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Abstract

Novel optically active polymethacrylates bearing in the side chain a chiral group of one prevailing absolute con®guration linked to the

trans-azoaromatic chromophore, have been synthesized by radical homopolymerization of the corresponding optically active monomers,

prepared in turn from optically active precursors by synthetic methods avoiding any racemization of the chiral center. These polymeric

derivatives, namely poly[(S)-3-methacryloyloxy-1-(4 0-X-4-azobenzene) pyrrolidine], with X� CN, CHO, CHvC(SO2CH3)(CN),

CHvC(CN)2, are characterized by the presence of the 3-hydroxy-pyrrolidinyl ring as the chiral moiety and the azoaromatic donor-acceptor

conjugated system as the moiety with permanent dipole moment. The polymers display optical activity in solution much higher than that

afforded by the corresponding low molecular weight models, representative of the monomeric repeating unit, purposely synthesized. Owing

to the substantially stereoirregular structure of the main chain, this suggests that the overall optical activity is mainly due to conformational

dissymmetry of the macromolecules. Spectroscopic evidence suggests the presence in the above mentioned polymeric derivatives of dipole±

dipole interactions between the side-chain azoaromatic chromophores, occurring as a consequence of their anchorage to the polymer

backbone, which favors their aggregation. q 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The presence of conformational dissymmetry in poly-

meric methacrylates bearing a chiral group interposed

between the main chain and the trans-azoaromatic photo-

chromic chromophore can be detected by chirooptical tech-

niques, such as circular dichroism (CD), suitable to reveal

the existence of chiral perturbation induced by the chiral

moieties onto the electronic transitions of the achiral aromatic

chromophore. This allows to observe the presence of dichroic

bands at the absorption wavelength of the aromatic chromo-

phore in the related spectral region. Thus, depending on the

conformational stiffness of the chiral spacer, remarkable

dichroic effects were previously observed in polymethacrylate

esters when the chiral group was able to give hydrogen bond-

ing, such as in derivatives bearing the l-lactic acid group

linked through ester and secondary amide bonds to the back-

bone and the azoaromatic chromophore [1], respectively,

as well as when the chiral group was a rigid cyclic moiety,

such as in the case of (S)-2-hydroxy succinimide [2,3] or

(S)-3-hydroxy pyrrolidinyl ring [4] methacrylic esters bearing

the azobenzene moiety linked to the ring nitrogen atom.

On the other hand, it is well known that photochromic

polymers characterized by the presence of a strongly con-

jugated donor±acceptor system are widely investigated for

reversible optical storage devices, non-linear optical appli-

cations and optoelectronics [5±8] and it appeared of interest

to synthesize and investigate polymeric systems containing

both photoresponsive azoaromatic chromophores with

conjugated electron-donating and accepting groups, and

optically active chiral groups capable to give rise to dissym-

metric conformations of the macromolecules which could

potentially provide non-centrosymmetric structures in the

solid state, as required for obtaining second order optical

non-linearity, particularly in thin ®lms and surfaces [9].

With this aim, we report in the present paper the synthesis

of the optically active monomers (S)-3-methacryloyloxy-

1-(4 0-cyano-4-azobenzene) pyrrolidine [(S)-MAP-C],

(S)-3-methacryloyloxy-1-(4 0-formyl-4-azobenzene) pyrroli-

dine [(S)-MAP-F], (S)-3-methacryloyloxy-1-[4 0-(b-cyano-

b-(methylsulfonyl)vinyl)-4-azobenzene] pyrrolidine [(S)-

MAP-S] and (S)-3-methacryloyloxy-1-[4 0-(b,b-dicyano-

vinyl)-4-azobenzene] pyrrolidine [(S)-MAP-D], their
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radical polymerization to the corresponding homopolymers

poly[(S)-MAP-X], as well as the synthesis of the pivaloyl

derivatives (S)-PAP-X, prepared as low molecular weight

model compounds reproducing the structural repeating unit

of the polymers, with the aim to evaluate the effect of the

macromolecular structure on the physico-chemical proper-

ties of these substrates (Chart 1). The polymeric derivatives

have been fully characterized and their spectroscopical

properties compared to those of the corresponding models.

