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ABSTRACT UV, ORD, and CD spectra of poly(N-methacryloyl-L-alanine) (PNMA), N-isobutyroyl-L-alanine 
(NIBA), and random copolymers of chiral N-methacryloyl-L-alanine and achiral N-phenylmethacrylamide 
units were investigated in different solvents, especially water and methanol. CD spectra of PNMA and of 
its model molecule, NIBA, were found to be very similar and were explained by the contributions of the electronic 
transitions of the amide and carboxyl chromophores in the accessible wavelength range, excluding any appreciable 
contribution arising from the conformation of the polymer. For the copolymers, three additional electronic 
transitions relative to the aromatic chromophore of the achiral unit were found to display induced optical 
activity due to the neighboring chiral residue which, in turn, is perturbed by the presence of the aromatic 
chromophore. Nonlinear variations of the chiroptical properties (molar rotation and molar ellipicity) were 
explained by this induced optical activity in the absence of ordered conformation. 

Introduction 
We have previously reported' the synthesis and char- 

acterization of poly(N-methacryloyl-L-alanine) (PNMA) 
(I) and of a series of poly(N-methacryloy1-L-alanine-co-N- 
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phenylmethacrylamide) polymers (11). The conformational 
behavior of these polymers has been studied by UV 
spectroscopy,2 potentiometric and conductometric3 titra- 
tions, and viscosimetric4 and microcalorimetric  technique^.^ 

According to the mechanism of their synthesis by free 
radical polymerization, both polymer I and polymer I1 were 
considered to be mainly atactic and therefore unable to 
adopt any kind of regular conformation in solution, as it 
is the case for stereoregular poly(cY-olefins), for example.6 
In addition, the determination of the reactivity ratios for 
the synthesis of polymer 117 indicates that there are no long 
sequences of the N-methacryloyl-L-alanine and N- 
phenylmethacrylamide residues that are randomly dis- 
tributed along the main chain. 

Polymer I is readily soluble in water, where it takes a 
random coiled conformation. When the molar fraction F 
of hydrophobic units is less than 0.5, polymer I1 is soluble 
in water, where it takes either a random coil conformation 
or a so called compact conformation when F is higher than 
0.14. Both polymers are soluble in methanol, where their 
conformation is a random coi1.l 

When dealing with stereoirregular macromolecules, one 
may generally explain the chiroptical properties by taking 
into account local effects of solvent, ionization, and salt, 
for example, on the isolated chromophores, excluding the 
contribution of any ordered secondary ~ t ruc tu re .*~~  The 
comparison with the chiroptical properties of a small 
molecule taken as a model for the repeat unit of the 
polymer is often useful and allows one to  distinguish 
contributions due to a possible macromolecular effect.'O 

In the present study, we investigated the chiroptical 
properties of polymers I and I1 by UV, ORD, and CD 

spectroscopy. CD spectra were compared with those of a 
model compound, N-isobutyroyl-L-alanine (111). 
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As polymer I1 is a random copolymer of chiral and 
achiral units, we also examined the possibility of optical 
activity induced in the achiral unit by the chiral center. 
The existence of an induced optical activity for an achiral 
unit has been suggested'l and demonstrated12J3 for random 
stereoirregular copolymers of acrylic acid and N-sec-bu- 
tyl-N-methacrylamide. In this case, the dichroic band due 
to the induced optical activity in the COOH chromophore 
is masked by the intense dichroic bands arising from the 
amide chromophores. The asymmetric perturbation of the 
carboxyl chromophore has been more easily demonstrated 
with copolymers of acrylic acid and optically active alkyl 
vinyl ethers because of the transparency of the ether unit 
in the 200-220-nm wavelength range.l4!l5 

In our case, it was expected that a possible induced 
optical activity would be easily demonstrated since some 
of the electronic transitions of the N-phenylmethacryl- 
amide unit are located in a wavelength domain where no 
other chromophore absorbs. 

Experimental Section 
Samples. N-Methacryloyl-L-alanine was prepared from me- 

thacryloyl chloride and L-alanine (optical purity 99 % ) according 
to the method of Kulkarni and Morawetz16 (mp 130 "C; [alZ0546 
-41" in water). 

N-Phenylmethacrylamide was obtained by reaction of meth- 
acryloyl chloride with aniline in benzene" (mp 85 "C). 

