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Poly(methacry1ic acid) Derivatives. 8. Effects of Solvent- and 
pH-Induced Conformational Transition on the Chiroptical 
Properties of Hydrophilic-Hydrophobic 
Poly(N-methacryloyl-L-alanine-co-N-phenylmethacry1amide) 
Copolymers 
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ABSTRACT: CD spectra of poly(N-methacryloyl-L-alanine) (PNMA), of its model molecule N-iso- 
butyryl-L-alanine (NIBA), and of a random copolymer of N-methacryloyl-L-alanine and N-phenylmethacrylamide 
(P50) were recorded in water a t  different values of the degree of neutralization a of the carboxylic functions. 
Upon ionization, PNMA behaves like a normal polyelectrolyte and undergoes a progressive expansion of the 
macromolecular conformation. On the contrary, P50 shows a transition from a compact conformation a t  
< 0.3 to a more expanded conformation at  a > 0.7. These differences in the conformational behavior of PNMA 
and P50 were not reflected in the chiroptical properties. The changes in the CD spectra upon neutralization 
are mainly attributed to the perturbation of all the electronic transitions (carboxyl, amide, and aromatic 
chromophores) of both kinds of residues due to the ionization of the carboxyl group. 

Introduction 
During the past decades, it has been widely demon- 

strated that the chiroptical properties of poly(a-amino 
acids), proteins, polynucleotides, etc. are very sensitive to 
the existence of secondary structures in solution and they 
have been used to study conformational transitions such 
as the helix-to-coil transition.’ More recently, other kinds 
of synthetic optically active polymers have been synthes- 
ized and s t ~ d i e d . ~ - ~  In some cases, these polymers are 
highly stereoregular and the presence of ordered structure 
is likely. The chiroptical properties may then be inter- 
preted in terms of macromolecular c~nformation.~ 

Nevertheless, in most cases, synthetic optically active 
polymers are stereoirregular and no ordered structure can 
be predicted. Chiroptical properties are then mainly de- 
pendent on the effect of external factors, e.g., solvent, 
temperature, added salt, ionization,  et^.?^ on the different 
chromophores present in the macromolecule. When 
dealing more especially with polyelectrolytes, an interesting 
case is that of hydrophobic-hydrophilic polyelectrolytes 
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in which the balance between the hydrophobic cohesive 
interactions and the repulsive electrostatic interactions 
governs the conformation taken by the polyelectrolyte in 
aqueous solution.6-8 At low values of the degree of ioni- 
zation a and when the amount and/or the size of the 
hydrophobic groups is sufficient, the cohesive interactions 
are predominant and the macromolecule takes a compact, 
tightly coiled conformation in which the hydrophobic 
groups are clustered in microdomains without contact with 
water. As a increases, the repulsive electrostatic interac- 
tions also increase, leading to the unfolding of the compact 
conformation. This well-known compact - coil confor- 
mational transition may also be induced by addition of an 
organic solvent to the aqueous solution in order to weaken 
the hydrophobic interactions. 

In recent years, a number of papers have been devoted 
to the study of such hydrophobic polyelectrolytes, having 
a chiral center in their side chain, in order to determine 
whether or not their special conformational behavior is 
reflected in the chiroptical properties (optical rotatory 
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dispersion (ORD) and circular dichroism (CD)). Braud 
and Vertg reported the case of optically active acrylic 
acid/N-sec-butyl-N-methylacrylamide random copolymers, 
for which the hydrophobicity depends on the content of 
the hydrophobic amide repeat unit. Copolymers with less 
than 20% of hydrophobic groups behave like "normal" 
polyelectrolytes, while those with greater hydrophobic 
character take a compact conformation at  low a values. 
The CD spectra of different copolymers were studied and 
no particular CD feature was found to be connected with 
the existence of the compact conformation? More recently, 
a similar study was reported by Villiers e t  al. concerning 
a series of alternating maleic acid/optically active alkyl 
vinyl ether copolymers, the conformations of which depend 
on the length of the alkyl side chain.'O In this case also, 
no correlation was found between the conformational be- 
havior and the pH-induced optical activity changes. 