2. Experimental

2.1. Solvents and chemicals

Methacryloyl chloride (Aldrich) was distilled (bp 958C)

under inert atmosphere in the presence of traces of 2,6-di-

tert.butyl-p-cresol as polymerization inhibitor before use.

Pivaloyl chloride was distilled (bp 105±1068C) under inert

atmosphere before use. Chloroform, tetrahydrofuran (THF),

dimethylformamide (DMF), dimethylsulfoxide (DMSO),

nitrobenzene and dimethylacetamide (DMA) were puri®ed

and dried according to reported procedures [10] and stored

over molecular sieves (4 AÊ ) under nitrogen. Triethylamine

(Aldrich) was re¯uxed over dry CaCl2 for 8 h, then distilled

(bp 898C) under nitrogen atmosphere. Azobisisobutyroni-

trile (AIBN) (Aldrich) was crystallized from abs. ethanol

before use. All other reagents and solvents were used as

received.

2.2. Synthesis of monomers and models

The previously reported procedure [4] adopted for the

preparation of (S)-3-hydroxy-1-(4-azobenzene) pyrrolidine

was followed for the synthesis of intermediates (S)-2 and

(S)-3 starting from (S)-3-hydroxy-1-phenyl pyrrolidine

[(S)-1] and, respectively, the diazonium salt of 4-cyano

aniline (Aldrich) or 4-amino benzaldehyde, this latter

obtained from 4-nitro toluene (Aldrich) by reaction with

sodium sulphide and sulphur [11], according to a coupling

procedure reported for similar derivatives [12].

(S)-3-Hydroxy-1-(4 0-cyano-4-azobenzene) pyrrolidine

[(S)-2] was obtained in 86% yield, mp 226±78C.
1H NMR: 7.95 and 7.85 (2d, 4H, arom. 3-H and 2 0-H), 7.75

(d, 2H, arom. ortho to cyano group), 6.60 (d, 2H, arom. ortho

to amino group), 4.75 (d, 1H, OH), 4.60 (m, 1H, 3-CH), 3.70±

3.35 (m, 4H, 2- and 5-CH2), 2.15 (m, 2H, 4-CH2).

FT-IR: 3484 (nOH), 3080 (nCH, arom.), 2921 (nCH, aliph.),

2224 (nCN), 1603 and 1515 (nCvC, arom.), 851 (dCH, 1,4-

disubst. arom. ring), 824 (dCH, 1,4-disubst. arom. ring) cm21.

UV-VIS in THF: emax £ 1023� 35.3 (458 nm) and 16.1

(278 nm) l mol21 cm21.

(S)-3-Hydroxy-1-(4 0-formyl-4-azobenzene) pyrrolidine

[(S)-3] was obtained in 94% yield, mp 213±48C.
1H NMR: 10.05 (s, 1H, ±CHO), 8.05±7.85 (3d, 6H, arom.

ortho to formyl group and 2 0-H and 3-H), 6.65 (d, 2H, arom.

ortho to amino group), 4.60 (m, 1H, 3-CH), 4.50 (d, 1H,

OH), 3.70±3.40 (m, 4H, 2- and 5-CH2), 2.15 (m, 2H,

4-CH2).

FT-IR: 3435 (nOH), 3068 (nCH, arom.), 2925 (nCH, aliph.),

1679 (nCHO), 1606 and 1518 (nCvC, arom.), 845 (dCH, 1,4-

disubst. arom. ring), 825 (dCH, 1,4-disubst. arom. ring) cm21.

UV±VIS in THF: emax £ 1023� 37.9 (460 nm) and 13.6

(282 nm) l mol21 cm21.

(S)-3-Methacryloyloxy-1-(4 0-cyano-4-azobenzene)

pyrrolidine [(S)-MAP-C] was prepared by reaction of

methacryloyl chloride with (S)-2 in the presence of

dimethylamino pyridine (DMAP) as follows.