The model molecule, N-isobutyroyl-L-alanine (NIBA) (III), was 
prepared from isobutyroyl chloride and L-alanine in the same way 
as N-methacryloyl-L-alanine. 

Polymers I and I1 were obtained from N-methacryloyl-L-alanine 
and N-phenylmethacrylamide by radical polymerization or co- 
polymerization in dioxane initiated by AIBN.' Poly(N-meth- 
acryloyl-L-alanine), polymer I ([a]54620 -42' in water), will be 
referred to thereafter as PNMA. 

Copolymers I1 will be named as PF, F being the mole fraction 
of the N-phenylmethacryalmide residue. 
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+ l O C  1,o , 29" 2;o I 2po 2:o Ajrn Table I 
UV Data for the Different Samples in Water and Methanol 

water methanol 

hmax Emax 

NIBA 1 8 7  7900 
PNMA 1 9 0  5300 
P50 1 9 7  11400 

240a 4060 
PNPMA insoluble 

acetan- insoluble 
ilide 

hmax 
1 9 2  
1 9 3  
1 9 9  
242a 
200 
24 2 
200 
24 2 

Emax 

9400 
4300 

13850 
6500 

20200 
13000 
33800 
13000 

a All copolymers from P14 to P50 in water and from 
P14 to P82 in methanol present absorption bands at the 
same wavelengths, with E values depending on their 
composition. 

Poly(N-phenylmethacrylamide) (PNPMA (IV)) was obtained 
by radical polymerization of N-phenylmethacrylamide in dimethyl 
sulfoxide. This sample is the only one that is optically inactive. 
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All small molecules and polymers were also identified by 
acid-base titration and by UV, IR, and NMR spectroscopy. 
Solvents used for UV, CD, and ORD measurements were spec- 
trograde quality. 

Methods. UV spectra were recorded at room temperature with 
a Cary 118 spectrometer flushed with dry nitrogen. The molar 
extinction coefficient t is expressed in L.mol-'.cm-'. 

ORD data were obtained at room temperature with a Perkin- 
Elmer MC 141 polarimeter in the range 300-600 nm. The molar 
rotatory power [m] is expressed in deg.cm2.dmol-'. 

CD spectra were recorded at room temperature with a Jobin- 
Yvon Mark I11 dichrograph flushed with dry nitrogen. The molar 
ellipticity [ B ]  is given in deg.cm2.dmo1-'. For copolymers, the values 
of [m] or [ e ]  are calculated by using the mean molecular weight 
M ,  of a repeat unit. 

Results and Discussion 
UV Spectra. UV spectra were recorded in water, 

methanol, 2-chloroethanol (CE), dioxane, and trifluoro- 
ethanol (TFE). 

NIBA and PNMA show only one absorption band 
around 190 nm in water and methanol (Table I). The 
maximum was not observed in dioxane, CE, and TFE 
because of the absorption of the solvent. Though the 
190-nm band seems simple, i t  actually results from many 
electronic transitions arising from the amide and carboxyl 
chromophores, as will be shown later by comparison with 
the CD spectra. This band is slightly red-shifted when 
going from NIBA to PNMA. 

All the copolymers show two absorption bands: the first 
one, located near 197-200 nm, is red-shifted when com- 
pared to PNMA. This is due to the additional contribution 
of the aromatic amide chromophore, which absorbs at 200 
nm (see PNPMA). Its t value increases with F,  the amount 
of N-phenylmethacrylamide residue. The second band, 
due to  the aromatic chromophore, is observed at 242 nm 
and its molar extinction coefficient increases linearly with 
F.' 

-30 t 

I - 40 

Figure 1. CD spectra of NIBA in methanol (-), 2-chloroethanol 
(@),dioxane (-.-),water (---I, and trifluoroethanol (+) at room 
temperature. 

190 210 230 2 5 0  
I l I I  I I I I ' I I  1 )  I 

0 

,q+4- 

%2 - 
0 

-10- 

-20- 

190 200 210 220 230 240 250 
-30. I '  ' I  ' I  I '  ' '  ' I  '- 

Figure 2. Effect of ionization on the CD spectrum of NIBA in 
water (a  = 0, a = 1 (-1; Aiel = [B1,=1 - [BI,=, (- - -)). 

