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p-Structure Formation and  Its Stability in Aqueous 
Solutions of a-L-Glutamic Acid Oligomers 

The formation of a /3 structure in aqueous solution, par- 
ticularly of poly(L-lysine), has been extensively studied and 
its stability with regard to temperature, ionic strength, and 
pH has been investigated.l The formation in solution of such 
a structure with poly(a-L-glutamic acid) has never been 
demonstrated. Recently, Zimmerman et al.233 have shown two 
distinct regions of precipitation with poly( Glu) in aqueous 
solutions at  low pH, corresponding to a-helix and P-structure 
formation. To interpret the a - P transition, they suggested 
a random-coil intermediate and a schematic mechanism 
proceeding through the following steps: 

a(so1ution) - random coil(so1ution) - p - Pi* - @(ppt) 

precipitation P(ppt). 
where is the isolated /3 conformation and pi* is an aggrega- 
tion type preceding the irreversible 

Using circular dichroism (CD) experiments on a series of 
a-L-glutamic acid oligomers with the general structure 
CH3-CO-(Glu).-NH-CH2-CH3, we have made clear the 
existence of a critical range of DP (8 to 10) for /3-structure 
formation in s ~ l u t i o n . ~  This paper is an extension of our pre- 
vious work. 

Experimental. The optical rotatory dispersion (ORD) 
spectra were obtained with a FICA spectropolarimeter 
(Spectropol Ib)  using a 5-mm thermostated quartz cell with 
stepwise temperature variation from 25 to 80 "C and a 1-mm 
quartz cell at  ambient temperature. The solutions were pre- 
pared as previously d e ~ c r i b e d . ~ , ~  

Results and  Discussion. The formation and stability of 
p structure in solution as a function of temperature and con- 
centration has been studied by optical rotatory dispersion 
(ORD). Recently we have demonstrated that the transition 
from one ordered structure to another necessarily passed 
through an unordered structure whose CD spectra can be 
observed for all DP > 5 when the degree of neutralization (a') 
is close to 0.4.4 In Figure la ,  a confirmation of this choice is 
provided if we consider the absence of an isorotation point in 
the ORD spectra when the temperature of a solution of DP 
= 12 at  a' N 0.4 is increased. For polymers of degrees of po- 
lymerisation of 8 and 9 at  ambient temperature, the p struc- 
ture slowly appears, followed by precipitation. The precipi- 

dioxide and a nitrile end group. This reaction has been dem- 
onstrated by a reaction between dimethylketene and isocyanic 
acid to yield carbon dioxide and is~butylonitrile.~ The reaction 
between isocyanic acid and the ketene end group will account 
for the COP formation from the irradiated polyimide prepared 
via cyclopolymerization. In the polyimide prepared by the 
ammonia modification of the polyacid a small amount of the 
residual acid group is present,8 and it acts as a catalyst in the 
hydrolysis of isocyanic acid to give carbon dioxide and am- 
monia.5~~ Thus, the hydrolysis of isocyanic acid, photodecar- 
boxylation from the residual acid or acid anhydride groups, 
and reaction between isocyanic acid and the ketene end group 
will explain the COz formation from the irradiated polyimide 
prepared by the ammonia modification. The volatile photo- 
products of poly(dimethacry1imide) measured with a mass 
spectrometer and a gas chromatograph were carbon dioxide, 
carbon monoxide, ammonia, and a trace amount of isocyanic 
acid. 

The exposed part of the polymer films became more soluble 
in an organic solvent such as 2-methoxyethanol. Poly(di- 
acrylimide) prepared in the ammonia modification did not 
show any trace of isocyanic acid under the same photolysis 
condition as for poly(dimethacry1imide). The polymer films 
became insoluble even in dimethylformamide after the pho- 
tolysis, indicating that cross-linking was taking place in the 
polymer. Contrary to poly(diacrylimide), no cross-linking took 
place in the photolysis of poly(acry1ic anhydride).' The 
cross-linking took place only between the NH group and the 
tertiary CH group in the main chain upon the elimination of 
hydrogen; the formation of hydrogen was confirmed by mass 
spectrometric analysis. 