To an ice-cooled, vigorously stirred solution of (S)-2
(2.50 g, 8.6 mmol), dimethylamino pyridine (0.10 g) as

catalyst, and 2,6-di-tert-butyl-4-methyl phenol (0.10 g), as

polymerization inhibitor, in dry methylene dichloride

(52 ml), were simultaneously dropwise added, under nitro-

gen atmosphere, methacryloyl chloride (1.00 ml,

10.3 mmol) in methylene dichloride (5 ml) and triethyla-

mine (1.44 ml, 10.3 mmol) in methylene dichloride (5 ml).

The mixture was ice-cooled for 2 h, then left at room

temperature for one night, washed with 0.1 M HCl, 5%

Na2CO3 and ®nally with water, in that order. After drying

the organic layer on anhydrous Na2SO4 and evaporation of

the solvent under reduced pressure, the crude reaction

product was puri®ed by column chromatography (SiO2,

methylene dichloride as eluent) to afford pure (S)-MAP-C
(66% yield), mp 120±28C.

1H NMR: 7.90 and 7.85 (2d, 4H, arom. 3-H and 2 0-H),

7.55 (d, 2H, arom. ortho to cyano group), 6.65 (d, 2H, arom.

L. Angiolini et al. / Polymer 42 (2001) 4005±40164006

Chart 1.



ortho to amino group), 6.10 and 5.60 (2d, 2H, CH2v), 5.55

(m, 1H, 3-CH), 3.85±3.50 (m, 4H, 2- and 5-CH2), 2.30

(m, 2H, 4-CH2), 1.95 (s, 3H, CH3).

FT-IR: 3011 (nCH, arom.), 2928 and 2860 (nCH, aliph.),

2219 (nCN), 1713 (nCO, ester), 1631 (nCvC, methacrylic),

1605 and 1516 (nCvC, arom.), 844 (dCH, 1,4-disubst. arom.

ring), 825 (dCH, 1,4-disubst. arom. ring) cm21.

(S)-3-Pivaloyloxy-1-(4 0-cyano-4-azobenzene) pyrrolidine

[(S)-PAP-C] was similarly prepared from (S)-2 (1.09 g,

3.74 mmol), dimethylamino pyridine (0.04 g), triethylamine

(0.63 ml, 4.5 mmol) and pivaloyl chloride (0.55 ml,

4.50 mmol). The crude reaction product was puri®ed by

column chromatography (SiO2, chloroform as eluent).

Yield 54%, mp 138±98C.
1H NMR: 7.90 and 7.85 (2d, 4H, arom. 3-H and 2 0-H),

7.70 (d, 2H, arom. ortho to cyano group), 6.60 (d, 2H, arom.

ortho to amino group), 5.45 (m, 1H, 3-CH), 3.80±3.40

(m, 4H, 2- and 5-CH2), 2.25 (m, 2H, 4-CH2), 1.15 (s, 9H,

CH3).

FT-IR: 3083 (nCH, arom.), 2975 and 2871 (nCH, aliph.),

2220 (nCN), 1723 (nCO, ester), 1604 and 1516 (nCvC, arom.),

849 (dCH, 1,4-disubst. arom. ring), 822 (dCH, 1,4-disubst.

arom. ring), cm21.

A similar procedure to that one above described for (S)-

MAP-C was followed for the preparation of (S)-3-

methacryloyloxy-1-(4 0-formyl-4-azobenzene) pyrrolidine

[(S)-MAP-F], starting from (S)-3 (6.60 g, 22.3 mmol),

dimethylamino pyridine (0.26 g) and 2,6-di-tert-butyl-4-

methyl phenol (0.16 g) in methylene dichloride (135 ml).

The esteri®cation reaction was performed by using meth-

acryloyl chloride (2.61 ml, 26.8 mmol) and triethylamine

(3.76 ml, 26.8 mmol). The pure monomeric compound

was obtained by column chromatography (SiO2, toluene/

ethyl acetate 1:1 v/v as eluent). Yield 59%, mp 138±1408C.
1H NMR: 10.05 (s, 1H, ±CHO), 8.05±7.90 (3d, 6H, arom.

ortho to cyano group and 2 0-H and 3-H), 6.65 (d, 2H, arom.

ortho to amino group), 6.10 and 5.60 (2d, 2H, CH2v), 5.50

(m, 1H, 3-CH), 3.85±3.50 (m, 4H, 2- and 5-CH2), 2.30

(m, 2H, 4-CH2), 1.95 (s, 3H, CH3).