CD Spectra of NIBA and PNMA. CD spectra of 
NIBA between 185 and 300 nm in different solvents are 
presented in Figure 1. They all consist of three bands, 
the position and intensity of which depend more or less 
on the polarity of the solvent. First, a weak negative band 
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2 0 0  220 240 260 , 
I I 

Figure 3. CD spectra of PNMA in methanol (-) and 2- 
chloroethanol ( . e  .) at room temperature. 

appears around 240 nm (except in dioxane, where a very 
slight band seems to appear near 260 nm). When the 
polarity of the solvent is increased, the intensity of the 
band increases strongly and it is blue-shifted down to 236 
nm in TFE. Taking into account its low rotational 
strength and its marked sensitivity to the solvent, one may 
attribute this band to the n - a* transition of the amide 
c h r o r n ~ p h o r e . ~ ~ J ~  

A second dichroic band, positive, the intensity of which 
ranges from +4000 to +7700 degcm2-dmol-' depending on 
the solvent, appears near 216 nm. In water, this band is 
very sensitive to ionization, which induces a red shift of 
about 15 nm and a decrease of the intensity (Figure 2). In 
Figure 2 is also shown the difference spectrum of NIBA 
a t  a = 1 and a = 0, where it appears that the effect of 
ionization is maximum at  X = 207 nn. This wavelength 
is generally attributed to the n - a* transition of the 
carboxyl chromophore.13-15~19~zo (According to Listowsky 
et al., the sign of the CD band associated with the n - a* 
transition of the COOH chromphore is often inverted upon 
ionization.21 As this band is usually rather weak ( I [O] l  = 
100-1000 d e g ~ m ~ . d m o l - ~ ) , ~ ~ - ~ ~  another contribution must 
be expected around 216 nm, which is very probably the 
al - a* transition of the amide chromophore.22 The di- 
chroic band resulting from these two transitions is only 
slightly sensitive to the nature of the solvent since the 
increase of polarity has opposite effects on the two tran- 
sitions. 

A third intense, negative, band is found a t  192 nm in 
water and methanol. This band, which determines the 
location of the maximum in UV absorption, changes only 
slightly upon ionization. For this reason, it cannot be 
attributed to the a - a* transition of the carboxyl chro- 
mophore, which, in addition, is usually located below the 
absorption limit of the solvent, near 172 nm.19 This band 
may tentatively be assigned to the a2 - a* transition or 
the n - u* transition of the amide group, the latter being 
located close to 200 nm according to U r r ~ . ~ ~  

The CD spectra of PNMA present essentially the same 
features as those of NIBA (Figures 3 and 4). In methanol, 
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Figure 4. Effect of ionization on the CD spectrum of PNMA 
in water (a = 0, a = 1 (-); A[O] = [e],=, - 

water, and CE, the dichroic bands observed near 220 and 
200 nm are red shifted compared to those of NIBA (AX 
= +5-8 nm). This shift, which could be related to an 
increased steric hindrance around the amide chromophore 
due to the macromolecular chain,2z is also observed in the 
UV spectra (Table I). In water, the 200- and 220-nm bands 
are twofold less intense than for NIBA, whereas the n - 
T* amide Cotton effect gives rise to a very slight band that 
is within the sensitivity limit of the dichrograph. The 
effect of ionization is weaker than for NIBA and it is also 
at  a maximum near 207 nm, corresponding to the n - T* 

Cotton effect of the carboxyl chromophore. The CD 
spectrum of ionized PNMA suggests the presence of an 
intense positive band below 185 nm, which could be at- 
tributed to the a - a* transition of COOH and/or to the 
inaccessible transitions of the amide chromophore per- 
turbed by the ionization of the carboxyl group. 

In methanol and CE, no dichroic band is observed near 
240 nm. This probably results, in part, from the weakening 
of the n - a* amide Cotton effect compared to that of 
NIBA, as in water, but mainly from the increase of the 
intensity of the 220-nm band, which is also slightly red 
shifted. In these two solvents, the 220-nm band has ap- 
proximately the same intensity as for NIBA. 

The intensity of the 220-nm band of PNMA is 8 times 
greater in methanol than in water, which explains why the 
molar rotation in the visible range (350-600 nm) is ap- 
proximately 4 times less negative in methanol than in 
water (Figure 5). 

