials are f i l t e r e d by an appropriate method. 
These insoluble materials are f i l t e r e d thoroughly before entering 
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the process and the concentrations of the multivalent cations 
such as the calcium, magnesium, Iron and alumlmum Ions have to be 
maintained as low as possible In the anolyte. For this purpose, 
the additional treatment of conventionally treated brine can be 
carried out by an Ion exchange resin to remove such multivalent 
cations, or complexed with brine additives. However, the Invest
ment cost for the Ion exchange column i s r e l a t i v e l y less due to 
the low concentration of such Ions In the conventionally pu r i f i e d 
brine. 

Brine P u r i f i c a t i o n - Ion Exchange 

The Ion Exchange Process 

Whenever ion exchange resins are regarded as Insoluble acids , 
bases or s a l t s , the process of Ion exchange can be regarded as 
sal t formation and displacement. The Interior of a water-
swollen, strong acid cation exchange resin may be regarded as a 
concentrated acid solution. 

Ion exchange i s an equilibrium process, and the exchange 
reaction Involving two cations, Na + and Ca"*""*" can be written: 

2 R~Na~ + Ca** t R 2 Ca** + 2 

The f i n a l position of the equilibrium Is then given by the values 
of the equilibrium constant and the concentrations of reacting 
species (41). 

Several new kinds of ion exchangers have been developed i n 
recent years that give more s p e c i f i c and selective removal of 
divalent brine impurities such as calcium. One such resin was 
developed by Dow, Rohm and Haas and Mitsubishi, as a 
crosslinked styrene - divlnylbenzene copolymer having iminodiace-
tate groups for joining fixed functional group sites to the 
metals by a chelate bond, (42) as: 

(CH2-CH-) n—> + — ~ ( C H 2 - Ç H - ) — — 

φ CH2C02Na" φ CH 2C0 2 

i / ++ I / \ + * + 
CH-N : +M CH 2- N >- M + 2Na 

2 \ + \ / 
CH2C02Na CH 2C0 2 
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342 P E R F L U O R I N A T E D I O N O M E R M E M B R A N E S 

The chelate resin s e l e c t i v i t y for the heavy metals i s simi
l a r to EDTA as i t attaches p r e f e r e n t i a l l y to bivalent metal ions 
i n the presence of monovalent metal ions. 

Relations between pH and chelating a b i l i t y of various metal 
ions are given i n Figure 10. These plots show that this par
t i c u l a r r esin has a maximum rate for chelation above 2-5 for the 
bivalent metal ions, but depends strongly on the metal ion being 
chelated. Care must be taken that the metal ions not be p r e c i p i 
tated as hydroxides and thereby increase metal ion leakage i n the 
column effluent. The general s e l e c t i v i t y for divalent and mono
valent metal ions i s : 

Hg>Cu>Pb>Ni>Cd>Zn>Co>Mn>Ca>Mg>Ba>Sr»Na 

The operating cycle of such a column i s : 
1.) Removal; 2.) Backwash; 3.) Regenerate; 4.) Wash; 5.) NaOH 
treatment; 6.) Wash to clean effluent. 

If the hardness i s not to be removed from the brine system, 
then i t must be sequestered by additives. 

Brine Additives 

The build-up of Ca(0H) 2 or Mg(0H)2 at the anolyte interface 
of the membrane-brine system can be prevented by addition of cer
t a i n sequestering-gelling agents into the brine such as 
phosphoric acid or phosphate salts (43). A strongly hydrogen 
bonded non-stoichiometric calcium οrthophosphate gel i s formed 
at pH's greater than 5 to sequester the divalent ions 
at the membrane-brine interface, but the gel dissolves at pHs of 
2-3.5. 

The pH sensitive reversible nature of the phosphate gel pro
vides a continuously renewable surface for the entrapment of 
divalent impurities moving toward the membrane from the brine 
during operation and i t eliminates the need for expensive ion 
exchange equipment for purifying the brine. 

Certain membranes are more susceptible to damage by these 
impurities than others. The membrane structure thus determines 
the s e n s i t i v i t y of the films to contamination as well as i t s 
s e l e c t i v i t y and a b i l i t y to suppress free electrolyte d i f f u s i o n 
(44). 

Since the or i g i n a l development of low e l e c t r i c a l resistance 
membranes by Walter Juda i n the 1950fs, (45), many other commer
c i a l membranes have been developed. 

Commercial Membranes 

The e a r l i e s t commercial membranes tested for use i n chlor-
a l k a l i c e l l s were composed of ionomeric polymers having hydrocar
bon backbones with attached carboxyl and sulfonate functional 
groups such as the polystyrene sulfonic or carboxylate materials, 
(46), (47), (48), (49). 
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The f i r s t successful c h l o r - a l k a l i c e l l membrane materials 
(9)(10) tested i n the 1970's were adopted from p e r f l u r o s u l f o n i c 
acid materials produced by duPont for GE for t h e i r f u e l c e l l 
program i n the 1960 fs. These materials had no hydrocarbon 
linkage i n t h e i r backbone and thus could withstand the attack of 
the strongly o x i d i z i n g a n o l y t e ( l l ) . 

Remarkable advances i n i o n exchange membranes have been made 
since t h e i r inception and a p p l i c a t i o n to c h l o r - a l k a l i c e l l s i n the 
1970's, and since that time many patents have issued on t h e i r 
a p p l i c a t i o n s . Several companies besides duPont have developed 
proprietary membranes and e l e c t r o l y z e r s f o r commercial 
a p p l i c a t i o n . 

duPont Membranes 

duPont has been a c t i v e i n developing new membranes over the 
past two decades and has made continuous improvements i n t h e i r 
materials with reference to power e f f i c i e n c y and d u r a b i l i t y . 
Figure 12 shows the e a r l i e r standard Nafion 120, 295 and the 
newer Nafions plotted as a function of time on l i n e . 

The Nafion r e s i n i s a copolymer of tetrafluoroethylene with 
perfluorosulfonyl-ethoxypropylvinyl ether, which i s converted 
from s u l f o n y l f l u o r i d e to s u l f o n i c a c i d form: 

— (CF 2CF 2) x-(CF 2-ÇF) y 

0 
ÇF 2 

CF 3-CF-0CF 2CF 2S0 3H 

The membranes supplied by duPont have equivalent weights 
ranging from 1,100 to 1,500 meq/g with thickness of 5 to 10 
m i l s , (2)(8). Mold processing of these resins i s c a r r i e d out 
only i n the s u l f o n y l chloride form because i t i s thermoplastic i n 
t h i s case (50) (51). 

The chemical reactions reported by duPont appear to involve 
the reaction of perfluoropropylene oxide and 3 - sultones to form 
s u l f o n i c acid r e s i n s . The functional group monomers are 
generated as follows (52): 

2 C F 3 - CF0CF 2 + CF 2CF 2S0 2 —~—> 
Press 

OHCCF(CF3)OCF 2CF(CF 3)OCF 2CF 2S0 2F —> 
Na 2C0 3 

CF 2=CFOCF 2CF(CF 3)OCF 2CF 2S0 2F + C0 2 + 2NaF 
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14. D O T S O N A N D W O O D A R D Electrosynthesis in Chlor-A Ikali Cells 345 

and then polymerized with tetrafluoroethylene i n the r a t i o of 
m - 1 to η = 3-15: 

n(CF 2CF 2) + m(CF2CF) OCF 2(CF 3) OCF 2CF 2S0 2F + 

^ ( C F 2 C F 2 ) n ~ ( C F 2 C F ) m — ΚΟΗ,Δ 
I 
OCF 2CF(CF 3)OCF 2CF 2S0 2F 

— ( C F 2 C F 2 ) — (CF 2-CF) m ~ 
I 
OCF 2CF(CF 3)OCF 2 CF2SO 3K+ 

The Nafion membranes are produced i n this way and with a 
f a b r i c backing such as PTFE or mixed PTFE - rayon f a b r i c s . 
These supporting materials improve the mechanical strength of the 
f i l m and keep the dimensional changes i n bounds. In general, for 
c h l o r - a l k a l i e l e c t r o l y s i s , the side of the membrane with the 
highest resistance, s e l e c t i v i t y and charge density i s preferred 
toward the cathode side to l i m i t the undesirable e f f e c t s of the back 
flow of hydroxide ions into the anode chamber. The anolyte side 
of the membrane polymer i s thus less dense, less s e l e c t i v e and 
more conductive than the catholyte side of the separator f i l m . 

The newer membranes provided by duPont have improved perfor
mance and Figure 11 shows the r e l a t i v e degradation rates for 
these materials used by GE i n t h e i r f u e l c e l l s , (53). 

Asahi Chemical Membranes 

The Asahi Chemical Company of Japan has developed a 
perfluorocarboxylic acid membrane (54) (55) (56). It i s reported 
to be formed from Nafion films wherein the S03H groups on the 
cathode surface are s p l i t off and the adjacent CF 2 groups 
thereafter oxidized to carboxylic acid groups. 

ϋύ 
— ( C F 2 C F 2 ) n — ( C F ^ F ) ^ — ^ 

OCF 2CF(CF 3)OCF 2CF 2 S03H 

(CF 2CF 2) m- (CF 2CF)Ji 
6-CF 2CF(CF 3)OCF 2C0 2H 

These membranes are reported to achieve 93% cathode current 
e f f i c i e n c y at 21.6% caustic concentrations from the e l e c t r o l y s i s 
process. 
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Reciprocal Temperature 
l x l 0 4 / T ( K ) 

Figure 11. Degradation rates of perfluorinated sulfonic acid membranes. 

 P
ub

lic
at

io
n 

D
at

e:
 F

eb
ru

ar
y 

4,
 1

98
2 

| d
oi

: 1
0.

10
21

/b
k-

19
82

-0
18

0.
ch

01
4



14. D O T S O N A N D W O O D A R D Electrosynthesis in Chlor-A Ikali Cells 347 

1 

•*»» 

§ 
« Ο 
O S 

Ο ^ 

Q S! 

l i 

s: 

ο 
v. 
fi 

ν» 
3 

£ 

 P
ub

lic
at

io
n 

D
at

e:
 F

eb
ru

ar
y 

4,
 1

98
2 

| d
oi

: 1
0.

10
21

/b
k-

19
82

-0
18

0.
ch

01
4



348 P E R F L U O R I N A T E D I O N O M E R M E M B R A N E S 

Asahi Glass Co., Membranes 

Asahi Glass Co. has recently disclosed t h e i r own perfluoro-
carbon membrane films f o r use i n c h l o r - a l k a l i c e l l e l e c t r o l y s i s . 

These membrane polymers have high molecular weights to 
impart strong mechanical properties, and a t i g h t structure to 
supress unselective d i f f u s i o n and resistance to swelling. 

The perfluorinated structure imparts s t a b i l i t y against 
c h l o r i n e and strong caustic soda at high temperatures, copoly-
merization of tetrafluoroethylene with molecules such as 
perfluoro-ô-butyrolactone and hexafluoropropylene oxide as: 

CH3OH 
CF3CFOCF2 + CF 2CF 2CF2C02 + 

Diglime 
0-10°C 

Na2CC>3 
OHCCF(CF3)OCF2CF2CF2C02CH3 + 

Δ 

2NaF + C0 2 + CF2CFOCF2CF2CF2CO2CH3 

next they polymerize with tetrafluoroethylene and a large monomer 
molecule (57) (58) (59) (60) (61) (62). 

AIBN 
n(CF 2CF 2) + m(CF2CF) + q(CF 2CF) 

<Ç*2>3 <U C0 2CH 3 ÇF(CF3) 
9 
(ÇF 2) 3 

C0 2CH 3 

(CF 2CF 2) rr~(CF 2ÇF) f r 

(ÇF 2) 3 

C0 2CH 3 

Δ 
KOH 
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14. D O T S O N A N D W O O D A R D Electrosynthesis in Chlor-A Ikali Cells 349 

^ ( C F 2 C F 2 ) N * (CF2ÇF) ( C F 2 Ç F ) Q — 
0 0 

( C F 2 ) 3 OF 2 

! CF(CF 3) 
C02K+ 0 

( | F 2 ) 3 

CÔ 2K+ 
with block perfluorinated d i v i n y l monomer (63) copolymer struc
ture of 10,000 to 100,000 molecular weights. 

Copolymers containing up to 35 wt % carboxylated v i n y l 
ether were synthesized by regulating reaction pressure of the 
tetrafluoroethylene i n the polymerization. X-ray d i f f r a c t i o n and 
d i f f e r e n t i a l scanning calorimetry showed that the c r y s t a l l i n i t y 
of the copolymer decreased with increasing v i n y l ether content. 

The ester groups i n the f i l m are q u a n t i t a t i v e l y hydrolyzed i n 
caustic soda to y i e l d sodium s a l t membranes. The incorporation 
of i o n i c groups into the polymer greatly influences i t s mechani
c a l properties. Conversion of the ester to the sodium s a l t i s 
accompanied by increased t e n s i l e strength and decreased elonga
t i o n . 

The water content of carboxylic-acid-type membranes 
i s low and does not change as much as that of a s u l f o n i c - a c i d 
type membrane. The low water content combined with high ion 
exchange capacity r e s u l t s i n a very high fixed ion concentration 
w i t h i n the membrane (63) (64). 

Other companies have also developed ion exchange membranes 
for a l k a l i chloride e l e c t r o l y s i s . These companies include: 
Kureha Chemical, Maruzen O i l , Showa Denko, Tokuyama Soda, and 
Toyo Soda. 

Membrane C e l l E l e c t r o l y s i s 

Commercial Membrane El e c t r o l y s e r s 

E l e c t r o l y z e r s for the membrane c e l l e l e c t r o l y s i s process are 
a f i l t e r press arrangement of c e l l units e l e c t r i c a l l y arranged 
i n two d i f f e r e n t c e l l configurations, mono-polar and b i p o l a r . 
Figure 13 i l l u s t r a t e s the examples of the e l e c t r i c a l connection 
of the c e l l s (65). Figure 14 i l l u s t r a t e s the e l e c t r o l y s i s 
c i r c u i t (66). 

In the monopolar system, each c e l l unit i n one e l e c t r o l y z e r 
i s connected i n p a r a l l e l and each e l e c t r o l y z e r i s connected i n 
s e r i e s . Voltage across one e l e c t r o l y z e r i s low and current pass
ing through one e l e c t r o l y z e r i s high. Each e l e c t r o l y z e r unit i s 
connected to the next thru bolted bus bar connections which adds 
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350 P E R F L U O R I N A T E D I O N O M E R M E M B R A N E S 

Figure 13. Electrical connection of monopolar (top) and bipolar (bottom) cells. 
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14. D O T S O N A N D W O O D A R D Electrosynthesis in Chlor-AIkali Cells 351 

monopolar type b i p o l a r type 

Figure 14. Example of electrical connection. 
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352 P E R F L U O R I N A T E D I O N O M E R M E M B R A N E S 

to the voltage loss of the e l e c t r o l y s i s c i r c u i t . A portable 
switch allows for maintenance of an i n d i v i d u a l e l e c t r o l y z e r unit 
i n the e l e c t r o l y s i s c i r c u i t . 

In the bipolar system, each c e l l unit i n the e l e c t r o l y z e r i s 
connected i n series and each e l e c t r o l y z e r i s connected i n 
p a r a l l e l . Voltage losses within the c e l l and the e l e c t r o l y s i s 
c i r c u i t are minimized. Current leakage thru e l e c t r o l y t e paths 
between c e l l s and corrosion of d i s s i m i l a r metal j o i n t s 
(titanium/steel) can be encountered i n the bipolar c e l l design. 

Commercial e l e c t r o l y z e r s have been developed using both the 
bi p o l a r and monopolar c e l l configuration. The c e l l unit i s 
generally made of metal or corrosion r e s i s t a n t p l a s t i c s . 

A large c e l l unit l i k e the Asahi Chemical Co. bipolar c e l l 
Figure 15 i s made of metal. The p a r t i t i o n w a l l i s an explosion 
bonded titanium to s t e e l sandwich. The anode compartment i s 
l i n e d with titanium and the cathode compartment i s s t e e l . Metal 
components allow c e l l operation at 90°C while maintaining the 
high mechanical accuracy of the c e l l . Anodes and cathodes with 
an i n d i v i d u a l area of 2.7 m2 are assembled into units containing 
up to 80 c e l l s with a distance between the two electrodes i n the 
range of 2-3 mm. Ohmic drops i n the catholyte and anolyte are 
thereby minimized. E l e c t r o l y t i c power consumption of the Ashai 
Chemical Co. c e l l i s shown i n Figure 16 (67). 

Tokuyama Soda Co., Ltd. has developed a large bipolar 
e l e c t r o l y z e r that has an e l e c t r o l y s i s area of 2.7 m2 per unit. 
The c e l l bodies are m e t a l l i c . The anode chamber i s l i n e d with 
titanium p l a t i n g and the cathode chamber and s t r u c t u r a l frame are 
carbon s t e e l . The anode surface i s titanium mesh with an 
e l e c t r o c a t a l y t i c coating. The cathode surface can be either car
bon s t e e l or a low overvoltage cathode surface (LHOC) which 
Tokuyama Soda has developed. The hydrogen overvoltage of LHOC 
surface i s 150-200 mV lower than carbon s t e e l . E l e c t r o l y s i s 
power consumption of the 10,000 mt/year plant e l e c t r o l y s i s i s 
2400-2500 KWH/mt NaOH at 2 KA/m2 using s t e e l cathodes. Using 
NEOSEPTA-F C-1000 membrane optimum catholyte concentration i s 
about 20 wt% NaOH. NEOSEPTA-F C-2000 give a maximum value of 
current e f f i c i e n c y at nearly 30 wt% catholyte current r a t i o (68).  P
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Figure 15. The Asahi Chemical Company bipolar electrolyzer. 

 P
ub

lic
at

io
n 

D
at

e:
 F

eb
ru

ar
y 

4,
 1

98
2 

| d
oi

: 1
0.

10
21

/b
k-

19
82

-0
18

0.
ch

01
4



354 P E R F L U O R I N A T E D I O N O M E R M E M B R A N E S 

Figure 16. Power consumption of the Asahi Chemical Company membrane cell elec
trolyzer.  P
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The Hooker MX, A l l i e d PCF, and Ionics Chloromate e l e c t r o l y -
zers are a l l bipolar designs that u t i l i z e p l a s t i c c e l l frames. 
The e l e c t r o l y t i c area of these c e l l s i s t y p i c a l l y 1.2-1.5 m2 per 
c e l l u nit. The el e c t r o l y z e r s are t y p i c a l l y composed of 10-50 
c e l l u n i t s . Power consumptions are reported to be 2750 
KWH/metric ton of NaOH operating at 3KA/M2 current density at 95% 
current e f f i c i e n c y producing 35% caustic soda (65,69,70). 

The d e t a i l s of the monopolar e l e c t r o l y z e r of Diamond 
Shamrock are shown i n Figure 17. The el e c t r o l y z e r i s based on 
the monopolar design using DSA structures welded into titanium 
frames and the cathode structure welded into a s t e e l frame. Each 
c e l l has an active area of 1.41 m2. Expected performance of t h i s 
c e l l i s shown i n Figure 18 (71)(72). 

The Hooker-Uhde Monopolar Membrane e l e c t r o l y z e r i s shown i n 
Figure 19. The active electrode surface of the HUMM e l e c t r o l y z e r 
i s 1.7 m2 per c e l l element. The c e l l elements consist of anode 
frames of titanium and cathode frames of s t e e l . Anode-cathode 
gap i s approximately 3 mm. A separate frame i s provided for 
holding the membrane. The electrode block rests on a support 
structure that serves as the header system for e l e c t r o l y t e and 
e l e c t r o l y s i s products. Peformance of th i s e l e c t r o l y z e r i s 
reported to be 2750 KWH/M ton NaOH at 35% caustic soda and 95% 
current e f f i c i e n c y at 3 KA/M2 current density (65). 

Asahi Glass Co. has developed a monopolar f i l t e r press type 
membrane e l e c t r o l y z e r that has an i n d i v i d u a l c e l l membrane area 
of 4m 2. An e l e c t r o l y z e r may be composed of up to 32 c e l l u n i t s . 
Power consumption i s reported to be 2500 KWH/M ton of NaOH at 94% 
current e f f i c i e n c y producing 35% caustic at 2 KA/M2 current den
s i t y (73). 

The Krebscosmo Bipolar C e l l E l e c t r o l y z e r BMZ 7.5 which i s 
b a s i c a l l y made from s t e e l and titanium. The p a r t i t i o n wall of 
the b i p o l a r electrode i s a PTFE f o i l . Anodes are expanded t i t a 
nium sheet with noble metal coatings and the cathode structure i s 
a perforated s t e e l sheet. The c e l l units can be arranged i n 
p a r a l l e l groups of bipolar elements. Each c e l l element has 
2.5 m2 of membrane area that operate at a nominal amperage of 7.5 
KA. The c e l l block of the BMZ 7.5/64 e l e c t r o l y z e r consists of 64 
elements with 16 series elements with 4 current paths with a 
nominal block amperage of 30 KA. E l e c t r o l y t i c performance i s not 
disclosed (74). 

Commercial a p p l i c a t i o n of membrane c e l l technology began i n 
1975 with the i n s t a l l a t i o n of the Nobeoka No 1 (Japan) using 
Asahi Chemical Co. e l e c t r o l y z e r s , Reed Paper (Canada) using 
Hooker MX el e c t r o l y z e r s and American Can of Canada (Canada) using 
Ionics Chloromate e l e c t r o l y z e r s . By the end of 1982 world capa-
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3000 

1.0 1.5 2 .0 2 .5 3 .0 

Anodic Current Density 
KA/SQ Meter 

Figure 18. Expected membrane performance. Level 1: performance previously 
demonstrated during long term commercial plant operation. Level 2: performance 
demonstrated in laboratory cells. Membranes in commercial cells are expected to 

achieve this level of performance in the future. 
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Figure 19. Principle of the Hooker-Uhde cell. 

 P
ub

lic
at

io
n 

D
at

e:
 F

eb
ru

ar
y 

4,
 1

98
2 

| d
oi

: 1
0.

10
21

/b
k-

19
82

-0
18

0.
ch

01
4
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c i t y for the membrane c e l l process i s projected to be approxima
t e l y 600,000 metric tons of NaOH per year. The i n s t a l l e d capa
c i t y by electrolyzer system i s shown: 

World Membrane Electrolyzer Capacity (66) 

Electrolyzer System 

Asahi Chemical Co. 
Diamond Shamrock Co. 
Hooker 
Asahi Glass Co. 
Tokuyama Soda 
Ionics 

Estimated 
1982 

Installed Capacity 

*470,000 MT/yr NaOH 
41,000 
34,000 
20,000 
10,000 
10,600 

*Assumes AKZO w i l l be i n s t a l l e d . 

Membrane c e l l plants show considerable c a p i t a l cost advan
tages against diaphragm c e l l plants for a l l capacities. 
Investment costs for a membrane plant are 15-20% lower than the 
diaphragm c e l l plants. Production cost comparison shows that the 
membrane c e l l plant has a 10-15% lower net production cost per 
ton NaOH (72) (79). 

Membrane c h l o r - a l k a l i c e l l s represent a very successful, 
commercially v e r i f i e d , economically competitive technology with a 
short histroy of very rapidly advancing technology. 

Membrane Developments 

The Nafion membranes u t i l i z e d i n the early 1970*8 produced 
caustic soda concentrations of 10-15wt% at e l e c t r o l y t i c power 
consumptions of approximately 3450 KWH/MT NaOH. Advancements i n 
the technology of membranes by duPont, Asahi Glass Co., and Asahi 
Chemical Co., Tokuyama Soda Co., have achieved membranes that 
today can produce caustic soda concentrations of 28-40wt% with 
caustic current eff i c i e n c y well over 90% for long term opera
tions. 

Asahi Glass Co., has announced the improvement of i t s 
Flemion membrane, Flemion 723, which reduces e l e c t r o l y s i s power 
from 2500 to 2300 KWH/M Ton NaOH, operating at 35% NaOH and 2.0 
KA/M2 current density. C e l l voltage i s 3.23 volts at 2 
KA/M2 with 94% current e f f i c i e n c y (75). 

DuPont has recently announced the development of a new high 
performance c h l o r - a l k a l i membrane Nafion 901X. Caustic soda i s 
produced at 33 wt% with over 94% current e f f i c i e n c y . The Nafion 
901X i s capable of operating at minimum voltage and high current 
e f f i c i e n c y for extended periods estimated to be i n excess of two 
years (76). 
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Further rapid developments of the membrane technology are to 
be expected, which are c e r t a i n to further decrease e l e c t r o l y t i c 
power requirements. 

Membrane E l e c t r o l y z e r Developments 

Advancement of the membrane c e l l technology by Oronzo De 
Nora Impianti E l e t t r o c h i m i c i S.p.A., u t i l i z i n g the s o l i d polymer 
e l e c t r o l y t e (SPE) brine e l e c t r o l y z e r , was f i r s t reported i n May 
of 1979. This new technology u t i l i z i n g s p e c i a l l y activated perm-
se l e c t i v e membranes i s reported to have achieved c e l l voltages of 
less than 3.15 ν at 3.3 KA/2 current density producing 28-30% 
caustic soda at 94% current e f f i c i e n c y , equivalent to 2200 KWH/MT 
NaOH. This technology i s reported to be operating i n excess of 
one year i n a commercial prototype c e l l having an electrode area 
of 0.5 X 1.7 meters (77). 

Further development of the "Zero Gap" membrane c e l l tech
nology by Asahi Glass Co., c a l l e d AZEC, i s reported to have 
achieved at laboratory scale an e l e c t r o l y t i c power consumption of 
1950 KWH/M ton NaOH at 2 KA/M2 current density and 35% NaOH and 
at a current density of 4 KA/M2 the power consumption i s 2140 
KWH/M ton NaOH (78). 

Development of these new zero gap membrane c e l l e l e c t r o l y 
zers represents a major new approach i n the membrane c e l l tech
nology and promises to provide even more rapid development i n 
t h i s quiet revolution of the membrane c e l l chlor a l k a l i process. 
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15 

Perfluorocarboxylic Acid Membrane and 

Membrane Chlor-Alkali Process Developed by 

Asahi Chemical Industry 

MAOMI SEKO, SHINSAKU OGAWA, and KYOJI KIMOTO 
Asahi Chemical Industry Co., Ltd., 1-2, Yurakucho 1-chome, Chiyoda-ku, Tokyo, Japan 

Asahi Chemical started research and development of the 
ion-exchange membrane c h l o r - a l k a l i process i n 1966. Research 
was carried out on the effects of the type of ion-exchange 
group, ion exchange capacity, degree of crosslinking, membrane 
structure, caustic concentration, and many other parameters on 
current efficiency, operation voltage, etc. In 1969, a bench-
scale plant started operation based on a three compartment 
process using hydrocarbon membrane. Further study on fluorinated 
monomers and polymers started in 1970, to improve the chemical 
stability of the membrane. 

After intensive research and development work, Asahi 
Chemical filed the basic patents of fluorinated carboxylic acid 
membrane and carboxylic and sulfonic acid membrane and the 
related e l e c t r o l y s i s processes i n 1974 (1 - 8). 

In A p r i l 1975, Asahi Chemical started operation of a 
membrane c h l o r - a l k a l i plant with a capacity of 40,000 MT/Y of 
caustic soda using Nafion perfluorosulfonic acid membrane. In 
1976, this membrane was replaced by perfluorocarboxylic acid 
membrane developed by Asahi Chemical. The total caustic produc
tion capacity of plants based on Asahi Chemical's membrane 
c h l o r - a l k a l i technology using perfluorocarboxylic acid membrane 
will reach 520,000 MT/Y in 1982, at seven locations in various 
countries. 

General Requirements for Membranes for Chlor-Alkali Process 

Ion-exchange membranes for the c h l o r - a l k a l i process should 
s a t i s f y the following requirements, some of which tend to be 
mutually contradictory. 

- Chemical s t a b i l i t y 
- Physical s t a b i l i t y 
- Uniform strength and f l e x i b i l i t y 
- High current efficiency 
- Low e l e c t r i c resistance 
- Low electrolyte diffusion 

0097-6156/82/0180-0365$ 11.50/ 0 
© 1982 American Chemical Society 
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366 P E R F L U O R I N A T E D I O N O M E R M E M B R A N E S 

In order to s a t i s f y these requirements and to optimize the 
electrochemical properties of the membrane, the following 
factors must be considered i n r e l a t i o n to s p e c i f i c e l e c t r o l y s i s 
conditions. 

- Water content 
- Type of ion-exchange group 
- Ion exchange capacity 
- Polymer structure 
- Polymer composition 
- Physical structure of membrane 
- D i s t r i b u t i o n of ion-exchange groups i n the membrane 
- Membrane thickness 

The t y p i c a l membranes are homogeneous, and are preferably 
reinforced with an i n e r t material. The chemical composition of 
the membranes are hydrolyzed copolymers of tetrafluoroethylene 
(TFE) and perfluoro v i n y l ether monomer containing an i o n -
exchange group or i t s precursor (PVEX), represented by the 
following general formula (1_ - 21). 

CF 3 I 
PVEX: CFz = CF0-(CF 2CF0) i n-(CF 2) n-X (1) 

Where: m = 0 or 1 
η = 2 - 12 
X = ion-exchange group or i t s precursor such as 

S0 2F, SR, S02R, COOR, COF or CN 

In preparing the membranes, the following steps must be 
c a r e f u l l y designed to control the above fa c t o r s . 

