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ification to be introduced in PE b y  mechanical 
processing. Furthermore, group theoretical analysis of the 
primitive unit cell indicated that a single rotatory lattice 
mode should be spectroscopically active and appear only 
i n  the Raman spectrum. 

Normal coordinate calculations9~26-30 and INS mea- 
s u r e m e n t ~ ~ * - ~ ~  support the presence of a low-frequency 
c-axis lattice mode that is both IR and Raman inactive. 
It was concluded that the only known type of defect model 
that could account for the presence of LAM in these CEPE 
crystals while also being responsible for a breakdown in  
the optical selection rules was a 180' twist boundary or 
a 360' gently twisted disclination as suggested by Reneker 
and M a ~ u r . ~ ~  

Registry No. PE, 9002-88-4. 
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Dynamic Mechanical Properties of Perfluorocarboxylate Ionomers 
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ABSTRACT: Two perfluorocarboxylate ionomers of different ion-exchange capacities (IEC) of 1.25 and 1.80 
mequiv/g were studied to determine their dynamic mechanical behavior, water uptake, and rates of neu- 
tralization. These polymers consist of a fluorocarbon backbone containing short side chains on the end of 
which the carboxylate functionality resides. They are quite similar in many ways to the more familiar 
perfluorosulfonate ionomers that have been studied extensively. Methyl esters, free acids, and sodium, potassium, 
cesium, silver, barium, magnesium, and tetrabutylammonium salts were examined. In the case of the 1.25 
mequiv/g IEC resin, a two-phase morphology consisting of a fluorocarbon matrix and a dispersed "ionic" phase 
could well explain the observed relaxation behavior for al l  the salts with the exception of the tetrabutylammonium 
salt. It, as well as the free acid in the dry state and the ester precursor, appeared to be single-phase materials. 
The derivatives of the 1.80 mequiv/g IEC resin showed no unambiguous evidence for phase separation. This 
was attributed to their high polar group content (ca. 36 mol %). The effect of polar diluents such as water 
and ethylene glycol could be accounted for in the above framework. In general, these perfluorocarboxylate 
polymers absorb much less water and show much slower neutralization rates than similar perfluorosulfonate 
polymers. 

Introduction 
Perfluorinated sulfonate and carboxylate ionomers have 

been the subject of numerous investigations in recent years, 
largely because of their technological interest  as mem- 
branes i n  the water-swollen f0rm.l The sulfonated ion- 
omers have received more attention than the carboxylated 
ionomers, but the latter show very interesting properties 
somewhat distinct from the former. A recent study2 of a 
commercial perfluorocarboxylate ionomer membrane in- 
dicates that the polymer contains only about 50% of i t s  
polar groups i n  the fo rm of carboxylates, with the rest 

0024-9297/84/2217-1585$01.50/0 

being sulfonates. Naturally, this tends to complicate the 
interpretation and obscure the differences between the two 
forms. In the present paper we present the results of a 
dynamic mechanical relaxation study of two perfluorinated 
derivatives, including esters, acids, and salts. The results 
clarify and supplement the assignments of relaxation peaks 
to particular mechanisms made previously. T h e y  also 
include the effect of polar diluents such as water and 
ethylene glycol on the relaxation behavior. 

Especially striking is the similarity of the relaxation 
behavior of the perfluorinated carboxylate derivatives to 
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1680 cm-' shifted to 1775 cm-' (carboxyl stretch). 
Films were dried a t  110 "C for 4 h in vacuo prior to mea- 

surements. 
Various Salts. The free acids were neutralized by treating 

with aqueous solutions of the appropriate salts; 0.1 N KOH, CsOH, 
AgN03, MgC12, BaCl,, and ZnC12 were employed. Tetrabutyl- 
ammonium hydroxide (1 N) was used to prepare the quaternary 
ammonium salt. 

All conversions were assessed by gravimetry. The films were 
washed with water and then boiled in water for 1 h with the 
exception of the tetrabutylammonium salts, which are water 
soluble under these conditions. 

Partial Neutralization. A series of partially neutralized 
sodium salts was prepared by treating the free acids with 0.1 N 
aqueous NaOH a t  25 "C for various times. The degrees of neu- 
tralization were assessed by gravimetry. 