That the dichroic spectra of PNMA in water, methanol, 
and CE are very similar to those of the model molecule 
NIBA clearly demonstrates that no appreciable contribu- 
tion of the macromolecular conformation has to be con- 
sidered for this stereoirregular polymer. Therefore, its 
chiroptical properties depend essentially on local effects 
such as solvation, ionization, steric hindrance, etc. 

Optical Activity of the Copolymers. Figure 5 shows 
ORD spectra of PNMA and some of the copolymers in 
water and methanol. All the spectra are normal and 
complex and present the same features even though the 
conformations of the copolymers (such as P50) are dif- 

(---)).  
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Figure 5. ORD spectra of PNMA (X),  P38 (-), and P50 (- - ) 
in water (a) and methanol (b). 
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Figure 6. Composition dependence of the molar rotation [m] 
at different wavelengths in water (a) and methanol (b). 

ferent in water and methanol.lg3 Figure 6 gives the vari- 
ation of the molar rotation as a function of the mole 
fraction F of the N-phenylmethacrylamide residue a t  
different wavelengths. In water, [m] varies linearly with 
F,  whatever the wavelength. Thus, the molar rotation of 
the copolymers is a linear combination of the optical ac- 

2 GO 2 20 210 260 2 
I 
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200 220 210 2 60 
Figure 7. CD spectra of PNMA, P14, P24, P38, and P50 in water. 

tivity of the two kinds of residues. In methanol, on the 
other hand, the variation of the molar rotation is not linear: 
the deviation from linearity is a maximum for F = 0.5 and 
increases when X decreases. 

For copolymers having more or less ordered conforma- 
tions, the nonlinear variations of chiroptical properties 
have been explained by conformational effects in the main 
chain or in the side When nonlinear variations 
of the chiroptical properties are observed in the absence 
of conformational order, the interaction of the chromo- 
phores with the immediate neighboring residues and/or 
optical activity induced in the achiral chromophores is 
invoked.13J5 In our case, the copolymers take no ordered 
structure in methanol.' Therefore, the results of Figure 
6 suggest the existence of an induced optical activity in 
the UV range. 

This appears clearly in Figures 7 and 8, which show the 
CD spectra of PNMA and the copolymers in water and 
methanol. Apart from the two bands near 195 and 220 nm, 
already observed for PNMA, the intensity of which de- 
pends on the composition of the copolymers, a new band 
appears near 255 nm in the two solvents. Its intensity 
increases with the proportion of achiral units up to F = 
0.52 (limit of solubility) in water. In methanol, it increases 
up to F = 0.63 and then decreases. 

In water (Figure 7) the intensity of the 220-nm band 
does not change very much whereas that of the 195-nm 
band strongly decreases, which explains why the molar 
rotation becomes less negative in the visible range when 
F increases (Figure 5 ) .  In the same way, the constancy of 
[m] in methanol when F increases (Figure 5) may be ex- 
plained by the simultaneous decreases of the positive and 
negative bands at  220 and 195 nm (Figure 8). 

The negative CD band near 255 nm is about 2 times 
more intense in methanol than in water (Figures 7 and 8). 
Thus the perturbation brought about by this additional 
Cotton effect in the visible range is more important in 
methanol, especially as the molar rotation due to other 
contributions is already 5 times lower in this solvent than 
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Figure 8. CD spectra of PNMA, P14, P24, P38, P50, P63, and 
P82 in methanol. 

in water. This explains the difference between the two sets 
of curves in Figure 6 .  

The way in which the intensity of the 220-nm band 
varies when F increases and the appearance of a shoulder 
in the dichroic spectrum of P50 in water (Figure 7) suggest 
the existence of optically active transitions of the achiral 
residue below 240 nm. It is thus necessary to examine in 
detail the expected electronic transitions of the aromatic 
unit in the far-UV range. Three K - K* electronic tran- 
sitions are known for aromatic compounds over 175 nmqrnfl 
For benzene in water, one observes two allowed transitions 
giving rise to two strong absorption bands, at 184 nm ('B) 
and the so-called primary band at  203.5 nm ('LA). In 
addition, a forbidden transition ('LB) corresponding to a 
secondary band with a weak intensity is centered near 254 
nm. When the benzene ring is substituted, these bands 
are red shifted, especially when the substituent contains 
a nitrogen, oxygen, or sulfur atom; in addition, the intensity 
of the secondary band ('LB) increases.20 For acetanilide, 
which can be considered as a model molecule for the N-  
phenylmethacrylamide residue, the 'LA band is found at  
238 nm (t  = 10 500 Lemol-'.cm-') and the 'LB band appears 
as a shoulder around 280 nm in water.% When the polarity 
of the solvent is increased, the 'LA transition is red shifted, 
whereas the 'LB is usually blue ~ h i f t e d . ~ ~ , ~ ~  