- Monomer synthesis 
- Polymerization 
- Membrane f a b r i c a t i o n 
- Treatment to improve the electrochemical properties 

of the membrane 
- Reinforcement 

C l a s s i f i c a t i o n of Membranes 

The membranes for the c h l o r - a l k a l i process are c l a s s i f i e d 
by chemical structure of ion-exchange group, number and type of 
membrane layers, and polymer structure. 

Ion-Exchange Group. The following f i v e ion-exchange 
groups have been reported i n the l i t e r a t u r e . 

a. s u l f o n i c acid group -SOaH (£, Γ1, 12, 13) 
b. sulfonamide group - S O 2 N H R (14, 15) 
c. carboxylic acid group -COOH Q-8, 10, Ιβ_"21) 
d. phosphoric acid group - P O 3 H 2 (22, 23) 
e. quaternary alcohol group -Ç-0H (24, 25) 
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15. S E K O E T A L . Perfluorocarboxylic Membrane 367 

Groups d and e are not yet u t i l i z e d i n commercial membranes, 
probably because of d i f f i c u l t i e s i n the monomer synthesis. 
Table I shows a comparison of the membranes currently i n use 
which contain s u l f o n i c acid, sulfonamide, carboxylic a c i d , and 
both carboxylic and s u l f o n i c acid groups. 

The strong a c i d i t y and high h y d r o p h i l i c i t y of the perfluoro-
s u l f o n i c acid group r e s u l t i n a membrane of high water content 
and low e l e c t r i c resistance. Since the fi x e d - i o n concentration 
i n the s u l f o n i c acid membrane i s also low, current e f f i c i e n c y 
i s less than 80% with caustic concentrations of 17% or more 
(26). The chemical s t a b i l i t y of per f l u o r o s u l f o n i c acid group 
i s excellent. Because of i t s low pKa value, the membrane can 
be exposed to solutions of pH 1. 

The weak a c i d i t y and r e l a t i v e l y low h y d r o p h i l i c i t y of the 
perfluorocarboxylic acid group r e s u l t s i n a very high current 
e f f i c i e n c y of over 96%, although i t s e l e c t r i c resistance i s 
high (1^, 3^ _5, J7, 1Ό, 26-29). The membrane can be exposed to 
f a i r l y a c i d i c s o l u t i o n as the pKa value i s around 2. I t s 
chemical s t a b i l i t y i s quite good under e l e c t r o l y s i s conditions. 

Perfluorosulfonamide has also been proposed as ion-exchange 
group having very weak a c i d i t y (27, 30, 31). I t i s necessary 
to keep the membrane of t h i s type i n an a l k a l i n e s o l u t i o n i n 
order to maintain d i s s o c i a t i o n of the ion-exchange group. 
Another drawback of t h i s membrane i s i t s rather poor chemical 
s t a b i l i t y due to i t s tendency to be hydrolyzed during 
e l e c t r o l y s i s . 

Some patent applications report membranes which contain 
ion-exchange groups of d i f f e r e n t types or exchange c a p a c i t i e s , 
thus achieving better performance. These membranes can be 
c l a s s i f i e d into those composed of a homogeneous mixture of 
d i f f e r e n t ion-exchange groups and those with a multilayer 
structure of ion-exchange groups d i f f e r i n g i n type or i n ion 
exchange capacity. 

To obtain the former, ion-exchange groups of d i f f e r e n t 
types can be incorporated by terpolymerization, blending 
(mixing), or impregnation (2, 3, 4̂  J5, 8_» 19, 32, 33). These 
membranes show f a i r l y high current e f f i c i e n c y and f a i r l y low 
e l e c t r i c resistance but do not f u l l y u t i l i z e the merits of each 
of the groups, and thus do not ex h i b i t the highly superior 
c h a r a c t e r i s t i c s of multilayer membranes. 

The l a t t e r are obtained by lamination, chemical treatment, 
or coating to incorporate two or more layers, with each layer 
containing an ion-exchange group of a s p e c i f i c type or exchange 
capacity (2_, 2* 1» 6_, 2> 11, 13.» 14, 15, 18-22, 25 9 34). 

Figure 1 shows the general methods for preparation of 
perfluorocarboxylic acid monolayer and multilayer membranes. 

Mu l t i l a y e r Membranes. Various types of multilayer membranes 
have been developed to obtain a combination of high current 
e f f i c i e n c y and low e l e c t r i c resistance. For high current 
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370 P E R F L U O R I N A T E D I O N O M E R M E M B R A N E S 

e f f i c i e n c y , the layer facing the catholyte should contain an 
ion-exchange group with an associated water content lower than 
that of the rest of the membrane. Since the thickness of t h i s 
layer can be much less than the whole membrane thickness, i t i s 
possible to obtain both higher current e f f i c i e n c y and lower 
e l e c t r i c resistance than that of monolayer membrane. 

Figure 2 shows the influence of the carboxylic acid layer 
thickness on current e f f i c i e n c y and e l e c t r i c resistance for a 
mul t i l a y e r perfluorocarboxylic and s u l f o n i c acid membrane 
prepared by chemical treatment (COOH/SO3H). The e l e c t r i c 
resistance increases almost l i n e a r l y with increasing thickness 
of the carboxylic acid layer. Current e f f i c i e n c y , however, 
increases r a p i d l y with increasing thickness of the carboxylic 
acid layer, and reaches substantial saturation near a thickness 
of about 7 microns. This indicates that a carboxylic acid 
layer thickness i n the range of 2 to 10 microns i s the optimum 
to reduce power consumption i n e l e c t r o l y s i s . This optimization 
of the thickness of carboxylic acid layer allows high current 
e f f i c i e n c y without increasing e l e c t r i c resistance, a major 
advantage of the chemical treatment method for preparing m u l t i 
layer membrane. 

Comparison i s made i n Table I I between a monolayer membrane 
containing only a carboxylic acid group and multilayer membranes 
containing both carboxylic and s u l f o n i c acid groups prepared by 
lamination, coating or chemical treatment. From the table, i t 
i s c l e a r that chemical treatment i s most desirable, because of 
the low e l e c t r i c resistance. Moreover, only one type of PVEX 
monomer containing s u l f o n i c acid group or i t s precursor i s 
required for the preparation of the multilayer membrane. I t i s 
necessary, on the other hand, to f i n d an e f f i c i e n t method for 
replacing the s u l f o n i c acid group on one surface of the membrane 
with the carboxylic acid group by mild chemical reaction (18, 
20, 21, 35-38). The monolayer perfluorocarboxylic acid membrane 
can be prepared, i f necessary, by chemical treatment which 
causes the chemical reaction throughout the membrane. 

The use of membrane containing only the carboxylic acid 
group i n an a c i d i c anolyte i s rather d i f f i c u l t , because the 
carboxylic acid group tends to remain undissociated, thus 
increasing the e l e c t r i c resistance of the membrane. This makes 
i t impossible to n e u t r a l i z e migrating hydroxy1 ion by adding 
acid to the anolyte. The migrating hydroxyl ion i s converted 
to oxygen at the anode, r e s u l t i n g i n a shorten anode l i f e . 
With a multilayer membrane containing both carboxylic and 
s u l f o n i c acid groups, however, i t i s possible to neutra l i z e 
proton from the anolyte with hydroxyl anion at the surface of 
or i n the membrane before the proton reaches the carboxylic 
acid layer facing the catholyte, and thus achieve high chlorine 
p u r i t y and longer anode l i f e , as indicated i n Table I. This i s 
one of the e s s e n t i a l features of the Asahi Chemical process 
patented i n various countries (39). Another advantage of the 
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S E K O E T A L . Perfluorocarboxylic Membrane 

Figure 2. The thickness of COOH layer, current efficiency, and electric resistance of 
a multilayer perfluorocarboxylic and sulfonic acid membrane prepared by chemical 

treatment (COOH/SOSH). 
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15. S E K O E T A L . Perfluorocarboxylic Membrane 373 

m u l t i l a y e r membrane i s the higher current density which can be 
applied because of i t s lower e l e c t r i c resistance as w e l l as the 
higher current e f f i c i e n c y , which allows a reduction i n the 
number of c e l l s needed. 

Relation between Ion Exchange Capacity and Pendant Structure 
of PVEX Monomer. Generally speaking, the physical strength of 
the membrane depends on various factors such as the r a t i o of 
copolymers having ion-exchange groups i n the membrane, the TFE 
content of the copolymers, the molecular weight and molecular 
weight d i s t r i b u t i o n of the copolymers, and the type of r e i n 
f o r c i n g material used. The desired ion exchange capacity of 
the membrane i s obtained by adjusting the r a t i o of the copolymers 
i n the membrane and the TFE content of each copolymer. The 
most important factor for adjusting both physical strength and 
ion exchange capacity i s the TFE content. 

The ion exchange capacity of perfluorocarboxylic acid 
membranes reportedly f a l l s i n the range from 0.5 to 4 meq/gram 
dry r e s i n 12.» 16-21). At a given ion exchange capacity, 
a greater molecular weight i n the PVEX monomer r e s u l t s i n a 
decrease i n the TFE content of the copolymer, and a lowering of 
the physical strength of the membrane. Conversely, the attainable 
ion exchange capacity decreases when the molecular weight of 
PVEX monomer i s increased i n order to obtain s u f f i c i e n t physical 
strength. In cases where PVEX monomer with m = 1, η = 3 and 
X = COOCH3 i n formula (1) i s u t i l i z e d for perfluorocarboxylic 
acid membrane, the highest ion exchange capacity i s reported to 
be approximately 1.3 meq/gran dry r e s i n (10). A much higher 
ion exchange capacity can be attained i n cases where m = 0 

Membranes with a high ion exchange capacity are desirable 
for the production of concentrated caustic soda, and i t i s 
therefore e s s e n t i a l to use PVEX monomer with m = 0 as a comonomer. 

Although i t i s desirable to use the PVEX monomer with 
η = 2 and X = S O 2 F i n formula (1) as a comonomer to obtain 
membrane containing s u l f o n i c acid group (9_, 11, 12, 18, 21, 
35 - 38), which i s useful for the preparation of multilayer 
membrane with both carboxylic and s u l f o n i c acid groups by 
chemical treatment, i t i s reported that when m = 0 t h i s PVEX 
monomer undergoes the c y c l i z a t i o n reaction shown below during 
v i n y l i z a t i o n , and also undergoes a c y c l i z a t i o n reaction during 
polymerization under c e r t a i n conditions (13, 20, 40). This 
makes i t s synthesis i m p r a c t i c a l , and may cause a low molecular 
weight of the resultant polymer. 

α-8_' 10_). 

C F 3 
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374 P E R F L U O R I N A T E D I O N O M E R M E M B R A N E S 

For these reasons, the PVEX monomer with m = 1 i s generally 
u t i l i z e d i n commercial a p p l i c a t i o n s , and the ion exchange 
capacity i s therefore l i m i t e d to around 0.9 meq/gram dry r e s i n 
(9, 41). 

Asahi Chemical's Japanese patent applications claim a 
method to overcome these d i f f i c u l t i e s , i n which PVEX monomer 
represented by the following general formula are u t i l i z e d as a 
comonomer (13, 20). 

CF 2 = CF0-(CF 2CP0) m-(CF 2) n-X (2) 

Where: m = 0 or 1 
η = 3 - 5 
X = precursor of s u l f o n i c acid group such as 

S0 2F, SR or S0 2R 

Under sui t a b l e conditions, even with m = 0 these PVEX 
monomers do not c y c l i z e during monomer synthesis nor during 
polymerization, because the functional end group or the si z e of 
the r i n g which would form upon c y l i z a t i o n i s d i f f e r e n t from 
that i n the case of η = 2. This f a c i l i t a t e s monomer synthesis 
and the formation of a polymer with high molecular weight, and 
allows the use of PVEX monomer with m = 0 as the main functional 
comonomer i n the membrane preparation. Consequently, p h y s i c a l l y 
strong membrane with high ion exchange capacity can be prepared 
since the polymer contains s u f f i c i e n t amount of TFE. 

Figure 3 shows the r e l a t i o n between e l e c t r i c conductivity 
and ion exchange capacity of membranes produced from the PVEX 
monomers with m = 0 and 1 which are indicated by formula (2). 

General Properties of Perfluorocarboxylic Acid Membranes 

As membranes employed i n the c h l o r - a l k a l i industry are 
generally of the non-crossiinked type, t h e i r properties are 
influenced s i g n i f i c a n t l y by the conditions i n which they are 
u t i l i z e d . The extreme temperature, concentration and current 
density to which they are subjected i n the c h l o r - a l k a l i process 
are not encountered i n other applications such as e l e c t r o d i a l y s i s . 
C l a r i f i c a t i o n of the membrane properties i s therefore both 
p r a c t i c a l l y necessary and t h e o r e t i c a l l y i n t e r e s t i n g , and a p p l i c a 
t i o n of ion c l u s t e r theory has been attempted (42, 43). 

The water content, e l e c t r i c resistance, current e f f i c i e n c y 
and mechanical properties are influenced by various f a c t o r s . 

Water Content. Figure 4 shows the r e l a t i o n between the 
water content of perfluorocarboxylic acid membrane prepared by 
chemical treatment and the ion exchange capacity with varying 
external s o l u t i o n concentration. As the concentration of the 
external s o l u t i o n increases, the membrane shrinkage increases 
and the water content i s therefore decreased. The influence of 
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Ο 

J I I I L_ 

2 4 6 8 10 

Concentration of NaOH (N) 

Figure 4. Water content, equivalent weight and concentration of NaOH, for per-
CF3 

fluorocarboxylic acid. \-OCF2 CFOCF2 COOH membrane prepared by chemical 
0.001855 ,5104, 

treatment. Line represents: W = j q i q ^ S C e X p EW 

-(1100 <EW< 1400). 
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15. S E K O E T A L . Perfluorocarboxylic Membrane 311 

concentration i s much greater for the membrane with higher ion 
exchange c a p a c i t i e s . This can be interpreted to indicate that 
c r y s t a l l i z e d domains o r i g i n a t i n g from TFE behave l i k e cross-
linked points, and thus suppress swelling at low external 
concentrations. 

Although the copolymer c o n s t i t u t i n g the membrane can be 
considered b a s i c a l l y random i n structure i n view of the monomer 
r e a c t i v i t y r a t i o s , some c r y s t a l l i n i t y occurs when the TFE 
content i s high, s i m i l a r to that of PTFE. For pe r f l u o r o s u l f o n i c 
acid membrane, a nearly l i n e a r r e l a t i o n s h i p i s found between 
the TFE content and the degree of c r y s t a l l i n i t y as measured by 
X-ray d i f f r a c t i o n , as shown i n Figure 5. Figure 6 shows the 
melting point of the copolymer measured by DSC ( D i f f e r e n t i a l 
Scanning Calorimetry) as ci function of TFE content. In t h i s 
f i g u r e , extrapolation to a TFE content of 100 mole percent 
y i e l d s a melting point almost equal to 326°C, the melting point 
of PTFE. A s i m i l a r r e l a t i o n between TFE content and degree of 
c r y s t a l l i n i t y occurs i n perfluorocarboxylic acid membrane (10). 

Water content i n Figure 4 can be expressed as a function 
of ion exchange capacity and external s o l u t i o n concentration by 
the following empirical equation, which i s s i m i l a r to that 
proposed for p e r f l u o r o s u l f o n i c acid membranes by W.G.F. Grot i n 
1972 (44). The water content of perfluorocarboxylic acid 
membrane i s much lower than that of per f l u o r o s u l f o n i c acid 
membrane. 

0.001855 ( 5104 . 
W 1 + 0.1065C X e x p { EW ; 

(1100 < EW < 1400) 

where, W: water content % (gram water/gram dry resin) 
C: concentration of NaOH (N) 
EW: equivalent weight defined by 

1000 
ion exchange capacity (meq/gram dry resin) 

E l e c t r i c Resistance. Figures 7, 8 and 9 show the dependence 
of e l e c t r i c resistance on ion exchange capacity and external 
s o l u t i o n concentration for perfl u o r o s u l f o n i c acid membrane, 
mul t i l a y e r perfluorocarboxylic and s u l f o n i c acid membrane 
prepared by chemical treatment (C00H/S03H), and perfluoro
carboxylic acid membrane prepared by chemical treatment. The 
e l e c t r i c resistance dependent on type of ion-exchange group i s 
lowest for the f i r s t and highest for the t h i r d of these three 
membranes. With increasing concentration of the external 
s o l u t i o n , the concentration of sorbed e l e c t r o l y t e i n the membrane 
increases, and the e l e c t r i c resistance might therefore be 
expected to decrease because of the increasing number of mobile 
ions present i n the membrane. However, the e l e c t r i c resistance 
a c t u a l l y increases due to the decreased water content i n the 
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88 92 96 
TFE content (mol %) 

Figure 5. TFE content and degree of crystallinity measured by x-ray diffraction for 
per fluor osulfonic acid membrane. 
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15. S E K O E T A L . Perfluorocarboxylic Membrane 379 

240 h 

y J — 1 ι . ι ι ι I 
88 92 96 

TFE content (mol %) 

Figure 6. TFE content and melting point measured by DSC for perfluorosulfonic 
acid membrane. 
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Temperature: 25°C 

I I I I I I 1 
2 4 6 8 10 

Concentration of NaOH (N) 

Figure 7. Electric resistance, ion exchange capacity (meq/g dry resin) and concen
tration of NaOH, for perftuorosulfonic acid membrane. 
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S E K O E T A L . Perfluorocarboxylic Membrane 381 

Temperature: 25°C 

-I I I I L_ 

2 4 6 8 10 

Concentration of NaOH (N) 
Figure 8. Electric resistance, ion exchange capacity (meq/g dry resin) and concen
tration of NaOH, for multilayer perfluorocarboxylic and sulfonic acid membrane 

prepared by chemical treatment (COOH/SO Ji). 
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382 P E R F L U O R I N A T E D I O N O M E R M E M B R A N E S 

Figure 9. Electric resistance, ion exchange capacity (meq/g dry resin) and concen
tration of NaOH, for perfluorocarboxylic acid membrane prepared by chemical 

treatment. 
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15. S E K O E T A L . Perfluorocarboxylic Membrane 383 

membrane and the consequent sharp reduction i n the d i f f u s i o n 
c o e f f i c i e n t s of the ions which occurs with increasing membrane 
shrinkage when the external s o l u t i o n concentration increases. 
The minimum e l e c t r i c resistance which occurs at the concentration 
of about 2N i n Figures 7, 8 and 9 i s considered to be the 
re s u l t of the i n t e r a c t i n g e f f e c t of concentration of the sorbed 
e l e c t r o l y t e and d i f f u s i o n c o e f f i c i e n t s of the ions i n the 
membrane. 

Figure 3 shows the r e l a t i o n between the pendant structure 
of PVEX monomer and the e l e c t r i c conductivity of the membrane. 
As shown i n Figure 3, e l e c t r i c conductivity i s higher for the 
membrane from PVEX monomer containing longer pendant (m = 1) at 
a given ion exchange capacity. The same pattern was observed 
i n the case of PVEX monomer with COOCH3 (10). This i s caused 
by the occurrence of higher water content with lower TFE content 
when m=l. 

Current E f f i c i e n c y . Current e f f i c i e n c y i s plotted against 
the external s o l u t i o n concentration i n Figure 10 for a multilayer 
perfluorocarboxylic and s u l f o n i c acid membrane prepared by 
chemical treatment (COOH/SO3H). For t h i s membrane, a maximum 
current e f f i c i e n c y occurs at a c e r t a i n external s o l u t i o n 
concentration. The maximum current e f f i c i e n c y tends to occur 
at higher external concentration when the ion exchange capacity 
i s r e l a t i v e l y high, thus i n d i c a t i n g that membranes with higher 
ion exchange capacity are preferable for the production of 
a l k a l i of higher concentrations. 

According to the Donnan equilibrium theory, the concen
t r a t i o n of sorbed e l e c t r o l y t e i n the membrane increases with 
increasing external s o l u t i o n concentration which tends to 
re s u l t i n lower current e f f i c i e n c y at higher external s o l u t i o n 
concentrations (45). 

However, occurrence of maximum current e f f i c i e n c y indicates 
that a region e x i s t s i n which the Donnan exclusion e f f e c t i v e l y 
overcomes t h i s general tendency, probably because the fi x e d - i o n 
concentration increases r a p i d l y with the decreasing water 
content i n highly concentrated external s o l u t i o n . This can be 
considered the general c h a r a c t e r i s t i c of membranes for the 
c h l o r - a l k a l i process, which are non-crosslinked and are u t i l i z e d 
for high concentration a l k a l i e l e c t r o l y s i s . The same phenomenon 
has also been observed with membranes containing only carboxylic 
acid group (46), sulfonamide group (15), and s u l f o n i c acid 
group (47-50). 

Mechanical Properties. The mechanical properties of 
membranes for i n d u s t r i a l applications are important, because of 
t h e i r influence on the membrane's resistance to wrinkling and 
pinhole formation. 

Table I I I shows the mechanical properties of perfluoro
carboxylic acid membrane prepared by chemical treatment and 
per f l u o r o s u l f o n i c acid membrane. 
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100 

_ 90 

Ζ 80 
c 

ο 

70 μ 

-

I.E.C. = 0.74 Ν. I.E.C. = 0.87 

ι ι ι 

Electrolysis conditions 40 A /dm 2 , 90°C 

I ι ι I I I ι 1_ 

8 10 12 

Concentration of NaOH (Ν) 

14 

Figure 10. Current efficiency, ion exchange capacity (meq/g dry resin) and concen
tration of NaOH, for multilayer perfluorocarboxylic and sulfonic acid membrane 

prepared by chemical treatment (COOH/SO s H). 

Table III. Mechanical Properties of Perfluoro Ionomer Membrane. (Ion Exchange 
Capacity: 0.03 meq/g Dry Resin). 

Membrane 

Conditions 

Tensile strength (kg/cm2 ) 

Elongation (%) 

Tensile modulus (kg/cm2) 

Perfluorocarboxylic acid 
membrane prepared by 

chemical treatment 

25°C in water 

236 

253 

1,560 

Perf luorosulf onic acid 
membrane 

25°C in water 

224 

155 

791 
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15. S E K O E T A L . Perfluorocarboxylic Membrane 385 

Table IV indicates the degree of elongation found for 
membranes reinforced with PTFE f a b r i c . 

Membrane L i f e i n I n d u s t r i a l Applications 

The l i f e of the membrane i s governed by i t s c h a r a c t e r i s t i c s 
and the conditions under which i t i s u t i l i z e d . For long l i f e , 
i t i s e s s e n t i a l to select the ion-exchange group, polymer 
struc t u r e and composition, layer structure, and reinforcement 
appropriate to the conditions i n which i t w i l l be employed, and 
also to e s t a b l i s h and maintain the necessary e l e c t r o l y s i s and 
handling conditions. 

Optimum Ion-exchange Group. The perfluorocarboxylic acid 
group has been found to best s a t i s f y the dual requirements of 
long membrane l i f e and high current e f f i c i e n c y . Although 
perfluorocarbon copolymer — the main constituent of the membrane 
— i s completely i n e r t to chlorine and concentrated caustic soda 
under e l e c t r o l y s i s conditions, ion-exchange groups are reactive 
i n varying degrees. Perfluorosulfonic acid group has excellent 
chemical s t a b i l i t y even at caustic soda and chlorine concentra
tions and temperatures much higher than those normally 
encountered i n the e l e c t r o l y s i s c e l l , but r e s u l t s i n low current 
e f f i c i e n c y i n the membrane. Perfluorosulfonamide group tends 
to undergo hydrolysis under e l e c t r o l y s i s conditions. Although 
perfluorocarboxylic acid group may be decarboxylated under 
extreme conditions (34), i t i s stable under normal e l e c t r o l y s i s 
conditions. Since membranes with t h i s group also e x h i b i t high 
current e f f i c i e n c y , i t i s therefore the best choice for use i n 
e l e c t r o l y s i s . 

Influence of Polymer Pendant Structure. The polymer 
pendant structure generally has a s i g n i f i c a n t e f f e c t on the 
l i f e of membrane. For a multilayer perfluorocarboxylic and 
su l f o n i c acid membrane prepared by chemical treatment (COOH/SO3H), 
a great difference i n the long-term s t a b i l i t y of current 
e f f i c i e n c y i s observed depending on the polymer pendant structure 
of the perfluorosulfonic acid membrane u t i l i z e d as the s t a r t i n g 
material. When the PVEX monomer represented by the general 
formula (2) i s u t i l i z e d i n preparing p e r f l u o r o s u l f o n i c acid 
membrane, the resultant multilayer membrane shows a current 
e f f i c i e n c y with much greater long-terra s t a b i l i t y than that 
obtained when the conventional PVEX monomer with m=l, n=2 and 
X=S02F i n formula (1) i s u t i l i z e d (20). Although the mechanism 
i s not yet c l e a r , both physical and chemical factors are believed 
to be involved i n t h i s difference. 

Influence of Polymer Composition and Layer Structure. 
Under e l e c t r o l y s i s conditions, the copolymer c o n s t i t u t i n g the 
membrane tends to creep due to the v i o l e n t mass transfer of 
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386 P E R F L U O R I N A T E D I O N O M E R M E M B R A N E S 

Table IV. Elongation of Perfluoro Ionomer Membrane Reinforced with P T F E Fabric. 

(basis: dry H form) 

Conditions 25°C in water 90°C in 5 Ν NaOH 90°C in 10 Ν NaOH 

Multilayer perfluoro
carboxylic and 
sulfonic acid 
membrane by 
chemical treatment 
(COOH/SO3H) 

6.0% 4.5% 2.9% 

Perfluorosulfonic 
acid membrane 8.5% 7.5% 6.1% 
(SO3H) 

Table V . P V E X Monomer Appropriate for Perfluorocarboxylic Acid Membrane. 

Type of membrane 

Monolayer perfluorocarboxylic 
acid membrane 

(COOH) 

Multilayer perfluorocarboxylic 
and sulfonic acid membrane 
by lamination or coating 

(COOHISO3H) 

Multilayer perfluorocarboxylic 
and sulfonic acid membrane 
by chemical treatment 

(COOH/SO3H) 

PVEX monomer with 
carboxylic acid 

group or its precursor 

yes 

yes 

PVEX monomer with 
sulfonic acid group 

or its precursor 

yes 

yes 

Table VI . Synthesis of P V E X Monomer (Scheme 1). 

C F 3 C F 3 

X - ( C F 2 )„_! - C O F ( m + 1 ) H F P Q - X - ( C F 2 ) n - ( O C F C F 2 ) m O - C F C O F 

- C O F 2 

C F 3 

I 
X - ( C F 2 ) n - ( O C F C F 2 ) m O — C F = C F 2 
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15. S E K O E T A L . Perfluorocarboxylic Membrane 387 

ions and water molecules through the membrane, thus causing a 
decrease in current efficiency. This tendency can be avoided 
by including s u f f i c i e n t amount of TFE i n the polymer composition, 
since the c r y s t a l l i z e d domains originating from TFE behave l i k e 
crosslinked points and ef f e c t i v e l y r e s i s t the forces caused by 
the mass transfer. For a multilayer membrane, pa r t i c u l a r l y 
that prepared by lamination, the same forces tend to cause the 
layers to peel apart. It is therefore essential that the 
layers be strongly bonded, and for this purpose the mutual 
s o l u b i l i t y of the copolymers i n the multilayer membrane i s of 
primary importance. 

Necessity for Reinforcement. Handling of the membranes 
may tend to cause pinholes or tears. Adequate reinforcement of 
the membrane i s therefore necessary to ensure long service 
l i f e . It i s also important to establish methods for repair of 
the damaged membranes. 

Influence of E l e c t r o l y s i s Conditions. Among the various 
e l e c t r o l y s i s conditions, brine purity has the most s i g n i f i c a n t 
effect on the l i f e of the membranes. The presence of a small 
amount of multivalent cations leads to formation of metal 
hydroxide deposits in the membrane, and thus causes a decrease 
in current efficiency, an increase i n c e l l voltage, and damage 
to the polymer structure of the membrane. With perfluoro
carboxylic acid membrane, the presence of more than 1 ppm of 
calcium ion w i l l begin to cause these problems in a very short 
period (1 - 8̂  ). To obtain stable current efficiency and c e l l 
voltage, i t i s therefore essential to establish effective brine 
p u r i f i c a t i o n methods. 

Preparation of Membrane 

The three main steps of membrane preparation are monomer 
synthesis, polymerization and membrane fabrication. 

Synthesis of Monomers. The appropriate selection of PVEX 
monomer structure and a high yi e l d in monomer synthesis are 
essential to the successful membrane preparation. The type of 
PVEX monomer to be u t i l i z e d i s determined by the required 
membrane structure, as indicated in Table V. 

These monomers are generally produced by the addition of 
hexafluoropropylene oxide (HFPO) to a bifunctional compound 
represented by the general formula X-(CF 2) n-ι-COF, followed by 
v i n y l i z a t i o n by heating with a catalyst such as sodium carbonate, 
as indicated i n Table VI (13, 20, .51-63). 

The bifunctional compounds X - ( C F 2 ) n -j-COF are key i n t e r 
mediates and the method of synthesis of these intermediates i s 
the major determinant of the monomer synthesis, as indicated 
i n Tables VII (5^-5(5), VIII (57_, 58), and IX (13, 20, 59-63). 
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Polymerization Process. The copolymer of TFE and PVEX 
monomer may be prepared according to the w e l l known methods for 
homopolymerization and copolymerization of a flu o r i n a t e d ethylene 
(10, 17, 59, 60, 64). The methods may be broadly c l a s s i f i e d as 
polymerization i n a non-aqueous system and polymerization i n an 
aqueous system. The polymerization temperature i s generally 
from 5 to 100°C depending on the h a l f - l i f e temperature of the 
i n i t i a t o r . The pressure may be varied from 0 to 30 kg/cm2 to 
adjust the composition of the copolymer. 