Films were washed with water and boiled in water for 1 h. 
Subsequently they were dried a t  110 "C for 4 h in vacuo. 

Measurements. Dynamic mechanical measurements were 
carried out with a dynamic mechanical thermal analyzer (DMTA) 
manufactured by Polymer Laboratories. This is a forced frequency 
device capable of operating between 0.01 and 90 Hz over a tem- 
perature range from -150 to +250 "C. The film samples are 
mounted in such a way that they undergo dual cantilever bending 
as a mode of deformation. All measurements were made a t  1 Hz 
except for the ester and acid forms, where measurements were 
also carried out a t  10 Hz. In all cases a heating rate of 5 "C/min 
was used. 

Samples swollen with water or ethylene glycol were also ex- 
amined. Films were immersed in the diluents a t  room temper- 
ature, and the weight of diluent uptake was measured. Boiling 
water was used for the free acid forms. 

The drying conditions for the various derivatives are sum- 
marized in Table I. 

After drying, films were mounted quickly (<5 min) in the 
DMTA and measurements were carried out under dry nitrogen. 

Results 
Table I1 summarizes the  tan 6 peak temperatures of all 

t h e  mechanical dispersion regions observed in t h e  dried 
forms of these derivatives. Five dispersions a re  observed 
in the sodium salts. These  a re  labeled a, P, p', y', and y 
in decreasing order of temperature.  All of t h e  other de- 
rivatives exhibit fewer than  five relaxation regions. 

Figures 1 and 2 summarize t h e  relaxation behavior of 
t h e  methyl  esters at 1 and 10 Hz. Only two relaxations 
a re  evident, t h e  and the  y, T h e  free acid forms show 
similar behavior. Three  relaxation regions appear,  t he  P, 
y', and y, and t h e  P relaxation moves t o  higher tempera-  
tures than  in the ester derivatives. 

Figures 3 and 4 show the  relaxations observable in the  
alkali metal  salts. All of these salts exhibit a and y re- 
laxations b u t  some of t h e  intermediate temperature  dis- 
persions are not  evident i n  all t h e  derivatives. 

Table I 
Drying Conditions for the Perfluorinated Carboxylate 

Derivatives 
derivatives conditions 

Na salt 
free acid 
Ag and NBu4 salts 
K, Cs, Mg, Ba, and Zn salts 

160 "C, 24 h in vacuo 
110 "C, 4 h in vacuo 
110 "C, 4 h in vacuo 
160 "C, 6 h in vacuo 

hydrocarbon carboxylate ionomers studied p r e v i ~ u s l y . ~  

Experimental Section 
Materials. The perfluorinated carboxylate polymers studied 

were kindly provided by Asahi Glass Co.* in the form of 0.25- 
mm-thick films. Two derivatives were examined of ion-exchange 
capacities 1.25 mequiv/g (19 mol %) and 1.80 mequiv/g (36 mol 
%), respectively. At these levels of polar groups, the polymers 
are completely amorphous under all conditions.' 

The structure of these polymers is' 

- ( C F ~ C F Z ) ~  -(CF;-CF), F 

I I  
I 

C C  FZ -C-CiCFz)CCCR 

C F3 

They were originally provided in the methyl ester form (R = CH,). 
Due to the fact that previous studies had indicated appreciable 

quantities of sulfur in commercial samples similar to those studied 
here,2 the sulfur content was determined by energy-dispersive 
X-ray analysis (EDAX). No sulfur was detected, confirming that 
the polar substituents were present wholly as carboxylates. 

In the ester form, the polymers were processible and could be 
compression molded a t  250 "C and 15000 1b/ine2 All of the other 
derivatives except for the tetrabutylammonium salts were either 
infusible or undement chemical decomposition a t  the temperature 
of flow. In the ester case, films were compression molded to a 
0.5" thickness for dynamic mechanical measurements. 
Measurements on the other derivatives were made at a thickness 
of 0.25 mm. 