In the dichroic spectra, the forbidden '- transition gives 
a weak band around 260-290 nm (101 = 50-200 deg. 
~ m ~ . d m o l - ' ) , ~ @ ~ ~  the rotational strength of which strongly 
increases when the aromatic chromophore is involved in 
an ordered c ~ n f o r m a t i o n . ~ ~  The ' L A  transition is about 
10 times more intense than the 'LB transition and 10 times 
less intense than the 'B transition near 190 nm,34 which, 
in addition, may exhibit an exciton splitting when an or- 
dered conformation exists.33 

Assuming first that the electronic transitions of the 
amide and carboxyl chromophores of the chiral units are 

+4 c 

i n n  
1 

220 240 260 280 
-1 

200 
Figure 9. Difference CD spectra A[O] = /(A) for the different 
copolymers in water (see text). 

CH,OH 

x "rn 
1 I 

200 220 240 260 28 

Figure 10. Difference CD spectra A[O] = f ( A )  for the different 
copolymers in methanol (see text). 

not appreciably perturbed by the presence of the aromatic 
chromophore of the achiral unit, the induced optical ac- 
tivity may be calculated by 

(1) 

where [e],,,, and [$]X,pNMA are the molar ellipticities of a 
copolymer and of PNMA at a given wavelength A. Figures 

A[e]A,F = [[elA,Pp - [e lX,PNMAI(1 - F) 
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Figure 11. Composition dependence of [8]222 in water (0) and 
methanol (0). 

9 and 10 present such difference spectra in water and 
methanol. In water (Figure 9) the difference spectra 
consist of three bands: a weak negative band around 255 
nm, a shoulder near 230 nm, and a strong positive band 
between 200 and 215 nm, depending on the composition 
of the copolymer. Two isodichroic points are found at  225 
and 245 nm. In methanol, the two bands at  255 and 200 
nm are more intense (especially the 200-nm band) and the 
position of the 200-nm band does not change with the 
composition of the polymer. The positive shoulder at  230 
nm is replaced by a negative band at 220 nm. The negative 
band near 250 nm in water and methanol corresponds to 
the 240-242-nm band in the UV spectra and may be at- 
tributed to the allowed 'LA transition. The forbidden 'LB 
transition, which should be located at  higher wavelength, 
is not observed because of the overlapping with the 
stronger 255-nm band, except for P14 in methanol, where 
a very weak positive band is observed around 265 nm ( [ e ]  - +50 deg.cm2-dmol-') (Figure 8). The band near 200 nm 
must be related to the 'B transition on the basis of its high 
intensity compared to the others. It is not split, in 
agreement with the absence of any ordered conformation, 
especially in methanol. The positive shoulder and the 
negative band in water and methanol (near 220-230 nm) 
are probably due to the P - P* transition of the amide 
chromophore and the n - P* transition of the carboxyl 
group in the chiral unit, perturbed by the presence of the 
aromatic residues of the achiral units. It is noteworthy that 
the induced Cotton effect of the achiral residue is more 
intense in methanol than in water, as is the case for the 
amide and carboxyl Cotton effect of the chiral unit (see 
Figures 3 and 4). 

Figures 11-13 show the variation of [e] with F a t  222, 
195, and 255 nm, respectively, in water and methanol. [e]  
is calculated by taking into account the mean residue 
molecular weight M,. Both kinds of residues are then 
considered as optically active species. Thus, [ e ]  is ex- 
peected not to be constant but to vary linearly with F, 
being zero when F = 1. At 222 nm, [e] deviates appreciably 
from linearity, especially in water (Figure 11). This is 
explained by the positive Cotton effect at  230 nm in water 
and the negative Cotton effect a t  220 nm in methanol, 
which have been attributed to perturbations of the chro- 
mophore of the N-methacryloyl-L-alanine residue. At 195 

, 
0 

, C H j O  H , 

Figure 12. Composition dependence of [8],,, in water (0) and 
methanol (0).  