Non-aqueous polymerization i s frequently c a r r i e d out i n an 
i n e r t f l u o r i n a t e d solvent such as 1,1,2-trichloro 1,2,2-trifluoro 
ethane, perfluoro methyl cyclohexane, perfluoro dimethyl 
cyclobutane, perfluoro octane or perfluoro benzene. As the 
free r a d i c a l i n i t i a t o r , a perfluorocarboxylic acid peroxide 
(RfC00) 2, an azo b i s type compound such as azobisisobutylo-
n i t r i l e , or a f l u o r i n e r a d i c a l i n i t i a t o r such as N 2 F 2 may be 
used. 

Aqueous polymerization i s carried out i n e i t h e r an emulsion 
or a suspension. In the emulsion polymerization, monomers are 
polymerized i n an aqueous medium containing a water soluble 
free r a d i c a l i n i t i a t o r and an emuls i f i e r to obtain a polymer 
p a r t i c l e s l u r r y . In the suspension polymerization, monomers are 
polymerized i n an aqueous medium containing both a free r a d i c a l 
i n i t i a t o r which i s soluble i n the monomer and a dispersion 
s t a b i l i z e r i n e r t to telomerization to achieve the dispersion of 
polymer p a r t i c l e s , followed by p r e c i p i t a t i o n of the dispersion. 
The free r a d i c a l i n i t i a t o r may be a redox c a t a l y s t such as 
ammonium persulfate-sodium hydrogen s u l f i t e , a perfluorocarboxylic 
acid peroxide (RfC00) 2, or an azo b i s type compound such as 
azob i s i s o b u t y l o n i t r i l e . 

During polymerization, the formation of end groups of 
carboxylic acid or i t s derivatives may occur, depending on the 
type of i n i t i a t o r . This causes d i f f i c u l t i e s i n melt f a b r i c a t i o n 
of the resultant polymer because of the r e l a t i v e l y low thermal 
s t a b i l i t y of these groups. Methods of avoiding t h i s problem 
have been reported i n patent ap p l i c a t i o n s , such as converting 
these groups into ester groups with methanol (65), into a C F 3 
group with f l u o r i n e gas (66), or into a CF 2H group by heating. 

The molecular weight of the copolymer i s generally from 
8,000 to 1,000,000 (17_, 59, 60). I t i s of course necessary to 
produce a polymer of molecular weight high enough to obtain 
membrane of s u f f i c i e n t physical strength and good e l e c t r o 
chemical performance. The melt flow rate i s preferably i n the 
range of 0.1 gram/10 minutes to 500 gram/10 minutes, as measured 
under a load of 2.16 kg at 270°C according to ASTM D1238. 

The monomer r e a c t i v i t y r a t i o s for copolymers of TFE and 
PVEX monomer containing C O O C H 3 have been reported i n the 
l i t e r a t u r e (10). The following i s an example of monomer 
r e a c t i v i t y r a t i o s obtained for the copolymer of TFE and PVEX 
monomer containing S O 2 F . 
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15. S E K O E T A L . Perfluorocarboxylic Membrane 391 

CF 2 = CF 2 r 1 = 8 

CF =CFOCF CF0(CFJ SO F 
2 2 273 2 

r =0.08 

Membrane Fabrication, Lamination and Reinforcement. The 
thermoplastic copolymer of TFE and PVEX monomer can be extruded 
or molded into a t h i n f i l m by conventional methods. Extrusion 
i s most appropriate for continuous production of large membranes 
because i t f a c i l i t a t e s control of f i l m thickness. Lamination 
can be performed with a r o l l press to obtain multilayer membrane. 
To improve t h e i r mechanical properties, membranes are generally 
reinforced with an i n e r t material such as f a b r i c made of PTFE 
(67_, 6 8 J , f i b r i l e d PTFE ( 6 £ ) , or wire netting ( 7 0 ) . 

Incorporation of carboxylic acid group 

Perfluorocarboxylic acid membrane i s prepared by hydro-
l y z i n g the f i l m of copolymer of PVEX monomer with carboxylic 
acid group or i t s precursor and TFE by conventional method. 
For membrane prepared from PVEX monomer with s u l f o n i c acid 
group or i t s precursor, the carboxylic acid group i s incorpo
rated by one of the following methods. 

Chemical Treatment. Sulfonic acid groups on one surface 
of the membrane can be replaced by carboxylic acid groups 
through one of the following chemical reactions, most of which 
were f i r s t reported i n Asahi Chemical patents and patent a p p l i 
cations. 
A. Chemical reaction v i a s u l f i n i c acid group (13, 20, 35 ) . 

As indicated by the following scheme, per f l u o r o s u l f o n y l 
halide group i s reduced to s u l f i n i c acid group. The 
r e s u l t i n g p e r f l u o r o s u l f i n i c acid group i s unstable 
p a r t i c u l a r l y i n i t s H form and can be e a s i l y replaced by 
carboxylic acid group. 

-0(CF 2) S0 2X reduction -0(CF 2) nS0 2H η 
reducing agent, 
o x i d i z i n g agent, 
or heat 

(X=C1, F) - s o 2 

- 0(CF 2) 2'n-i COOH 
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392 P E R F L U O R I N A T E D I O N O M E R M E M B R A N E S 

Reducing agents such as hydroiodic a c i d , hydrobromic a c i d , 
hypophosphorus ac i d , and hydrazine can be u t i l i z e d i n t h i s 
r eaction. Sulfonyl chloride group (S0 2C1), the most common 
s t a r t i n g chemical moiety, can be prepared from the s u l f o n i c 
acid group by reaction with phosphorus pentachloride or 
phosphorus t r i c h l o r i d e and chlorine (18, 20, 21, 36, 37, 
38, 71) or from a s u l f i d e group by reaction with chlorine 
and water (20). 
Chemical reaction v i a -CF2 X (36, 37) 
The functional group - CF 2X(X=I or Br) can be r e a d i l y 
prepared by contacting the membrane having the s u l f o n y l 
chloride group with a halogen such as iodine or bromine. 
When exposed to u l t r a v i o l e t l i g h t or S0 3, these groups 
(-CF2X) can be replaced by a carboxylic acid group, as 
indicated i n the following scheme. 

X 2 -0(CF 2) X -0 ( C F 2 ) n S 0 2 C l > n 

-S0 2 I uv 
or 
S0 3 

-0(CF 2) n_ iC00H 

C. Desulfonylation reaction (18, 35, 38) 
Perf l u o r o s u l f o n y l chloride or s u l f o n i c acid group can be 
desulfonylated under various conditions, to prepare a 
carboxylic acid group. 

UV, heat, peroxides, 
or o x i d i z i n g agent 

-0(CF 2) S0 2C1 - > - 0 ( C F 2 ) COOH 
n * n - i 

F 2 + 0 2 

-0(CF 2) nS0 3H > -OCCF^^COOH 
D. Addition reaction (21_, 37_) 

In accordance with the above reactions, pendant carboxylic 
acid has one less carbon atom than the o r i g i n a l pendant. 
Some patent applications report a method to prepare the 
pendant containing carboxylic acid i n which the number of 
carbon atoms equal to or greater than that i n the o r i g i n a l , 
by a p p l i c a t i o n of an addition reaction with the su l f o n y l 
chloride group or -CF 2X(X=I or Br). 

Reaction A i s most appropriate for the preparation of m u l t i 
layer membrane because of i t s extremely high s e l e c t i v i t y . 
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15. S E K O E T A L . Perfluorocarboxylic Membrane 393 

Lamination and Coating ( 2 , 3, 4 , 6 , 8 , 1 9 , 3 3 ) . 
M u l t i l a y e r perfluorocarboxylic and s u l f o n i c acid membrane 
( C 0 0 H | S 0 3 H ) i s prepared by hydrolyzing a laminated or coated 
f i l m containing a carboxylic acid ester group i n one layer of 
the membrane and a s u l f o n y l f l u o r i d e or s u l f o n i c acid group i n 
the other layer i n the membrane. M u l t i l a y e r ((COOH + S 0 3 H ) | S 0 3 H ) 
membrane can be obtained by hydrolyzing a laminated or coated 
f i l m containing a mixture or blend of copolymers with carboxylic 
acid ester and s u l f o n y l f l u o r i d e . 

Terpolymerization ( 2 , 3, 4 , 6 , 8 , 3 3 ) . Membranes contain
ing both perfluorocarboxylic and s u l f o n i c acid groups can be 
prepared by hydrolyzing a f i l m formed by terpolymerization of 
TFE and two PVEX monomers containing a carboxylic ester group 
and s u l f o n y l f l u o r i d e group. 

Impregnation and Blending ( 2 , 3, 4 , 6 , 8 , 1 9 ) . Membrane 
with mixed perfluorocarboxylic and s u l f o n i c acid groups can be 
prepared by impregnating perfluorosulfonic acid membrane with a 
PVEX monomer containing a carboxylic acid ester group, and 
polymerizing the monomer i n the membrane, and then hydrolyzing 
the resultant f i l m . Porous f i l m of PTFE or Teflon PFA can be 
u t i l i z e d as a base material i n place of perfl u o r o s u l f o n i c acid 
membrane. The same membrane with mixed carboxylic and s u l f o n i c 
acid groups can be obtained by hydrolyzing the f i l m formed by 
blending the two copolymers, i n which one i s a copolymer of TFE 
and PVEX monomer containing a carboxylic acid ester group and 
the other i s a copolymer of TFE and PVEX monomer containing a 
s u l f o n y l f l u o r i d e group. 

Asahi Chemical's Membranes 

The t y p i c a l perfluorocarboxylic acid membrane developed by 
Asahi Chemical i s a multilayer membrane prepared by chemical 
treatment. The structure of the membrane i s optimized for high 
current e f f i c i e n c y and low e l e c t r i c resistance. The thickness 
of the carboxylic acid layer i s i n the range of 2 to 1 0 microns. 
The chemical structure of the membrane i s as follows ( 7 2 ) . 

-(CF 2-CF 2) 

0 - ( C F 2 C P 0 ) -(CF 2) -COOH m 
-(CF 2-CF 2) ζ 

0 - ( C F 2 C F 0 ) M - ( C F 2 ) £ - S 0 3 H 

(m = 0 or 1 , η = 1 - 4 , I = 2 - 5 ) 

 P
ub

lic
at

io
n 

D
at

e:
 F

eb
ru

ar
y 

4,
 1

98
2 

| d
oi

: 1
0.

10
21

/b
k-

19
82

-0
18

0.
ch

01
5



394 P E R F L U O R I N A T E D I O N O M E R M E M B R A N E S 

The performance and l i f e of the membrane are excellent. 
The following are t y p i c a l performance data for Asahi Chemical's 
membrane. 

membrane current e f f i c i e n c y e l e c t r i c resistance c e l l voltage* 
25°C i n 0.1N NaOH 

membrane 96% 4.2 ohm 2.98 V 
for 21% NaOH 
membrane 
fo r 30% NaOH 96% 3.9 ohm 3.12 V 

2 
* i n laboratory c e l l at 40 Amperes/dm and 90°C 

Membrane C h l o r - A l k a l i Process Developed by Asahi Chemical 

Perfluorocarboxylic acid membrane d i f f e r s greatly from 
conventional asbestos diaphragm i n many respects, the most 
important of which are i t s high cation permselectivity, e f f e c t i v e 
gas impermeability, low water transport, small pore diameter, 
high mechanical strength, ease of handling, and r e l a t i v e l y high 
membrane cost. It also d i f f e r s from pe r f l u o r o s u l f o n i c acid and 
sulfonamide membrane i n current e f f i c i e n c y , e l e c t r i c resistance, 
and chemical s t a b i l i t y and other c h a r a c t e r i s t i c s . The o v e r a l l 
membrane process should be s p e c i f i c a l l y designed for optimum 
u t i l i z a t i o n of the carboxylic acid membrane c h a r a c t e r i s t i c s i n 
i n d u s t r i a l a p plications. In p a r t i c u l a r , the basic e l e c t r o l y s i s 
conditions described below are s p e c i f i c to the membrane process, 
and must be considered i n the design and s e l e c t i o n of the brine 
p u r i f i c a t i o n , e l e c t r o l y z e r , anode, cathode, and evaporation 
process. 

L i m i t i n g Current Density. In the membrane process, boundary 
layers form at both sides of the membrane due to i t s cation 
permselectivity. Such boundary layers do not occur i n the 
diaphragm process. For the boundary layer at the surface of 
the membrane facing the anolyte, the following basic equation 
i s established (73). 

~T~^ TNa + - tNa +^ " ^-00) 

current density (Ampere/cm2) 
transport number of Na i n the membrane (Na 
current e f f i c i e n c y ) 
transport number of Na i n the anolyte 
Faraday constant (96500 Ampere.sec/ equivalent) 
d i f f u s i o n c o e f f i c i e n t of sodium chloride at 
the boundary layer (cm 2/sec) 

where: 
I « 

Τ + = 
Na 

tN a + » 
F » 
D = 
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15. S E K O E T A L . Perfluorocarboxylic Membrane 395 

C = concentration of sodium chloride i n the 
bulk phase of anolyte (equivalent/cm ) 

Co = concentration of sodium chloride at the 
surface of membrane (equivalent/cm 3) 

δ = thickness of the boundary layer (cm) 

The l e f t side of the equation represents the rate of 
sodium chloride removal from the boundary layer due to the 
difference between the transport number of Na + ion i n the 
membrane and that i n the anolyte. The rig h t side of the 
equation represents the rate of sodium chloride supply to the 
boundary layer caused by d i f f u s i o n from the bulk phase. At a 
ce r t a i n current density (I = Io), Co approaches zero and the 
following equation i s established. 

At a higher current density than t h i s l i m i t i n g current 
density (Io), the supply of Na + ion to the boundary layer 
becomes i n s u f f i c i e n t f o r the transport of e l e c t r i c current, and 
water therefore decomposes to hydrogen ion and hydroxyl ion for 
the transport of e l e c t r i c current i n the boundary lay e r . Under 
these conditions, e l e c t r i c current i s car r i e d through the 
membrane not only by Na + ion but also by t h i s hydrogen ion. 
This r e s u l t s i n higher operating voltage and lower current 
e f f i c i e n c y . 

The operating current density must therefore be lower than 
the l i m i t i n g current density over the enti r e membrane surface. 
This requires c a r e f u l design of the c e l l to ensure uniform 
current d i s t r i b u t i o n throughout the membrane and uniform 
d i s t r i b u t i o n of the e l e c t r o l y t e concentration throughout the 
c e l l . 

A b i p o l a r configuration, i n which the e l e c t r i c current i n 
the i n d i v i d u a l c e l l i s unaffected by the number of c e l l s i n the 
e l e c t r o l y z e r , i s preferable f o r t h i s purpose (26 -29). The 
bipolar configuration, moreover, i s highly preferable for 
minimization of the electrode gap, f a c i l i t a t e s detection of any 
v a r i a t i o n i n performance due to membrane manufacturing or c e l l 
construction through measurement of the operating voltage of 
each c e l l , and allows automatic t r i p - o f f of one e l e c t o l y z e r 
independently of others ( 7 4 ) . 

For uniform d i s t r i b u t i o n of e l e c t r o l y t e concentration i n 
and among c e l l s , forced, continuous c i r c u l a t i o n of a large 
amount of e l e c t r o l y t e i s highly preferable to the conventional 
drop-wise supply used i n the mercury and diaphragm process. 
Forced c i r c u l a t i o n also allows e f f e c t i v e removal of the heat 
generated by e l e c t r o l y s i s . 

I f the boundary layer (6 ) i s narrow, a lower sodium 
chloride concentration i n the anolyte can be used at a given 
current density. This r e s u l t s i n a high rate of sodium chloride 

Io = -£—D-F»- 1 
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396 P E R F L U O R I N A T E D I O N O M E R M E M B R A N E S 

u t i l i z a t i o n i n the anolyte stream, and a consequent reduction 
i n brine p u r i f i c a t i o n cost. I t has been reported that δ can 
be reduced by loc a t i n g the membrane near the anode, with 
appropriate turbulence at the boundary layer thus provided by 
the evolving chlorine gas (75). The anode configuration must 
promote both e f f e c t i v e d i f f u s i o n of sodium chloride into the 
boundary layer and uniform d i s t r i b u t i o n of current through the 
membrane. 

Caustic soda of high p u r i t y can be obtained by operation 
at a current density s l i g h t l y below Io, since t h i s r e s u l t s i n a 
very low sodium chloride concentration near the membrane (Co) 
and thus e f f e c t i v e l y prevents d i f f u s i o n of sodium chloride 
through the membrane and into the catholyte. 

A boundary layer with a gradient i n caustic soda concen
t r a t i o n also forms at the surface of the membrane facing the 
catholyte based on a s i m i l a r p r i n c i p l e , r e s u l t i n g i n a caustic 
soda concentration on the membrane surface which i s higher than 
that i n the bulk phase. Since t h i s tends to reduce the current 
e f f i c i e n c y and e l e c t r i c conductivity of the membrane, i t i s 
necessary to minimize the boundary layer thickness or reduce 
the caustic soda concentration i n the bulk phase. I t i s also 
e s s e n t i a l to p u r i f y the brine with ion-exchange r e s i n of high 
s e l e c t i v i t y , i n order to prevent p r e c i p i t a t i o n of metal ions as 
hydroxides i n the membrane and the boundary layer (74). 

In the diaphragm process, these phenomena do not occur 
because the diaphragm has no cation permselectivity. 

In the s o l i d polymer e l e c t r o l y t e (SPE) c e l l process, the 
membrane and the electrode are bonded together, and i t i s 
d i f f i c u l t to reduce the boundary layer thickness on both surfaces 
of the membrane. This process also requires very t h i n electrodes 
which must be made highly porous without increasing t h e i r ohmic 
resistance or reducing t h e i r mechanical strength. 

The optimum current density of the membrane process 
(including the SPE c e l l process) i s higher than that of the 
diaphragm process, because of the r e l a t i v e l y high cost of the 
perfluoro ionomer membrane and i t s greater s e n s i t i v i t y to 
imp u r i t i e s , which requires the use of more expensive material 
for equipment. 

Caustic Soda Concentration. The maximum e l e c t r i c conduc
t i v i t y of caustic soda s o l u t i o n occurs at a concentration of 
about 20% at the ordinary e l e c t r o l y s i s temperature, and the 
membrane conductivity tends to decline sharply with caustic 
soda concentration i n the catholyte exceeding 20% (26). The 
boundary layer e f f e c t described i n the previous section also 
makes r e l a t i v e l y low concentrations preferable. With increasing 
concentration of caustic soda, moreover, the allowable concentra
t i o n of multivalent cation i n the brine must be decreased 
exponentially because the s o l u b i l i t y products of multivalent 
cation hydroxides are constant, and operational d i f f i c u l t i e s 
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15. S E K O E T A L . Perfluorocarboxylic Membrane 397 

occur as a r e s u l t . The advanced perfluorocarboxylic acid 
membrane now a v a i l a b l e has a current e f f i c i e n c y of over 90% i n 
a broad range of caustic soda concentrations, and minimum power 
consumption i s achieved at a caustic soda concentration of 
approximately 20%-30%, where the e l e c t r o l y s i s voltage i s lowest. 

The high p u r i t y of the caustic soda obtained by the membrane 
process eliminates the need for a caustic soda evaporator i n 
cases where i t i s to be supplied to customers such as pulp 
m i l l s which u t i l i z e a d i l u t e caustic soda. This i s i n marked 
contrast to the diaphragm process which i n e v i t a b l y requires 
evaporation to separate sodium ch l o r i d e . For the general 
trade, i n which caustic soda at 50% concentration i s required, 
a conventional multiple e f f e c t evaporator i s generally u t i l i z e d 
to concentrate the catholyte. Caustic soda from the membrane 
process contains a very s l i g h t amount of sodium chloride which 
does not cause corrosion of the evaporator materials or 
p r e c i p i t a t i o n of sodium c h l o r i d e , and thus allows easier and 
more stable evaporator operation than i n the diaphragm process. 

Although as previously described i t i s preferable to 
operate the c e l l at around 20% - 30% of caustic soda concentration 
to minimize e l e c t r o l y s i s power consumption, higher concentrations 
of catholyte are generally preferable to minimize steam 
consumption i n the evaporation process. However, Asahi Chemical 
has developed a heat recovery evaporator which greatly reduces 
the need for external stream supply and therefore permits a 
s i g n i f i c a n t reduction i n the t o t a l energy consumption of 
e l e c t r i c i t y and steam (74,76). 

The heat recovery evaporator i s a multistage, m u l t i - e f f e c t 
evaporator which i s d i f f e r e n t from conventional multiple e f f e c t 
evaporator or multistage f l a s h evaporator. Asahi Chemical fs 
heat recovery evaporator can concentrate the catholyte from 21% 
to about 40% without steam by u t i l i z i n g heat generated during 
e l e c t r o l y s i s . To obtain product caustic soda of 50% concentra
t i o n , a small amount of steam i s supplied to the f i n i s h i n g 
evaporator. 

Operating Pressure. In the diaphragm process, a small 
difference i n hydraulic pressure i s applied between anolyte and 
catholyte to transport anolyte through the diaphragm to the 
catholyte compartment. I t i s therefore impractical to pressurize 
the anolyte, since t h i s would cause chlorine gas to dissolve i n 
the anolyte and thus mix with the catholyte. 

In the membrane process, however, pressurized operation 
does not cause mixing of anolyte and catholyte due to the dense 
structure of the membrane, and various advantages such as 
reduced operating voltage and membrane v i b r a t i o n can be gained 
by pressurizing both chlorine gas and hydrogen gas (77). 
Figure 11 shows the r e l a t i o n between operating voltage and 
operating temperature at various operating pressures (77). 

 P
ub

lic
at

io
n 

D
at

e:
 F

eb
ru

ar
y 

4,
 1

98
2 

| d
oi

: 1
0.

10
21

/b
k-

19
82

-0
18

0.
ch

01
5



P E R F L U O R I N A T E D I O N O M E R M E M B R A N E S 

1.0 ata Membrane: Nafion 315 
Current density: 40 A/dm 2 

Anolyte cone: 2.5 Ν 
Catholyte cone: 17% 
Electrode gap: 3 mm 

1.3 ata 

1.5 ata 

2.0 ata 

2.5 ata 

3.0 ata 

ι 1 1 1 1 τ 1 ~ 
70 80 90 100 110 120 130 C 

Operating temperature 

Figure 11. Cell voltage vs. operating pressure. 
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15. S E K O E T A L . Perfluorocarboxylic Membrane 399 

With increasing temperature, e l e c t r o l y t e and membrane 
resistance tend to decrease while water vapor pressure tends to 
increase, and minimum operating voltage occurs at a s p e c i f i c 
temperature. 

The use of metal c e l l s i s j u s t i f i e d by the advantages of 
pressurized operation, as well as by t h e i r other operational 
and mechanical advantages (74). 

Anode. Metal electrodes of high dimensional p r e c i s i o n are 
es s e n t i a l for maintaining a uniform distance between the electrode 
and a membrane of large s i z e , and an electrode distance as 
small as possible i n the membrane c e l l . I t i s preferable to 
locate the membrane near the anode, to minimize the thickness 
of the boundary layer at the membrane during e l e c t r o l y s i s . 
During operation, a l k a l i migrates from the catholyte to the 
anode through the membrane. I f the a l k a l i i s not ne u t r a l i z e d , 
oxygen i s generated at the anode at a considerable rate and 
tends to shorten the anode l i f e . I t i s therefore preferable to 
neutrali z e t h i s a l k a l i with hydrochloric a c i d , and to u t i l i z e 
m u l t ilayer Rf-COOH/Rf-SO3H membrane with high current e f f i c i e n c y . 

For the same reason, the anode coating f or the membrane 
process must possess superior a l k a l i resistance, while f u l f i l l i n g 
the requirements for low chlorine overvoltage and high oxygen 
overvoltage. 

Asahi Chemical has developed an unique anode coating which 
s a t i s f i e s the requirements of the membrane process, and has 
used i t i n d u s t r i a l l y since 1975. This coating i s a completely 
s o l i d s o l u t i o n of ruthenium, titanium and oxygen, i n which the 
molar percentage of ruthenium i s at lea s t 50% of the t o t a l 
metal content and various other metal components are 
incorporated to provide high oxygen overvoltage (26, 78). 

Cathode. Because i r o n i s an inexpensive material and has 
a rather small hydrogen overvoltage, i r o n cathode i s generally 
u t i l i z e d , i n the form of a mesh, perforated p l a t e , or expandable 
metal sheet. 

In a discussion on the hydrogen overvoltage of various 
metal wires, i t has been shown that although i r o n cathode 
having a f l a t surface has a r e l a t i v e l y high hydrogen voltage, 
about 0.45 v o l t at the current density of 25 Amperes/dm2, the 
hydrogen overvoltage of the i r o n cathode u t i l i z e d i n an i n d u s t r i a l 
c e l l for hydrogen generation i s about 0.2 v o l t due to the fact 
that the surface of the cathode, which i s f l a t i n the i n i t i a l 
period of operation, i s converted to a porous surface of large 
e f f e c t i v e area by the deposition of i r o n from the catholyte 
(79). 

The increasing cost of energy has also stimulated research 
on the reduction of hydrogen overvoltage by u t i l i z i n g various 
metal coatings. 

The performance of an activated cathode having a low 

 P
ub

lic
at

io
n 

D
at

e:
 F

eb
ru

ar
y 

4,
 1

98
2 

| d
oi

: 1
0.

10
21

/b
k-

19
82

-0
18

0.
ch

01
5



400 P E R F L U O R I N A T E D I O N O M E R M E M B R A N E S 

hydrogen overvoltage tends to degrade gradually, probably due 
to the p r e c i p i t a t i o n of i r o n on the cathode. In the study of 
t h i s problem, i t i s useful to refer to the Pourbaix diagram, 
which i s generally used i n consideration of corrosion problem. 

Figure 12 shows the Pourbaix diagram f o r i r o n calculated 
for s o l u t i o n of caustic soda at 90°C. The h o r i z o n t a l axis 
represents pOH calculated by the equation pKw = pH + pOH at 
90°C. The thermodynamic parameters at 90°C shown i n Table X 
are calculated from the figures at 25°C and at 100°C (By the 
courtesy of Professor M. Takahashi, Yokohama National U n i v e r s i t y ) . 

Because the p o t e n t i a l difference between point (A) and (D) 
i s 0.19 v o l t , the equilibrium concentration of HFe02 on the 
cathode should be about 10 5 mol/1. This means that the i r o n 
cathode with a hydrogen overvoltage of about 0.2 v o l t i s i n an 
immunity s t a t e . If the i r o n cathode i s not p o l a r i z e d , the 
equilibrium concentration of HFe02 on the i r o n i s about 10 2 

mol/1 as determined at point (Β), and the i r o n therefore corrodes. 
With an activated cathode of a small hydrogen overvoltage such 
as 0.12 v o l t , which corresponds to the difference between the 
potentials at (A) and (E), i t becomes necessary to reduce 
the HFe0 2 concentration to less than 10 ** mol/1. 

The above c a l c u l a t i o n s are based on equilibrium 
considerations and suggest the following. 
1. The hydrogen overvoltage of i r o n i s favorable for the 

pro t e c t i o n of the i r o n cathode. 
2. If an active cathode with a low hydrogen overvoltage i s 

used, the HFe0 2 concentration i n the catholyte must be 
kept low as determined by equilibrium c a l c u l a t i o n . 
I f the HFe0 2 concentration i s not low, i r o n w i l l p r e c i p i t a t e 
on the active cathode, r e s u l t i n g i n a hydrogen overvoltage 
as high that of i r o n cathode. 
Asahi Chemical has developed an c a t a l y t i c cathode for 

i n d u s t r i a l applications which has been tested i n commercial 
operation since 1980. 

Oxygen Depolarized Cathode. I t was proposed by Juda i n 
1964 to use oxygen at the cathode i n the membrane c h l o r - a l k a l i 
process i n order to reduce e l e c t r o l y s i s voltage without generating 
hydrogen at the cathode (80). The c e l l voltage i s t h e o r e t i c a l l y 
reduced by 1.23 v o l t by using the oxygen depolarized cathode, 
but the actual reduction i n e l e c t r o l y s i s i s reported to be 
about 0.6 v o l t (81). 

In i n d u s t r i a l a p p l i c a t i o n of the oxygen depolarized cathode, 
a i r i s the preferred oxygen source. However, a i r w i l l cause 
higher e l e c t r o l y s i s voltage than pure oxygen, and nitrogen from 
the a i r together with excess oxygen w i l l remove water and heat 
from the cathode area. This causes l o c a l deposition of sodium 
chlo r i d e , sodium carbonate and other compounds. 

P r a c t i c a l a p p l i c a t i o n of the oxygen depolarized electrode 
has been l i m i t e d to f u e l c e l l s with pure oxygen for s p e c i a l 
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Figure 12. Pourbaix diagram for Fe in caustic soda at 90° C. 
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50 100 

Current density (A/dm2) 

Figure 14. Comparison of total energy consumptions. 
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15. S E K O E T A L . Perfluorocarboxylic Membrane 405 

purposes such as spacecraft. No f u e l c e l l i n which a i r i s 
u t i l i z e d as the oxygen source has yet been applied p r a c t i c a l l y 
or i n d u s t r i a l l y . Some years w i l l be required for development 
of the i n d u s t r i a l a p p l i c a t i o n of oxygen depolarized cathode for 
the membrane c h l o r - a l k a l i process, because of the d i f f i c u l t i e s 
i n manufacturing cathodes of large s i z e and i n preventing 
contamination of the cathode and the r e s u l t i n g decline i n 
c a t a l y t i c a c t i v i t y , and because of the danger of the formation 
of an explosive mixture of oxygen and hydrogen i n the event of 
a f a i l u r e i n the c a t a l y t i c a c t i v i t y of the cathode. This 
danger i s not present i n fuel c e l l a p p l i c a t i o n s . 