Preparation of Derivatives. Sodium Salts. The esters were 
first treated with 25% aqueous NaOH a t  90 "C for 24 h, washed 
with water, and boiled in water for 1 h. The degree of conversion 
to the sodium salt was assessed by gravimetry and infrared 
spectroscopy. The carboxyl absorption band initially present a t  
1780 cm-' shifted to 1680 cm-' (asymmetric carboxylate stretch) 
upon neutralization. Neutralization was complete in all cases. 

Films were dried a t  160 "C for 24 h in vacuo prior to mea- 
surements. 

Free Acids. The sodium salts were converted to the carboxylic 
acid forms by treating the films with 2 N aqueous HCl a t  90 OC 
for 24 h, followed by washing with water and boiling in water for 
1 h. The degree of conversion to the acid form was again assessed 
by gravimetry and was complete in all cases. Infrared analysis 
showed that the asymmetric carboxylate stretching vibration a t  

Table I1 
Temperatures ("C) of Mechanical Rslaxations in the Perfluorinated Carboxylate Derivatives 

1.25 mequiv/g IEC 1.80 mequiv/g IEC 
deg of deg of 

neut, % Y 7) B' P a neut, % Y Y' p' P a 
Me ester 

1 Hz -55 30 -53 14 
10 Hz -50 35 -47 21 

1 Hz -74 -40 68 -76 -43 62 
10 Hz -63 -20 76 -60 -20 70 

acid 

Na salt 101 -65 -30 55 205 245 106 -63 -25 40 210 248 
K 96 -58 50 165 207 95 -60 50 170 210 
cs 96 -57 50 (160) 195 97 -55 50 195 
Ag 66 -70 -15 50 198 94 -68 -20 45 215 

Mg 103 -63 50 205 228 84 -63 60 200 229 
Ba 67 -62 -20 70 225 77 -65 -18 90 273 
Zn 95 -63 -20 75 210 76 -66 -20 75 205 

N(C4Hd4 102 -76 63 85 105 -76 55 
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Figure 3. Temperature dependencies of E'and tan 6 at 1 Hz 
for the Na, K, and Cs salts of the 1.25 mequiv/g IEC per- 
fluorinated carboxylate polymer. 
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Figure 1. Temperature dependencies of E'and tan 6 at 1, 10, 
and 90 Hz for the methyl ester derivative of the 1.25 mequiv/g 
IEC perfluorinated carboxylate polymer. 
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Figure 2. Temperature dependencies of E'and tan 6 at 1 and 
10 Hz for the methyl ester derivative of the 1.80 mequiv/g IEC 
perfluorinated carboxylate polymer. 

Figures 5 and 6 present the temperature dependencies 
of E' and tan 6 for the silver and tetrabutylammonium 
salts. The behavior of the silver salt is quite similar to that 
of the alkali metal salts, but the tetrabutylamonium salt 
is quite different, being now more like the ester or acid 
derivatives than any of the salts. 

Figures 7 and 8 show the changes in the relaxation be- 
havior in a series of partially neutralized sodium salts. In 
the case of the lower IEC derivatives (1.25 mequiv/g), it 
can easily be seen that the a! dispersion, appearing upon 
neutralization, rapidly moves to higher temperatures with 
increasing neutralization while the /3 relaxation remains 
largely unchanged in temperature, although decreasing in 
magnitude. In the case of the 1.80 mequiv/g IEC deriv- 
ative, Figure 8, no such clear-cut separation occurs, and 
a single or perhaps merged relaxation peak shifts to higher 
temperatures with increasing neutralization. 

The effects of polar diluents on the various relaxation 
regions are summarized in Table 111. In analogy with the 

r 

J 
105L-160 ' 0 100 200 300 

TEMPERATURE ( "C 
Figure 4. Temperature dependencies of E' and tan 6 at 1 Hz 
for the Na, K, and Cs salts of the 1.80 mequiv/g IEC per- 
fluorinated carboxylate polymer. 