N-Alkyl-substituted polyimides such as poly(N-methyl- 
diacrylimide), poly(N-ethyldiacrylimide), poly(N-methyl- 
dimethacrylimide), and poly(N-ethyldimethacrylimide) were 
prepared by heating polymer films of the corresponding po- 
ly(acry1ic acid) or poly(methacry1ic acid) a t  200 "C for l h 
under about 30 cm of pressure of methylamine or e th~lamine .~  
For this purpose polymer films were cast on sodium chloride 
plates from a 2-methoxyethanol solution of the polyacid. After 
the above amination the resulting polyimide had an infrared 
absorption spectrum identical with the one reported for the 
polyimide made via free-radical initiated cyclopolymerization 
of N-alkyl diacrylimide or N-alkyl dimetha~rylimide.~JO The 
polymer films were irradiated exactly in the same way as de- 
scribed for poly(dimethacry1imide) at  low temperature. The 
sharp band a t  2340 cm-l, a rather broad band a t  2280 cm-l, 
and a sharp band at  2110 cm-1 from poly(N-alkyl diacryli- 
mide) or a t  2140 cm-l from poly(N-alkyl dimethacrylimide) 
appeared. The first band at  2340 cm-1 may belong to carbon 
dioxide; the second band can be assigned to methyl or ethyl 
isocyanate in agreement with previously reported spectra." 
The infrared bands a t  2110 and 2140 cm-l are due to the ke- 
tene end gr0ups.l The mass spectrometric measurement of 
the volatile photoproducts also confirms the formation of 
these products. Thus, all the N-alkyl-substituted polyimides 
show the same kind of photodegradation by eliminating alkyl 
isocyanate with simultaneous formation of ketene and olefin 
end groups. 

In conclusion, all glutarimide type polymers except poly- 
(diacrylimide) show a photodegradation pattern which is 
similar to that of glutaric anhydride type polymers except for 
the elimination of isocyanic acid or of alkyl isocyanate instead 
of carbon dioxide from the latter polymers. 
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Figure 1. (a) Temperature dependance on ORD spectra for DP = 12 
(C = equiv L-l; a' = 0.4). (b) Characteristic ORD spectra5 for: 
(1) a helix; (2) @ form; (3) extended structure. 

Figure 2. (a) Temperature dependance on ORD spectra for DP = 12 
(C = 10-3 equiv L-I; a' = 0). (b) ORD spectra for the same solution 
after a decrease of the temperature from 80 to 25 "C. 

tation is almost instantaneous at  40 "C, showing the important 
effect of temperature on this kinetic process. 

The interpretation of the ORD spectra is made possible by 
using the characteristics of the different peaks reproduced in 
Figure l b  and by resorting to the same process of combination 
as for CD on the four limiting ~ p e c t r a . ~  For the polymer of DP 
= 12, under acidic conditions, the ORD spectra given in Figure 
2a for various temperatures clearly demonstrate that the a - 
@ transition proceeds through an unordered form with maxi- 
mum yield a t  50 "C. This process is fully reversible up to 60 
"C. 

At 80 "C, the spectrum corresponds to a perfectly stable 
equilibrium between @ and unordered structures. When the 
temperature decreases to 25 "C (Figure 2b), the spectrum 
becomes characteristic of the pure (3 form followed by pre- 
cipitation. 

For a DP greater than 12 it is impossible to induce a com- 
plete @-structure formation a t  equiv L-l, whatever the 
time, pH, and ionic strength may be. Thus for DP, = 16, the 
process starts in the same way as for DP = 12, but only a small 
amount of p form is obtained a t  80 "C (Figure 3a). Therefore, 
the equilibrium is entirely reversible when the temperature 
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Figure 3. (a) Temperature dependance on ORD spectra for DP, = 
16 (=lo-3 equiv L-1; a' = 0) .  (b) Time dependance on ORD spectra 
for DP, = 16 at  25 "C (C = 1.84 X 

is lowered to 25 "C. Nevertheless, as one increases the con- 
centration to 1.84 X equiv L-l an irreversible @ structure 
can be observed a t  ambient temperature (Figure 3b) with 
apparent precipitation after 6 h. When the DP is larger than 
16 no experimental conditions allow us to separate @-structure 
formation from precipitation. 

Conclusion. In this work we demonstrate that the @- 
structure formation induced by an increase of temperature 
necessarily passes through an unordered form and that the 
a - @ transition is reversible when the proportion of @ form 
is lower than a critical value. 

Finally, the different steps of the mechanism proposed by 
Zimmerman et  al. are proved. 
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Nuclear Magnetic Resonance and X-Ray Study 
of the Mesomorphic Transition in 
Poly[ bis( 2,2,2-trifluoroethoxy)phosphazene] 

A number of polyphosphazene polymers, which have the 
general formula [(RO)zPN],, exhibit two first-order transition 
temperatures. The lower temperature, denoted T(  l), appears 
to involve transformation from a crystalline to a mesomorphic 
phase, while the upper temperature, T,, involves transfor- 
mation to the true In poly[bis( 2,2,2-trifluoroethoxy)- 
phosphazene], for which RO = CF3CH20, T(1) 80 "C, and 
T ,  = 240 OC.l The transition temperatures appear to be re- 
producible on samples from several different preparations, 
though T(1) depends on thermal history.2 

X-ray diffraction work by Allen, Lewis, and Todd3 showed 
the T(1) transition in [(CF&H20)2PN], involves loss of order 
along the direction of the polymer backbone. The presence 
at  90 "C of a single equatorial diffraction line corresponding 
to an 11 A spacing was taken to indicate that order in the 
lateral plane, perpendicular to the backbone, is retained. 
Subsequently, Desper and Schneider observed as many as 
three sharp lines in the mesomorphic phase of the meta and 