Energy Consumption. E l e c t r i c power consumption of 
e l e c t r o l y s i s i s the major part of the energy consumption i n a 
c h l o r - a l k a l i process. The power consumption of the membrane 
process has recently been greatly reduced by various improvements. 
The l a t e s t performance of Asahi Chemical's membrane process 
r e a l i z e d at a commercial plant and also i n an i n d u s t r i a l scale 
c e l l i s shown i n r e l a t i o n to current density i n Figure 13 (82). 

Because steam i s consumed for caustic soda evaporation i n 
the diaphragm and the membrane processes to obtain 50% caustic 
soda, i t i s also important to compare the combined energy 
consumption of e l e c t r i c power for e l e c t r o l y s i s and steam for 
caustic soda evaporation. Figure 14 shows the t o t a l energy 
consumption of the modern asbestos diaphragm process with metal 
anode and modified asbestos, the modern mercury process with 
metal anode and Asahi Chemical's membrane process. In t h i s 
comparison, i t i s assumed that one metric ton of steam i s 
equivalent to 250 KWH of e l e c t r i c power based on the rate of 
fu e l consumption i n the modern power generation plants. In 
t h i s f i g u r e , the broken l i n e s represent the power consumption 
f o r e l e c t r o l y s i s and the s o l i d l i n e s represent the t o t a l energy 
consumption. In c a l c u l a t i o n of steam consumption, the diaphragm 
process i s assumed to u t i l i z e t r i p l e and quadruple eff e c t 
evaporators. As the optimum current density i s 20 - 25 Amperes/ 
dm2 f o r the diaphragm process, 100 - 130 Amperes/dm f o r the 
mercury process, and 30 - 50 Amperes/dm2 for the membrane 
process, reference to Figure 14 c l e a r l y shows that Asahi 
Chemical's membrane process i s the most economical i n terms of 
t o t a l energy consumption. 
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Perfluorinated Ion Exchange Membranes 

TOSHIKATSU SATA and YASUHARU ONOUE 
Research and Development Division, Tokuyama Soda Co., Limited, Mikage-cho 1-1, 
Tokuyama City, 745 Yamaguchi Prefecture, Japan 

The requirements for ion-exchange membranes i n membrane cell 
caustic-chlorine process are : high permselectivity, low e l e c t r i c 
resistance, excellent chemical resistance to oxidants and alkali, 
good heat resistance, low dif f u s i o n of s a l t and low permeability 
to water and good mechanical properties. Chemical resistance to 
oxidants i n particular could not be achieved in conventional hydro
carbon type ion-exchange membranes, although various e l e c t r o l y t i c 
methods were t r i e d to prevent ion-exchange membranes of that type 
from deteriorating by oxidants. In 1972, the difficulty i n chemi
cal resistivity was overcome by perfluorocarbon ion-exchange memb
rane made by du Pont de Nemours and Co. (1). but this membrane was 
still too low i n permselectivity while its electric resistance was 
sufficiently low. The low e l e c t r i c resistance and high permselec
tivity are factors generally forced to be mutually inconsistent. 
However, the use of an anisotropic structure for ion-exchange mem
branes enables both of these requirements to be achieved together 
(2,3). Anisotropic ion-exchange membranes like reverse osmosis 
membrane are well known, i . e . , monovalent cation and anion perm-
selective ion-exchange membranes in e l e c t r o d i a l y t i c concentration 
of sea water to make edible s a l t (4,5). In the case of ion-exch
ange membranes for the caustic-chlorine process, concentration of 
fixed ions i n the membrane should be kept high to prevent permea
tion of hydroxide ions through the membrane. In general, however, 
a membrane which has a high concentration of fixed ions throughout 
also shows high electric resistance. Therefore, it is desirable 
that the ion-exchange membrane is composed of a thin layer having 
high concentration of fixed ions and a thick layer of low e l e c t r i c 
resistance. Various methods can be used to achieve this purpose, 
such as to d i f f e r e n t i a t e ion exchange capacity of strongly acidic 
ion-exchange groups along the cross-section of the membrane, or to 
stratify weakly acidic ion-exchange groups over the surface of an 
ion-exchange membrane which has strongly acidic ion exchange 
groups. Various attempts were made by us to reduce the ion exch
ange capacity of perfluorocarbon sulfonic acid type membrane, i.e., 
decomposition or inactivation of ion exchange groups by chemical 

0097-6156/82/0180-0411$05.00/0 
© 1982 American Chemical Society 
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412 P E R F L U O R I N A T E D I O N O M E R M E M B R A N E S 

reaction impregnation of hydrophobic materials on the membrane 
surface and so on (6). However i t was found that these methods 
could not achieve adequate performance i n terms of e l e c t r i c a l r e 
sistance and sodium ion permselectivity. 

Therefore further e f f o r t s were directed to prepare an aniso
t r o p i c membrane using some weakly a c i d i c cation exchange groups. 
We selected carboxylic acid groups as the main component of weakly 
a c i d i c cation exchange groups, rather than s u l f o n i c acid amide 
with a di s s o c i a b l e hydrogen, phosphonic a c i d , phenolic hydroxide 
or p e r f l u o r o - t e r t - a l c o h o l exchange s i t e s , from the viewpoint of 
ease of preparation, s t a b i l i t y and good performance i n e l e c t r o 
l y s i s , 

NEOSEPTA-F and i t s Preparation Methods 

The chemical structure of NEOSEPTA-F made by us i s b a s i c a l l y 
as follows : 

—(r C F - C F CF -CF — f - C F 9 - C F - 3 
2 2 1 2 ό m 2 ό n 

CF CF 
CF CF CF CF 
( CF ) ( CF ) I 2 ρ ι 2 q 

S0 3Na COONa 

l / ( m + η ) = 6 - 8 
m/n = 5 - 2 0 
p,q = 1 - 2 

Although perfluorocarbon s u l f o n i c acid groups are very stable 
chemically as w e l l as thermally, perfluorocarbon s u l f o n y l h a l i d e , 
e s p e c i a l l y s u l f o n y l chloride groups, are quite reactive. For 
example, s u l f o n y l chloride groups react with oxidants, reductants, 
various amines, phenol compounds, iodine compounds, etc. and give 
carboxylic a c i d , s u l f i n i c a c i d , s u l f o n i c acid amide, -CF2I and so 
fo r t h . Some examples of how t h i s feature can be used to generate 
various kinds of membranes w i l l next be described 

1) (7) A membranous material having a thickness of 0.2 mm 
and composed of a copolymer of tetrafluoroethylene ( monomer A ) 
and perfluoro ( 3,6-dioxa-4-methyl-7-octene-sulfonyl f l u o r i d e ) 
Γ monomer Β ) i n a mole r a t i o of about 7 : 1 , which had an ion 
exchange capacity upon hydrolysis of 0.91 milliequivalent/gram of 
dry membrane ( meq./g.dry membrane of H-form ) was hydrolyzed an 
aqueous s o l u t i o n of dimethyl sulfoxide and potassium hydroxide to 
afford an ion-exchange membrane having sodium sulfonate groups. 

Sulfonate groups of the membrane was converted to s u l f o n i c 
acid form completely by n i t r i c acid. The membrane was then d r i e d , 
and reacted at 130 C for 75 hours i n a bath consisting of phosph
orous pentachloride and phosphorous oxychloride. A f t e r the reac
t i o n , the product was washed with carbon t e t r a c h l o r i d e and dried. 
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16. S A T A A N D O N O U E Perfluorinated Ion Exchange 413 

To examine the r e s u l t i n g membrane, the r e f l e c t i v e i n f r a r e d 
spectrum of t h i s membrane^was measured. I t was found that the ab
sorption band at 1060 cm observed i n the s u l f o n i c acid-type mem
brane disappeared, and a strong absorption band corresponding to 
the s u l f o n y l chloride group was observed at 580 and 1420 cm 

The membrane having s u l f o n y l chloride groups and the membrane 
having s u l f o n i c acid groups were dipped i n η-butyl alcohol. A i r 
was introduced i n the medium, and applied uniformly to the surface 
of the membrane for oxidation reaction ( at 110 C for 3 hours ). 
The membrane were then washed with methanol and water, and dried. 
To examine t h e i r surface structures, the r e f l e c t i v e i n f r a r e d spec
trum of the treated membranes were measured. No appreciable d i f f 
erence was seen i n the s u l f o n i c acid-type membrane before and 
af t e r the treatment. In the s u l f o n y l chloride-type membrane, the 
absorption band at 580 and 1420 cm" ascribable to s u l f o n y l chlo
r i d e t o t a l l y disappeared, and a new absorption band at 1790 cm 1 

was observed. This absorption band i s assigned to carboxylic acid 
group. These membranes were treated for hydrolysis with methanol 
s o l u t i o n containing 10 % of sodium hydroxide ( for 16 hours at 60 
C ), washed with water, and dried. The r e f l e c t i v e i n f r a r e d spec

trum of the treated membranes were measured. The absorption band 
at 1790 cm 1 disappeared which had been observed on s u l f o n y l chlo
ride-type membrane. Instead, a new absorption band was observed 
at 1680 cm"1. 

These membranes were each dipped i n a dye so l u t i o n of 1 % 
c r y s t a l v i o l e t and 10 % ethanol i n a 0.5 N HC1 aqueous s o l u t i o n . 
Then the membranes were washed with water and cut by a microtome, 
A microscopic examination indicated that the membrane derived from 
s u l f o n i c acid type membrane was uniformly dyed deep green through
out, whereas the membrane derived from s u l f o n y l chloride-type 
membrane was dyed deep green only i n i t s inner part leaving the 
outer layers of 20 JUL each from i t s both surfaces free from dyeing. 
This dyeing test shows that i n the s u l f o n y l chloride type membrane, 
the oxidation treatment has converted the s u l f o n y l chloride groups 
at the outer layers into carboxyl groups to the extent of 20 jX 
from respective surfaces. 

The properties of the membrane hydrolyzed with 10 % sodium 
hyroxide were measured, and a saturated sodium chloride s o l u t i o n 
was electrolyzed using t h i s membrane. The r e s u l t s are given i n 
Table I. For comparison, the s u l f o n y l chloride-type membrane was 
treated i n η-butyl alcohol at 110 °C for 3 hours without introduc
ing a i r . The treated membrane was subjected to hydrolysis t r e a t 
ment i n a methanol s o l u t i o n containing 10 % of sodium hydroxide. 
E l e c t r i c resistance of the membrane was 450 Q —cm2, and the curr
ent e f f i c i e n c y could not be measured. 

E l e c t r i c resistance was measured on the membrane which was 
placed p a r t i t i o n i n g 3.5 Ν NaCl s o l u t i o n to i t s one side and 6.0 Ν 
NaOH so l u t i o n to the other side at 85 °C and the solutions were 
electrolyzed. The e l e c t r o l y s i s was car r i e d out by using a satu
rated s o l u t i o n of sodium chloride as an anolyte, a titanium l a t h 
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414 P E R F L U O R I N A T E D I O N O M E R M E M B R A N E S 

Table I 

Membrane having Membrane with 
Properties s u l f o n i c acid oxidation reaction 

groups (blank) 

E l e c t r i c Resistance 
( Ω - cm2 ) 

Ion Exchange Capacity 
( Meq./g.dry membrane 

of H-form ) 

Water Content (%) 
Catholyte Concn. ( Ν ) 
Current E f f i c i e n c y (%) 
NaCl i n Catholyte (ppm) 

( as 48 % NaOH ) 

material coated with ruthenium oxide and titanium oxide as an 
anode, a mesh-like mild i r o n as a cathode. Water was added to the 
cathode compartment, and aqueous s o l u t i o n of sodium hydroxide was 
obtained i n a c e r t a i n concentration. The current density was 
30 A/dm2 and the temperature of the e l e c t r o l y t i c s o l u t i o n was 80 
to 90°C. 

2) (8) The same membranous material as mentioned i n 1) 
having a thickness of 100 JJL was set i n a reactor of the design 
which would allow only one surface of the membrane to contact with 
reaction reagents. Thereafter, the reactor compartment was f i l l e d 
with vapour of phosphorous pentachloride ( at 170°C for an hour ) 
to have one surface of the membrane reacted. The r e f l e c t i v e i n 
frared spectrum and dyeing test respectively showed that the mem
brane had s u l f o n y l chloride groups and that approximately 5 Jul of 
non-dyed layer was s t r a t i f i e d at the membrane surface where 
phosphorous pentachloride had contacted. The e l e c t r i c resistance 
of t h i s membrane was about 1500 β- cm2 i n a 1.0 Ν hydrochloric 
acid s o l u t i o n at 25°C when measured by 1000 cycle A.C. The 
e l e c t r i c resistance of the same membrane before the reaction with 
phosphorous pentachloride was only 0.38 Λ - cm2 under the same 
conditions. 

The membrane which had a t h i n layer of s u l f o n y l chloride 
groups was treated by triethylamine at room temperature for 16 
hours, washed with water and then heated at 170°C. Thereafter, 
the membrane was also immersed i n the same mixed s o l u t i o n composed 
of water, dimethyl sulfoxide and potassium hydroxide as mentioned 
before. E l e c t r i c resistance of the membrane was 1.5S2- cm2 when 
measured i n the environment of 3.5 Ν sodium chloride s o l u t i o n to 

1.95 

0.91 

17 
7.50 

49 
238 

2.25 

0.85 

12 
7.50 

93 
18 
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16. S A T A A N D O N O U E Per fluorinated Ion Exchange 415 

i t s one side and 6,0 Ν sodium hydroxide s o l u t i o n to the P C I 5 -

reacted side of the membrane at 85 °C, The measurement i n 3,5 Ν 
sodium chloride s o l u t i o n of pH 0,5 ( adjusted by hydrochloric 
acid ) showed the e l e c t r i c resistance ο f 432Q- cm2 at 25.0 eC, 
On the other hand, the e l e c t r i c resistance of the membrane before 
the reaction with phosphorous pentachloride and triethylamine was 
1.1Q- cm2 and 1,0Î2- cm2 respectively when measured i n the 
environment of 3.5 Ν sodium chloride s o l u t i o n to i t s one side 
and 6.0 Ν sodium hydroxide s o l u t i o n to the other side, and i n the 
environment of 3.5 Ν sodium chloride s o l u t i o n of pH 0,5, Accord
ing to r e f l e c t i v e i n f r a r e d spectrum, the absorption bands observed 
were d i f f e r e n t between the surfaces reacted with phosphorous 
pentachloride and non-reacted. Namely the absorption band at 
1680cm""1 corresponding to carboxyl groups was observed, and the 
absorption band at lOoOcnT 1 observed i n the s u l f o n i c acid type 
membrane disappeared on the surface which had been reacted with 
phosphorous pentachloride. 

Using the treated membrane e l e c t r o l y s i s of sodium chloride 
s o l u t i o n was ca r r i e d out under the same e l e c t r o l y s i s conditions as 
1). The treated surface of the membrane was faced to the cathode 
side i n the e l e c t r o l y z e r , When 6.5 Ν sodium hydroxide s o l u t i o n 
was obtained as catholyte, the current e f f i c i e n c y was 93% and the 
c e l l voltage was 3,85v. On the other hand, the ion exchange 
membrane not treated by phosphorous pentachloride and t r i e t h y 
lamine showed the current e f f i c i e n c y of 52% and the c e l l voltage 
of 3.68v when 6.5 Ν sodium hydroxide was obtained as catholyte. 

3) (9) Similar membranous copolymer as mentioned i n 1) hav
ing a thickness of 150 ju ( The ion exchange capacity of t h i s mem
brane was 0,83 meq,/q.dry membrane of H-form. ) was set i n a hor
i z o n t a l reactor of the design which would allow only one surface 
of the membrane to contact with reaction reagents. Then f i n e 
c r y s t a l powder of phosphorous pentachloride was uniformly placed 
to cover one surface of the membrane and heated ( at 155°C for 40 
min. ) e 

The membrane having the s u l f o n y l chloride groups was treated 
by an aqueous η-butyl amine s o l u t i o n for 2 hours, washed with 
water, heated i n a i r for 24 hours at 90 eC and then dipped i n 10% 
methanol s o l u t i o n of sodium hydroxide. The r e f l e c t i v e i n f r a r e d 
spectrum showed that absorption band ascribable to the s u l f o n y l 
chloride disappeared and new absorption bands appeared at 1620, 
1680 and 3400 cm""1, The e l e c t r i c resistance and the e l e c t r o l y s i s 
r e s u l t s of both of the treated and untreated membranes are shown 
i n Table I I respectively. 

4) (10) The membranous copolymer as mentioned before r e i n 
forced by a p l a i n woven c l o t h of polytetrafluoroethylene was 
reacted with vapour of phosphorous pentachloride to form a memb
rane having s u l f o n y l chloride groups on i t s only one side. The 
membrane having s u l f o n y l chloride groups on i t s only one surface 
was treated by 29 % aqueous ammonia s o l u t i o n f o r 30 min. at 25 C. 
After the ammonia treatment, the absorption bands ascribable to 
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Table II 

Properties Untreated Membrane Treated Membrane 

E l e c t r i c Resistance 3, 3. .8 in 6.0 Ν NaOH (£2-cm2) 3, , 6 3. .8 
E l e c t r i c Resistance 
in 1 N HC1 -cm2) 0. .43 125 
Catholyte Concn. (N) 6. .5 6, .5 
Current Efficiency (%) 58 94 
NaCl i n Catholyte (ppm) 143 12 ( as 50 % NaOH ) 143 12 
C e l l Voltage (v) 3, .55 3, .65 

sulfonyl chloride disappeared and new absorption bands were obser
ved at 940, 1010, 1410, 1680 and 3400 cm~l. The absorption bands 
of 940 and 1010 ciir"! disappeared after the membrane was heated in 
oxygen atmosphere. Thereafter, the membrane was treated by n i t r i c 
acid. The absorption band of 1680 cm""l disappeared and a new ab
sorption band was observed. It was deduced that sulfonic acid 
amide groups and carboxylic acid groups had been introduced by 
these treatments. 

In e l e c t r o l y s i s of sodium chloride solution under the same 
conditions as mentioned before, 8,0 Ν sodium hydroxide was 
obtained as catholyte at the current e f f i c i e n c y of 95 % and the 
c e l l voltage of 4.1 V. 

5) (11) Sulfonic acid groups of cation exchange membrane, 
Nafion 110 ( trademark for products of Ε. I. du Pont de Nemours 
& Co. ) were converted to sulfonyl chloride by a mixture of phos
phorus pentachloride and phosphorus oxychloride. The resulting 
membrane having sulfonyl chloride groups was set i n an oxidation 
device which allows a uniform a i r c i r c u l a t i o n . A i r saturated with 
n-butanol vapor was introduced into the oxidation device at 110 °C 
to allow reaction on one side only. It was found that in the 
spectrum of the treated surface, the absorption band ascribable 
to the sulfonyl chloride groups disappeared? and a new absorption 
band ascribable to the carboxylic acid groups appeared at 1790 
cnr-l. In the spectrum of the other surface, the absorption band 
of sulfonyl chloride groups remained likewise as before the treat
ment, and no absorption of the carboxyl acid groups was observed. 

As shown i n the above, sulfonic acid groups of perfluorocar-
bon polymer can be easily changed to weakly acidic cation exchange 
groups. There are various other methods to change sulfonic acid 
groups to weakly acidic cation exchange groups, i . e , , contacting 
the membrane having sulfonyl chloride groups with aromatic comp
ounds with phenolic hyroxide groups, various amines, ammonium ions 
and so on (12), 
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16. S A T A A N D O N O U E Perfluorinated Ion Exchange 417 

When these b i l a y e r or m u l t i l a y e r ion-exchange membranes were 
used i n the e l e c t r o l y s i s of a l k a l i metal s a l t s o l u t i o n , perform
ance of the e l e c t r o l y s i s was excellent. Sulfonic acid groups and 
carboxylic acid groups were selected for NEOSEPTA-F as the main 
ion exchange groups. 

General Properties 

The NEOSEPTA-F membrane properties examined are mainly of 
those r e l a t i n g to the e l e c t r o l y s i s of sodium chloride s o l u t i o n . 
Table I I I shows c h a r a c t e r i s t i c s of t y p i c a l grades of NEOSEPTA-F. 
These membranes are chemically s t a b l e , i . e . , against a c i d , base, 
oxidants and reductants because the membranes have perfluorocarbon 
backbone. And also the membranes have strong mechanical strength 
because of reinforcement with the f a b r i c of polytetrafluoroethy
lene. Used i n the e l e c t r o l y s i s of sodium chloride s o l u t i o n , no 
d e t e r i o r a t i o n of performance or mechanical strength was observed 
i n continuous service for 2 years under appropriate e l e c t r o l y s i s 
conditions. NEOSEPTA-F membranes are always improved to get better 
performance i n the e l e c t r o l y s i s and various grades which show 
better performance are developed. 

E l e c t r i c Resistance of the Membranes. Figure 1 shows the 
r e l a t i o n s h i p between the e l e c t r i c resistance of NEOSEPTA-F C-1000 
and pH value of 3.5 Ν sodium chloride s o l u t i o n ( pH was adjusted 
by adding hydrochloric acid ). The measurements were ca r r i e d out 
at 25.0 C using 1000 cycle A.C. NEOSEPTA-F C-2000 also shows the 
s i m i l a r r e l a t i o n s h i p between the e l e c t r i c resistance and pH value 
of sodium chloride s o l u t i o n . I t i s recognized that these NEOSE
PTA-F ion-exchange membranes have weakly a c i d i c cation exchange 
groups which are d i s s o c i a b l e i n the range between pH 2 and 3. 

Generally, when an ion-exchange membrane contacts with highly 
concentrated s o l u t i o n , i t shrinks and then the e l e c t r i c resistance 
increases remarkably. These phenomena were observed i n the case 
of NEOSEPTA-F also. Figure 2 shows the e l e c t r i c resistance of the 
membrane measured with 1000 cycle A.C. at 80 C i n sodium hydroxide 
s o l u t i o n of various concentrations. Figure 3 shows the e l e c t r i c 
resistance of the membrane measured with d i r e c t current under the 
same conditions as the e l e c t r o l y s i s was to be c a r r i e d out. ( The 
membrane was placed p a r t i t i o n i n g 3.5 Ν sodium chloride s o l u t i o n to 
one side and sodium hydroxide s o l u t i o n of varied concentration to 
the other side and the d i r e c t current was passed at the current 
density of 30 A/cm . ) The e l e c t r i c resistance measured with d i 
rect current was considerably lower than that measured with a l t e r 
nating current, while the difference should normally be very minute 
i f measured under exactly the same conditions. The above s i g n i f i 
cant difference i s seemingly a t t r i b u t a b l e to that i n case of d i 
rect current measurement anolyte i s sodium chloride s o l u t i o n kept 
at constant concentration of 3.5 N, which would increase water 
content of the membrane due to highly hydrated sodium ions passing 
through, thus lowering the e l e c t r i c resistance. 
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Table I I I C h a r a c t e r i s t i c s of NEOSEPTA-F C-1000 and C-2000 

Name NEOSEPTA-F 
C-1000 

NEOSEPTA-F 
C-2000 

Backing P o l y t e t r a f l u o r o 
ethylene f a b r i c 

P o l y t e t r a f l u o r o 
ethylene f a b r i c 

Resin Perfluorocarbon Perfluorocarbon 

Main Ion Exchange 
Groups 

-SO Na 
-COONa 

-SO Na 
-COONa 

Ion Exchange Capacity 
E l e c t r i c Resistance** 

( Λ - c m 2 

Water Content 
Tensile Strength**** 

( Kg/cm ) 

0.83 
2.0 

10.3 
10.6 

0.91 
1.7 

11.7 
10.6 

*. Meq./g. dry r e s i n of Η -form. 
**. Measured by e l e c t r o l y s i s of 3.5 Ν NaCl | 6,0 Ν NaOH ( C-1000 ) 

and 3.5 Ν NaCl I 9.0 Ν NaOH ( C-2000 ) at the current density 
of 30 A/dm2 at 80 °C. 

***. g.H20/ g. dry r e s i n of Η -form. Measured i n atmosphere a f t e r 
the membrane was eq u i l i b r a t e d with 6.0 Ν NaOH ( C-1000 ) and 
9.0 Ν NaOH ( C-2000 ) at room temperature. 

****. Both wet and dry.  P
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16. S A T A A N D O N O U E Perfluorinaîed Ion Exchange 419 

™ 10 

Q L . , , , , , , , , , 

2 U 6 8 10 12 
Concentration of NaOH ( Ν ) 

Figure 2. Relationship between electric resistance of NEOSEPTA-F and concen
tration of NaOH. Key: O , NEOSEPTA-F C-1000; φ , NEOSEPTA-F C-2000. 

Measured by 1000 cycle alternating current at 80° C. 
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420 P E R F L U O R I N A T E D I O N O M E R M E M B R A N E S 

2.5h 

G J 

6 7 8 9 10 
Concentration of NaOH in Catholyte ( Ν ) 

Figure 3. Relationship between electric resistance of NEOSEPTA-F measured by 
direct current and concentration of catholyte. Key: Q, NEOSEPTA-F C-1000; (J), 
NEOSEPTA-F C-2000. Measurements were made with direct current under the 

same conditions as the electrolysis of NaCl solution was to be carried out. 
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16. S A T A A N D O N O U E Per fluorinated Ion Exchange A l l 

0 2 4 6 8 10 12 14 
Concentration of NaOH ( N ) 

F/gare 4. Change of H20 content of NEOSEPTA-F C-1000 with concentration of 
NaOH solution. The membrane was immersed in NaOH solution of various concen
tration after boiling for 1 h in pure H20. Measurement was made at 20° C after the 
membrane had been immersed in NaOH solution of various concentration for 4 

days at room temperature.  P
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422 P E R F L U O R I N A T E D I O N O M E R M E M B R A N E S 

Figure 5. Relationship of current efficiency and cell voltage to NaOH concentration 
of catholyte. Key: Q, NEOSEPTA-F C-1000; fl), NEOSEPTA-F C-2000. Current 

density is 20 A/dm2. 
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S A T A A N D O N O U E Per fluorinated Ion Exchange 423 

Figure 6. Relationship between NaCl in caustic product and concentration of NaOH 
in catholyte. Key: Q, NEOSEPTA-F C-1000; φ , NEOSEPTA-F C-2000. 
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Figure 4 shows the water content of the membrane correspond
ing to various concentrations of sodium hydroxide. The extent of 
decrease of the water content with increase of concentration of 
the external s o l u t i o n i s remarkable i n comparison with the case of 
crosslinked hydrocarbon type cation exchange membranes, 

Performance of NEOSEPTA-F i n Sodium Chloride Solution E l e c t 
r o l y s i s . Figure 5 shows the r e l a t i o n s h i p of the c e l l voltage and 
the current e f f i c i e n c y r espectively with the concentration of 
sodium hydroxide i n catholyte when e l e c t r o l y s i s of sodium chloride 
s o l u t i o n was car r i e d out at the current density of 30 A/cm . From 
the economical viewpoint, i . e . , the e l e c t r o l y s i s power cost, de
pre c i a t i o n of equipment cost, membrane cost and so on, the optimum 
concentration of sodium hydroxide for NEOSEPTA-F C-1000 i s about 
20 % and that for NEOSEPTA-F C-2000 i s about 27 %. 

In the case of NEOSEPTA-F C-2000, the current e f f i c i e n c y i n 
creases with increase of sodium hydroxide concentration i n catho
l y t e . I t i s thought that the water i n the membrane surface por
t i o n of cathode side i s dehydrated and the concentration of fi x e d 
ion i n the membrane increases. The presumption that the cathode 
side of the membrane surface would shrink with the increase of 
sodium hydroxide concentration i s obviously proved i n the r e l a t i o n 
ship between the sodium hydroxide concentration i n catholyte and 
sodium chloride concentration i n the product ( Figure 6 ), The 
diffused amount of sodium chloride decreased remarkably with i n 
crease of sodium hydroxide concentration. 

Conclusion 

NEOSEPTA-F i s one of the perfluorocarbon ion exchange memb
ranes for C h l o r - A l k a l i e l e c t r o l y t i c process. I t i s considered to 
be of an i d e a l membrane structure which i s a n i s o t r o p i c a l l y com
posed of s u l f o n i c acid groups and weakly a c i d i c groups as ion 
exchange groups. Sulfonic acid groups give high conductance to 
the membrane because of the high water content. And a t h i n layer 
of carboxylic acid groups i s a b a r r i e r for leakage of hydroxide 
ions. 
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17 

Perfluorocarboxylate Polymer Membranes 

HIROSHI UKIHASHI and MASAAKI YAMABE 
Research Laboratory, Asahi Glass Company, Limited, Yokohama, Japan 

A new process using ion exchange membranes has recently gain
ed wide acceptance in the c h l o r - a l k a l i industry from the viewpoint 
of energy saving and environmental control. One of the important 
breakthroughs for this process was to develop a membrane of high 
performance. 

A novel perfluorocarboxylate membrane named Flemion was de
veloped by Asahi Glass Co., Ltd. in 1975, resulting from its long 
experience both with manufacture of various fluorochemicals and 
with e l e c t r o d i a l y s i s using membranes. 

