
Macromolecules  1983,16, 145-749 745 

equipment and to  Professor John L. Schrag for valuable (25) Zimm, B. H. J .  Chem. Phys. 1956,24, 269. 
advice. This research wm supported by Grants GM-21652 (26) Ookubo, N.; Komatsubara, M.; Nakajima, H.; Wada, Y. Bio- 
(to J*D’F’) and HL-18612 (to MaL*G*) from the (27) Greaser, M.; Gergely, J. J.  Biol. Chem. 1971, 246, 4226. 
Institutes of Health and by the College of Agricultural 8~ (28) Schrag, J. L.; Johnson, R. M. Rev. Sci. Instrum. 1971,42, 224. 
Life Sciences. S.H. appreciates partial support from the (29) Nestler, F. H. M. Ph.D. Thesis, University of Wisconsin- 
Danish Science Foundation. Madison, 1981. 

(30) Margossian, S. S.; Stafford, W. F.; Lowey, S. Biochemistry 
1981,20, 2151. 

(31) Harrington, W. F.; Burke, M. Biochemistry 1972, 11, 1448. References and Notes 
(32) Laemmli, U. K. Nature (London) 1970.227.680. 

polymers 1976, 15, 929. 

Yamakawa, H. “Modern Theory of Polymer Solutions”; Harper 
and Row: New York, 1971; pp 52-56. 
Saito, N.; Takahashi, K.; Yunoki, Y. J.  Phys. Soc. Jpn .  1967, 
22, 219. 
Ferry, J. D. “Viscoelastic Properties of Polymers”, 3rd ed.; 
Wiley: New York, 1980. 
Ferry, J. D. Pure Appl .  Chem. 1978,50, 299. 
Johnson, R. M.; Schrag, J. L.; Ferry, J. D. Polym. J .  1970,1, 
742. 
Nemoto, N.; Schrag, J. L.; Ferry, J. D.; Fulton, R. W. Bio- 
polymers 1975, 14, 409. 
Nemoto, N.; Schrag, J. L.; Ferry, J. D. Polym. J .  1975, 7,195. 
Warren, T. C.; Schrag, J. L.; Ferry, J. D. Biopolymers 1973,12, 
1905. 
Rosser, R. W.; Schrag, J. L.; Ferry, J. D.; Greaser, M. Macro- 
molecules 1977, 10, 978. 
Yamakawa, H.; Yoshizaki, T. Macromolecules 1980, 13,633.  
Hagerman, P. J.; Zimm, B. H. Biopolymers 1981, 20, 1481. 
Holtzer, A.; Clark, R.; Lowey, S. Biochemistry 1965, 4, 2401. 
Cohen, C.; Szent-Gyorgyi, A. G. J .  Am. Chem. SOC. 1957, 79, 
248. 
Cohen, C.; Holmes, K. C. J.  Mol. Biol. 1963, 6 ,  423. 
Elliott, A.; L o w ,  J.; Parry, D. A. D.; Vibert, P. J. Nature 
(London) 1968, 218, 656. 
Stone. D.: Sodek. J.: Johnson. P.: Smillie. L. B. Proc. FEBS . ,  
Meet.’1975, 31, 125.’ 
Capony, J. P.; Elzinga, M. Biophys. J .  1981, 33, 148a. 
Parrv. D. A. D. J.  Mol. Biol. 1981. 153. 459. 
McLichlan, A. D.; Stewart, M. J.’Mol: Biol. 1976, 103, 271. 
Nauss, K. M.; Kitagawa, S.; Gergely, J. J .  Biol. Chem. 1969, 
244, 755. 
Lowey, S.; Cohen, C. J .  Mol. Biol. 1962, 4, 293. 
DeLaney, D. E.; Krause, S. Macromolecules 1976, 9, 455. 
Hvidt, S.; Nestler, F. H. M.; Greaser, M.; Ferry, J. D. Bio- 
chemistry 1982, 21, 4064. 
Yamakawa, H. Macromolecules 1975, 8, 339. 