FT-IR: 3071 (nCH, arom.), 2928 and 2848 (nCH, aliph.),

1703 (nCO, ester), 1679 (nCHO), 1631 (nCvC, methacrylic),

1608 and 1516 (nCvC, arom.), 836 (dCH, 1,4-disubst. arom.

ring), 808 (dCH, 1,4-disubst. arom. ring) cm21.

(S)-3-Pivaloyloxy-1-(4 0-formyl-4-azobenzene) pyrrolidine

[(S)-PAP-F] was similarly prepared from (S)-3 (3.20 g,

10.80 mmol), dimethylamino pyridine (0.05 g), triethyl-

amine (1.81 ml, 13.0 mmol) and pivaloyl chloride

(1.60 ml, 13.0 mmol). The crude reaction product was puri-

®ed by column chromatography (SiO2, toluene/ethyl acetate

5:1 v/v as eluent). Yield 47%. mp 157±88C.
1H NMR: 10.05 (s, 1H, ±CHO), 8.00±7.85 (3d, 6H, arom.

ortho to formyl group and 2 0-H and 3-H), 6.60 (d, 2H, arom.

ortho to amino group), 5.45 (m, 1H, 3-CH), 3.80±3.40 (m, 4H,

2- and 5-CH2), 2.25 (m, 2H, 4-CH2), 1.20 (s, 9H, CH3).

FT-IR: 3079 (nCH, arom.), 2973 and 2851 (nCH, aliph.),

1724 (nCO, ester), 1686 (nCHO), 1607 and 1520 (nCvC,

arom.), 843 (dCH, 1,4-disubst. arom. ring), 815 (dCH, 1,4-

disubst. arom. ring), cm21.

(S)-3-Hydroxy-1-[4 0-(b-cyano-b-(methylsulfonyl)vinyl)-

4-azobenzene] pyrrolidine [(S)-4].

The functionalization of (S)-3 with (methylsulfonyl)ace-

tonitrile was carried out following a procedure reported [13]

for several azo-derivatives of similar structure. A mixture of

(S)-3 (2.00 g, 6.75 mmol), (methylsulfonyl)acetonitrile

(0.81 g, 6.75 mmol) and ammonium acetate (0.53 g,

6.75 mmol) in 20.0 ml of absolute ethanol was stirred at

re¯ux for 12 h under nitrogen, then cooled to room tempera-

ture. The precipitated product was ®ltered, washed with cold

ethanol, and dried under vacuum to provide pure (S)-4.

Yield 84%, mp not determined due to decomposition before

melting.
1H NMR (in DMSO-d6): 8.45 (s, 1H, vinyl CH), 8.30

(d, 2H, arom. ortho to vinyl group), 8.05 and 7.95 (2d,

4H, arom. 3-H and 2 0-H), 6.80 (d, 2H, arom. ortho to

amino group), 5.20 (d, 1H, OH), 4.55 (m, 1H, 3-CH), 3.50

(s, 3H, SO2CH3), 3.70±3.35 (m, 4H, 2- and 5-CH2), 2.20

(m, 2H, 4-CH2).

FT-IR: 3327(nOH), 3028 (nCH, arom.), 2927 (nCH, aliph.),

2217 (nCN), 1604 and 1518 (nCvC, arom.), 821 (dCH, 1,4-

disubst. arom. rings) cm21.

UV-VIS in DMF: emax £ 10±3� 37.9 (510 nm) and 12.1

(321 nm) l mol21 cm21.