Flemion is quite different from prior membranes in that it i s 
based on s p e c i f i c perfluorinated copolymers with pendant carboxyl
i c acid as a functional group. The introduction of carboxylic 
functions i n the polymer has realized high permselectivity in cat
ion transport with high conductivity, which is indispensable to 
electrochemical application of ion exchange membranes. 

This chapter summarizes the preparation and the fabrication 
of perfluorocarboxylate polymers and their fundamental properties 
including those of the ionized salt-type membranes. The applica
tion of Flemion in c h l o r - a l k a l i e l e c t r o l y s i s is also described. 

Preparation of Perfluorocarboxylate Polymer 

Perfluorocarboxylate polymers were prepared by copolymeriza
t i o n of tetrafluoroethylene and carboxylated p e r f l u o r o v i n y l ether. 

The general formula of copolymers are shown as follows. 

-(CF 2CF 2^ r<CF2CF^-
(0CF2CF^—0 (CF 2;h—C-O-R 

CF 3 0 

(where m = 0 o r 1, η = 1 ~ 5, R = a l k y l ) 

0097-6156/ 82/ 0180-0427$06.75 / 0 
© 1982 American Chemical Society 
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428 P E R F L U O R I N A T E D I O N O M E R M E M B R A N E S 

The r a t i o of carboxylated p e r f l u o r o v i n y l ether to t e t r a f l u o r o -
ethylene i n copolymers (y/x) can be contr o l l e d by the monomer feed 
r a t i o and the values of m and η can be determined by choice of 
monomer structures. 

The synthesis of carboxylated p e r f l u o r o v i n y l ether was very 
d i f f i c u l t and no preparative method had been known before. Recent
l y , however, several synthetic methods have been proposed. An ex
ample of the synthetic route to methyl perfluoro-5-oxa-6-heptenoate 
(Mi) and methyl perfluoro-5,8-dioxa-6-methyl-9-decenoate (M2) i s 
shown i n the following scheme. 

CF2=CF2 + 12 > I(CF2CF2>2l 
oleum 

CH3OH 
CF2-CF-CF3 

-> OCF2CF2CF2Ç=0 

-> FOCCF2CF2CO2CH3 

> FOC(CFOCF2ÎH^-CF2CF2C02CH3 
CF3 

CF2=CFO(CF2CFO^-(CF2)3C02CH3 
C F 3 

Mi (m = 0) , M2 (m = 1) 

Copolymerization of tetrafluoroethylene and carboxylated per-
f l u o r o v i n y l ether i s ca r r i e d out eith e r i n s o l u t i o n , bulk or emul
sion system with a r a d i c a l i n i t i a t o r . A t y p i c a l copolymer composi
t i o n curve i s given i n Figure 1, where Ml or M2 was copolymerized 
with tetrafluoroethylene i n bulk system at 70°C. The monomer r e 
a c t i v i t y r a t i o s of tetrafluoroethylene and each v i n y l ether are 
calculated as 7.0 and 0.14, res p e c t i v e l y . 

Copolymers containing up to 35 mole% of carboxylated v i n y l 
ether were synthesized by regulating the reaction pressure of 
tetrafluoroethylene i n the copolymerization procedure. 

The studies of the copolymer with X-ray d i f f r a c t i o n and d i f 
f e r e n t i a l scanning calorimetry revealed that the c r y s t a l l i n i t y of 
the copolymer decreased with increasing v i n y l ether content as 
shown i n Figure 2. The copolymer became amorphous at the v i n y l 
ether content of 20 mole%. The glass t r a n s i t i o n temperature of 
the amorphous copolymer l i e s around 10°C. 

Copolymers having high molecular weight of more than 3 χ 105 
can be obtained by adopting bulk or emulsion system with extremely 
p u r i f i e d f u nctional comonomers. 

Fabrication 

The ester type copolymer as polymerized has a non-crosslinked 
l i n e a r structure and i s melt processable. 
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17. U K I H A S H I A N D Y A M A B Ε Perfluorocarboxylate Membranes 429 

M l or M 2 Content in feed (mole%) 

Figure 1. Copolymer composition curve.  P
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17. U K I H A S H I A N D Y A M A B Ε Perfluorocarboxylate Membranes 431 

Figure 3 shows the dependence of apparent v i s c o s i t y of the 
copolymer upon shear rate. Since apparent v i s c o s i t y decreases 
with increasing shear r a t e , the copolymer i s regarded as a kind of 
pseudoplastics. Apparent v i s c o s i t y of ca. 10 4 poise i s obtained 
around the shear rate of 10^ s e c " l i n the temperature range of 230 
~ 250°C. 

Figure 4 plo t s logarithm of apparent v i s c o s i t y of the copoly
mer against r e c i p r o c a l temperature. Apparent v i s c o s i t y decreases 
with increasing temperature with the apparent a c t i v a t i o n energy of 
ca. 12 kcal/mole. 

In a d d i t i o n , the copolymer i s thermally stable as i s repre
sented by the thermal decomposition temperature of 320°C measured 
by thermogravimetry as shown i n Figure 5. 

Accordingly, the copolymer can be molded by press or extrusion 
method int o f i l m s of a r b i t r a r y thickness under proper conditions. 

A f t e r f a b r i c a t i o n , the ester type f i l m s are hydrolyzed i n a 
caustic s o l u t i o n to be converted to carboxylic acid type membranes. 
Figure 6 shows the change of in f r a r e d spectrum by hydrolysis of 
the ester type f i l m i n 25 wt% caustic s o l u t i o n at 90°C for 16 hrs. 
Complete hydrolysis i s indicated by the fa c t that the absorption 
at 1780 cm"1 due to Vc=0 ( - C O O C H 3 ) i s wholly s h i f t e d to 1680 cm"1 

of v c=0 (-COONa). 

Fundamental Properties 

E s s e n t i a l properties are described mainly for the sodium type 
membrane made of copolymers of tetrafluoroethylene and carboxylated 
v i n y l ether (Ml), soaked i n caustic s o l u t i o n s . The content of car
boxylated v i n y l ether i n the copolymer determines ion exchange ca
pacity of the r e s u l t i n g membrane, which i s expressed as m i l l i e q u i v -
alent of carboxylic acid group per gram weight of dry sodium type 
membrane. 

Physica l properties 
t e n s i l e properties Sodium type membranes behave quite 

d i f f e r e n t l y from ester type ones under t e n s i l e s t r e s s . In Figure 
7, s t r e s s - s t r a i n curves are compared between both types of mem
branes. By incorporation of ions in t o the membrane, s i g n i f i c a n t 
increase of t e n s i l e modulus and decrease of elongation, which are 
often acknowledged i n high c r o s s l i n k i n g of polymers, are brought 
about. Such a change i n nature i s due to the s t r u c t u r a l change i n 
the membrane, which i s suggested by the advant of a new peak i n 
the small angle X-ray s c a t t e r i n g pattern of the sodium type mem
brane as shown i n Figure 8. I t appears that ions form some kind 
of aggregations, which presumably act as transient c r o s s l i n k s . 

The presence of ions imparts s p e c i f i c features on the mechan
i c a l properties of the membrane; being r e l a t i v e l y l i t t l e dependent 
upon temperature and being affected by the concentration of caustic 
s o l u t i o n i n which i t i s soaked. The sodium type membrane ex h i b i t s 
higher t e n s i l e strength than the ester type one. I t s strength i s 
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230-2501 

I I I 

10 i o 2 i o 3 

Shear rate (sec 1 ) 

Figure 3. Melt flow behavior of polymer. 

 P
ub

lic
at

io
n 

D
at

e:
 F

eb
ru

ar
y 

4,
 1

98
2 

| d
oi

: 1
0.

10
21

/b
k-

19
82

-0
18

0.
ch

01
7



17. U K I H A S H I A N D Y A M A B Ε Perfluorocarboxylate Membranes 433 

c 
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Figure 4. Temperature dependence of apparent viscosity. 
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Figure 6. Characteristic absorption in IR spectra. 
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50 100 150 200 250 300 

Strain (%) 

Figure 7. Stress-strain curve of membrane. 
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ester type 
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Figure 8. Small angle x-ray scattering.  P
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17. U K I H A S H I A N D Y A M A B Ε Perfluorocarboxylate Membranes 437 

retained even at high temperature of 90°C as shown i n Table I , 
while ester type membrane loses i t s strength d r a s t i c a l l y with the 
r i s e of temperature. 

Tensile strength of sodium type membrane i n caustic solutions 
of various concentration are exhibited i n Figure 9. Tensile 
strength increases with the increase of caustic concentration, 
which corresponds to the decrease of water content of the membrane. 
The r e l a t i o n s h i p between water content of the membrane and caustic 
concentration at which i t i s soaked i s shown i n the following sec
t i o n . 

Creep behavior of the sodium type membrane i s given i n Figure 
10, where deformation i s seen to be highly dependent upon caustic 
concentration. Such a phenomenon also r e f l e c t s the e f f e c t of water 
content of the membrane. 

water content The most s p e c i f i c feature of perfluorocar-
boxylated membranes i s the low water uptake i n caustic s o l u t i o n of 
high concentration. 

Figure 11 shows water content of the membrane which i s ex
pressed as mole number per u n i t equivalent of carboxylic a c i d . I t 
i s to be noted that the v a r i a t i o n of water content with the change 
i n ion exchange capacity i s s u b s t a n t i a l l y small. 

As a r e s u l t , the perfluorocarboxylated membrane with a high 
ion exchange capacity a t t a i n s a high f i x e d ion concentration, which 
i s defined as m i l l i e q u i v a l e n t of carboxylic acid group per a gram 
of absorbed water i n the membrane. 

Water content of the membrane i s also dependent upon the con
centration of caustic s o l u t i o n i n which i t i s soaked, as i s shown 
i n Figure 12. 

From these water contents, f i x e d ion concentration i s calcu
lated and plotted i n Figure 13 against caustic concentration. 

Such a high f i x e d ion concentration i s quite e f f e c t i v e to 
prevent migration of anions in t o the membrane, which leads to high 
permselectivity i n i o n i c transport. 

solvent swelling The sodium type membrane i s remarkably 
swollen by organic polar solvents as shown i n Table IE while the 
ester type membrane i s quite i n a c t i v e . 

Swelling of the sodium type membrane by solvents i s a t t r i b u t e d 
to the presence of ion p a i r s (-C00~Na+) i n the membrane. 

material transfer rate Owing to the low water content, 
the perfluorocarboxylated membrane i n aqueous s o l u t i o n e x h i b i t s 
s i g n i f i c a n t l y low transfer rate for both water and solutes. 

Figure 14 shows osmotic transfer rate of water through the 
membrane where a NaCl s o l u t i o n i s separated from a caustic s o l u 
t i o n by the membrane. 

Low leakage c o e f f i c i e n t of NaCl and NaOH are also shown i n 
Figure 15 and i n Figure 16, r e s p e c t i v e l y . 
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T a b l e I T e n s i l e s t reng th of the membrane 

tens i l e s t reng th ( K g / m m 2 ) 

tempera ture (°C ) — 

s o d i u m t ype e s t e r t ype 

25 3.2 2.5 

50 2.5 0.4 

90 2.3 0.07 

10 20 30 40 

Caust ic concentration (%) 

Figure 9. Dependence of tensile strength upon caustic concentration. 
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(0 
Ε 

5 
time (hr) 

Figure 10. Creep behavior of membrane. Conditions: 0.33 kg/mm2 load at 90° C. 

0 
CNJ 
1 to 
ο 
Ε 

3 

2h 

C 2 F 4 - M 2 

C2F4 — M i 

0.8 I.O 1.2 1.4 1.6 

Ion exchange capacity (meq g-dry polymer) 

Figure 11. Dependence of H20 content upon ion exchange capacity of membrane. 
Conditions : 35 wt% NaOH at 90° C. 
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~I0 20 30 40 
Caust ic concentration {%) 

Figure 13. Fixed ion concentration of membrane. 
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U K I H A S H I A N D Y A M A B E Perfluorocarboxylate Membranes 441 

T a b l e II S o l v e n t s w e l l i n g 

a f te r one day at 25t) 

immers ing so l ven t swe l l i ng (%) 

sod ium type e s t e r type 

methano l 8 0 0 1 

e thano l 1 5 

p ropano l 7 

e thy leng l yco l 8 0 

p ropy l eneg l yco l 1 3 0 

a c e t o n 1 0 11 

Caus t i c concentration {%) 

Temperature : 85 °C 

Figure 14. Dependence of osmotic transfer rate upon caustic concentration. 
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<r> 
CO 

io" 8l • . . . . . I 
4 6 8 10 12 14 16 

Caust ic concentration (N) 
I 1 1 1 1 

20 30 40 
Caust ic concentration {%) 

3N N a C l Membrane NaOH (N) 

Figure 15. Dependence of leakage coefficient and diffusion cofficient of NaCl upon 
caustic concentration. 
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Caust ic concentration (Ν) 
I 1 1 1 1 

20 30 40 
Caust ic concentration {%) 

3N N a C l / Membrane / NaOH (N) 

Figure 16. Dependence of leakage coefficient and diffusion coefficient of NaOH 
upon caustic concentration.  P
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Electrochemical properties 

The c h a r a c t e r i s t i c s of the membrane renders much influence on 
the state of the mobile ions w i t h i n i t , which determines e l e c t r o 
chemical property of the membrane. Electrochemical properties of 
the membrane r e l a t i n g to c h l o r - a l k a l i process are as follows. 

conductivity Conductivity of the sodium type membrane i s 
shown against ion exchange capacity i n Figure 17. Irrespective of 
the low water content of the membrane, high conductivity required 
for electrochemical a p p l i c a t i o n i s attained by choosing the high 
ion exchange capacity. 

Figure 18 shows the influence of caustic concentration upon 
conductivity of the membrane. The decrease of conductivity with 
the increase i n caustic concentration i s ascribed to the decrease 
i n m o b i l i t y of sodium ions caused by the dehydration of the mem
brane. The increase of apparent a c t i v a t i o n energy for i o n i c con
ductance along with caustic concentration as i s given i n Table HI 
r e f l e c t s the existance of increasing i n t e r a c t i o n between sodium 
ion and the f i x e d ion i n the membrane. 

transport number Transport number obtained through the 
measurement of membrane p o t e n t i a l i s d i r e c t l y r e l a t e d to the perm
s e l e c t i v i t y i n i o n i c transport. 

Figure 19 shows the dependence of the transport number of the 
sodium ion upon the caustic concentration. High value of more than 
0.9 i s achieved at caustic concentrations beyond 25 wt%. This 
c h a r a c t e r i s t i c behavior i s explained by the high f i x e d ion concen
t r a t i o n w i t h i n the membrane. 

Thus, high permselectivity combined with high conductivity i s 
the outstanding feature of the perfluorocarboxylate membrane. 

Ap p l i c a t i o n of Flemion i n c h l o r - a l k a l i process 

The Flemion membrane was applied for the use i n the e l e c t r o 
l y s i s of sodium chloride s o l u t i o n . In F i g . 20, e l e c t r o l y t i c per
formance of the membranes having d i f f e r e n t ion exchange capacity 
(AR, meq/g) of 1.44 and 1.23 are shown against the concentration 
of caustic soda produced i n the cathod chamber. 

Current e f f i c i e n c y i s dependent upon the caustic concentration 
and e x h i b i t s a maximum value at a c e r t a i n concentration, which 
s h i f t s to the higher concentration region with increasing the ion 
exchange capacity of the membrane. Current e f f i c i e n c y as high as 
95% was obtained i n high caustic concentrations. Although c e l l 
voltage increases with the caustic concentration, the membrane of 
higher ion exchange capacity give s u f f i c i e n t l y low value even i n 
strong caustic soda. Accordingly, by using the membrane of 1.44 
meq/g ion exchange capacity, caustic soda of as high as 35 ~ 40% 
concentration i s advantageously produced with low e l e c t r i c power 
consumption. In a d d i t i o n , the leakage of sodium chloride was 
proved to l i e i n s i g n i f i c a n t l y low l e v e l of l e s s than 50 ppm. 
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I ι ι ι ι I 1 
I.I 1.2 1.3 1.4 1.5 

Ion exchange capacity (meq/g —dry polymer) 

Figure 17. Conductivity of membrane against ion exchange capacity. Conditions: 
35 wt% NaOHat90° C. 

Caust ic concentration {%) 

Figure 18. Dependence of electric conductivity upon caustic concentration. 
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T a b l e III A p p a r e n t ac t i va t ion e n e r g y for ion ic 

c o n d u c t a n c e in the membrane 

Caust ic concentrat ion 1 R O R 4 n 

Apparent activation 3 g g 1 1 7 1 

energy (kcal /mole) 

20 25 30 35 40 

Caust ic concentration (wt%) 

Figure 19. Transport number of membrane. 
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3.0 

200 

Caus t i c concentrator! {%) 

Figure 20. Electrolytic performance of membrane. Conditions: brine concentration, 
3.5 N ; current density, 20 A/dm2; and 90° C. 

American Chemical 
Society Library 

1155 16th st. N. w. 
Washington, 0. C. 20036 
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448 P E R F L U O R I N A T E D I O N O M E R M E M B R A N E S 

The membrane has also demonstrated continuously the current 
e f f i c i e n c y of 95% and the c e l l voltage of 3.45 v o l t f o r more than 
a thousand days. Thus, the membrane having the ion exchange ca
pacity of 1.44 meq/g was selected as a standard one to produce 
strong caustic soda of 35~40 wt%, being named the Flemion 230. 

Another Flemion which i s su i t a b l e f o r the case where a caus
t i c s o l u t i o n as low as 20% concentration may be u t i l i z e d d i r e c t l y 
from an e l e c t r o l y s i s plant on s i t e , such as i n the pulp industry, 
named Flemion 430, was also developed. This has an asymmetric 
structure, that i s , the ion exchange capacity of the membrane sur
face facing a cathode i s made lower than that of bulk membrane. 
Such a structure of the membrane leads to high current e f f i c i e n c y 
with a catholyte of 20% caustic soda and low ohmic drop of the 
membrane. The e l e c t r o l y t i c performance of Flemion 430 i s shown i n 
Fi g . 21, along with that of Standard Flemion. Flemion 430 can con
sume less e r energy than Standard Flemion 230. 

In the e l e c t r o l y s i s of potassium c h l o r i d e , the performance of 
the membrane i s somewhat d i f f e r e n t from that i n the e l e c t r o l y s i s 
of sodium c h l o r i d e , due to the difference i n nature between sodium 
ion and potassium ion. A noticable aspect i s a high d i f f u s i b i l i t y 
of potasium chloride through the membrane. However, as shown i n 
Fi g . 22, with Flemion, the leakage of potasium chloride i s sup
pressed e f f i c i e n t l y , and decreases with the lowering of the ion 
exchange capacity of the membrane. Taking into consideration of 
the balance between c e l l voltage and the q u a l i t y of c a u s t i c , we 
have selected the membrane with an ion exchange capacity of 1.34 
meq/g for the production of caustic potash, and named i t Flemion 
330. When 35% of caustic potash i s produced, a caustic potash con
t a i n i n g l e s s than 50 ppm of potassium chloride based on 50% caustic 
i s obtained with a current e f f i c i e n c y of 97% and at a c e l l voltage 
of 3.4 V. 

We have also accomplished the design and construction of an 
e l e c t r o l y z e r which i s to work most e f f i c i e n t l y f o r the membrane. 
Our membrane chlor a l k a l i process using Flemion and the e l e c t r o 
l y z e r i s named as the Flemion process. Two commercial plants are 
i n operation i n Japan, and another one i n Thailand has also s t a r t 
ed up. 

Responding to increasing demand for Flemion, we have expanded 
the membrane manufacturing plant i n the Chiba factory i n the summer 
of 1981. 

Moreover, we contrived an innovative e l e c t r o l y t i c system named 
AZEC, which w i l l be commercialized i n near future. 

The Flemion process i s an economic process with no environ
mental problem, and i s expected to be a leading process i n the 
c h l o r - a l k a l i industry. 
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U K I H A S H I A N D Y A M A B E Perfluorocarboxylate Membranes 449 

Figure 21. Electrolytic performance of Standard Flemion 230 and Flemion 430. 
Conditions: brine concentration, 3.5 Ν ; current density, 20 A/dm2; and 90° C. 
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Ion exchange capaci ty (meq/g — dry polymer) 

Figure 22. Relationship between ion exchange capacity of Flemion and electrolytic 
performance. Conditions: concentration of KOH, 35 wt%; current density, 20 

A/dm2; and 90° C. 
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R E C E I V E D September 8,1981. 
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18 

Applications of Perfluorosulfonated Polymer 

Membranes in Fuel Cells, Electrolyzers, and 

Load Leveling Devices 

RICHARD S. YEO 
The Continental Group, Incorporated, Energy Systems Laboratory, 10432 North Tantau 
Avenue, Cupertino, CA 95014 

The basic components of an electrochemical cell are a pair 
of electrodes and the e l e c t r o l y t e . A cell separator is often 
used to inhibit direct physical mixing of reactant/product for 
better cell performance. The separator could be either a 
microporous diaphragm or an ion exchange membrane. Scientists 
at General Electric had the great idea that ion exchange 
membranes could serve as both the separator and the sole 
electrolyte for electrochemical cells, especially f u e l cells (1). 
Extensive work by Grubb (2) and by others (3,4) has proved 
the idea to be a sound one. The subject has been reviewed by 
Niedrach and Grubb (5) and by Maget (6). 

During the l a s t two decades, tremendous work has been con
ducted on properties of ion exchange membranes, the i r behavior 
under various environmental conditions, and their interaction 
with electrodes as well as in determining the l i m i t i n g factors 
influencing operation and cell life. 

Nature of Ion Exchange Membrane 

Ion exchange membranes include i n t h e i r polymeric structure 
many io n i z a b l e groups. One i o n i c component of these groups i s 
f i x e d i n t o or retained by the polymeric matrix while the other 
i o n i c component i s a mobile, replaceable i o n which i s e l e c t r o 
s t a t i c a l l y associated with the f i x e d component. The a b i l i t y of 
the mobile i o n to be replaced under appropriate conditions by 
the other ions imparts i o n exchange c h a r a c t e r i s t i c s to these ma
t e r i a l s . 

An ion exchange membrane can be e i t h e r the c a t i o n exchange 
or the anion exchange type. The use of the c a t i o n exchange type 
for electrochemical c e l l s i s f a r more important than that of the 
anion exchange type because of i t s better thermal s t a b i l i t y (7) . 

Ion exchange membranes are outstanding separators f o r use 
i n electrochemical c e l l s since the membranes are permeable to 
one kind of i o n while r e s i s t i n g the passage of d i r e c t flow 
of l i q u i d s and ions of opposite charge; the membranes are 

0097-6156/82/0180-0453$05.25/0 
© 1982 American Chemical Society 
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454 P E R F L U O R I N A T E D I O N O M E R M E M B R A N E S 

self-supporting and can be reinforced to produce membranes having 
high mechanical strength, and the membranes can be prepared as 
t h i n sheets of large area which are necessary f o r favorable c e l l 
geometry. In p r a c t i c e , the thickness of the membranes i s prefer
ably as small as possible, f o r example, from about 0.05 to 1 mm. 

Membrane Properties with Regard to the Electrochemical 
Applications 

The e s s e n t i a l properties of the membrane f o r the 
electrochemical a p p l i c a t i o n s are the following: 

a) adequate chemical and electrochemical s t a b i l i t y i n 
the c e l l operating environment; 

b) good mechanical i n t e g r i t y and s t r u c t u r a l strength to 
ensure dimensional s t a b i l i t y under tension; 

c) surface properties compatible with the bonding of 
c a t a l y t i c electrodes to the membrane; 

d) high water transport to maintain nearly uniform water 
content or to prevent l o c a l i z e d drying; 

e) low (preferably zero) permeability f o r reactant/pro-
ducts to achieve high current e f f i c i e n c y ; 

f) high i o n i c conductivity f o r large current d e n s i t i e s 
and low i n t e r n a l resistances. 

In many cases, a compromise between these properties w i l l 
be required because s p e c i f i c properties may be emphasized 
according to the a p p l i c a t i o n requirements. 

Perfluorinated Membranes: Advantages and Disadvantages 

The important feature of perfluorinated materials f o r e l e c 
trochemical a p p l i c a t i o n i s t h e i r excellent or, perhaps, im
proved, chemical inertness and mechanical i n t e g r i t y i n a 
corrosive and oxidative environment (8^)· In contrast, the 
hydrocarbon type material i s unstable i n t h i s environment, due 
to the cleavage of the carbon-hydrogen bonds, p a r t i c u l a r l y the 
α-hydrogen atom where the f u n c t i o n a l group i s attached (9,10). 

The thermal s t a b i l i t y of perfluorinated m a t e r i a l i s excel
lent as evidenced by the higher glass t r a n s i t i o n temperature 
over t h e i r respective non-fluorinated analogues (11 ). Accord
i n g l y , these perfluorinated materials can be used i n e l e c t r o 
chemical c e l l s at an elevated temperature f o r better c e l l 
e f f i c i e n c y because of high conductivity and f a s t k i n e t i c s (12). 

The r e l a t i v e l y high cost of the perfluorinated membrane 
l i m i t s i t s a p p l i c a t i o n i n many electrochemical c e l l s when co s t -
effectiveness i s a major concern. 

Nafion ( p e r f l u o r o s u l f o n i c acid) membranes are c u r r e n t l y 
used i n c e l l s with a corrosive environment and high temperature. 
Many of these c e l l s are designed with the s o l i d polymer 
e l e c t r o l y t e (SPE) configuration. The merits of the s o l i d polymer 
e l e c t r o l y t e technology w i l l be discussed i n the next se c t i o n . 
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18. Y E O Applications of Polymer Membranes 4f 

S o l i d Polymer E l e c t r o l y t e Technology 

The development of s o l i d polymer e l e c t r o l y t e c e l l s i s being 
a c t i v e l y conducted at General E l e c t r i c Co. (13) and at Brown 
Boveri Research Center, Baden, Switzerland (14). As the name 
implies, the s o l i d polymer e l e c t r o l y t e technology uses a s o l i d 
polymer sheet as the sole e l e c t r o l y t e i n the c e l l s . It also 
acts as the c e l l separator. The majority of the present a p p l i 
cations use Nafion with a thickness of 10-12 mils (13). Selec
ted physical and chemical properties of Nafion 120 membranes are 
given i n Table I. The membrane i s e q u i l i b r a t e d i n water to 
approximately 30% water content p r i o r to f a b r i c a t i o n i n t o a c e l l 
assembly. The hydrated membrane i s highly conductive to 
hydrogen ions. I t has excellent mechanical strength, and i t i s 
very stable i n many corrosive c e l l environments. 

Table I 

P h y s i c a l and Chemical Properties of Nafion-120 Membranes at 25°C 

Equivalent weight (EW) 
Ion exchange capacity 
Ionic (H;jO+) resistance 
Tensile at break 
Elongation at break 
Mullen burst strength 
H2 permeability 
0l permeability 
Hydrodynamic H2O permeability 
Electro-osmotic permeability 

1200 
0.83 meq/g dry polymer 
0.46 ^ cm^ 
2500 p s i 
150% 
150 p s i u , 
5.6 χ 10" cm, cm cm" 
3.0 χ 10" cm cm cm 
2.7 χ 10" cm 
7.5 χ 10" cm' 

_z 
l _2 

cm cm 
C" 

hr atm 
hr atm 
hr atm 

Cel l s u s u a l l y have a b i p o l a r configuration. The e l e c t r o c a -
t a l y s t s are bonded to each side of the membrane (15), and the 
r e s u l t i n g SPE i s a s t r u c t u r a l l y stable membrane-electrode 
assembly as shown i n Figure 1. A m u l t i - l a y e r package of 
expanded metal screens which presses up against the electrode on 
one side serves as the current c o l l e c t o r and f l u i d d i s t r i b u t o r . 

Although water i s the only l i q u i d used, the environment i s 
e s s e n t i a l l y highly a c i d i c (14,16,17). This i s because the elec
trodes are i n contact with the strongly a c i d i c groups at the 
membrane surface (14,17) . 

Method of Fa b r i c a t i o n . The e l e c t r o c a t a l y s t , i n the form of 
f i n e powder (15), can be produced by the Adams method (18). It 
i s f i r s t mixed with PTFE emulsion s o l u t i o n such that the 
catalyst/PTFE r a t i o i s 80:20 (19). The mixture i s placed on a 
metal f o i l and sintered at 345^C for more than one hour (20) . 
A f t e r cooling, the Teflon-bonded c a t a l y s t i s transferred from 
the f o i l to the membrane. The s i n t e r i n g process can be 
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456 P E R F L U O R I N A T E D I O N O M E R M E M B R A N E S 

porous sublayer impervious interior 

Figure 1. Electron micrograph of a new SPE cell, RuO*/SPE Interface ( 14). 

 P
ub

lic
at

io
n 

D
at

e:
 F

eb
ru

ar
y 

4,
 1

98
2 

| d
oi

: 1
0.

10
21

/b
k-

19
82

-0
18

0.
ch

01
8



18. Y E O Applications of Polymer Membranes 457 

eliminated when the electrodes do not require wet-proofing 
treatment. (20). 

The c a t a l y s t can be bonded to the membrane surfaces by many 
d i f f e r e n t methods such as vacuum deposition (21). However, the 
performance of the membrane-electrode assembly produced by the 
vacuum deposition method i s poor because a smooth m e t a l l i c l a y e r 
i s formed while electrode material f o r an electrochemical c e l l 
should be rough (high surface area). 

The c a t a l y s t s can also be bonded onto each face of the 
membrane under pressure and at a temperature (22) u s u a l l y between 
the glass t r a n s i t i o n temperature and the thermal degradation 
temperature of the membrane (17,23,24). At such temperatures the 
membrane softens and can flow under pressure, such that the 
adhesion force of the membrane i s at a maximum, and an intimate 
contact between the c a t a l y s t and the membrane can be achieved 
(17). The heating process i s rather short, so that the membrane 
i s not over-dehydrated. A dehydrated membrane gives poor bonding 
(17). 