(33) Sutoh, K.; Sutoh, K.; Karr, T.; Harrington, W. F. J .  Mol. Biol. 
1978, 126, 1. 

(34) Harrington, W. F. In “The Proteins”; Neurath, H., Hill, R. L., 
Eds.; Academic Press: New York, 1979; Vol. 4, p 245. 

(35) Burke, M.; Himmelfarb, S.; Harrington, W. F. Biochemistry 
1973, 12, 701. 

(36) Lehrer, S. S. J.  Mol. Biol. 1978, 118, 209. 
(37) Halsey, J. F.; Harrington, W. F. Biochemistry 1973, 12, 693. 
(38) Lowey, S.; Slayter, H. S.; Weeds, A. G.; Baker, H. J.  Mol. Biol. 

1969,42, 1. 
(39) Highsmith, S.; Kretzschmar, K. M.; O’Konski, C. T.; Morales, 

M. F. Proc. Natl. Acad. Sci. U.S.A. 1977, 74, 4986. 
(40) King, M. V. Experientia 1976, 32, 975. 
(41) Cohen, C.; Szent-Gyorgyi, A. G.; Kendrick-Jones, J. J .  Mol. 

Biol. 1971, 56, 223. 
(42) Kendrick-Jones, J.; Cohen, C.; Szent-Gyorgyi, A. G.; Longley, 

W. Science (Washington D.C.) 1969, 163, 1196. 
(43) Takahashi, K. J .  Biochem. (Tokyo) 1978,83, 905. 
(44) Cohen, C.; Lowey, S.; Harrison, R. G.; Kendrick-Jones, J.; 

Szent-Gyorgyi, A. G. J .  Mol. Biol. 1970,47, 605. 
(45) Highsmith, S.; Wang, C.-C.; Zero, K.; Pecora, R.; Jardetzky, 0. 

Biochemistry 1982, 21, 1192. 
(46) Fujime, S.; Maruyama, M. Macromolecules 1973, 6, 237. 
(47) Phillips, G. N.; Fillers, J. P.; Cohen, C. Biophys. J .  1980, 32, 

485. 
(48) Wahl, Ph.; Tawada, K.; Auchet, J. C. Eur. J .  Biochem. 1978, 

88, 421. 
(49) Saito, T.; 180, N.; Mizuno, H.; Onda, N.; Yamato, H.; Odashi- 

ma, H. Biopolymers 1982, 21, 715. 
(50) Nestler, F. H. M.; Hvidt, S.; Ferry, J. D.; Veis, A. Biopolymers, 

in press. 
(51) Suezaki, Y.; Go, N. Biopolymers 1976, 15, 2137. 
(52) Woods, E. F. Biochem. J.  1969, 113, 39. 
(53) Asai, H. J .  Biochem. (Tokyo) 1961, 50, 182. 
(54) Harvey, S. C.; Cheung, H. C. Biochemistry 1977, 16, 5181. 

Infrared Study of Helix Reversal in “Nafion”l Perfluorinated 
Membranes and Precursorst 
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ABSTRACT: Backbone disorders, known as helix reversals in poly(tetrafluoroethy1ene) (PTFE), are observed 
in “Nafon” perfluorinated membranes and precursors. The formation energy is 1 kcalimol and is independent 
of the nature and number of vinyl ether side groups. The  soliton- or domain-like nature of these defects is 
discussed. 

Introduction 
“Nafion” perfluorinated membranes have been studied 

extensively because of their extraordinary electrochemical 
properties and commercial application in chloralkali ~ e l l s . ~ ? ~  
The sulfonate ion-exchange polymer is obtained by hy- 
drolysis from a precursor copolymer (XR) of tetrafluoro- 
ethylene and the sulfonyl vinyl ether CF2=CFOCF2C- 
F(CF3)0CF2CF2S02F.2p3 The precursor can also react with 
ethylenediamine (EDA) to form a sulfonamide p01ymer.~ 

Contribution No. 3026 from the Central Research and Develop- 
ment Department. 
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The unique transport properties5y6 observed in these per- 
fluorinated ionomers when submerged in an electrolyte 
have been correlated to the spontaneous segregation of the 
aqueous phase into conductive ion-containing domains 
randomly distributed in the insulating fluorocarbon ma- 
t r i ~ . ~ J  According to a recent elastic model,8 the average 
size of these domains is controlled by the tensile property 
of the polymer and several other factors such that, qual- 
itatively, a flexible and deformable polymer can support 
larger clusters than a stiff and rigid one. It is then im- 
portant to know whether a rigid or flexible rod model 
would be more appropriate for “Nafion” perfluorinated 
membranes. 