(S)-3-Hydroxy-1-[4 0-(2,2-dicyano-vinyl)-4-azobenzene]

pyrrolidine [(S)-5] was similarly prepared from (S)-3
(0.50 g, 1.70 mmol), malononitrile (0.11 g, 1.70 mmol)

and ammonium acetate (0.13 g, 1.70 mmol) in 5.0 ml of

absolute ethanol. Yield 77%, mp 203±2048C.
1H NMR: 8.05 (d, 2H, arom. ortho to vinyl group), 7.95

and 7.90 (2d, 4H, arom. 3-H and 2 0-H), 7.80 (s, 1H, vinyl

CH), 6.65 (d, 2H, arom. ortho to amino group), 4.75 (d, 1H,

OH), 4.60 (m, 1H, 3-CH), 3.65±3.45 (m, 4H, 2- and 5-CH2),

2.15 (m, 2H, 4-CH2).

FT-IR: 3489 (nOH), 3034 (nCH, arom.), 2909 (nCH, aliph.),

2226 (nCN), 1602 and 1521 (nCvC, arom.), 836 (dCH, 1,4-

disubst. arom. rings) cm21.

UV-VIS in DMA: emax £ 1023� 46.5 (528 nm) and 14.5

(331 nm) l mol21 cm±1.

(S)-3-Methacryloyloxy-1-[4 0-(b-cyano-b-(methylsulfonyl)-

vinyl)-4-azobenzene] pyrrolidine [(S)-MAP-S] was prepared

through two alternative routes in order to optimize the reac-

tion yield as reported below in detail.

Route (a): To an ice-cooled, vigorously stirred solution in

dry THF (350 ml) of (S)-4 (3.90 g, 8.3 mmol), dimethyl-

amino pyridine (0.11 g) as catalyst, and 2,6-di-tert-butyl-

4-methyl phenol (0.10 g) as polymerization inhibitor, were

simultaneously dropwise added, under nitrogen atmosphere,

methacryloyl chloride (0.97 ml, 9.96 mmol) in THF (5 ml)

and triethylamine (1.40 ml, 9.96 mmol) in THF (5 ml). The

mixture was ice-cooled for 2 h, then left at room tempera-

ture for 36 h, concentrated at reduced pressure and the crude

product dissolved in chloroform and ®ltered on to collect

any unreacted (S)-4. The chloroformic solution was washed
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with 0.1 M HCl, 5% Na2CO3 and ®nally with water, in that

order. After drying the organic layer on anhydrous Na2SO4

and evaporation of the solvent under reduced pressure, the

crude reaction product was puri®ed by column chroma-

tography (SiO2, toluene/ethyl acetate 5:1 v/v as eluent) to

afford pure (S)-MAP-S. Yield 26%.

Route (b): The monomeric compound (S)-MAP-S was

obtained following a procedure based on the Knoevenagel

condensation of (methylsulfonyl)acetonitrile on (S)-MAP-
F. A mixture of (S)-MAP-F (3.00 g, 8.26 mmol), (methyl-

sulfonyl)acetonitrile (1.02 g, 8.26 mmol), 2,6-di-tert-butyl-

4-methyl phenol (0.10 g), as polymerization inhibitor, and

ammonium acetate (0.64 g, 8.26 mmol) in 24.0 ml of

absolute ethanol was stirred, under nitrogen, at re¯ux for

12 h, and the reaction progress followed by TLC on silica

gel using toluene/ethyl acetate 5:1 v/v as eluent. At the end

of the reaction the mixture was cooled to room temperature

and the precipitated product ®ltered, washed with cold

ethanol, and puri®ed by column chromatography (SiO2,

toluene/ethyl acetate 5:1 v/v as eluent). Yield 73%, mp

215±68C.
1H NMR: 8.15 (s, 1H, vinyl CH), 8.10 (d, 2H, arom. ortho

to vinyl group), 7.95 and 7.90 (2d, 4H, 3-H and 2 0-H), 6.65

(d, 2H, arom. ortho to amino group), 6.15 and 5.60 (2d, 2H,

CH2v), 5.55 (m, 1H, 3-CH), 3.85±3.50 (m, 4H, 2- and 5-

CH2), 3.25 (s, 3H, SO2CH3), 2.30 (m, 2H, 4-CH2), 1.95

(s, 3H, CH3).