Advantages 
a) High c e l l e f f i c i e n c y : The SPE c e l l i s unique i n that 

the e l e c t r o c a t a l y s t s pressed onto the membrane are i n 
the form of f i n e p a r t i c l e ^ e x h i b i t i n g extremely high 
surface area (e.g., 200 m /g). The int e r e l e c t r o d e spac
ing i s very narrow and i s approximately equal to the 
membrane thickness, which i s generally not more than 
0.3 mm. The maximization of a c t i v e surface area of the 
the electrodes i n couple with the minimization of i n 
terelectrode spacing allows operation of high current 
density with low ohmic losses. This i s p a r t i c u l a r l y 
true when Nafion i s used as the SPE because of i t s good 
conductivity. 

b) S i m p l i c i t y of e l e c t r o l y t e : In the SPE c e l l , the reac-
tant f l u i d need not be conductive to perform e l e c t r o 
chemical synthesis; thus, water and other non-ionic 
species and sparingly soluble gases can be employed as 
reactants without the requirement f o r a supporting 
e l e c t r o l y t e . Furthermore, since pure water i s the only 
l i q u i d i n the system and the e l e c t r o l y t e i s a s o l i d 
polymer, there i s no need f o r any e l e c t r o l y t e 
conditioning or normality c o n t r o l s . Also, i t i s not 
necessary to include e l e c t r o l y t e scrubbers i n the 
product gas streams. 

c) F l e x i b i l i t y of operation: SPE c e l l s can be operated 
over a wide range of c e l l environments. The c e l l can be 
operated below the normal freezing point of aqueous 
e l e c t r o l y t e s and up to 150°C. The c e l l s are very amen
able to high pressure operation (up to 3000 p s i g ) , pro
v i d i n g an a d d i t i o n a l process v a r i a b l e . 
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458 P E R F L U O R I N A T E D I O N O M E R M E M B R A N E S 

Types of Applications 

Applications i n Hydrogen-Oxygen Fuel C e l l s . A f u e l c e l l i s 
a device which converts the la t e n t chemical energy of f u e l 
d i r e c t l y i n t o e l e c t r i c i t y . This involves a constant temperature 
electrochemical energy conversion process, and i t s e f f i c i e n c y i s 
not l i m i t e d by Carnot's theorem (25). Fuel c e l l s f i n d many 
applications i n space missions and m i l i t a r y power sources. Mast 
recently, i t i s considered as an i d e a l contender f o r the uses i n 
transportation and u t i l i t y sectors. For further d e t a i l s see 
reference 25. 

The p e r f l u o r o s u l f o n i c a c i d (Nafion) membrane found i t s 
a p p l i c a t i o n i n f u e l c e l l s long before i t s introduction to the 
c h l o r - a l k a l i industry (26-28). The Nafion membrane i s used as 
the s o l i d polymer e l e c t r o l y t e (separator/electrolyte) i n f u e l 
c e l l s . Figure 2 shows the schematic of such an SPE f u e l c e l l . 

During the f u e l c e l l r e a ction, the electrochemical r e a c t i o n 
taking place at the cathode of an SPE c e l l i s 

0 2 + 4 H + + 4e~ + 2 H2O [1] 

and at the anode, 

H2 * 2 H + + 2e~ 
[2] 

the o v e r a l l r e a c t i o n being 

Hz + 1/2 Oz + HzO + E l e c t r i c a l Power + Heat [3] 

Charge c a r r i e r s i n the hydrated Nafion membrane are 
hydroxonium ions (H+.X H 2 O ) which migrate through the membrane 
by passing from one s u l f o n i c a c i d group to the adjacent one. 
The s u l f o n i c a c i d groups are chemically bound to the pe r f l u o r o -
carbon backbone and do not move; thus, the concentration of 
hydrated ions remains constant w i t h i n the membrane. 

A small amount of water, coupled with the hydrogen ions, 
transports across the membrane because of the electro-osmotic 
e f f e c t . At 100°C, fo r example, there are about 3.5 to 4.0 water 
molecules transported with each hydrogen i o n (13). 

With near ambient pressure a i r as oxidant, the optimum tem
perature of operation i s about 75°C. Because the a i r (and f u e l ) 
streams must be presaturated to ensure membrane s t a b i l i t y , 
higher temperatures cause excessive d i l u t i o n of the oxygen i n 
the a i r stream by water vapor. When oxygen i s employed, opera
t i o n a l temperatures up to 150°C are possible. 

For c e r t a i n a p p l i c a t i o n s i t i s desirable to add unbound 
supporting e l e c t r o l y t e to the membrane. This can be accomp
l i s h e d by e q u i l i b r a t i n g the membrane i n a s u i t a b l e aqueous 
so l u t i o n of aci d or base. P r i o r to assembly i n t o a c e l l , the 
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18. Y E O A pplications of Polymer Membranes 459 

LOAD 

CATHODE 
(Catalytic Electrode) 

ANODE 
"(Catalytic Electrode) 

(4e+4H++Cfe~-H20: 

WETPROOFING 
FILM 

PRODUCT WATER 

electro osmotic 
pumping of 
water 

bock diffusion 
along 
gradient 

τ 
i 

COOLANT 

SOLID POLYMER 
ELECTROLYTE(SPE) 

Figure 2. Representation of SPE fuel cell (26). 
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460 P E R F L U O R I N A T E D I O N O M E R M E M B R A N E S 

membrane can be blot t e d dry and no free flowing f l u i d need be 
present i n the c e l l . In other words, the membrane can be con
sidered as a g e l - l i k e matrix f o r the unbound e l e c t r o l y t e . The 
performance of the membrane so treated can improve because of 
better conductivity. Also, the performance of the electrodes 
may also improve. However, during continuous operation, 
provision must be made to remove the product water or to 
continuously replace the unbound e l e c t r o l y t e i n the membrane 
because such supporting e l e c t r o l y t e , being unbound, w i l l be 
leached away by rejected water. 

Applications i n Water E l e c t r o l y z e r s . With the technology 
achieved i n the Gemini hydrogen-oxygen f u e l c e l l , General Elec
t r i c sought to carry out the reverse reaction, i . e . , water e l e c 
t r o l y s i s , i n a c e l l of s i m i l a r design (29-32). A Nafion mem
brane with a thickness of 10-12 mils and EW of 1100 or 1200, i s 
the only membrane currently used i n these e l e c t r o l y z e r s . At 
present, small-scale SPE water e l e c t r o l y z e r s are commercially 
a v a i l a b l e f o r providing oxygen f o r space l i f e - s u p p o r t systems i n 
spacecrafts and submarines or as hydrogen generators f o r labora
tory users (e.g., for gas chromatographs). More recently, k i l o 
watt-range c e l l s are being developed at General E l e c t r i c for 
large-scale hydrogen production with off-peak e l e c t r i c i t y 
e i t h e r f o r energy storage/transmission use or fo r chemi
c a l / m e t a l l u r g i c a l processes. For more d e t a i l s , see r e f e r 
ence 30. 

Figure 3 represents the schematic of two SPE s i n g l e c e l l s 
connected i n ser i e s (M=membrane, E=electrode). The e l e c t r o 
chemical reaction taking place at the anode of an SPE c e l l i s 

6 Ĥ O (1) + 4 HiO + + 4e~ + 0 2(g) 

and at the cathode, the hydroxonium ions are discharged to 
produce hydrogen gas as 

4 H30 + + 4e~ + 4 H2O (1) + 2 H 2(g) 

the o v e r a l l reaction being 

H2O + H2 + 1/2 O2 

Again, the charge c a r r i e r s i n the membrane, s i m i l a r to the 
case of the f u e l c e l l , are hydroxonium ions. The membrane 
serves as the e l e c t r o l y t e as w e l l as the separator. While oper
at i n g an SPE water e l e c t r o l y z e r , pure water i s c i r c u l a t e d at a 
s u f f i c i e n t l y high flow rate (to remove the waste heat) over the 
anode where i t i s decomposed electrochemically, producing 
oxygen gas, hydroxonium ions, and electrons. Ihe hydroxonium 
ions move through the membrane and then recombine with elec
trons, which pass v i a the external c i r c u i t , to form the hydrogen 
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18. Y E O Applications of Polymer Membranes 461 

Metal Foil 

Carbon 

\ ^2/H2Λ /h2M2<\ / 

Catalytic Electrodes SPE 

* * * * Λ* 

J2S-30" 
/ / ^ / H 2 y ^ 2 / Η 2 < ^ ^ ~Q2 

Carbon 

/»2/H2^ / H ^ H 2 O \ / 

Catalytic Electrodes SPE 

ft. » < » Δ Δ * 
^ ' " ^ ^02/Η2<^ ^ θ2 

Carbon 

^L^rn^-w— 
Ribbed Carbon Collector with M and Ε Supports 

Figure 3. Representation of two SPE single cells connected in series (30). 
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462 P E R F L U O R I N A T E D I O N O M E R M E M B R A N E S 

gas at the cathode. H2 and O2 gases are generated at a 
stoichiometric r a t i o at any desired pressure. 

A recent study (12) has shown that Nafion i s also s u i t a b l e 
for use i n water e l e c t r o l y z e r s with a l k a l i n e s o l u t i o n as the 
supporting e l e c t r o l y t e . The major charge c a r r i e r i s the a l k a l i 
metal i o n because of the n e g l i g i b l e If*" i o n concentration i n 
a l k a l i n e s o l u t i o n and the Off" ion r e j e c t i o n c a p a b i l i t y of the 
cation exchange membrane. The current e f f i c i e n c y of the c e l l i s 
re l a t e d to the i n h i b i t i o n of the transport of gaseous products 
across the separator. Thus, the i o n i c groups of the membrane 
are not important, i n t h i s case, because a l k a l i n e s o l u t i o n i s 
the major e l e c t r o l y t e , and the migration of any i o n i c species 
across the membrane would not a f f e c t the current e f f i c i e n c y of 
the c e l l (33). 

Applications i n Other E l e c t r o l y z e r s . Apart from a p p l i c a 
tions i n hydrogen-oxygen f u e l c e l l s and water e l e c t r o l y z e r s 
which operate without any supporting e l e c t r o l y t e , SPE 
e l e c t r o l y z e r s are also used e f f i c i e n t l y with e l e c t r o l y t e s o l u 
t i o n s , such as HC1 and NazSO^. Recently, LaConti, et a l (34), 
have reported the a p p l i c a t i o n of the c e l l with Nafion as SPE f o r 
some important electrochemical processes, including e l e c t r o l y s i s 
of water, HC1, Na^SOn, and brine s o l u t i o n . 

Hydrochloric a c i d i s a waste by-product from the c h l o r i n -
a t i o n of many organic compounds. In c e r t a i n cases, i t would be 
desirable to recover the c h l o r i n e from HC1 by e l e c t r o l y s i s of 
the a c i d . Sodium s u l f a t e i s also a common by-product of many 
commercial processes. This material can be converted to c a u s t i c 
soda and s u l f u r i c a c i d by e l e c t r o l y s i s of Na^SO^, as shown i n 
Figure 4. 

Nafion-315 i s currently used i n the SPE c e l l f o r brine 
e l e c t r o l y s i s . The SPE e l e c t r o l y z e r e x h i b i t s a 15-20% energy 
savings when compared to conventional brine e l e c t r o l y z e r s , p r i 
marily due to the decrease i n ohmic and cathode overvoltages. 
Figure 5 shows the schematic of the SPE e l e c t r o l y z e r along with 
a t y p i c a l membrane e l e c t r o l y z e r . The current d i s t r i b u t i o n 
across the membrane of an SPE e l e c t r o l y z e r i s more uniform than 
that of a t y p i c a l brine e l e c t r o l y z e r . 

Applications i n Load-leveling Devices. Increasing demands 
fo r e l e c t r i c power i n the face of r i s i n g energy costs have 
created an acute problem f o r the e l e c t r i c u t i l i t y industry i n 
meeting the intensive peak power demands of industry. Leveling 
or peak-shaving these loads and using off-peak stored energy 
allow more e f f i c i e n t u t i l i z a t i o n of base-load energy, with a 
consequent s i g n i f i c a n t savings i n f o s s i l f u e l s as required f o r 
base-load power generation. Electrochemical c e l l s are one of 
the i d e a l energy storers because of t h e i r high e f f i c i e n c y . The 
secondary b a t t e r i e s and regenerative f u e l c e l l s that have been 
considered f o r the load leveling/peak-shaving a p p l i c a t i o n s are 
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18. Y E O A pplications of Polymer Membranes 463 

20H-

2Na+ 

BONDED (Na2S04) 
ELECTRODES 

Na 2S0 4 (SPE ELECTROLYSIS CELL) 

ANODE: N a 2 S0 4 + H 20 - 2 Na+ + 2H + + S0 4 « • 1/2 0 2 • 2e 

CATHODE: 2 H 20 + 2e « 2 OH- • H 2 

OVERALL: N 8 2 S0 4 + 3 H 20 « 2 NaOH + 1/2 0 2 • H 2 • H 2 S0 4 

Figure 4. Representation of SPE Na2SOk electrolysis cell (34). 
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18. Y E O Applications of Polymer Membranes 465 

the sodium-sulfur battery (35), the lithium-metal s u l f i d e 
battery (36), the zin c - c h l o r i n e battery (37), the zinc-bromine 
battery (38-41), the hydrogen-chlorine c e l l (42-49), the 
hydrogen-bromine c e l l (50), the iron-chromine redox c e l l 
(51,52), the i r o n - f e r r i c redox c e l l (53,54), and the 
zinc-ferrocyanide redox c e l l (55). 

The Nafion membrane has been used as a separator i n both 
the hydrogen-halogen c e l l (45,50) and i n the zinc-bromine 
c e l l (38) because Nafion i s a highly stable perfluorinated 
material which i s not affected by strong acids and halogen. 

The function of the separator i n these b a t t e r i e s , s i m i l a r 
to that of the water e l e c t r o l y z e r , i s the separation of products 
( l i k e hydrogen, ch l o r i n e , bromine, and zinc) which cause s e l f -
discharge and e f f i c i e n c y l o s s when they d i f f u s e across the sepa
ra t o r . A non-ionic membrane can be used since the transport of 
the i o n i c species, l i k e proton, c h l o r i d e , bromide, and zinc 
ions, do not a f f e c t the c e l l e f f i c i e n c y . 

Bromine can complex with bromide ions (56) 

Br z + Br" \ Br7 Κ - 16 

2Br2 + Br" Ν Brb" Κ - 40 ^ 
whereas f o r c h l o r i n e i n hydrochloric a c i d (57), i t i s 

C l i + CI" > C l J Κ = 0.2 
s 

The use of Nafion i s advantageous since the negatively 
charged membrane i n h i b i t s negative i o n migration. Hence, 
halogen permeation i n Nafion i s lower than i n the case of the 
micro-porous separator (45). 

Important Membrane Properties Determining C e l l Performance 

C e l l e f f i c i e n c y i s very often r e l a t e d to the transport 
properties of the membrane. This i s p a r t i c u l a r l y true f o r those 
l o a d - l e v e l i n g devices i n which the k i n e t i c s of the c e l l reac
tions are f a s t . The ohmic overvoltage and current e f f i c i e n c y 
are l a r g e l y determined by the membrane conductivity and reactant 
permeation, r e s p e c t i v e l y . 

Water Content. The transport properties of the membrane 
are strongly influenced by the water (or e l e c t r o l y t e ) content of 
the membrane (12,38,45,50). As discussed i n Chapter 1 of t h i s 
volume, the water content of the membrane increases with i n 
creasing temperature and with decreasing EW. Figure 6 shows the 
performance of the hydrogen-chlorine regenerative c e l l at var
ious temperatures. Besides, the water content can be influenced 
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466 P E R F L U O R I N A T E D I O N O M E R M E M B R A N E S 

Figure 6. SPE HCl cell performance at various temperatures (46). Conditions: 5 
atm CI pressure; flow rate, 8 cm3/s; and 10% HCl. 
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18. Y E O A pplications of Polymer Membranes 467 

by the type and concentration of the e l e c t r o l y t e . The h i s t o r y 
of pre-treatment of the membrane i s also important i n increasing 
the water content. The water content i s set p r i o r to c e l l 
f a b r i c a t i o n by e q u i l i b r a t i n g the membrane at high temperatures 
and pressures. Once e q u i l i b r a t e d at a temperature above the 
operating temperature of the c e l l , the water content of the 
membrane i s f i x e d and w i l l not change as a function of any 
normal operating condition. The only condition that can 
change the water content of the membrane i n a c e l l i s the drying 
force which could remove water by evaporation. To eliminate 
such a condition the heat i s removed at the electrode, a i d i n g 
the recycle of product water formed at the cathode i n t o the 
polymer and by presaturation of the i n l e t reactants to prevent 
l o c a l i z e d drying of the c e l l . The incorporation of prehumidi-
f i e d reactants has eliminated the c e l l f a i l u r e s experienced i n 
some of the e a r l y i o n exchange membrane f u e l c e l l s . 

Thickness. The present Nafion membrane used i n SPE water 
e l e c t r o l y z e r s i s 12 mils t j i c k and has an e l e c t r o l y t i c r e s i s 
tance of 2.4 χ 10" ohm-ft at 80°C, accounting f o r considerable 
voltage losses at high current d e n s i t i e s . Considerable voltage 
reductions can be achieved through the^use of the 5 m i l Nafion 
membranes. For instance, at 2000 A/ f t , the improvement i n per
formance compared with the standard 12 m i l membrane i s more than 
0.25 V. With thinner membranes, p a r a s i t i c losses due to gas 
permeability w i l l generally be higher; thus, a c a r e f u l trade-off 
study must be made for a given a p p l i c a t i o n . 

Membrane Hysteresis E f f e c t . The d i f f u s i o n of water i n the 
Nafion membrane i s fa s t (only one order of magnitude l e s s than 
the s e l f - d i f f u s i o n of water). The d i f f u s i o n of e l e c t r o l y t e i n 
the membrane decreases as the acid concentration increases. So 
the e l e c t r o l y t e content of the membrane w i l l not reach e q u i l i 
brium when the c e l l i s operated i n an unsteady-state fashion, 
as shown i n Figure 7. The e l e c t r o l y t e content i n the membrane 
i s l e s s than the equ i l i b r i u m value when the c e l l i s i n i t i a l l y 
s tarted with 45% HBr and then charged to 7% HBr i n 10 hours. On 
the other hand, the membrane would absorb more e l e c t r o l y t e than 
the equilibrium value i f the c e l l were started with 7% HBr and 
discharged to 45% HBr i n 10 hours. There i s a strong hysteresis 
e f f e c t (50). This e f f e c t increases with decreasing c e l l c ycle 
time and an increasing a c i d concentration range. 

The overvoltage of the hydrogen-halogen c e l l and the z i n c -
bromine c e l l i s mainly contributed by the membrane r e s i s t i v i t y , 
and t h i s r e s i s t i v i t y i s a strong function of the e l e c t r o l y t e 
content i n the membrane. I t i s c l e a r that the membrane 
hysteresis e f f e c t w i l l influence the c e l l performance. 

Chemical S t a b i l i t y . Active species, such as peroxide 
r a d i c a l s , form during c e l l r e a c t i o n , p a r t i c u l a r l y oxygen 
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18. Y E O Applications of Polymer Membranes 469 

reduction. These peroxyl species appear to have a f a i r l y long 
l i f e t i m e and r e a d i l y attack C-H bonds of the membrane and cause 
membrane degradation. The degradation rate has been found to be 
aggravated by temperature and presence of c e r t a i n ions such as 
ferrous ions. The Nafion membrane e x h i b i t s e x c e l l e n t resistance 
against degradation i n environments with 20 ppm Fe"*""*" and 
30% Η^Οζ· However, Nafion does undergo some degradation 
r e s u l t i n g i n the formation of HF, COi, and low molecular weight 
perfluorocarbon species (13). Figure 8 shows the r e l a t i v e de
gradation rate of ea r l y Nafion material (before 1969) and of an 
improved membrane. The chemical s t a b i l i t y of the membrane can 
be improved by p l a t i n i z i n g the membrane on the surface lay e r 
such that i t forms a discontinuous layer w i t h i n the membrane. 
The p l a t i n i z a t i o n of the membrane can increase membrane l i f e by 
an order of magnitude. 

Future Trends 

Development of A l t e r n a t i v e Membranes. Nafion membranes 
show considerable promise with respect to t h e i r performance 
c h a r a c t e r i s t i c s , low r e s i s t i v i t y and^long-term s t a b i l i t y . How
ever, the present cost (about $30/ft ) of Nafion membranes i s 
rather expensive f o r the S P E c e l l to be c o s t - e f f e c t i v e f o r 
i n d u s t r i a l and u t i l i t y a p p l i c a t i o n s . T£e ultimate goal i s to 
reduce the membrane cost to about $3/ft . A l t e r n a t i v e membranes 
have been evaluated for use i n the S P E c e l l . Only fluorocarbon 
membranes have been considered i n t h i s a p p l i c a t i o n (10), since 
the c e l l environment i s corr o s i v e , and c e l l tempperature i s high 
(from 80°C to 150°C). <*, 3, 3 - t r i f l u o r o s t y r e n e - s u l f o n i c a c i d 
membrane has shown excellent performance i n S P E water 
e l e c t r o l y z e r comparative with that used i n the Nafion membrane. 
However, the candidate membranes lack long-term s t a b i l i t y under 
water e l e c t r o l y s i s operating conditions, presumably due to the 
non-perfluorinated nature of the aromatic r i n g . 

A recent study has shown that (58) membranes with carboxy
l i c a c i d groups cannot be used without a l k a l i n e supporting e l e c 
t r o l y t e because of low swelling and poor conductivity i n pure 
water. I t i s c l e a r that the alter n a t e membrane f o r the S P E c e l l 
should be a perfluorinated s u l f o n i c a c i d membrane. To date 
(1981), Nafion s t i l l r e tains i t s uniqueness f o r t h i s e l e c t r o 
chemical a p p l i c a t i o n . 

The hydrated Nafion membrane cu r r e n t l y used i n S P E c e l l s 
provides a highly a c i d i c environment, equivalent to a 10 wt% 
H^ S O i * s o l u t i o n ( 13). Thus, noble metals or noble metal oxides 
have to be used as e l e c t r o c a t a l y s t s . It i s of p a r t i c u l a r 
i n t e r e s t to develop an anion exchange membrane which w i l l t rans
port hydroxyl ions under water e l e c t r o l y s i s or f u e l c e l l condi
t i o n s . Ihis implies that the c e l l environment would be a l k a 
l i n e , which would enable the s u b s t i t u t i o n of these expensive 
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18. ΥΕΟ Λ pplications of Polymer Membranes A l l 

materials with r e l a t i v e l y cheap ones. Development of the anion 
exchange membranes are rather l i m i t e d by t h e i r poor thermal 
s t a b i l i t y . 

A p p l i c a t i o n of SPE Technology i n C h l o r - a l k a l i C e l l s . The 
ohmic loss of the c h l o r - a l k a l i c e l l can be s u b s t a n t i a l l y reduced 
by the use of the SPE configuration. However, the SPE brine 
e l e c t r o l y z e r c u r r e n t l y employs Nafion-315 as the separator. The 
c a p a b i l i t y of t h i s s u l f o n i c acid membrane to r e j e c t hydroxyl 
ions at high c a u s t i c concentrations i s poorer than that of those 
membranes co n s i s t i n g of weak acid groups such as 
perfluorocarboxylic acid or modified sulfonamide Nafion, which 
are used i n many advanced c h l o r - a l k a l i c e l l s . N a t u r a l l y , a new 
generation c h l o r - a l k a l i c e l l with high e f f i c i e n c y awaits the 
merging of the merits of these two fa s c i n a t i n g technologies. 
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General Applications of Perfluorinated Ionomer 
Membranes 

BRIAN KIPLING 
University of Calgary, Department of Chemistry, Calgary, Alberta T2N 1N4 Canada 

Described here are applications other than industrial chlor-
alkali, water electrolysis and fuel cells. The applications are 
divided into six general classes. 

Separators 

The use of Nafion as a separator in cells for chloralkali 
electrolysis is described elsewhere. The exceptional chemical in
ertness and thermal stability coupled with favourable electrical 
conductivity being of particular advantage in this application. 
These properties have been exploited in a number of other electro
chemical applications. 

The RAI Research Corporation also offers a range of battery 
separators under the name of Permion (1) . These membranes are 
made by radiation grafting of a suitably active group onto an 
inert base film. The active groups include weak acids such as 
acrylic and substituted acrylic acid and stronger acidic groups 
such as sulfonated styrene. The base film can be Teflon R, poly
ethylene or polypropylene. They are thus not strictly perfluorin
ated membranes as is Nafion, but in chemical inertness and in many 
physical properties such as electrical conductivity and ion flux 
are useful as separators in batteries. 

Grot (2, 3, 4) has summarized the properties of some perfluor
inated membranes used as separators, mainly for chloralkali elec
trolysis, and also described regeneration of chromic acid solu
tions. Solutions of chromium(VI) in sulfuric acid are used in a 
number of industrial processes. For example in etching plastics 
prior to metallizing. The used solution contains chromium(III) 
which can be electrolytically reoxidized to chromium(VI) using 
lead anodes. Nafion in tubular form (80 mm diameter) is used as 
the separator in cylindrical cells. Sulfuric acid is used as the 
catholyte, the permselectivity of the Nafion ensuring that little 
sulfate ion migrates to the chromium(VI) solution. In the regen
eration of chrome plating solutions even small amounts of sulfate 
migrating across the separator would upset the c r i t i c a l ratio 

0097-6156/82/0180-0475$05.00/0 
© 1982 American Chemical Society 
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476 P E R F L U O R I N A T E D I O N O M E R M E M B R A N E S 

H^SO^rCrOs (usually around 1:100) and an organic a c i d i s used as 
catholyte, the small amounts of organic anion which do migrate 
across the membrane are oxidized by the chromic a c i d . An a d d i t i o n 
a l problem i n the regeneration of chrome p l a t i n g solutions i s r e 
moval of low concentrations of cations such as F e 3 + , Cu 2 +, N i 2 + . 
The Nafion separator allows d i a l y s i s of the non-oxidizable cations 
to the cathode, and even though e f f i c i e n c y of removal i s low due 
to the r e l a t i v e l y high concentration of hydrogen ions, (the hydro
gen ion c a r r i e s the bulk of the current), the process i s s t i l l 
economically a t t r a c t i v e because the amounts of the unwanted 
cations are usually small. 

In chromic a c i d solutions containing large amounts of unwanted 
cations, e.g. solutions a f t e r use for etching printed c i r c u i t s 
contain large amounts of copper(II) ions and regeneration of the 
spent solutions with no pretreatment r e s u l t s i n very low e f f i c i e n 
cies i n terms of copper(II) ion removal. About 8-13% of the cop
per has been removed when a l l the chromium(III) has been r e o x i -
dized to chromium(VI) (4). Regeneration c e l l s f o r chromic a c i d 
solutions based on the c y l i n d r i c a l geometry using tubular Nafion 
are commercially a v a i l a b l e from AMJ Chemicals. (54). A sim
i l a r process, though the nature of the membrane was not s p e c i f i e d 
was described by Belobaba (6) for removing cations such as chrom-
ium(III) and n i c k e l ( I I ) from spent e l e c t r o p l a t i n g s o l u t i o n s . 

Nafion i n c y l i n d r i c a l form i s also supplied by C.G. Process
ing Inc. (5), f o r use i n electrowinning of gold. The membrane 
serves several purposes i n e l e c t r o l y s i s c e l l s where gold i n con
centrated chloride (or cyanide) s o l u t i o n i s deposited on s t e e l 
wool cathodes. The membrane prevents migration of the anionic 
gold complex to the anode, so that current i s c a r r i e d almost 
e n t i r e l y by sodium ions from the sodium hydroxide anolyte. Chlor
ide ions are also prevented from reaching the anode, thus avoiding 
corrosion problem with the s t a i n l e s s s t e e l electrodes, and f i n a l l y 
oxygen gas, evolved at the anode i s kept out of the catholyte 
where i t would i n t e r f e r e with the deposition of the gold (53). The 
r e l a t i v e l y high temperatures and high current d e n s i t i e s l i m i t the 
range of av a i l a b l e membranes to those of the Nafion type which 
have the appropriate combination of properties. 

On a somewhat d i f f e r e n t scale i s the construction of separ
ator tubes described by Harrar and Sherry (7). These tubes are 
made from Nafion (tubular form) with e i t h e r Kel-F or glass plus 
Tefzel and are intended for use i n e l e c t r o l y s i s c e l l s for c o n t r o l 
l e d p o t e n t i a l e l e c t r o l y s i s or f o r coulometry. Nafion tubing 4.3 
mm diameter ( i n t e r n a l ) i s attached to a length of glass using 
T e f z e l . The Nafion end of the tube i s sealed with a plug of boro-
s i l i c a t e glass rod producing a composite of a glass tube with a 
section of Nafion tube (Figure 1) which serves to i s o l a t e the 
counter electrode from the working electrode compartment. E l e c t 
rochemical c h a r a c t e r i s t i c s of the tubes were measured and the use 
of these tubes i n coulometry and voltammetry indicated (see also 
refs 35, 37). 
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19. K I P L I N G A pplications of Ionomer Membranes 477 

ι ί 
l e n g t h a s y 
r e q u i r e d y ! 