behavior of other ionomers, one would expect water to 
plasticize the ionic interactions, leaving relaxational be- 
havior associated with the nonpolar matrix unaffected. 
Although water causes the y and y' relaxations to merge 
in the sodium salts, it has little or no effect on the a and 
p relaxations. This is because, a t  the high temperature of 
the latter relaxations, the rate of water loss from the 
sample is faster than the rate of measurement. As a result, 
a less volatile solvent, ethylene glycol, was examined. 
Ethylene glycol exhibits a large plasticizing effect on the 
temperature of the a relaxation and has some effect on the 
/3 relaxation also. The effect of water is very clearly ob- 
servable in the partially (14% ) neutralized sodium salt of 
the 1.25 mequiv/g IEC derivative. Here, the a and /3 
relaxations are a t  low enough temperatures so that water 
is retained during the measurement, and its effect is to 
shift the a dispersion much more to lower temperatures 
(AT = 48 " C )  than the /3 dispersion (AT = 29 "C). The 
effect of water on the carboxylic acid derivatives is sig- 
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Table I11 
Effects of Solvents on the Mechanical Relaxation Temperatures ("C) of the Perfluorocarboxylate Derivatives 

1.25 mequiv/g IEC 1.80 mequiv/g IEC 
solvent content y y' /3 a solvent content y y' /3 a 

acid 
dry 
water swollen 

Na salt 
dry 
water swollen 

ethylene glycol swollen 
Na salt (14% neut) 

dry 
water swollen 

-74 
7.9% -75 
3.5 HzO/COOH 

-65 
17.3% -43 
7.7 HzO/COOH 
22.4% -38 

-70 
9.3% -70 
4.1 HzO/COOH 

-40 
-55 

-30 

-30 
-53 

68 -76 -43 62 
35 78 18.4% -75 -55 58 

5.7 HzO/COOH 

210 245 -63 -25 210 245 
208 245 36.3% -48 210 240 

77 145 19% -40 80 125 

68 134 
40 87 

11.2 H,O/COOH 

Y 

c 

105L-r__ I 
-100 0 IO0 200 

TEMPERATURE ( O C  1 
Figure 5. Temperature dependencies of E' and tan 6 at  1 Hz 
for the tetrabutylammonium and silver salts of the 1.25 mequiv/g 
IEC perfluorinated carboxylate polymer. 

r i 
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-- 

TEMPERATURE ( O C  1 
Figure 6. Temperature dependencies of E'and tan 6 at 1 Hz 
for the tetrabutylammonium and silver salts of the 1.80 mequiv/g 
IEC perfluorinated carboxylate polymer. 

nificant and quite different for t he  two different IEC's. In  
t h e  1.25 mequiv/g IEC sample,  water spli ts  t h e  single @ 
relaxation observed in  t h e  d ry  s t a t e  into two partially 

L I /  , 1 1 1  

IO5' -1bo ' 0 100 200 300 

TEMPERATURE ("C 1 
Figure 7. Temperature dependencies of E' and tan 6 at  1 Hz 
for a series of partially neutralized sodium salts of the 1.25 
mequiv/g IEC perfluorinated carboxylate polymer. 
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Figure 8. Temperature dependencies of E'and tan 6 at  1 Hz 
for a series of partially neutralized sodium salts of the 1.80 
mequiv/g IEC perfluorinated carboxylate polymer. 

merged peaks. It also affects the shape of the  y-relaxation 
region. For t h e  1.80 mequiv/g IEC sample, t he  @ peak is 
broadened and decreased in temperature, bu t  no  splitting 
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Table IV 
Salt and Free Acid Water Uptake for the Perfluorocarboxylate Derivatives 

1.25 mequiv/g IEC 1.80 mequiv/g IEC 
water uptake, wt % water uptake, w t  % 

deg of 4 days in boiled deg of 4 days in boiled 
neut, % sol at 25 O C  for 1 h neut, % sol at 25 "C for 1 h 

- 

- 

36 
97 8.6 
92 8.5 
72 5 

102 12 
103 12 
41 6.5 
95 11 

7.6 
41 
19 97 
13 94 
5 61 

105 
15 83 
7.3 74 

11 84 

23 
91 101 
20 68 
22 50 
17 61 
18 
27 38 
20 18 
27 35 

Table V 
Rates of Neutralization to Na Salts of 

Perfluorocarboxylate Derivatives 
1.25 mequiv/g IEC 1.80 mequiv/g IEC 

deg of deg of 
time, min neut, % time, min neut, % 

40 14 2 13 
90 47 7 34 

140 61 17 52 
200 72 32 71 

is observed. The behavior in the y-relaxation region is 
similar to that for the lower IEC sample. 