In a previous paper,l' we studied the chiroptical prop- 
erties of stereoirregular random copolymers of N-meth- 
acryloyl-L-alanine (chiral unit) and N-phenylmethacryl- 
amide (achiral unit). These copolymers behave like normal 
polyelectrolytes in water when the mole fraction F of the 
hydrophobic achiral residue is lower than 15%. Beyond 
this value a compact conformation existe and a compact- 
coil conformational transition may be induced by in- 
creasing the P H . ~  In methanol no compact conformation 
exists, even for the more hydrophobic copolymers.8J2 
Despite these different types of conformational behavior, 
the chiroptical properties are rather similar in water and 
methanol. 

In this paper we report a detailed study of the effect of 
the conformational transition of one of these copolymers 
on its chiroptical properties. Both the pH-induced and 
the methanol-induced transition wil l  be considered. Only 
the results of CD measurements will be given here. 

Experimental Section 
Samples. The samples of poly(N-methacryloyl-L-alanine) 

(PNMA), the model molecule, N-isobutyryl-L-alanine (NIBA), 
and the N-methacryloyl-L-alanine/N-phenylmethacrylamide 
copolymers are the same as those used in the previous paper." 
The copolymer used in this study will be referred to  hereafter 
as P50, F = 0.50 being the mole fraction of the N-phenylmeth- 
acrylamide residue. 
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Solutions. PNMA, NIBA, and the copolymer P50 are readily 
soluble in methanol. PNMA and NIBA are also soluble in water. 
Copolymers are not directly soluble in water when F is higher than 
0.15.8 Thus in the case of P50 the sample is first dissolved in an 
aqueous sodium hydroxide solution and then percolated through 
a cation-exchange column in the acid form (Amberlite IR 120). 
For the study of the methanol-induced changes, methanol was 
added to a stock aqueous solution of the sample. The composition 
of the mixture is given as the volume percent of methanol. For 
the study of the pH-induced changes, the aqueous solutions were 
neutralized to various degrees of neutralization zi  with aqueous 
0.1 N NaOH (h = equivalents of NaOH per equivalent of COOH) 
and then adjusted to the desired concentration (from 5 X 
to 2 X M). 

Measurements. pH values were measured with a Radiometer 
pH M 65 pH meter. 

CD spectra were recorded with a Jobin-Yvon Mark I11 dich- 
rograph flushed with dry nitrogen. Quartz cells with optical path 
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Figure 1. Variation of the molar ellipticity at 220 nm for PNMA 
and P50 in water-methanol mixtures. 

lengths of 0.1,0.5, and 1 mm were used. The molar ellipticities 
[e] were expressed in the usual units (deg.cm2.dmol-'), using for 
the calculation the mean residue weight M, of the sample under 
study. 

The compact&-random coil conformational transition of P50 
was previously studied by a number of methods, among which 
were potentiometric and conductimetric titrations.**13 In some 
figures the variation of F, vs. a is plotted, where F, is the fraction 
of the polymer in the random coil conformation. For P50, most 
of the transition occurs between 

Results and Discussion 
The effect of methanol or ionization on the chiroptical 

properties of PNMA, NIBA, and P50 was studied in order 
to see whether the conformational transition of P50 can 
be detected by measurements of optical activity. 
(A) Effect of Methanol. In water, PNMA takes a 

random coil conformation. Upon addition of methanol, 
no conformational transition occurs.8 For P50, on the 
contrary, a compact conformation exists in water and a 
conformational transition to a more expanded coil occurs 
on adding methanol. This transition is completed at  57 
vol % methanol. 

Figure 1 shows the variation of the molar ellipticity at 
X = 220 run as a function of the composition of the solvent 
mixture. At  220 nm are located the al - a* transition of 
the amide chromophore and the n - a* transition of the 
carboxyl chromophore in the N-methacryloyl-L-alanine 
residue.l' As shown by Figure 1, [t9]220 increases mono- 
tonically both for PNMA and for P50. Thus, the metha- 
nol-induced transition of P50 has no significant influence 
on its chiroptical properties. 
(B) Effect of Ionization in Water. As stated above, 

PNMA behaves as a normal polyelectrolyte in water, and 
the ionization of the side-chain carboxyl groups only results 
in a stretching of the macromolecular conformation in the 
absence of added salt. For P50, an increase of the degree 
of neutralization a yields a pH-induced transition, which 
occurs between a = 0.3 and a = 0.7.13 