I 
II 

GLASS 

-k TEFZEL 

i l WM 

• NAFION 

BOROSILICATE 

Figure 1. Nafion/'glass/Tejzel separator. 
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478 P E R F L U O R I N A T E D I O N O M E R M E M B R A N E S 

Sakagami, Kato, H i r a i and Murayana (8) have used Nafion 110 
as a separator and c o l l e c t o r i n the e l e c t r o d i a l y s i s of protein. 
A s o l u t i o n , or homogenized dispersion of the protein, i s contained 
i n a compartment separated from the electrodes by sheets of the 
Nafion membrane. (A c y l i n d r i c a l geometry with tubular Nafion 
would seem a more convenient arrangement here). On passage of 
current the protein migrates, ( d i r e c t i o n depends upon the p r o t e i n 
and the pH of the d i s p e r s i o n ) , and c o l l e c t s as a homogenous f i l m 
on the membrane surface - from which i t could be e a s i l y removed. 

Energy Sources 

Although the membranes used i n some of the applications l i s t 
ed here are not of the perfluorinated v a r i e t y , the chemical i n e r t 
ness, high e l e c t r i c a l conductance and r e l a t i v e l y high solute f l u x 
confer t e c h n i c a l advantages over most non-fluorinated membranes. 
The use of membranes i n energy sources can be divided into two 
categories. As electrode separators i n conventional b a t t e r i e s , 
the Nafion membranes would seem e s p e c i a l l y useful for nonaqueous 
e l e c t r o l y t e systems because of t h e i r inertness to most organic s o l 
vents. The Permion membranes based on t e f l o n with sulfonate ex
change s i t e s seem to have p o t e n t i a l a p p l i c a t i o n here too. Dampier 
(9) evaluated a number of membranes with respect to e l e c t r i c a l re
sistance, transference numbers and i n t e r d i f f u s i o n rates for l i t h -
ium(I), copper(II), bromide, perchlorate i n propylene carbonate, 
but did not at that time consider Nafion or Permion membranes. 
Lopez, K i p l i n g and Yeager (10) reported r e s u l t s of transport 
studies f o r sodium, cesium and iodide ions i n propylene carbonate 
which showed that nonaqueous apr o t i c solvents may remove the ad
vantage of high ion f l u x , though the f l u x i n p r o t i c solvents such 
as methanol i s s t i l l quite high. Later work (11) suggested that 
the presence of even small amounts of water may have a pronounced 
e f f e c t on rates of ion transport. K r a t o c h v i l and Betty (12) used 
an anion exchange membrane i n a c e t o n i t r i l e f o r a battery based on 
copper(II)-(I) and copper (0)-(I) couples. The membrane was 
e f f e c t i v e i n preventing migration of copper cations. The c e l l was 
intended as a power source at low temperatures. 

In addition to uses i n conventional type b a t t e r i e s , the use 
of ion exchange membranes i n d i a l y t i c b a t t e r i e s has been proposed 
by several groups. Based on e a r l y experiments of Manecke (13) the 
d i a l y t i c battery i s a device f o r e x t r a c t i n g the free energy of 
d i l u t i o n of s a l i n e water. The p r i n c i p l e s were discussed by Clam-
p i t t and K i v i a t (14) who proposed a scheme for d i r e c t generation 
of e l e c t r i c i t y using an electrochemical concentration c e l l . Fresh 
water and s a l i n e solutions are separated by an ion exchange mem
brane. A r e v e r s i b l e chloride electrode i s placed i n each compart
ment and the E.M.F. of such a c e l l i s a function of the difference 
i n concentration between the two s o l u t i o n s . Ion transport across 
the membrane gives r i s e to a current flow. This proposal was 
examined i n more depth by Weinstein and L e i t z (15), who amongst 
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19. K I P L I N G A pplications of lonomer Membranes 479 

other factors looked at power output as a function of s a l t concen
t r a t i o n on the freshwater side. A compromise must be struck, given 
a constant s a l i n e concentration for sea water, between maximum 
concentration difference (giving maximum p o t e n t i a l difference) and 
increasing i n t e r n a l resistance as the s a l t concentration of the 
freshwater i s reduced to a small value. An optimum of 0.026 M 
sodium chloride for the freshwater side i s somewhat higher than 
average r i v e r water (0.01 M) . Other factors such as membrane re
sistance, water transport etc. were examined i n les s e r d e t a i l but 
Weinstein and L e i t z attempted an economic prognosis based on cur
rent costs and concluded that major advances i n membrane technol
ogy were needed i f the d i a l y t i c battery were to become a commer
c i a l p o s s i b i l i t y . The a v a i l a b i l i t y of adequate quantities of 
r i v e r water may also be a l i m i t i n g f a c t o r . Forgacs and 0 1 B r i a n 
(16) have proposed a s i m i l a r model fo r a d i a l y t i c battery and made 
more o p t i m i s t i c p r e d i c t i o n s , though without s p e c i f y i n g membrane 
types or costs. A device based upon the difference i n s a l t con
centration between fresh water and sea water but u t i l i z i n g osmotic 
pressure rather than a p o t e n t i a l generation was proposed by Norman 
(17) . His osmotic pump using a reverse osmosis membrane i s theor
e t i c a l l y equivalent to a w a t e r f a l l of height 225 m, and a device 
for e x t r a c t i n g useful work from t h i s osmotic pressure was d e s c r i 
bed. 

Electrodes 

Ion s e l e c t i v e electrodes using ion exchange membranes have 
been investigated over a long period of time (18). Two major 
problems of such electrodes are lack of s e l e c t i v i t y and short l i f e 
times. Polymer membrane electrodes have usually incorporated a 
p l a s t i c i z e r to increase i o n i c m o b i l i t y i n the membrane and an 
el e c t r o a c t i v e species. The rate of leaching of these components 
controls the l i f e t i m e of the electrode (19, 20). The unique 
morphology of Nafion polymers (11, 21, 22) coupled with, or per
haps r e s u l t i n g i n , high s e l e c t i v i t i e s (23) prompted Martin and 
Frei s e r to follow t h e i r e a r l i e r work on a dinonylnaphthalenensul-
fonate membrane (24) with an i n v e s t i g a t i o n of Nafion 120 as a mem
brane i n ion s e l e c t i v e electrodes (25). Ionic m o b i l i t i e s i n 
Nafion are s u f f i c i e n t l y high to obviate the need for p l a s t i c i z e r s 
and the ion exchange s i t e s are covalently bound to the polymer 
backbone so that i n p r i n c i p l e at l e a s t l i f e t i m e s should be i n f i n 
i t e . Martin and Freis e r prepared electrodes by sealing a disc of 
Nafion 120 to the end of a glass tube. The tube was then f i l l e d 
with appropriate i n t e r n a l reference s o l u t i o n . They report Nern-
s t i a n response for electrodes for cesium ion and for t e t r a b u t y l -
ammonium ion and present s e l e c t i v i t y data for these electrodes i n 
presence of various other ions. S i m i l a r i t i e s i n s e l e c t i v i t y seq
uences to the DNNS electrode i n d i c a t e that solvent e x t r a c t i o n con
siderations may be s i g n i f i c a n t i n determining s e l e c t i v i t y , perhaps 
from p a r t i t i o n between hydr o p h i l i c and hydropholic regions w i t h i n 
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480 P E R F L U O R I N A T E D I O N O M E R M E M B R A N E S 

the Nafion membrane. The use of a strong cation exchange membrane 
in an ion selective electrode was reported by Inokuma, Ochiar, 
Endo and Hiiro (26) for control of pic k l i n g bath solutions contain
ing n i t r i c and hydrofluoric acids. A perfluorinated membrane i s 
pa r t i c u l a r l y suitable here because of i t s chemical inertness. 

An a l y t i c a l Preconcentration Techniques (Donnan Dialysis) 

The permselectivity of ion exchange membranes can be exploit
ed as a preconcentration technique. Thus suppose two solutions (1 
and 2) are separated by a cation exchange membrane which i s t o t a l 
l y impermeable to anions. I n i t i a l l y solution 1 contains A ions 
and solution 2 contains B + ions. It can be shown (27, 28) that at 
equilibrium the following relationship holds 

a A , l = ^BJ, 
aA,2 aB,2 

where a denotes a c t i v i t i e s , A and Β denotes species A + and B + i n 
solutions 1 and 2 on different sides of the membrane. If the 
i n i t i a l concentration of A + i s large and i n i t i a l concentration of 
B + very small, then at equilibrium a r e l a t i v e l y small fraction of 
A + w i l l have moved from solution 1 to solution 2 but a r e l a t i v e l y 
large fraction of B + w i l l have moved from solution 2 to solution 1. 
By suitable choice of volumes for the two solutions a high degree 
of concentration of B + can be achieved. Similar considerations 
apply to anions using an anion exchange membrane. This technique 
i s often referred to as Donnan d i a l y s i s . In practice t o t a l im
permeability of coion (anion i n the case of a cation exchange 
membrane) i s not achieved and so although the cation equilibrium 
situation described i s observed i t i s eventually superseded by 
complete ionic equilibrium as anions slowly permeate the membrane 
u n t i l both cation and anion concentrations are equal on each side 
of the membrane. Permselectivity i s a result of r e l a t i v e d i f f u 
sion rates of cations and anions through the membrane and holds 
only under Donnan exclusion conditions, i . e . i s most effective i n 
low ionic strength solutions. 

Blaedel and Haupert (28) demonstrated the f e a s i b i l i t y of 
using this phenomenon as a preconcentration technique using isotope 
tracer studies on the ions Na +, Cs +, Zn 2 + , and la t e r Blaedel and 
Christensen (29) extended the work to include the anions I" and 
ΗΡθζ. . They found anion transport to be much slower than the pre
viously reported cation transport. Coion transport i n the anion 
exchange membranes was much higher and apparently dependent on the 
anionic charge of the bulk e l e c t r o l y t e . Further studies with more 
recently available membranes (1) seem to be needed. 

Blaedel and K i s s e l (30) used electrodes responsive to the 
desired ion wrapped with an ion exchange membrane. For example a 
glass electrode wrapped with a cation membrane, Permion P1010, 
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19. K I P L I N G Applications of Ionomer Membranes 481 

responds to hydrogen ions when immersed i n a solution. The small 
volume of solution contained between the membrane and the glass 
bulb provides enrichment factors of about one hundred and thus 
extends the s e n s i t i v i t y range for the electrode. 

The use of ion exchange membranes as a preconcentration de
vice assumes no selective binding of the ions of interest. Blaedel 
and Niemann (31) examined three commercially available membranes 
by a variety of techniques and found evidence of impurity groups 
i n the membranes "capable of binding cations ( s p e c i f i c a l l y copper 
(II)) very strongly by mechanisms other than the ion exchange 
mechanism". Such effects would v i t i a t e the use of these membranes 
i n preconcentration techniques. No d e f i n i t i v e i d e n t i f i c a t i o n of 
the groups was presented but carboxylate and o l e f i n i c groups were 
detected spectroscopically. Of the three membranes examined 
Nafion XR170 appeared to be the most homogeneous with respect to 
exchange s i t e and binding of copper(II) ions. 

Preconcentration of copper at concentrations of around 10 5M 
p r i o r to determination by atomic absorption was reported by Cox 
and Dinunzio (32). Using Nafion 125, Permion P1010 or Permion 
4010 small volume receiver c e l l s were separated from larger volume 
samples. After a fixed time the solution i n the receiver was 
analyzed for copper, and by suitable adjustment of conditions the 
copper concentration of the receiver solution was shown to be a 
lin e a r function of copper content i n the o r i g i n a l sample. The 
authors found curious effects on adding certain cations to the 
sample solution. Mg 2 + or A l 3 + caused marked acceleration i n the 
rate of C u 2 + transport, an effect which i t i s tempting to l i n k as 
does Twardowski (37) with the Blaedel and Niemann impurity s i t e s 
(31), but which Cox and DiNunzio claim i s not feasible because 
potassium transport i s s i m i l a r l y accelerated by addition of sodium 
or magnesium ions to the sample solution. Optimum conditions with 
respect to composition of receiver solution, sample solution, 
temperature and s t i r r i n g rate were established i n order to provide 
a precise method for ion preconcentration. 

The voltammetric determination of n i t r a t e following a pre
concentration step using Permion 1025 was developed by Cox, 
Lundquist and Washinger (33). Nitrate i s exchanged from the sam
ple solution through the membrane into a small volume c e l l contain 
ing 0.1 M potassium chloride and 0.01 M lanthanum chloride. The 
method eliminates cationic interferences with the voltammetry but 
does not successfully deal with anionic interferences such as a 
sulfate or n i t r i t e . 

Donnan d i a l y s i s of conjugate bases of weak acids presents an 
additional factor for control, namely pH. Cox and Cheng (34) i n 
vestigated preconcentration of a number of anions i n this cate
gory. Sample pH was adjusted to ensure that a major fr a c t i o n of 
the weak acid system was i n anionic form. Maximum enrichment 
factor, defined as ratio of receiver concentration to sample con
centration after some given, fixed time (usually 30 minutes), was 
obtained when pH of the receiver solution was much less than the 
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482 P E R F L U O R I N A T E D I O N O M E R M E M B R A N E S 

pK of the corresponding a c i d . For the anions c h l o r i d e , phosphate, 
arsenate, chloracetate and pyruvate the enrichment factor of about 
seven was obtained, suggesting that t r a n s f e r rate across the mem
brane-receiver s o l u t i o n boundary may be the rate determining step. 
The much lower enrichment f a c t o r of about 3 for s u l f a t e i s a t t r i 
buted to strong i n t e r a c t i o n with the methyl pyridinium exchange 
s i t e s of the Permion 1025 membrane. The presence of s u l f a t e ion 
i n the sample s o l u t i o n also has the e f f e c t of decreasing enrich
ment factors f o r other anions. Donnan d i a l y s i s not only serves as 
a preconcentration process but i n addition provides matrix normal
i z a t i o n f o r a n a l y t i c a l methods where the matrix i s important. Cox 
and Twardowski (35) have described a voltammetric method of 
analysis for the metal ions Cd(II), P b ( I I ) , Zn(II) and Cu(II) i n 
which a preliminary d i a l y s i s using Permion 1010 removes i n t e r f e r 
ences from various surfactants such as T r i l o n X-100 and ligands 
such as humic ac i d . The d i a l y s i s technique i s s i m i l a r to that 
described by Cox and DiNunzio (32) the receiver s o l u t i o n being 
analyzed by anodic s t r i p p i n g voltammetry a f t e r a f i x e d contact 
time, v i a the membrane»with the sample s o l u t i o n . In presence of 
complexing agents (humic acid) pH control of the sample s o l u t i o n 
to control proportion of uncomplexed metal ion i s also important, 
possibly allowing f o r speciation i n ad d i t i o n to matrix normaliza
t i o n and concentration enrichment. The a v a i l a b i l i t y of Nafion i n 
tubular form, Nafion 811, was u t i l i z e d by Cox and Twardowski (36) 
i n a dynamic Donnan d i a l y s i s system where s o l u t i o n i s pumped 
through Nafion tubing, a c o i l of the tubing being immersed i n the 
sample s o l u t i o n . The use of tubing allows an increase of surface 
area of membrane to receiver volume r a t i o and minimizes concentra
t i o n p o l a r i z a t i o n on the receiver membrane surface thus g i v i n g 
much enhanced enrichment r a t i o s i n shorter contact times. In a 
t y p i c a l experiment receiver s o l u t i o n , 0.2 M MgSOij. plus 5 x 10~ 4 M 
A l 2 ( 8 0 ^ ) 3 was pumped through the tubing, diameter 0.63 mm, length 
10 m at a rate of about 6.0 mL min" 1 g i v i n g enrichment factors of 
up to 27 i n d i a l y s i s times of about 15 minutes. Considerably more 
e f f i c i e n t than factors of 5-10 i n 1 hour of s t a t i c d i a l y s i s . 

Cox and DiNunzio (3_2_) established an optimum composition for 
the receiver s o l u t i o n , 0.2 MMg(II), 5 * IO" 4 M A l ( I I I ) . Other 
receiver solutions show a less favourable cation transport across 
membranes such as permion 1010, a grafted t e f l o n base onto styrene 
with s u l f o n i c a c i d exchange s i t e s . For example 0.1 M Na + shows 
enrichment factors only 50% that of the above s o l u t i o n . This 
lower cation transport rate i s a t t r i b u t e d to i n t e r a c t i o n between 
the mobile cations and the f i x e d exchange s i t e s . The function of 
the multivalent ions i s to provide a s h i e l d between exchange s i t e s 
and mobile ions and thus lower residence times i n the membrane. 
Cox and Twardowski (38) i n an elegant experiment provide evidence 
supporting t h i s view by applying on AC f i e l d across the membrane 
during d i a l y s i s with a sodium n i t r a t e receiver. A 5V cm""1 sine 
wave at frequencies ranging from 10""1 KHz to 10 3 KHz was used 
during transport of the ions Cu(II), P b ( I I ) , Cd(II), Zn(II). I t 
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19. K I P L I N G A pplicaîions of lonomer Membranes 483 

was argued that increasing frequency would increase the rate of 
d i s s o c i a t i o n of cation-sulfonate bonds and u l t i m a t e l y residence 
times of the mobile cations would reach a d i f f u s i o n c o n t r o l l e d 
l i m i t . The transport of ions through the membrane was measured i n 
terms of enrichment factors (see e a r l i e r ) and reached a l i m i t i n g 
value at about 10 2 KHz of around 4.0. The value observed using 
the multivalent receiver s o l u t i o n . For the l a t t e r on applied 
f i e l d has r e l a t i v e l y l i t t l e e f f e c t on the enrichment f a c t o r . 

The use of tubular Donnan d i a l y s i s systems has stimulated 
attempts to provide p r e d i c t i v e models, p r i n c i p a l l y for i n d u s t r i a l 
l y oriented a p p l i c a t i o n s . Ng and Snyder (39) have recently pub
l i s h e d one such attempt applied to d i a l y s i s of n i c k e l ( I I ) i n t o a 
s u l f u r i c acid receiver s o l u t i o n . Correlations between mass trans
port c o e f f i c i e n t and Reynolds number are reported, and the factors 
c o n t r o l l i n g transport over a range of n i c k e l concentrations are 
discussed. 

Preconcentration i n a s l i g h t l y d i f f e r e n t way i s described by 
Eisner and Mark (40) who e q u i l i b r a t e d small areas of cation ex
change membranes with sample solutions and then used the membrane 
as a source of ions for deposition i n an anodic s t r i p p i n g v o l t a -
mmetry system. The concentration of the ion i n the membrane i s 
l i n e a r l y r e l a t e d to i t s concentration i n the bulk sample s o l u t i o n . 
The pre-equilibrated membrane was also analyzed by neutron a c t i v a 
t i o n thus extending the range of ions f o r which the technique i s 
u s e f u l . Data are quoted for Ag +, C u 2 +, Z n 2 + , C o 2 + and I n 3 + , a l l 
of which show favourable d i s t r i b u t i o n for the membrane phase. 
E q u i l i b r a t i o n times are inversely proportional to concentration 
ranging from several minutes at 10 _ l + M to one day or more at 10~ 6 

M. The method affords a convenient separation from nonionic and 
anionic species which i n t e r f e r e with the measurement technique. 
A s i m i l a r preconcentration process was developed by Lochmuller, 
Galbraith and Walter (41) f o r the analysis of water f o r trace 
metals. The membrane a f t e r e q u i l i b r a t i o n with the water sample i s 
i n t h i s case analyzed by proton induced X-ray emission. Claimed 
advantages of the l a t t e r technique are a wider range of a p p l i c a 
b i l i t y than neutron a c t i v a t i o n , easier a p p l i c a b i l i t y to rapid 
routine analysis than anodic s t r i p p i n g and greater s e n s i t i v i t y 
than conventional X-ray fluorescence spectroscopy. 

C a t a l y s i s 

Superacids such as Magic acid (42), a system containing 
antimony pentafluoride and f l u o r o s u l f o n i c acid and designated a 
superacid because i t i s a more ready electron p a i r acceptor than 
anhydrous aluminium chloride (43), have useful c a t a l y t i c proper
t i e s i n synthetic organic chemistry where the reaction involves a 
carbocation intermediate. The extremely low n u c l e o p h i l i c i t y of 
the counter ion of such acids make i t possible to prepare cations 
such as the t e r t i a r y b u t y l (0Η 3) 3ΰ + with an appreciably long l i f e 
time i n superacid solutions whereas such cations are too r e a c t i v e 
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484 P E R F L U O R I N A T E D I O N O M E R M E M B R A N E S 

to e x i s t i n l e s s a c i d i c media. The highly a c i d i c character of 
superacids also promotes protonation of very weak bases such as 
alkanes as a preliminary stage of isomerization, a l k y l a t i o n and 
polymerization reactions (43). 

The wide a p p l i c a b i l i t y of superacids encouraged attempts to 
prepare them i n the s o l i d phase by absorbing antimony f l u o r i d e 
and f l u o r o s u l f o n i c a c i d on supports such as f l u o r i n a t e d graphite 
or a f l u o r i n a t e d p o l y o l e f i n e r e s i n (45). Nafion i s an obvious 
candidate for such systems and has been used as a ca t a l y s t f o r a 
va r i e t y of reactions. Olah (43) reviewed some of the e a r l i e r 
a p p l i c a t i o n s to isomerization, polymerization, transbromination, 
n i t r a t i o n , a c e t a l i z a t i o n and hydration, and used Nafion ( i n the 
hydrogen ion form) f o r gas phase a l k y l a t i o n of benzene and a l k y l -
benzenes. Nafion showed higher c a t a l y t i c a c t i v i t y then other 
s o l i d phase superacid c a t a l y s t s thus enabling lower temperatures 
and pressures to be used and hence "cleaner" products. Catalyst 
l i f e t i m e s were also longer at moderate temperatures (below 200°C) 
but at 220°C Nafion decomposed with l o s s of sulfonate groups and 
c a t a l y t i c a c t i v i t y . The same c a t a l y s t has also been reported to 
be e f f e c t i v e i n s o l u t i o n phase e s t e r i f i c a t i o n reactions (46). 
Beltrame, C a r n i t i and Nespoli (47) used Nafion as a c a t a l y s t f o r 
the isomerization of m-xylene and Olah (48) has used Nafion as a 
cata l y s t f o r F r i e d e l - C r a f t reactions of toluene and phenol with 
alkylchloroformâtes and oxalates. The chemical inertness (at 
leas t below 220°C) of t h i s heterogeneous c a t a l y s t confers obvious 
advantages over more conventional homogeneous superacid c a t a l y s t s 
(43, 49). 

Permeation D i s t i l l a t i o n 

Nafion e x h i b i t s a r e l a t i v e l y high d i f f u s i o n rate for water 
vapour and t h i s property has been used f o r removal of water from 
gas streams (50). The technique of Permeation d i s t i l l a t i o n i s a 
form of counter current e x t r a c t i o n with a Nafion membrane acti n g 
as the boundary between a moist sample gas stream flowing i n one 
d i r e c t i o n and a dryer purge gas stream flowing i n the counter 
d i r e c t i o n . The p r i n c i p l e i s shown i n Figure 2. Moist sample gas 
flows through the Nafion tube which i s enclosed i n a s h e l l . The 
s h e l l may be of s t e e l , polyethylene or any s u i t a b l e material. A 
dry purge gas i s pumped in t o the s h e l l at C. Water vapor from the 
moist gas permeates the walls of the Nafion tube and i s removed by 
the flow of dry gas on the s h e l l side of the tube. The gas stream 
e x i t i n g from the tube at Β i s of much lower water content than the 
i n i t i a l gas at A. The wet purge gas at D may be dried f or reuse 
or discarded. Suitable c o n t r o l of temperature, pressure and gas 
flow rates plus s e l e c t i o n of tube length and diameter enables a 
high degree of drying to be attained by t h i s simple technique. A 
commercially a v a i l a b l e unit based on t h i s concept i s marketed by 
Perma Pure Products Inc. (51). In t h i s unit a bundle of Nafion 
tubes i s contained w i t h i n each s h e l l i n order to provide a large 
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(S) 

(A) NAFION TUBE —-| 

- i t r 3 " 

© 
Figure 2. Per ma pure gas dryer. 
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486 P E R F L U O R I N A T E D I O N O M E R M E M B R A N E S 

capacity and tubes of various lengths are available (tube length, 
for a given flow rate determines the extent of drying). The unit 
i s designed to operate at ambient temperatures and i s adaptable to 
various pressure ranges for both sample and purge gases. 

An application of the unit has been described by Baker (52). 
Infra-red spectroscopy of a i r samples at pressures up to ten atmo
spheres requires removal, s e l e c t i v e l y , of water vapour. Using dry 
nitrogen gas as a purge Baker found that absorbance due to water 
i n a i r samples could be reduced about ten f o l d , thus allowing use 
of regions of the spectra for detection of trace constituents with
out reference beam compensation. Water bands i n the region 1900 
to 1300 cm"1 which were extremely strong i n untreated samples were 
reduced to such low values that traces of sulfur dioxide could be 
detected by i t s 1370 cm"1 band. The permeation technique i s not 
s p e c i f i c for water, the lower alcohols (up to hexanol), esters, 
ethers, amines and some ketones also diffuse through the Nafion 
tube. Many small inorganic molecules however such as CO, C O 2 , 
S O 2 , CS2 do not diffuse as well as most hydrocarbons and larger 
organic molecules. The dryer does not remove particulates or con
densable o i l vapors or mists. 
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INDEX 

A 
Absorption bands of Nafion 150-155 
Absorption bands of water in 

Nafion 155-166 
Absorption, heat of, for 

water-Nafion 10-17 
Absorptivity, IR, of O H oscillators . 166 
Acid Nafion 

crystallinity 255,258 
differential scanning calorimetry 

study 81 
dynamic mechanical behavior . .93-100 
IR spectra 148-150 
neutron diffraction 271/ 
neutron quasi-elastic scattering . . 273/ 
small-angle neutron scattering 256/, 260/ 

Acid Nafion 142, IR transmittance 
spectra 149/ 

Activation energies of diffusion in 
Nafion 1200 57/ 

Aggregation, ionic, and relaxation . . 88, 90 
Aging process 45,50 
Alkaline earth ions separation 

with Nafion 1200 36/ 
Ammonium ions, quaternary, 

and Nafion 31 
Anions and ionic clusters 231 
Annealing of sulfonic acid membranes 222/ 
Annealing temperature and 

water desorption 22/ 
Anode, chlor-alkali 399 
Anode coating, Asahi Chemical . . . . 399 
Anode, membrane cell 315 
Anode reaction, SPE 458, 460 
Anolyte concentration and Na 

transport number for 
Nafion 1150 329/ 

Anolyte concentration and water 
electroosmotic coefficient 
for Nafion 1150 325/ 

Aqueous polymerization 390 
Association-dissociation 

equilibrium, sidechain-
counterion in polyelectrolyte 
gels 122,124 

Attenuated Total Reflectance spectra 
of L i Nafion 113 152/ 
of Nafion 139, 141, 143 
of Nafion 113 151/ 
of Nafion 142 145/ 

Β 
Bases, conjugate, of weak acids, 

Donnan dialysis 481-482 
Battery separators, Permion 475 
Bipolar electrolyzer 395 

Asahi Chemical Company . . . 353/, 354/ 
electrical connection 350/ 

Blending, membrane 393 
Bragg spacing 

and comonomer molar ratio 203/ 
and exchange capacity 209/ 
and peak amplitude 214/ 

Brillouin function 189 
Brine 

additives 342 
electrolysis 46^ 
process, chlor-alkali 338-342 
purification 339-342 

Bromine diffusion in Nafion 55 

C 

Carboxylate membranes, 
perfluorinated 61 

Carboxylated perfluorinated 
ionomer membranes 217-247 

Carboxylic acid layer, current 
efficiency 370,373 

Carboxylic acid layer, 
electric resistance 370, 373 

Calorimetry, differential scanning, 
of acid Nafion 81, 82/ 

Calorimetry, differential scanning, 
of water-Nafion 17-21 

Catalysis, membranes 483-484 
Cathode 

chlor-alkali 399-400 
membrane cell 315,317 
oxygen depolarized, chlor-alkali 400, 405 
reaction, SPE 458,460 

Catholyte 
concentration and current 

efficiency 60/ 
concentration and Na ion 

transport number 59/ 
N a O H concentration, NaCI in . . . 423/ 

Cation 
diffusion coefficients 42-43,57 
exchange 

membranes 317 
in Nafion 32-35 
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Cation (continued) 
exchange (continued) 

selectivity of perfluorosulfonate 
polymer 25-39 

and ionic clusters 231 
Caustic concentration 

and conductivity 445/ 
and membrane diffusion 319 
and osmotic transfer rate 441/ 
and tensile strength 438/ 
and water content 440/ 

Caustic product, NaCl in, and N a O H 
concentration in catholyte . . . . 423/ 

Caustic soda concentration, 
chlor-alkali 396-397 

Cell 
chlor-alkali, cell voltage and 

operating pressure 398/ 
efficiency 465-469 
efficiency, SPE 457 
performance and temperature . . . . 466/ 
voltage and N a O H concentration . 422/ 

Cesium ion self-diffusion coefficients . 42 
Cesium-sulfonate membranes . .233,234/, 

240 
Cesium-133 resonances of Nafion 119, 121/ 
Characterization, N M R 114-122 
Charge transfer, electrochemical cell . 337 
Chemical shift and water content, 