The water uptake data for the various salts and the 
carboxylic acid derivatives are summarized in Table IV. 
For the 1.25 mequiv/g IEC derivatives the amounts of 
water absorbed on boiling for 1 h are in the order Na+ > 
K+ 1 Mg2+ > Cs+ > Zn2+ > Ba2+ > H > Ag+. In the 1.80 
mequiv/g IEC derivatives, the order is Na+ > K+ > Ag+ 
> Cs' > Mg2+ > Zn2+ > H > Ba2+. In general, these 
derivatives absorb much leas water than the corresponding 
sulfonic acid derivatives.' The relative order of absorption 
among the various cations is very similar in the two cases. 
I t  was impossible to obtain data for the tetrabutyl- 
ammonium salts because these derivatives are fuUy soluble 
in boiling water. 

The rates of neutralization for partially neutralized so- 
dium salts are summarized in Table V. These rates are 
much slower than those reported for perfluorosulfonate 
derivatives, where 24-36 h was sufficient to obtain fully 
neutralized  specie^.^ 
Discussion 

We shall discuss each relaxation region in turn, starting 
with the a relaxation. 
a Relaxation. The a relaxation occurs only in the salt 

forms (Table 11) and is plasticized by ethylene glycol 
(Table 111). As previously discussed, it is likely that water 
also plasticizes the a relaxation, but water cannot be re- 
tained in the samples during the measurements at the high 
temperatures of the a relaxation. In analogy with previous 

we assign the a relaxation to motions accompa- 
nying the glass transition of the ionic phase. In early 
studies of polyphosphate glass transitions, Eisenberg 
showed that the glass transition temperature (T ) was 
proportional to the charge of the cation divided $y the 
distance between the centers of charge for the anion and 
cation at  closest approach6 (T, a Z/r) .  The poly- 
phosphates are, of couse, single-phase materials. However, 
if the relaxation mechanism in the ionic phase of the 
perfluorocarboxylate polymers is similar to that in the 
polyphosphates, a similar correlation should exist for the 
a-relaxation temperature. Figure 9 shows that this is in- 
deed the case for the alkali metal salts and barium. Silver 

0 I 25meq / g  
I 80meq / q  

Mg 
9 

Zn 
0 

I- , 1 1 1- 
0 5  I O  15 2 0  2 5  3 0  

IONIC POTENTIAL ( Z/r, 2'1 
J 
3 5  

Figure 9. TB vs. Z / r  for the various salts of the perfluorinated 
carboxylate polymers. 

also falls quite close to the curve but zinc and magnesium 
show very large deviations, possibly due to the somewhat 
covalent character of these salts. In any case, the existence 
of the Z / r  correlation for the a relaxation strongly supports 
the existence of a separate ionic phase in the perfluoro- 
carboxylate salts. 

The behavior of the partially neutralized sodium salts 
further reinforces the assignment of the a relaxation to the 
ionic phase motions. In the 1.25 mequiv/g IEC derivatives, 
there is a clear separation between the @ and a relaxations, 
with the former remaining nearly constant in temperature 
and the latter increasing rapidly with increasing neutral- 
ization. This is reminiscent of the behavior observed in 
a series of partially neutralized sodium salts of a 4.1 mol 
% poly(ethy1ene-co-methacrylic acid)? In the present case, 
however, the 1.25 mequiv/g IEC derivative contains about 
19 mol 90 carboxylic acid substituent. Nevertheless, there 
is little doubt about the existence of an "ionic phase" 
formed by the clustering of the salt groups and a less polar 
matrix phase in these derivatives. In the 1.80 mequiv/g 
IEC derivatives, the results are less clear. Here there 
appears to be only a single relaxation increasing rapidly 
in temperature with increasing neutralization. The 1.80 
mequiv/g IEC derivatives contain about 36 mol % polar 
substituents and it may be that in this case the "ionic 
phase" is dominant, with the less polar fluorocarbon com- 
ponent perhaps existing as a dispersed phase if present at 
all. 