0 1983 American Chemical Society 
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Table I 
Samples Studied in This Investigationa 

Macromolecules, Vol. 16, No. 5, 1983 

EW N XR( S0,F) SO,K EDA PTFE 
1800 13 + t t 
1500 10 t t t 
1050 6 + - - 

+ 
a The approximate integer of TFE units between adjacent vinyl ether groups is given in the second column. For simplicity, 

the perfluorosulfonyl fluoride. perfluorosulfonate. and perfluorosulfonamide polymers are abbreviated by XR(SO,F), SO,K, , -  

andEDA, respectively. 

The rigid rod model is adequate if atomic size would 
control backbone rigidity. Accordingly, both the vinyl 
ether side group and the fluorocarbon main chain should 
be quite stiff because of the steric interference of neigh- 
boring fluorine atoms.6 Nevertheless poly(tetrafluor0- 
ethylene) (PTFE) and perfluoroalkanes are known to be 
sufficiently flexible so that the sense (or pitch or hand- 
edness) of a molecular helix can be easily reversed. The 
resultant disorder is known as a helix reversal.*'4 It had 
been observed experimentally by infrared (IR) spectros- 
copyg and also anticipated theoretically from conforma- 
tional  calculation^.'^ The formation energy was estimated 
to be 1.2 and 1.8 kcal/mol, respectively, from IRg and 
calorimetriclo data on PTFE, 1.1 kcal/mol from dipole 
moments of isolated dihydroperfluoroalkanes," and 0.9-2.0 
kcal/mol from model calculations.9J2-14 

We present here a temperature-dependent IR study of 
PTFE, perfluorinated ionomers, and precursors to gain 
insight into the backbone flexibility of fluoro polymers in 
general. In particular, we want to delineate the influence 
of side groups on backbone disorders. Our data are dis- 
cussed in the next section; we conclude that helix reversals 
exist in general, regardless of the existence, nature, and 
density of side groups. The formation energy is about 1 
kcal/mol for the samples listed in Table I. This value is 
consistent with the values quoted above for PTFE and 
perfluoroalkanes. The soliton-like nature of these disorders 
is discussed in the last section. 

Data Acquisition 
The IR absorbances of thin films of PTFE, "Nafion" per- 

fluorinated membranes, and their precursors were recorded on 
a Digilab FTS-14 infrared spectrophotometer with a nominal 
resolution of 4 cm-'. The film temperature was controlled by an 
R&II temperature cell and ranged between approximately -30 
and +110 "C.  The types of samples that we have investigated 
are listed in Table I. 

Spectral Analysis 
The principal signatureg of a helix reversal in PTFE 

consists of a doublet occurring between 600 and 700 cm-'. 
This doublet is extremely temperature sensitive, as shown 
in Figure 1; over the same temperature range, other 
spectral regions exhibit negligible changes. The peak a t  
640 cm-' arises from a wagging model5 of the CF2 group 
in a normal helical conformation whereas the lower energy 
split-off band a t  625 cm-' originates from the helix re- 
v e r ~ a l . ~  Room-temperature spectra for PTFE and a 
TFE/perfluorosulfonyl fluoride copolymer (XR) of 
equivalent weight (EW)l6 1100 are compared in Figure 2. 
The most interesting, new, spectral features for the XR 
1100 EW polymer are the strong absorption band peaking 
at 606 cm-' and a distinct shoulder occurring a t  665 cm-l. 
Their thermal response is shown in Figure 3 for an XR 
polymer of 1500 EW. In contrast to the 640-625-cm-' 
doublet, which is extremely sensitive to temperature, the 
new peak and shoulder hardly exhibit any observable 
temperature dependence. Their origins are explored below 
with sulfonamide polymers and hydrolyzed XR polymers. 