FT-IR: 3030 (nCH, arom.), 2924 and 2870 (nCH, aliph.),

2216 (nCN), 1709 (nCO, ester), 1631 (nCvC, methacrylic),

1604 and 1518 (nCvC, arom.), 822 (dCH, 1,4-disubst. arom.

rings) cm21.

The model compound (S)-3-pivaloyloxy-1-[4 0-(b-cyano-

b-(methylsulfonyl)vinyl)-4-azobenzene] pyrrolidine [(S)-

PAP-S] was prepared according to route (b) by Knoevena-

gel condensation of (S)-PAP-F (1.00 g, 2.63 mmol) with

(methylsulfonyl)acetonitrile (0.31 g, 2.63 mmol) in absolute

ethanol (24.0 ml) in the presence of ammonium acetate

(0.20 g, 2.63 mmol). The crude product was puri®ed by

crystallization from absolute ethanol to provide pure (S)-

PAP-S. Yield 61%, mp 173±58C.
1H NMR: 8.15 (s, 1H, vinyl CH), 8.05 (d, 2H, arom. ortho

to vinyl group), 7.95 and 7.90 (2d, 4H, 3-H and 2 0-H), 6.65

(d, 2H, arom. ortho to amino group), 5.45 (m, 1H, 3-CH),

3.80±3.40 (m, 4H, 2- and 5-CH2), 3.15 (s, 3H, SO2CH3),

2.25 (m, 2H, 4-CH2), 1.20 (s, 9H, CH3).

FT-IR: 3072 (nCH, arom.), 2975 and 2868 (nCH, aliph.),

2211 (nCN), 1721 (nCO, ester), 1601 and 1517 (nCvC, arom.),

843 (dCH, 1,4-disubst. arom. ring), 829 (dCH, 1,4-disubst.

arom. ring) cm21.

(S)-3-Methacryloyloxy-1-[4 0-(b,b-dicyano-vinyl)-4-azoben-

zene] pyrrolidine [(S)-MAP-D] was prepared according to

route (b) by re¯uxing for 12 h a stirred mixture of (S)-

MAP-F (1.50 g, 4.13 mmol), malononitrile (0.27 g,

4.13 mmol), 2,6-di-tert-butyl-4-methyl phenol (0.10 g), as

polymerization inhibitor, and ammonium acetate (0.32 g,

4.13 mmol) in 12.0 ml of absolute ethanol, under nitrogen.

The reaction progress was followed by TLC on silica gel

using chloroform as eluent. The mixture was cooled to room

temperature and the precipitated product ®ltered, washed

with cold ethanol, and crystallized from absolute ethanol.

Yield 89%, mp 179±1818C.
1H NMR: 8.00 (d, 2H, arom. ortho to vinyl group), 7.95

and 7.90 (2d, 4H, arom. 3-H and 2 0-H), 7.75 (s, 1H, vinyl

CH), 6.65 (d, 2H, arom. ortho to amino group), 6.15 and

5.60 (2d, 2H, CH2v), 5.55 (m, 1H, 3-CH), 3.80±3.60

(m, 4H, 2- and 5-CH2), 2.35 (m, 2H, 4-CH2), 1.95 (s, 3H,

CH3).

FT-IR: 3036 (nCH, arom.), 2963 and 2922 (nCH, aliph.),

2220 (nCN), 1717 (nCO, ester), 1631 (nCvC, methacrylic),

1607 and 1582 (nCvC, arom.), 835 (dCH, 1,4-disubst. arom.

ring), 803 (dCH, 1,4-disubst. arom. ring) cm21.