When the carboxylic acid derivative of the 1.25 me- 
quiv/g IEC polymer is swollen with water, the single large 
0 relaxation present in the dry material splits into two. 
The most natural interpretation of this phenomenon would 
be that water causes the segregation of the acid groups into 
a separate polar phase. The higher temperature (a) peak 
in the swollen derivative would then be identified with the 
glass transition of this polar phase, while the lower tem- 
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perature (p)  peak would be identified with the glass 
transition of the nonpolar matrix. In other carboxylic acid 
ionomers; it is generally thought that the free acid groups 
form hydrogen-bonded dimers but do not associate to form 
a distinct, dispersed polar phase. However, in most of the 
ionomers, the concentration of carboxylic acid groups is 
much less (<lo%) than in the perfluorocarboxylate de- 
rivatives, and they are usually directly attached to the 
backbone rather than to the end of a fairly long side chain. 
Also, the fluorocarbon moiety is presumably much less 
"hospitable" to carboxylic acid groups than is the hydro- 
carbon moiety. It has been suggested7 that water is capable 
of affecting structural reorganization of ionomers, but the 
behavior of the 1.25 mequiv/g IEC acid derivative is the 
first clear indication of the ability of water to actually 
induce phase separation. The picture is different in the 
higher 1.80 mequiv/g IEC derivative. Here the relaxa- 
tion present in the dry form is plasticized by water to some 
extent and broadened, but it remains in the form of a 
single relaxation. This reinforces the idea put forward to 
explain the behavior of the partially neutralized derivatives 
of the 1.80 mequiv/g IEC polymer, that, in this case, the 
concentration of polar groups is so great that the material 
is essentially single phase under all conditions or that any 
nonpolar phase is present to only a minor degree. 

The behavior of the tetrabutylammonium salts is in- 
teresting. Figures 5 and 6 indicate that the highest tem- 
perature relaxation observed in these salts is in the vicinity 
of the p relaxation observed in the free acids. In the 1.25 
mequiv/g IEC resin, it appears that there exists a partially 
merged a and /3 relaxation at  85 and 63 "C, respectively, 
but in the 1.80 mequiv/g IEC resin only one relaxation 
exists a t  55 "C. Considering that the cy relaxations of all 
the other salts occur a t  temperatures in excess of 200 "C, 
it is clear that ionic interactions are very much weaker in 
the tetrabutylammonium salts, if they exist a t  all, than in 
the others, The solubility of the tetrabutylammonium salts 
in boiling water also indicates the absence of strong in- 
terchain associations in these derivatives. 

B Relaxation. The results leave little doubt that the 
p relaxation is associated with micro-Brownian segmental 
motions accompanying the glass transition of the fluoro- 
carbon phase. It is clear that the polar groups participate 
in the p relaxation to some extent since its temperature 
is sensitive to the presence of water. At  the high mole 
percentage of polar groups present in both derivatives, it 
is not surprising that a significant portion of them should 
remain in the fluorocarbon phase upon neutralization. The 
/3 relaxation in the carboxylic acid derivatives increases 
significantly in temperature compared to the ester pre- 
cursors, a result that was also observed in studies of other 
carboxylate i~nomers .~  In the fully neutralized salts, the 

relaxation is present only as a shoulder in the case of the 
1.25 mequiv/g IEC derivatives and is difficult to detect 
at all in the 1.80 mequiv/g IEC derivatives. The tem- 
perture of the p relaxation is enormously increased in the 
salts compared to the free acids or esters and it is clear 
from this that extensive phase mixing between the fluo- 
rocarbon matrix and the polar groups must occur and that 
the dispersed "ionic phase" must exert a considerable re- 
inforcing effect on the matrix. 