0.15 K! 

0.25 

a m 

700 600 
FREQUENCY (cm-' )  

Figure 1. IR absorbance and its temperature dependence for 
PTFE in the spectral range of interest. The temperature-sensitive 
doublet arises from helix reversal (cf. ref 9). 
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Figure 2. Comparison of IR spectra for PTFE and an 1100 EW 
TFE/perfluoroeulfonyl fluoride copolymer (XR). Note, in par- 
ticular, the very intense absorption peak at 606 cm-' and a distinct 
shoulder at 665 cm-' present in the XR spectrum. 

The 606-cm-' peak has markedly diminished in the 
sulfonamide polymers and shifted in frequency in hydro- 
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I , 1 I 

1500 EW 

w y 0.5- 

1.0- 
2 = :  

I O T  

0 ,51 I . \  i L Id I \  1 
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FREQUENCY (cm-’1 
Figure 3. Temperature dependence of IR absorbance for a 1500 
EW XR polymer. In contrast to the doublet, the peak at 606 cm-’ 
and the shoulder at 665 cm-’ are temperature insensitive. 

I I 

700 600 
FREQUENCY (cm-’) 

Figure 4. Typical absorption spectrum for perfluorosulfonate 
polymers. The 606-cm-’ absorption band was weakened and 
shifted to higher frequency. This particular sample is in the 
potassium salt form, XR(SOBK). 

lyzed XR polymers. A typical IR absorbance curve from 
the potassium perfluorosulfonate ionomer is shown in 
Figure 4. The 606-cm-‘ peak found in the unhydrolyzed 
samples has obviously been shifted to a higher frequency 
and now interferes with the 640-625-cm-’ doublet. The 
peak absorbance also appears to be weakened. Figure 5 
compares the room-temperature spectra of two sulfon- 
amide polymers to two unhydrolyzed XR polymers of 

l i  
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0 z 
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m a 
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1500 E W  EDA 0.2- 
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Figure 5. Room-temperature absorption spectra for perfluoro- 
sulfonyl fluoride (XR) polymers and perfluorosulfonamide (EDA) 
polymers at two equivalent weights. 
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Figure 6. Spectral variation of the 665-cm-’ shoulder as a function 
of the equivalent weight for the XR polymer at 14.5 O C .  

corresponding EW’s. All samples have the same nominal 
thickness. The 606-cm-’ peak was reduced to an insig- 
nificant shoulder in EDA-modified samples. These ob- 
servations together require that the 606-cm-’ peak be as- 
signed to the S02F group of the XR polymer. The residual 
shoulder appearing in the sulfonamide samples arises from 
unreacted S02F groups. This peak can thus be used to 
monitor whether S02F has completely reacted with other 
chemicals. In contrast, the 665-cm-’ shoulder is observed 
in d “Ndion” samples but not in PTFE. It becomes more 
pronounced as the EW decreases (Figure 6). It is, 
therefore, assigned to the CF or CF, group of the vinyl 
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Table I1 
Breakdown of Eq 3 a t  Sufficiently Low Temperaturea 

I,,lI€.,, 
sample T, “C obsd interpolated 

PTFE 24 1.57 1.04 
1800 EW EDA -10 1.76 1.30 
1500 EW EDA -28 2.21 1.45 
1050 EW XR(S0,F)  -20 1.96 1.40 

Column 4 gives the interpolated value for the ratio 
I,,/I,,, using eq 3 and the least-squares-fitted values of 
C and E,. The same abbreviations as defined in Table I 
are used here to  identify various ionomers and precursors. 

ether. Although Figures 4 and 5 indicate that the peak 
intensities of the doublet are affected by the nature and 
number of the vinyl ether groups, their ratio (Le., the 
relative peak absorbance of the doublet) remains only a 
function of the absolute temperature. We can thus extract 
the characteristic formation energy of helix reversals. 