0.5 F 1  

-1000 

Figure 13. Composition dependence of in water (0) and 
methanol (0). Composition dependence of (per achiral unit) 
in methanol (e). 

nm, [ e ]  changes nearly linearly with F in water, whereas 
a positive deviation from linearity is observed in methanol. 
In water, the induced positive 'B Cotton effect lies between 
200 and 215 nm and is about 4-8 times weaker than the 
negative Cotton effect of PNMA a t  197 nm. Thus, the 
influence of the latter is predominant. In methanol, on 
the other hand, the induced positive Cotton effect ('B) is 
very close to 195 nm (196-199 nm, Figure 10) and is much 
more intense than in water, giving a nonnegligible con- 
tribution (Figure 12). 

At 255 nm (Figure 13), three optically active transitions 
are to be considered first, the weak n - P* transition of 
the amide chromophore of the chiral residue and second, 
the 'LB and 'LA transitions of the aromatic chromophore, 
the last one being by far the more intense. In water, the 
absolute value of increases up to F = 0.5. Beyond 
this value, aqueous solutions of the copolymers are not 
optically clear. In methanol, [e],, increases up to F = 0.63 
and then decreases. For a copolymer in which the achiral 
and chiral units are randomly distributed along the chain, 
it may be predicted that the optical activity induced in the 
achiral unit will be a maximum when the following two 
conditions are fulfilled: (i) the proportion of achiral units 
is high and (ii) each achiral unit still has two chiral units 
in its immediate vicinity. For an ideal random copolymer, 
both conditions are fulfilled when F = 0.50. Figure 13 
shows that the molar ellipticity a t  255 nm per achiral 
group, [O],,," = [O],,,/F, is actually a maximum for F = 
0.50. 

For block copolymers, on the other hand, induced optical 
activity is not observed and [e] changes linearly with F,  
as for a mixture of two homopolymers (i-e., the two kinds 
of units are optically independent).26 The results shown 
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in Figure 13 are thus a further argument that our co- 
polymers are r a n d ~ m . ~  

Conclusion 
The chiroptical properties of poly(N-methacryloy1-L- 

alanine) (PNMA) and of its model molecule, N-iso- 
butyroyl-L-alanine (NIBA), in different solvents may be 
explained on the basis of contributions from the following 
transitions: (i) the n - R* transition of the amide chro- 
mophore near 240-260 nm, (ii) the r1 - R* transition of 
the amide chromophore near 222 nm, (iii) the n - R* 

transition of the carboxyl chromophore at 207 nm, (iv) the 
R~ - R* or n - CT* transition of the amide chromophore 
near 190 nm, and (v) at least two other contributions below 
190 nm: the n - CT* or 7r2 - R* transition of the amide 
group and the R - R* transition of the carboxyl groups. 

CD spectra of PNMA are very close to those of NIBA, 
which shows that the contribution of the macromolecular 
conformation to the chiroptical properties is negligible. For 
the copolymers, three additional transitions are optically 
active in the accessible wavelength range, due to induction 
of optical activity by the neighboring chiral units: (i) the 
'LB transition, weak, near 265-290 nm; (ii) the 'LB tran- 
sition, near 250 nm; and (iii) the 'B transition, very intense, 
around 200 nm. In addition, the electronic transitions of 
the chiral residue are perturbed by the proximity of the 
achiral unit. The nonlinear variations of the optical ac- 
tivity with the composition of the copolymers may be ex- 
plained as arising from the above induced optically active 
transitions. It must be emphasized that the induced op- 
tical activity is observed even though no ordered confor- 
mation of the macromolecular chain exists. 

In methanol, PNMA and all the copolymers are ran- 
domly coiled. In water, on the other hand, copolymers with 
F > 0.15 take a tightly coiled compact conformation. 
Despite this difference in their conformations, the dichroic 
spectra are very similar. The influence of the conformation 
and of the pH-induced or solvent-induced conformational 
transition of the copolymers on their chiroptical properties 
has been investigated in detail. The results of this work 
will be reported in a forthcoming paper. 
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