In the partially neutralized sodium salts of the 1.25 
mequiv/g IEC derivatives, neutralization affects the tem- 
perature of the cy relaxation to a much greater extent than 
the p relaxation, consistent with the above interpretation. 
The significant increase in the p-relaxation temperature 
does not occur until neutralization degrees of over 70% 
are achieved. 
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In the case of the water-swollen acid derivative of the 
1.25 mequiv/g IEC polymer, the p relaxation shifts to 
temperatures comparable to that of the corresponding ester 
derivatives, while a new a relaxation appears at higher 
temperatures. Presumably the removal of the hydrogen- 
bonding carboxylic acid groups from the matrix leads to 
this decrease in temperature of the 

As previously discussed, it seems likely that the 1.80 
mequiv/g IEC resin consists primarily of a single polar 
phase in all of its derivatives. The lack of a clearly defined 

relaxation in most of these derivatives supports this 
interpretation. 

8' Relaxation. Despite the extensive results quoted 
here we are still unable to assign the p' relaxation to a 
definite relaxation mechanism with certainty. It appears 
in all the salts of all the derivatives except the tetra- 
butylammonium salt and is relatively insensitive in tem- 
perature to cation type. Whether the long-chain side 
groups may participate in the p' relaxation is not clear, but 
the fact that it is somewhat sensitive to water indicates 
that this may be the case. 

y' Relaxation. The y' relaxation is absent in the ester 
precursors, but it is present in the free acids and all of the 
salts with the exception of the tetrabutylammonium salt. 
There is little variation in temperature in the y' relaxation 
either among derivatives of the same IEC resin or between 
derivatives of the two different IEC resins investigated. 
The temperature of the y' relaxation is decreased signif- 
icantly upon the addition of water (Table 111). Its mag- 
nitude is also greater in the 1.80 mequiv/g IEC derivatives 
than in the 1.25 mequiv/g IEC derivatives. These facts 
lead us to assign the y' relaxation to local motions of the 
portions of the polar side groups that are not phase sep- 
arated from the fluorocarbon matrix. 

y Relaxation. The y relaxation occurs a t  very similar 
temperatures for a particular derivative regardless of the 
IEC. Its temperature across the whole series of derivatives 
is also rather constant except for the ester derivatives 
whose y relaxations lie at considerably higher temperatmes 
than the others (Table 11). The y relaxation is also in- 
sensitive to the presence of water or ethylene glycol. It 
therefore appears that the y relaxation originates from 
local motions of CF, groups in the main chain. 

Finally, we may compare the results of Kyu and Eisen- 
berg8 in a study of the mechanical behavior of perfluoro- 
sulfonate ionomers to those obtained here. In general, the 
perfluorosulfonate derivatives show three major relaxation 
regions, a, @, and y, roughly corresponding to those present 
in the perfluorocarboxylate derivatives. In the case of the 
salts, the behavior is very similar in the two cases, and the 
assignments of molecular mechanisms by Kyu and Ei- 
senberg to the relaxations in the perfluorosulfonate salts 
are identical with our assignments for the perfluoro- 
carboxylate salts. It appears, however, that all of the 
derivatives studied by Kyu and Eisenberg were muliphase 
materials, whereas this conclusion is doubtful for the 1.80 
mequiv/g IEC perfluorocarboxylate derivatives. In the 
case of the perfluorosulfonate free acid derivatives, Kyu 
and Eisenberg observe all three relaxations, while only two 
are present in the perfluorocarboxylic acids. It is thus 
concluded that the perfluorosulfonic acids are phase sep- 
arated while the perfluorocarboxylic acids are not. Similar 
conclusions apply to the perfluorosulfonate esters vs. the 
perfluorocarboxylate esters. Kyu and Eisenberg make no 
distinction between the y and y t  relaxations but observe 
that their y relaxations are sensitive to water. It may be 
that the two relaxations are merged in the perfluoro- 
sulfonate derivatives but not in the perfluorocarboxylate 

relaxation. 
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derivatives. 

Conclusions 
The mechanical relaxation behavior of the 1.25 me- 

quiv/g IEC derivatives is readily interpretable on the basis 
of the “standard ionomer model”. That is, the salt groups 
aggregate to form a separate microphase that has observ- 
able mechanical properties of its own. The fluorocarbon 
matrix contains considerable quantities of non-phase- 
separated polar groups and these modify its properties so 
that it no longer behaves exactly like poly(tetrafluor0- 
ethylene). The ester and acid derivatives appear to be 
one-phase materials in the dry state but it is likely that 
the acid groups cluster to form a separate polar phase in 
the presence of water. 