Formation Energy 
The peak absorbances 1640 and 1625 of the doublet are 

related to the population density nj of the normal (j = 640) 
and defect (j = 625) states, respectively, by 

Ij = ajnjd (1) 

where ai is the absorptivity for the j t h  state and d is the 
length of the sample. Assuming Boltzmann statistics, i.e., 

nj = kje- t , /RT (2) 

the defect energy E d  (=e625 - €640) with respect to the 
normal state can be obtained from the relative absorbance: 

1640/1625 = (3) 

= (a640/a625)(k640/k625) (4) 
where 

In the above equations, R is the universal gas constant, T 
is the absolute temperature, cj is the energy of the j th  state, 
and k j  is a prefactor that includes possible degeneracy of 
states. After background correction,” the ratio 1640/1625 
was plotted semilogarithmically against T1 for all samples 
(except the four points listed in Table 11) in Figure 7. 
From the ensuing least-squares fit, the formation energy 
Ed was determined to be 0.9 f 0.1 kcal/mol, and the 
prefactor was 0.2.1S Within our experimental accuracy, E d  
is consistent with the published values quoted earlier for 
PTFE and perfluoroalkanes. The present data further 
indicate that backbone disorders in fluorocarbons are 
strictly a local phenomenon and independent of the 
presence and nature of any side groups. 

Equation 3 is known to break down when T becomes 
near or drops below the 30 “C crystalline-disorder tran- 
sition in PTFE.9J9 In “Ndion” perfluorinated membranes, 
the same crystalline-disorder transition has been observed 
to be weakened (in strength) and depressed (in tempera- 
ture) progressively with decreasing EWS2O Thus eq 3 is 
obeyed even below 30 OC in perfluorinated ionomers and 
precursors. However, deviations can still be detected at  
sufficiently low temperatures as listed in Table 11. 

Discussion 
Brown’s IR datag on PTFE suggest that helix reversals 

exist a t  all temperatures, but their formation energy is 
higher and population less numerous at  low T.19 Helix 
reversals thus contribute prominently to the conforma- 
tional entropy and thermodynamics.21 Our low-T data 
(---30 “C), albeit limited, seem to suggest a similar picture 

A PTFE 
A 1 8 0 0 X R  
7 1 5 0 0 X R  
v 1 0 5 0 X R  
a 1 8 0 0 E D A  

~ 0 1 5 0 0 E D A  

0.5b 

Figure 7. Relative absorbance for the doublet as a function of 
temperature. Four low-temperature data (Table 11) were excluded 
from this composite plot. 

for perfluorinated ionomers and precursors. 
To reconcile conflicting X-ray diffraction22 and NMR23 

data from crystalline PTFE, Clarkz4 proposed that the 
helix reversal points segregated into planes normal to the 
chain axes, separating the right-handed helix domains from 
the left-handed helix domains. Conceptually, these planes 
are similar to the magnetic domain w d s ,  which are known 
to exhibit a solitary behavior.25 For a single fluorocarbon 
chain, the right- and left-handed helical backbone con- 
formations are isomorphic with the two degenerate all- 
trans states found in polyacetylene.26 A helix reversal is 
thus like a domain wall in an Ising spin chain25 or like a 
soliton,27 similar to the one suggested for polyacetylene.26 
The difference may lie in the spatial extent. Usually, these 
excitations are sufficiently extended so that a continuum 
sine-Gordon or r # ~ ~  is adequate; but here the sol- 
iton-like structure may be sufficiently narrow to require 
a discrete description. In addition, unlike polyacetylene, 
which is a semiconductor, PTFE and related perfluoro 
ionomers are wide-bandgap insulators29 such that elec- 
tronic excitations are not expected to couple into helix 
reversals to form charged solitons. 