Figures 2-5 show the CD spectra of NIBA, PNMA, and 
P50 at  different values of the degree of neutralization a. 
For NIBA (Figure 21, the ionization process induces a 
strong red shift of the positive 215-nm band, which is 
related to the amide a1 - a* and carboxyl n - a* tran- 
sitions.l' The negative 195-nm band (amide a2 - a* or 
n - Q* transition) is less affected by ionization. As shown 
previously'l the effect of ionization is maximum around 
207 nm, which is the location of the n - a* transition of 
the carboxyl c h r o m ~ p h o r e . ' ~ J ~ - ~ ~  

For PNMA (Figure 3) the effect of ionization is less 
important: the red shift of the 220-nm band is only 7 nm 

= 0.3 and a = 0.7. 
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Figure 2. CD spectra of NIBA at different degrees of neutral- 
ization a as indicated. 
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Figure 4. CD spectra of P50 between 210 and 310 nm at different 
degrees of neutralization a as indicated. 

190 210 230 EO + 5 7  , 1 

- 2 0 4  '.' 
I t  I 

190 2 ' C  230 250 

- a s 0  
-CI ~ 0 2 5  

L x x * r x  10.7 
_ _ _ - _  = 1  

= 0,5 

Figure 3. CD spectra of PNMA at different degrees of neu- 
tralization a as indicated. 

(compared to 17 nm for NIBA) and the intensity does not 
change appreciably. This difference is probably due to the 
fact that the nl - R* amide transition is located a t  higher 
wavelength for PNMA than for NIBA'l whereas the n - 
R* carboxyl transition is at the same wavelength as that 
for NIBA (the effect of ionization is maximum at 207 nm, 

Figure 5. CD spectra of P50 between 190 and 230 nm at different 
degrees of neutralization a as indicated. 

too"). In addition, the electrostatic interactions, which 
are important in ionized PNMA, probably play a major 
role. 

In the case of P50 (Figures 4 and 5 ) ,  the ionization 
process also induces a red shift (13 nm) and a strong de- 
crease of the intensity of the 200-nm band (as for NIBA). 
The 255-nm band, which has been attributed to induced 
optical activity in the 'LA transition of the aromatic 
chromophore,ll remains at the same wavelength but its 
intensity decreases to half its initial value at  a = 0. The 
190-nm band is slightly red shifted and its intensity de- 
creases, especially between a = 0 and a = 0.2 (Figure 5). 

Figure 6 shows the difference spectra between P50 at 
a and P50 a t  a = 0. The electronic transitions that are 
perturbed by ionization appear clearly in this figure: first, 
the perturbations in the aromatic chromophore at 255 nm 
(lLA transition) and 200 nm ('B transition); second, the 
electronic transitions of the amide chromophore near 220 
nm (rl - R* transition) and 190-195 nm (rZ - R* or n - u* transition); third, the electronic transitions of the 
carboxyl chromophore, which are, in the case of P50, ov- 
erlapped by the presence of the amide (n - R* transition 
near 207 nm (as shown with NIBA and PNMA)" and T 



Macromolecules, Vol. 17, No. 3, 1984 CD of Poly(methacry1ic acid) Derivatives 455 

1 

L 
T: 
0 

&: 
2 

1 

C 

1 

- 2  

1 

'\, :AE= 1 
L' 

X n m  
I 

210 230 250 270 

Figure 6. Difference CD spectra A[@] = f(X) for P50 A[@] = [@I, 
- [@I,-,. 

i t 

Figure 7. Variation of the molar ellipticity at 220 nm as a 
function of a for NIBA (0), PNMA (O), and P50 (0). Dotted 
arrows around a = 0 indicate that [e] vduea recorded in pure water 
(no added base) actually correspond to B = 0.08 due to the au- 
todissociation of the carboxyl groups. Dotted line: Variation of 
the fraction of random conformation (F,) for P50 (thick arrows 
indicate the beginning and the end of the conformational tran- 
sition). - ?r* transition below 195 nm). Therefore, all the Optically 
active electronic transitions of the copolymer are perturbed 
by ionization. 