The 1.80 mequiv/g IEC derivatives contain such a large 
quantity of polar groups (36 mol 7%) that they appear to 
be primarily one-phase materials regardless of whether 
they are in the ester, acid, or salt form. Any less polar 
fluorocarbon phase must be present as a minor component 
and it must contain very significant quantities of polar 
groups so that its properties are not very different from 
those of the polar or “ionic” phase. 

The morphology of these derivatives needs to be in- 
vestigated in detail and small-angle X-ray scattering 
studies are currently under way. 

In general, the perfluorocarboxylate derivatives studied 
here absorb much less water and show much slower rates 
of neutralization than comparable perfluorosulfonate de- 
rivatives examined previously. 

The tetrabutylammonium derivatives, although true 
salts, exhibits flow at experimentally accessible tempera- 
tures and are thus processible. They also dissolve in polar 
solvents such as dimethylformamide and water. 
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(copolymer), 70776-76-0; (CFz=CFOCF2CF(CF,)- 
OCF2C02Me).(CF2=CF2) (copolymer), 68821-26-1; (CF,=CFO- 
CF2CF(CF3)OCF2CO2H).(CF2=CF2) (copolymer) Na salt, 

(copolymer) K salt, 90481-63-3; (CF2=CFOCF2CF(CF3)0CF2C- 
OzH)-(CFz=CF2) (copolymer) Cs salt, 90481-64-4; (CF2=CFOC- 
F&F( CFJ OCFZCO2H)- ( CF2=CF2) (copolymer) Ag salt, 90507- 
09-8; ( CF+FOCF2CF( CFJ OCF2C02H).( CFz=CF2) (copolymer) 
Ba salt, 90481-65-5; (CF2=CFOCF2CF(CF3)OCF2C02H).(CF2= 
CF2) (copolymer) Mg salt, 90481-66-6; (CF2=CFOCF2CF(CF3)- 
OCF2CO2-).(CFZ=CF2) (copolymer) Bu,N+ salt, 90507-12-3. 
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Concerning the Origin of Broad Bands Observed in the FT-IR 
Spectra of Ionomers. Cluster Formation or Water Adsorption? 
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ABSTRACT Water immersion studies of ionomers derived from an ethylene-methacrylic acid copolymer 
have necessitated a reinterpretation of some of our previously published FT-IR results. The formation of 
clusters from multiplet structures was inferred from the broadening of the asymmetric carboxylate stretching 
vibration during annealing studies. However, it is demonstrated that broadening of this band can also be 
caused by the slow adsorption of water. Experimenta performed under vacuum over fresh phosphorus pentoxide 
substantiate this hypothesis. 

Introduction 
Perhaps the most widely accepted model of ionomer 

superstructure is the multiplet-cluster concept advanced 
by Eisenberg.lV2 This framework has dominated the in- 
terpretation of many vibrational spectroscopic studies to 
the extent that specific infrared bands and Raman lines 
have been separately assigned to multiplets or clusters. We 
were no exception to this general rule and our initial FT-IR 
studies of the sodium and calcium salts of ethylene-me- 
thacrylic acid copolymers were interpreted in terms of 
Eisenberg’s m0de1.~~~ Specific sharp bands in the spectra 

Current address: Experimental Station, E. I. du Pont de Nem- 
ours and Co., Wilmington, DE 19898. 

of quenched films or films held at  elevated temperatures 
(in the range 70-130 O C )  were assigned to multiplets. 
Broad bands observed upon annealing these films for ex- 
tended periods of time at room temperature were assigned 
to clusters. However, as a result of subsequent work on 
the salts of other group 1 and group 2 elements, we were 
forced to reevaluate these somewhat simplistic initial as- 
signment~.~ Essentially, we used symmetry arguments to 
analyze the pattern of sharp bands in the spectra of freshly 
prepared films. On this basis, we postulated the existence 
of specific coordinated structures. Because infrared 
spectroscopy is principally sensitive to short-range order, 
the bands associated with such local structures should be 
characteristic of multiplets and any such assembly of 
multiplets in clusters. This revised interpretation left 
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