23Na 115-117 
Chlor-alkali 

brine process 338-342 
cells 

current efficiency 295 
electrosynthesis 311-360 
energy efficiency 330-331 
membrane 3 
membrane separator . . . 283-284, 286/ 
perfluorinated ionomer 

membranes 311-3 60 
and SPE technology 471 

membranes 
Asahi Chemical 345,394-405 
Asahi Glass 348-349 
duPont 344-345 

process, Flemion 444, 448 
Chlorine production, electrochemical 

cells 312-313 
Chromatography, ion exchange, 

and Nafion 35-37 
Chromic acid solutions, 

regeneration 475-476 
Cluster(s) 

diameter and ion exchange sites 
per cluster 292/ 

ionic 227-233 
shape and structure 285-287 
swelling 236-237 

Cluster(s) (continued) 
ionc (continued) 

water uptake by 237 
-network model 48 
-network model of ion in 

perfluorinated membranes .283-306 
Clustering 

ionic 197 
and crystallinity 221 
in Nafion 47, 195-196, 

212,215 
in perfluorinated membranes, 

cluster-network model . . . 283-306 
and tensile draw 206 
water, in water-Nafion 19 

Coating, membrane 393 
Coherent scattering 250-253 
Cohesive energy density 65 
Comonomer molar ratio and 

Bragg spacing 203/ 
Composite membranes 3 
Composition and layer structure of 

industrial membranes 385,387 
Composition curve, copolymer 429/ 
Conductivities of Nafion membranes . 57-58 
Conductivity 

and caustic concentration 445/ 
electrical, membrane 322-323 
and excess volume fraction 305/ 
and ion exchange capacity 445/ 
of ion exchange membranes 444 
membrane, p H dependence 315 
membrane swelling 74-77 
of perfluorinated resins . . 302, 305/, 306 
and solubility parameter 76/ 

Cooling rate and water-Nafion . . . . 17,18/ 
Copper preconcentration 481 
Core-shell model of ionic clusters . . . 229 
Coulometry, electrolysis cells 476 
Counterion 

charge and Nafion mechanical 
relaxations 102-104 

dissociation equilibrium, 
molecular model 124-131 

in ionomeric membranes 125/ 
N M R characterization 114-119 
sensitivity 102 

Creep behavior of membrane 439/ 
Crystallinity 

of acid Nafion 255,258 
and equivalent weight 221 
and ionic clustering 221 
and Nafion mechanical 

relaxations 104-107 
of perfluorosulfonic acid 378/ 
x-ray 219-225, 235/, 236 

Current density, chlor-alkali process . 403/ 
Current density, limiting 394-396 
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I N D E X 493 

Current efficiency 
and carboxylic acid layer 370, 373 
and catholyte concentration 60/ 
in chlor-alkali cells 295 
and equivalent weight 300/ 
of Flemion 444 
of ion exchange membranes . .414/, 416/ 
of membrane cells 313 
and NaCI concentration 422/ 
perfluorocarboxylic acid 

membrane 371/, 383, 384/ 
in sulfonic acid membrane 367 

Current flow, transport properties . . .57-61 

D 

Deformation and ionic clusters . . .233, 285 
Degradation of perfluorinated 

sulfonic acid membrane . . . 346/, 470/ 
Dehydration, polymer, redistribution 

of ion exchange sites 293/ 
Desolvation energetics 126 
Dielectric parameter, linear 

variation 127/ 
Differential scanning calorimetry 

of water-Nafion 17-21 
Diffusion 

coefficients 
cation 42-43 
and caustic concentration of 

NaCI 442/ 
and caustic concentration of 

N a O H 443/ 
of H 2 0 through Nation 294/, 295 
of membranes 319-321 
of N a O H 300/ 
thermodynamic membrane ..320-321 

and flux, membrane 321-322 
in Nafion 42-57 
through quasilattice films 322 
and transport, membrane 323-324 

Dinonylnaphthalenesulfonate 
membrane 479-480 

Dipole, S -O , polarization 150 
Donnan dialysis 480-483 

ε 

Electric conductivity for perfluoro-
sulfonic acid membrane 375/ 

Electrochemical 
cell, Hooker-Uhde 358/ 
cells for CI production 312-313 
properties of membranes 454 
properties of perfluorocar-

boxylated membranes 444 
reactor design 330,334 
reactor critical parameters 334-337 

Electrodes 
ion selective 31,479-480 
reactions for chlor-alkali cells . . . . 313 
reversible CI 478 

Electrodialysis of protein 478 
Electrolysis 

brine 462 
cell, SPE 463/ 
conditions of industrial 

membranes 387 
controlled potential 476 
of KC1 448 
membrane cell 349-360 
NaCI solution 424 

Electrolyte 
sorption 58 
sorption of Nafion 468/ 

Electrolytic separators 113 
Electrolyzer(s) 

chlor-alkali 311 
chlor-alkali, membrane devel

opments 360 
commercial membrane 349-359 
membrane 464/ 
membranes, world capacity 359 
SPE 464/ 
water 460-462 

Electron micrograph of SPE cell . . . . 456/ 
Electronic configuration, Môss-

bauer characterization 173 
Electroosmotic coefficient, water, and 

anolyte concentration for 
Nafion 1150 325/ 

Electroosmotic coefficient for water 
through Nafion 324 

Electrostatic energy upon cluster 
collapse 229,231 

Electrostatic field strength and 
cation selectivity 25 

Electrosynthesis in chlor-alkali 
cells 311-360 

Electrosynthesis with perfluorinated 
ionomer membranes 311-360 

Electrowinning of gold 476 
Elongation of perfluoro ionomer 

membrane 386/ 
Emulsion polymerization 390 
End group formation with poly

merization 390 
Energy 

of absorption for water in water-
Nafion 14/ 

balance for electrochemical 
reactor 332/ 

consumption in chlor-alkali 
process 404/, 405 

efficiency of chlor-alkali cells . .330-331 
sources, membranes 478-479 
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Equilibrium, counterion dissocia
tion, molecular model 124-131 

Equivalent weight 
cluster morphology 288/ 
current efficiency 300/ 
and crystallinity 221 
and ionic clusters 231 
for perfluorocarboxylic acid 

membrane 376/ 
and solubility parameter 74 

Evaporator, heat recovery 397 
Exchange capacity and Bragg 

spacing 209/ 
Exchange capacity of polymer 206 
Expansion, linear thermal, of Nafion . 81-84 

F 
Fabrication, membrane 391 
Fabrication of perfluorocarboxylate 

polymer 428-431 
Fermi pseudopotential 250 
Fermi resonance 162 
Fiber axis, periodicity along 201 
Fick's law 321 
Flemion perfluorocarboxylate 

membranes 427-451 
Fluorocarbon 

backbone, N M R characterization . 122 
chains in ionic clusters 229 
environment, exposed hydroxyl 

groups 166 
membrane 469 

Fraction function, polymer, self-
diffusion coefficient 46/ 

Freezing point solubilities for 
N a O H solutions 316/ 

Fuel cell, SPE 459/ 
Fuel cell, hydrogen-oxygen 458-460 

G 
Gas dryer, perma pure 485/ 
Gels, polyelectrolyte, sidechain-

counterion association-disso
ciation equilibrium 122,124 

Glass transition 
of membranes 318 
in Nafion membranes 180, 182 
region of Nafion 81 

Gold, electrowinning 476 

H 

Heat of absorption for water-
Nafion 10-17 

Heat recovery evaporator 397 
Heating rate and water-Nafion 16/, 17 

Hydration 
regimes 11 
related IR band shifts 154 
shell penetration 127/ 

Hydrodynamics, irreversible 337-338 
Hydrogen 

bonding 9, 119 
bonding in Nafion 158, 168 
-halogen cell 465 
-oxygen fuel cells 458-460 

Hydrolyzed polymer, small angle 
x-ray scattering 206, 208/, 

210/, 212 
Hydroxide ion flux 297 
Hydroxyl groups exposed to fluoro

carbon environment 166 
Hydroxyl rejection in Nafion 

membranes 284 
Hyperfine fitting for Fe (III) 

Nafion 187 
Hysteresis effect, membrane 467 

I 
Incoherent scattering 250-251 
Industrial applications of Nafion 

membranes 453-471 
Inflection temperatures of Nafion 

membranes 84* 
Infrared spectra of Nafion 139-169 
Interaction parameter, polymer, 

and solubility parameter 70/ 
Intercluster interference 229 
Intraparticle interference 229 
Iodide ion, self-diffusion coefficient . . 47 
Ion 

cluster, hydrated, water molecule 
interactions 159/ 

clustering in Nafion 47 
clusters, hydrated, in Nafion . . . 167-168 
concentration of membrane 440/ 
diffusion in Nafion 1200 56/ 
exchange brine purification . . . .341-342 
exchange capacity 

and conductivity 445/ 
and electrolytic performance 

of Flemion 450/ 
of membranes 414*, 416/ 
of N E O S E P T A - F 418* 
and pendant structure 373-374 
of perfluorocarboxylic 

acid membrane . .381/, 382/, 384/ 
for perfluorosulfonic 

acid membrane 375/, 380/ 
and water content 439/ 

exchange chromatography 
and Nafion 35-37 

exchange groups . . . . 366-367, 368*, 385 
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I N D E X 495 

Ion (continued) 
exchange isotherms for 

Nafion 1200 27, 28/, 29/, 38/ 
exchange membranes 453-454 

perfluorinated 411-425 
permseleotivity 480 
preparation 412-417 
tensile properties 431, 437 

exchange properties, Nafion 37 
exchange sites per cluster 

and cluster diameter 292/ 
exchange sites, redistribution 

with polymer dehydration . . . 293/ 
hydration and mobility 90, 93 
incorporation in polymers 79-80 
pairing 

in membranes 61,122-135 
in Nafion 32 
in perfluorosulfonate 

ionomers 113-137 
selective electrodes 479-480 
transport 

absolute reaction rate 295-299 
percolation theory 299-306 
properties for ion 

exchange membranes . . . . 318 
Ionic 

association, distribution 129/ 
cluster solution, partitioned 132/ 
phase of Nafion 171-193 
spacing 235/ 

Ionomer membranes, perfluorinated 
(see Perfluorinated ionomer 
membranes) 

Iron 
cathode 400 
in caustic soda, pourbaix diagram . 401/ 
concentration and Mossbauer 

spectroscopy of 
Nafion 182, 187-191 

in methanol-equilibrated 
Nafion, Mossbauer spectra . . 186/ 

treated Nafion, 
Mossbauer spectra 174/ 

Iron (II) Nafion, 
Mossbauer parameters 181/ 

Iron (II) Nafion salts 178-182 
Iron (III) Nafion, 

Mossbauer spectra 183/, 188/ 
Iron (III) Nafion salts 182-191 
Isotherms 

of acid Nafion 15/ 
ion exchange 27 

for Nafion 1200 28/, 29/, 38/ 
sorption analysis 9-10 
sorption-desorption, of acid Nafion 13/ 

Isotopic replacement 258, 263 

L 
Lamination, membrane 391, 393 
Lattice, Mossbauer, 

dynamic properties 173 
Lattice spacing 223/ 
Leakage coefficient of NaCI 

and caustic concentration 442/ 
Leakage coefficient of N a O H 

and caustic concentration 443/ 
Light scattering, small-angle 240,244 
Light scattering studies of 

perfluorinated ionomer 
membranes 217-247 

Linewidth, 2 3 Na, 
of saturated Nafion 115,117 

Lithium Nafion, x-ray scattering . . . . 213/ 
Lithium Nafion 113, A T R spectra . . 152/ 
Lithium-7 resonances 

of Nafion 119, 120/ 
Load-leveling devices 462,465 
Local site symmetry 173, 175 

M 

Magnetic interactions 
between ions 175,178 

Mass 
transfer, convective 338 
transfer, electrochemical cell 337 
transport, ionic clustering 290, 295 

Matrix elasticity, polymer, 
and water content 134/ 

Mechanical 
behavior, dynamic, of 

acid Nafion 93-100 
properties of industrial 

membranes 383-385, 386/ 
properties of perfluoro 

ionomer membrane 384/ 
Melting point of perfluorosulfonic 

acid membrane 379/ 
Membrane(s) 

Asahi Chemical 393-394 
cell electrolysis 349-360 
cell operation 313-315 
cesium-sulfonate 233, 234/, 240 
chlor-alkali 

cells 3,314/ 
classification 366-374 
developments 359-360 
process, Asahi Chemical . . . . 365-405 
properties and processes . . . .317-319 
requirements 365-366 

composite 3 
diffusion 42-50 

in concentrated solution 50-55 
in nonaqueous solvent 55-57 
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496 P E R F L U O R I N A T E D I O N O M E R M E M B R A N E S 

Membranes (continued) 
electrolyzer 464/ 
in energy sources 478-479 
fabrication, lamination, and 

reinforcement 391 
Flemion perfluoro

carboxylate 427-451 
fluorocarbon 469 
impregnation blending 393 
industrial 385-387 
internal water activity 131-135 
ion selective electrode 31 
ionomeric, ion pairing 122-135 
ionomeric, unbound and 

sidechain-associated 
counterions 125/ 

lamination and coating 393 
monomers, polymerization . . . .390-391 
multilayer 367, 369/, 370, 373 
Nafion 

conductivities 57-58 
control of water content 139-141 
expansion coefficients 84/ 
glass transition 180,182 
hydroxyl rejection 284 
industrial applications 453-471 
Mossbauer spectroscopy . . . .171-193 
Na ion diffusion 52/, 53/, 54/ 
potential across 298/ 
transmittance spectra 153/ 

perfluoro ionomer 372/, 384/ 
perfluorocarboxylic acid, Asahi 

Chemical Company 365-405 
perfluorinated 

applications 475-486 
cluster-network 283-306 
electrosynthesis 311 -3 60 
ion exchange 411-425 
morphology 195-215 
sulfonic acid degradation 346/ 

perfluorosulf onate ionomer, 
mechanical relaxations . . . .79-109 

perfluorosulfonate polymer, 
transport properties 41-61 

preparation 387-391 
separator in chlor-

alkaki cells 283-284,286/ 
in solvent, degree of swelling . . . . 65-72 
swelling and conductivity 74-77 
thickness 467 

Metal ions, alkali, separation with 
Nafion 1200 36/ 

Metal ions, heavy, p H and adsorption 343/ 
Methanol-equilibrated Nafion, 

Mossbauer spectra of iron 186/ 
Methanol, Nafion ion exchange 

properties in 37 

Monomers synthesis 386-389 
Monopolar electrolyzer, 

Diamond Shamrock 356/ 
Monopolar electrolyzer 

electrical connection 350/ 
Morphology 

cluster 
and equivalent weight 288/ 
for Nafion 1200 289/, 290 
and water content 291/ 

of nonionized polymer 201 
of perfluorinated membranes . . . 195-215 

Mossbauer 
parameters of Fe (II) Nafion . . . . 181/ 
parameters, temperature 

dependence 179/ 
spectra interpretation 171-178 
spectroscopy of Nafion 

membranes 171-193 

Ν 

Nafion 
acid, isotherms 15/ 
acid, sorption-desorption isotherms 13/ 
cation exchange 26-31,32-35 
cluster-network model of 

ionic clustering 283-306 
diffusion 42-57 
dual solubility parameter 74-77 
electrolyte sorption 468/ 
interactions with water, 

thermodynamics 9-23 
IR spectra 139-169 
mechanical relaxations 79-109 
membranes 344-345 
Na salt, IR spectra 143-148 
neutralized,Mossbauer spectra. 176/, 177/ 
neutron studies 249-281 
saturated, 2 3 N a linewidth 115, 117 
solubility parameter 65-77 
solvent uptake 66/ 
synthesis 2-3 
structural model 49/ 
water, scattering parameters 252 
water loss with heating 12/ 

Nafion 113, A T R 151/ 
Nafion 142, A T R spectra of 145/ 
Nafion 142 membranes, trans

mittance spectra . . . . 144/, 153/, 156/ 
Nafion 1100, x-ray scattering 207/ 
Nafion 1150 

membrane cell voltage profile . . . . 327/ 
Na transport number and 

anolyte concentration 329/ 
water electroosmotic coefficient 

and anolyte concentration . . . 325/ 
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I N D E X 497 

Nafion 1200 
activation energies of diffusion . . . 57/ 
cluster morphology 289/, 290 
ion diffusion 56/ 
ion exchange isotherms 28/, 29/ 
ionic self-diffusion coefficients . . . . 43 
membrane cell voltage profile . . . . 326/ 
in methanol, ion exchange isotherms 38/ 
properties 455 
selectivity coefficients and 

water contents 30/, 31/, 34/ 
separation of alkali metal ions . . . 36/ 
separation of alkaline earth ions . . 36/ 
transmission electron micrograph . 286/ 
water self-diffusion coefficients . . . 48/ 
x-ray scattering 209/, 211/ 

Nafion 1379, wide angle 
x-ray diffraction 200/ 

Nafion 1790, small angle 
x-ray scattering 204/ 

Neutralization and Nafion 
mechanical relaxations 100-102 

Neutralization and solubility 
parameter 74, 75/ 

Neutron 
diffraction 270-272 
diffraction of acid Nafion 271/ 
experiments, small-angle 255-270 
matter interactions 249-250 
nucleus interaction 250 
quasi-elastic scattering 270,272-281 
scattering, small angle 251-255 
studies of Nafion 249-281 

Nitrate, voltammetric determination . 481 
Nuclear magnetic resonance 

characterization 114-122 
Nuclear magnetic resonance studies 

of ion pairing 113-137 

Ο 

Operating pressure, chlor-alkali . . . 397-399 
Orientation and ionic clustering . . . . 285 
Oscillators, O H , IR absorptivity . . . . 166 
Osomotic pressure, internal, 

and water content 134/ 
Osmotic transfer rate and 

caustic concentration 441/ 

Paramagnetic relaxation spectrum, 
Nafion 185 

Percolation theory of 
ion transport 299-306 

Permeability, hydraulic, of H 2 0 
through Nafion 294/, 295 

Pendant structure for 
industrial membranes 385 

Pendant structure, ion 
exchange capacity 373-374 

Perfluorinated 
ion exchange membranes 411-425 
ionomer membranes 

applications 475-486 
carboxylated 217-247 
electrosynthesis with 311-360 
light scattering studies 217-247 
sulfonated 217-247 

ionomers, structural features 4 
membranes 454 

cluster-network model 283-306 
morphology 195-215 

sulfonic acid membranes, 
degradation 346/, 470/ 

Perfluorocarboxylate membranes, 
Flemion 427-451 

Perfluorocarboxylate polymer 
preparation 427-428 

Perfluorocarboxylic acid membrane . 370 
Asahi Chemical Company 365-405 
current efficiency 371/, 383, 384/ 
electric resistance 377, 380-383 
electric resistance, ion 

exchange capacity . . 381/, 382/, 384/ 
ion exchange capacity 373 
mechanical properties . . .383-385,386/ 
monomer 386/ 
preparation 369/, 391-393 
water content 374, 377 
water content and 

equivalent weight 376/ 
Perfluorosulfonic acid 391-392 
Perfluorosulfonamide 367 
Perfluorosulfonate ionomers, 

ion pairing 113-137 
Perfluorosulfonate membranes, 

mechanical relaxations 79-109 
Perfluorosulfonate membranes, 

water sorption 3 
Perfluorosulfonate polymer 

cation exchange selectivity 25-39 
synthesis 2-3 
transport properties 41-61 

Perfluorosulfonic acid membrane 
crystallinity 378/ 
electric conductivity and 

ion exchange capacity 375/ 
electric resistance and 

ion exchange capacity 380/ 
melting point 379/ 

Perfluorosulfonyl chloride 392 
Perfluoro-5-oxa-6-heptenoate 428 
Perfluoro-5, 8-dioxa-6-methyl-

9-decenoate, methyl 428 
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498 P E R F L U O R I N A T E D I O N O M E R M E M B R A N E S 

Periodicity along fiber axis 201 
Permeation distillation membranes 484-486 
Permion battery separators 475 
Permselectivity of ion 

exchange membranes 480 
p H and adsorption of heavy 

metal ions 343/ 
p H dependence of membrane 

conductivity 315 
Polarization of S - O dipole 150,154 
Pore diameters 294/ 
Porod's law 268,269/ 
Potassium chloride electrolysis 448 
Potential across Nafion membrane . . 298/ 
Potential gradients in 

membrane cells 319-320 
Pourbaix diagram for Fe in 

caustic soda 401/ 
Power consumption and current 

density, chlor-alkali process . . . 403/ 
Preconcentration techniques, 

analytical 480-483 
Protein electrodialysis 478 

Q 
Quadrupole splitting 173 
Quasilattice films diffusion 322 

R 

Regeneration of chromic 
acid solutions 475-476 

Reinforcement membrane 391 
Relaxations, mechanical, of Nafion .79-109 
Repulsion, electrostatic, in ion clusters 167 
Resin, perfluorinated . . 195, 302, 305/, 306 
Resistance, electric 

and carboxylic acid layer 370, 373 
of ion-exchange membrane . . . .413-416 
of N E O S E P T A - F . .417, 418*, 420/, 424 
of N E O S E P T A - F and 

N a O H concentration 419/ 
of perfluorosulfonic acid 

membrane 371/, 377, 380-383, 384/ 
Rotation of water molecules in 

Nafion-water 274,277 

S 

Sandwiched film technique of 
water control 141 

Scattering 
ionic, maximum 237 
parameters of Nafion-water 252 
zero-order 263, 268 
Selectivity (ies) 
cation exchange, of perfluoro-

sulfonate polymer 25-39 

Scattering (continued) 
coefficients and water content 

for Nafion 1200 34/ 
divalent ion-hydrogen ion, 

for Nafion 30-31 
univalent ion-hydrogen ion, 

for Nafion 27-30 
Self-diffusion coefficient 

iodide ion 47 
ionic, in Nafion 1200 43 
Na ion 50-51 
Na ion and Cs ion 42 
and polymer fraction function . . . . 46/ 
and temperature 44/ 
water 46/, 47-48 

Self-diffusion in Nafion-water . . .274, 277 
Separators 475-478 

in chlor-alkali cell 317 
Nafion-glass-Tefzel 477/ 

Shear modulus, storage, 
of Nafion 100,101/ 

Sidechain-counterion association-
dissociation equilibrium in 
polyelectrolyte gels 122,124 

Sodium chloride 
and caustic concentration, 

diffusion coefficient 442/ 
and caustic concentration, 

leakage coefficient 442/ 
in caustic product and N a O H 

concentration in catholyte . . 423/ 
and membranes 239/ 
solution electrolysis 424 

Sodium hydroxide 
and caustic concentration, 

diffusion coefficient 443/ 
and caustic concentration, 

leakage coefficient 443/ 
concentration 

in catholyte and NaCl in 
caustic product 423/ 

current efficiency and cell voltage 422/ 
electric resistance of 

N E O S E P T A - F 419/ 
water content of N E O S E P T A - F 421/ 

diffusion coefficients 300/ 
solution, electric resistance of 

N E O S E P T A - F 419/ 
solutions, freezing point solubilities 316/ 

Sodium ions 
bound in Nafion 118* 
diffusion in Nafion 

membranes 52/, 53/, 54/ 
flux 297 
self-diffusion coefficients 42,50-51 
transport number 58 
transport number and 

catholyte concentration . . . . 59/ 
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I N D E X 499 

Sodium Nafion 
Porod law plots 269/ 
small-angle neutron scat

tering . .257/, 259/, 261/, 264/-266/ 
small-angle x-ray scattering 261/ 

Sodium salt of Nafion, IR spectra . 143-148 
Sodium transport number and 

anolyte concentration for 
Nafion 1150 329/ 

Sodium transport 
through Nafion 324, 328, 330 

Solid-liquid transformation in 
small pores 19 

Solid polymer electrolyte (SPE) 
cell, electron micrograph 456/ 
electrolysis cell 459/, 463/, 464/ 
technology 455-457,471 

Solubility parameter of Nafion 65-77 
Solvent (s) 

molar volumes 66/ 
volume fraction and 

solubility parameter 69/ 
Solvent uptake 

by Nafion 66/, 68/, 73/, 75/, 76/ 
Sorption-desorption isotherms of 

acid Nafion 13/ 
Sorption isotherms analysis 9-10 
Spherulite radius 244,245/ 
Spherulitic scattering 240 
Stability 

membrane 458,467,469 
thermal, of perfluori

nated membranes 454 
thermal, of sulfonated polymers . . 81 

Storage cells, electrochemical . . . . 462, 465 
Stress relaxation of Nafion 83-88 
Stress relaxation of 

Nafion underwater 88-93, 106/ 
Stress-strain curve of membrane . . . 435/ 
Stretching 

band, O P , of H D O 155 
band, O H , of H D O 155 
frequencies, Nafion 143-150 
region 

O D , o f D 2 0 161/ 
O D , of H D O 158/ 
O H , of H D O 157/ 
O H , o f H 2 0 160/ 

vibration, symmetric, of 
C O C groups 154-155 

vibration, symmetric, of 
- S 0 3 - groups 150-154 

Sulfonated polymers, thermal stability 81 
Sulfonic acid 392,412-413 
Sulfonic acid membrane, 

current efficiency 367 
Sulfonated perfluorinated 

ionomer membranes 217-247 

Sulfonyl chloride groups 413 
Superacids 483-484 
Superparamagnetism 175 
Surface treatment of membranes . . . . 3 
Suspension polymerization 390 
Swelling 

behavior 233-240 
degree of membrane in solvent . . . 65-72 
inhomogeneous 244 
macroscopic 240,241/ 
microscopic 236-240,241/ 

Synthesis of Nafion 2-3 

Τ 
Temperature 

and apparent viscosity 433/ 
and cell performance 466/ 
and ionic clusters 231,233 
and Mossbauer spectroscopy 

of Nafion 180-182 
dependence of Mossbauer 

parameters 179/ 
self-diffusion coefficient 44/ 
and x-ray diffraction 197, 222/ 

Tensile 
draw and clustering 206 
modulus, ten-second, for Nafion . 88, 89/ 
properties of ion exchange 

membranes 431, 437 
strength and caustic concentration 438/ 
strength of N E O S E P T A - F 418/ 

Terpolymerization 393 
Tetrafluorethylene 2 
Thermal studies of Nafion 81-83 
Thermodynamics of water-Nafion 

interactions 9-23 
Thermoporometry 19 
Transmission electron micrograph 

of Nafion 1200 286/ 
Transmittance spectra, IR, of acid 

Nafion 142 149/, 153/, 156/ 
Transmittance spectrum, IR, 

of Nafion 144/ 
Transport number 

of ion exchange membranes 444 
of membrane 446/ 
Na ion 58 
Na ion and catholyte concentration 59/ 

Transport properties with current 
flow 57-61 

Transport properties of perfluoro
sulfonate polymer membranes .41-61 

Tunneling in Nafion 58 

V 
Vapor equilibrium technique of 

water control 139,141 
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500 P E R F L U O R I N A T E D I O N O M E R M E M B R A N E S 

Viscosity, apparent, and temperature 433/ 
Voltage 

balance, electrochemical cell . .331, 334 
efficiency of chlor-alkali cells 331 
profiles 

membrane 324 
membrane cell, for Nafion 1150 327/ 
membrane cell, for Nafion 1200 326/ 

Voltammetric determination of nitrate 481 
Volume fraction, excess, conductivity 305/ 

W 

Water 
activity, membrane internal . . . .131-135 
content 

and caustic concentration 440/ 
cluster morphology 291/ 
determination from IR 

absorbance 141-143 
and diffusion coefficients 45-47 
and ion exchange capacity 439/ 
of ion exchange membranes 414/, 416/ 
membrane 465,467 
of Nafion membranes, control 139-141 
and Nafion morphology 268, 270 
Nafion, and Mossbauer 

spectroscopy 178-180,191 
of N E O S E P T A - F 418/ 
of N E O S E P T A - F and N a O H 

concentration 421/ 
for perfluorocarboxylic acid 

membranes . . 374, 376/, 377,437 
and scattering 255 
and thermograms of Nafion . . . 18/ 
and x-ray scattering 212 

desorption and annealing 
temperature 22/ 

electrolyzers 460-462 
heavy, IR bands at low water 

contents 158-162 
IR bands at low water contents 158-162 
loss with heating of Nafion 12/ 
molecule interactions in hydrated 

ion cluster 159/ 

Water (continued) 
monodeuterated, IR bands at 

higher water contents . . . . 162-166 
monodeuterated, IR bands at low 

water contents 155-158 
-Nafion interactions, 

thermodynamics 9-23 
in Nafion, IR spectra 139-169 
self-diffusion coefficients . . . .46/, 47-48 
sensitivity and mechanical 

dispersion 93-100 
sorbed, N M R characterization .119, 122 
sorption of perfluorosulfonate 

membranes 3 
transfer coefficient of membrane 313, 315 

Water uptake 235/ 
by ionic clusters 237 
and membrane diffusion 319 
by membranes 233, 236 

X 
X-ray 

crystallinity 219-225, 235/, 236 
diffraction wide-angle 

from Nafion 199/, 200/ 
of sulfonic-acid membranes . . . 200/ 
and temperature 197 

scattering angle and amplitudes . . 198/ 
scattering, small angle 

experimental 
conditions . . . 196-197, 218-219 

of hydrolyzed 
polymer . . . 206, 208/, 210/, 212 

from L i Nafion 213/ 
Na Nafion 261/ 
from Nafion 202/, 205/ 
from Nafion 1100 207/ 
from Nafion 1200 209/, 211/ 
from Nafion 1790 204/ 
for sulfonic acid membranes . . . 232/ 

studies of Nafion . . . . 195-215, 217-247 

Ζ 
Zero-order scattering 263, 268 
Zinc-bromine cell 465 

 P
ub

lic
at

io
n 

D
at

e:
 F

eb
ru

ar
y 

4,
 1

98
2 

| d
oi

: 1
0.

10
21

/b
k-

19
82

-0
18

0.
ix

00
1