The change of the molar ellipticity [e] when the carboxyl 
groups are ionized is shown in Figures 7-9 for NIBA, 
PNMA, and P50 at  fixed wavelengths. The molar ellip- 
ticity of NIBA at  220 nm (Figure 7) decreases linearly 
between a = 0.1 and a = 1. The deviation from linearity 
below a = 0.1 is due to autoionization of the weak acid. 
Beyond a = 1, i.e., during the addition of an excess of 
sodium hydroxide, the ionization state of the molecule does 
not change and its optical activity remains constant. The 
behavior of NIBA is very similar to that of N-pivdoyl-D- 
alanine and N-isobutyryl-L-asparagine, for which it has 
been that the molar rotation at  589 nm also 
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Figure 8. Variation of the molar ellipticity at 195 nm as a 
function of a for NIBA (a), PNMA (O), and P50 (0). Dotted 
line: Variation of F,, the fraction of random conformation, vs. 
a for P50 (thick arrows indicate the beginning and the end of the 
conformational transition). 
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Figure 9. Variation of the molar ellipticity at 255 nm as a 
function of a for P50. Dotted line: Variation of F,, the fraction 
of random conformation, vs. B for P50 (thick arrows indicate the 
beginning and the end of the conformational transition). 

changes linearly with a. This is explained by the contri- 
bution of two independent optically active species to the 
molar rotation or molar ellipticity. The molar ellipticity 
of NIBA at  195 nm is almost constant (Figure 8). 

For PNMA, [fIlle5 decreases linearly between a = 0 and 
a = 1. At  220 nm, [e] decreases monotonously and non- 
linearly down to a = 1. No variation is observed beyond 
a = 1, although the conformation of the polymer continues 
to change because of the decrease in electrostatic inter- 
actions due to the screening effect of excess ions. Thus, 
the changes between a = 0 and a = 1 cannot be attributed 
to the macromolecular expansion but result from the 
perturbation of the chromophores by ionization. Results 
obtained with P50 are striking. The variation of [e],, is 
exactly the same as for PNMA, though P50 undergoes a 
conformational transition between a = 0.3 and a = 0.7 
(arrows in Figure 7). We are thus led to conclude that, in 
the case of our polymers, the optical activity is completely 
independent of the conformational behavior. The same 
conclusion may be drawn from the variation of [6]196 with 
a (Figure 8). 

At 220 and 195 nm, the main contributions to the optical 
activity of P50 are those of the carboxyl and amide chro- 
mophores, i.e., mainly electronic transitions of the chiral 
hydrophilic unit. It is thus interesting to examine whether 
the electronic transitions of the aromatic chromophore are 
more sensitive to the conformational changes since the 
hydrophobic side chains of the aromatic residue are en- 
gaged in intramolecular interactions when the compact 
conformation is stable. Figure 9 shows the effect of ion- 
ization on the molar ellipticity a t  255 nm, the wavelength 
where the main contribution is the induced optical activity 
in the 'LA transition of the aromatic chromophore. 
increases up to a = 0.5 and then remains nearly constant. 
The conformational transition of P50, which occurs be- 
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tween a = 0.3 and a = 0.7 (arrows in Figure 9), has no 
direct influence on its optical properties. [e], also remains 
constant beyond a = 1. 
Conclusion 

The optical activity of the model molecule NIBA 
changes linearly with a, which is normal for a mixture of 
two optically independent species, the ionized and un- 
ionized molecules. For PNMA, on the contrary, the two 
optically active species are not independent. The optical 
activity of each species (ionized or un-ionized residue) 
depends on the state of ionization of the vicinal unitsm and 
thus on the degree of ionization of the whole macromole- 
cule. Nonlinear variations of [e ]  with a are thus observed. 
From this point of view, the homopolymer of PNMA at 
a given a may be considered to be a statistical copolymer 
of ionized and un-ionized units. The conformation of the 
polymer plays no important role, as shown by the fact that 
the molar ellipticity remains constant for a > 1 whereas 
the conformation continues to change. 

P50 may be considered as a terpolymer of aromatic 
achiral units, chiral ionized units, and chiral un-ionized 
units. In addition to the effects of the neighboring units 
as in PNMA, an extra optical activity induced by the chiral 
center in the aromatic residue does exist.” Thus, the 
variation of the molar ellipticity is also nonlinear when P50 
is ionized. As no peculiar change is observed in the var- 
iation of [e]  at 220, 195, and 255 nm in the range of a values 
where the conformational transition of P50 occurs, it is 
concluded that the optical activity is completely inde- 
pendent of the conformational behavior for this random 
stereoirregular copolymer. 

Therefore, the main contribution to the optical activity 
changes is due to the ionization of the carboxyl group, 
which affects all the electronic transitions of the polymer 
(carboxyl, amide, and aromatic chromophores). 
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