(S)-3-Pivaloyloxy-1-[4 0-(b,b-dicyano-vinyl)-4-azobenzene]

pyrrolidine [(S)-PAP-D] was similarly prepared from

(S)-PAP-F (0.70 g, 1.84 mmol), malononitrile (0.12 g,

1.84 mmol) and ammonium acetate (0.14 g, 1.84 mmol) in

absolute ethanol (5.5 ml). The crude product was puri®ed by

crystallization from absolute ethanol. Yield 65%, mp 212±

48C.
1H NMR: 8.00±7.85 (3d, 6H, arom. ortho to vinyl group

and 3-H and 2 0-H), 7.75 (s, 1H, vinyl CH), 6.65 (d, 2H,

arom. ortho to amino group), 5.45 (m, 1H, 3-CH), 3.80±

3.45 (m, 4H, 2- and 5-CH2), 2.25 (m, 2H, 4-CH2), 1.20

(s, 9H, CH3).

FT-IR: 3077 (nCH, arom.), 2977 and 2861 (nCH, aliph.),

2226 (nCN), 1731 (nCO, ester), 1606 and 1520 (nCvC, arom.),

836 (dCH, 1,4-disubst. arom. ring), 826 (dCH, 1,4-disubst.

arom. ring) cm21.

2.3. Polymerization of monomers

All polymerization reactions were carried out in glass

vials using AIBN as free radical thermal initiator (2%

w/w with respect to monomer) in dry THF solutions

(15 ml) containing 1 g of monomer, with the exception of

(S)-MAP-S, which was polymerized in dry DMF (1 g of

monomer in 25 ml) [13]. The reaction mixture was intro-

duced into the vial under nitrogen atmosphere, submitted to

several freeze-thaw cycles in order to eliminate any trace of

dissolved oxygen, and heated at 608C for 72 h. The crude

product was precipitated from solution by pouring the reac-

tion mixture into a large excess of methanol (100 ml) and

collected by ®ltration. The solid material was then repeat-

edly dissolved in DMF and reprecipitated in methanol. The

last traces of unreacted monomer were eliminated from the

product by Soxhlet extraction with methanol followed by

acetone (methanol only was used for the polymer deriving

from (S)-MAP-S). The puri®ed products were ®nally

thoroughly dried to constant weight under vacuum at 808C
for 4 days. The dried polymers were hardly soluble in THF

or CHCl3 and required the addition of small amounts of a

strongly polar solvent, such as nitrobenzene, DMF, DMA or

DMSO in order to achieve a satisfactory solubility for the
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determinations in solution. Relevant data for the synthesized

products are reported in Table 1.

Poly[(S)-MAP-C]. 1H NMR (in DMSO-d6 at 1008C):

7.95±7.60 (m, 6H, arom. 3-H and 2 0-H and 3 0-H), 6.50

(m, 2H, arom. ortho to amino group), 5.20±4.95 (m, 1H,

3-CH), 3.70±3.10 (m, 4H, 2- and 5-CH2), 2.30±1.10 (m, 4H,

4-CH2 and backbone CH2), 1.10±0.60 (m, 3H, CH3).
13C NMR (in nitrobenzene-d5): 179.0±176.0 (CO), 155.4

(arom. C±CN), 150.7, 148.4, 144.1 (arom. C±NvN±C and

C±NCH2), 132.9 (arom. 3 0-C), 125.9, 123.5 (arom. 2 0-C and

3-C), 118.7 (CN), 111.9 (arom. 2-C), 74.8 (CH±O), 55.5

(main chain CH2±C), 52.6 (CH±CH2±N), 47.4 (CH2±CH2±

N), 46.0 (main chain CH2±C), 30.7 (CH±CH2±CH2), 19.7

and 17.9 (CH3).

FT-IR: 3052 (nCH, arom.), 2943, 2856 (nCH, aliph.), 2224

(nCN), 1728 (nCO, ester), 1597 and 1516 (nCvC, arom.), 1136

(nC±O), 846 (dCH, 1,4-disubst. arom. ring), 822 (dCH, 1,4-

disubst. arom. ring) cm21.