The idea of a solitary wave in polymer is not new. In 
addition to  transport and spin resonant effects in poly- 
acetylene,26 the CY relaxation of polyethylene has recently 
been attributed to solitons by Mansfield30 and by Skinner 
and W01ynes.~~ The helix reversal discussed here appears 
to be another interesting example of this class of large- 
amplitude  excitation^.^^ At low temperature, the IR and 
NMR spectra, X-ray diffraction pattern, and thermody- 
namic and statistical properties of fluoro polymers could 
well be consistently accounted for by a double sine-Gordon 

chosen to mimic the two trans states of the 
four-state rotational isomeric model.lOJ1 

In conclusion, fluoro polymers are quite flexible tor- 
sionally. The energy required to disrupt a TFE molecular 
helix is only 1 kcal/mol and is independent of the nature 
and number of side groups. 
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ABSTRACT The rare earth metal fluorescence probe technique was applied for the elucidation of the binding 
of metal ions to polyelectrolytes. We have observed that the presence of synthetic polyelectrolytes such as 
poly(sodium acrylate) (PAA) and poly(s0dium ethenesulfonate) (PVS) enhances considerably the fluorescence 
intensity of the Tb3+ ion in aqueous solution. This result was accounted for by the fact that  the Tb3+ ion 
was bound to asymmetrically arranged polyanions. The formation of a unique asymmetric environment 
surrounding the Tb3+ ion led to  the increased transition probability for the fluorescence, and the resulting 
fluorescence of the Tb3+ ion was greatly enhanced. With poly(sodium methacrylate) and poly(sodium 
styrenesulfonate), the fluorescence intensity of the Tb3+ ion did not increase appreciably. When the methyl 
and phenyl groups were attached to  the polymer chain, the polymer became less flexible and the multidentate 
complex formation between the Tb3+ ion and carboxylate or sulfonate became more difficult. When the Tb3+ 
ion solutions were titrated with Li-, Na-, K-, and Rb-PAA salts, the fluorescence intensity of the Tb3+ ion 
increased sharply over a small range of the PAA salt concentration and reached a constant value at  higher 
concentration. We calculated the binding constants, K (M-l), of these PAA alkali salts with the Tb3+ ion 
and found them to be 300,390, 500, and 610, respectively, in the presence of Li, Na, K, and Rb. This order 
was attributed to the competition reaction between Tb3+ and alkali metal ions for the binding to polyacrylate. 
Addition of a large excess of NaCl to the solution of the PAA-Na salt and Tb3+ increased the fluorescence 
intensity of the Tb3+ ion. This result indicated that the electrostatic repulsion of the polymer chain was reduced 
by addition of NaCl and then the polymer became more compact. Such contraction would facilitate the 
multidentate complex formation of the Tb3+ ion with the carboxylate group. When EDTA was added to the 
solution of the PAA-Tb3+ complex, the fluorescence of the Tb3+ ion was drastically decreased and this result 
suggested that EDTA binds Tb3+ much more strongly than PAA. 

Introduction 
T h e  ex t remely  low activity coefficients of counter ions  

i n  polyelectrolyte solutions are a t t r ibu ted  to two types  of 
association of counterions to polyions. One type of binding 
is referred to as “diffuse” or “ion a tmosphe re  binding”, 
where the counterions are localized i n  the area of the po- 
lyelectrolyte domain  due t o  the large electrostatic forces 
and have  some mobility. Another  type of binding is “site 
binding”, where  the counter ions  are attracted to specific 
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sites of the polyions through the formation of the complex.2 
Positive evidence for site binding has been accumulated 

f rom s tudies  of dialysis e q ~ i l i b r i u m , ~  dilatometric mea- 
surements: UV s p e c t r o s ~ o p y , ~ ~ ~ J ~  and potentiometric ti- 
t ra t ions  of synthe t ic  polyelectrolytes. S i t e  binding of 
counterions to biological polymers has been  s tudied  by  
NMR,’ fluorescence,8 and dichroism measurements.s 

T h e r e  has been  a grea t  s t imula t ion  of in te res t  in  the 
absorp t ion  and fluorescence of ra re  ea r th  meta l  ions in  
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