Poly[(S)-MAP-F]. 1H NMR (in DMSO-d6 at 1008C):

9.95 (s, 1H, CHO), 8.00±7.55 (m, 6H, arom. 3-H and 2 0-
H and 3 0-H), 6.50 (m, 2H, arom. ortho to amino group),

5.30±4.90 (m, 1H, 3-CH), 3.70±3.00 (m, 4H, 2- and 5-

CH2), 2.30±1.10 (m, 4H, 4-CH2 and backbone CH2),

1.10±0.55 (m, 3H, CH3).
13C NMR (in nitrobenzene-d5): 191.5 (CHO), 178.0±

175.6 (CO), 156.9 (arom. C±CHO), 150.6, 144.3, 136.8

(arom. C±NvN±C and C±NCH2), 131.0 (arom. 3 0-C),

126.3, 123.0 (arom. 2 0-C and 3-C), 112.2 (arom. 2-C),

75.2 (CH±O), 55.0 (main chain CH2±C), 52.9 (CH±CH2±

N), 46.3 (CH2±CH2±N), 45.7 (main chain CH2±C), 31.1

(CH±CH2±CH2), 19.8 and 18.0 (CH3).

FT-IR: 3052 (nCH, arom.), 2981, 2854 (nCH, aliph.), 1727

(nCO, ester), 1697 (nCHO), 1595 and 1516 (nCvC, arom.),

1133 (nC±O), 841 (dCH, 1,4-disubst. arom. ring), 823 (dCH,

1,4-disubst. arom. ring) cm21.

Poly[(S)-MAP-S]. 1H NMR (in DMSO-d6 at 1008C): 8.20

(s, 1H, vinyl CH), 8.05 (m, 2H, arom. ortho to vinyl group),

7.90±7.60 (m, 4H, arom. 3-H and 2 0-H), 6.55 (m, 2H, arom.

ortho to amino group), 5.20±4.90 (m, 1H, 3-CH), 3.80±3.10

(m, 7H, SO2CH3 and 2- and 5-CH2), 2.40±1.10 (m, 4H, 4-

CH2 and backbone CH2), 1.05±0.60 (m, 3H, CH3).
13C NMR (in nitrobenzene-d5): 178.5±176.0 (CO), 156.9

(arom. C±CHv), 152.3 (CHv), 151.3, 148.8, 145.0 (arom.

C±NvN±C and C±NCH2), 132.6 (arom. 3 0-C), 131.1

(C(CN)(SO2CH3)), 126.6, 123.5 (arom. 2 0-C and 3-C),

114.1 (CN), 112.5 (arom. 2-C), 75.3 (CH±O), 55.6 (main

chain CH2±C), 53.3 (CH±CH2±N), 46.6 (CH2±CH2±N),

46.3 (main chain CH2±C), 42.3 (SO2CH3), 31.3 (CH±

CH2±CH2), 20.5 and 18.7 (CH3).

FT-IR: 3072 (nCH, arom.), 2925, 2857 (nCH, aliph.), 2213

(nCN), 1728 (nCO, ester), 1602 and 1516 (nCvC, arom.), 1132

(nC±O), 843 (dCH, 1,4-disubst. arom. ring), 823 (dCH, 1,4-

disubst. arom. ring) cm21.

Poly[(S)-MAP-D]. 1H NMR (in DMSO-d6 at 1008C):

8.20 (s, 1H, vinyl CH), 8.10±7.40 (m, 6H, arom. 3-H and

2 0-H and 3 0-H), 6.50 (m, 2H, arom. ortho to amino group),

5.30±4.90 (m, 1H, 3-CH), 3.80±3.10 (m, 4H, 2- and 5-CH2),

2.30±1.10 (m, 4H, 4-CH2 and backbone CH2), 1.10±0.60

(m, 3H, CH3).
13C NMR (in nitrobenzene-d5): 179.0±176.0 (CO), 159.5

(arom. C±CHv), 157.3 (CHv), 151.7, 149.1, 145.3 (arom.

C±NvN±C and C±NCH2), 132.7 (arom. 3 0-C), 132.3

(C(CN)2), 127.0, 123.5 (arom. 2 0-C and 3-C), 114.9 and

114.0 (CN), 112.9 (arom. 2-C), 75.7 (CH±O), 55.5 (main

chain CH2±C), 53.6 (CH±CH2±N), 47.0 (CH2±CH2±N),

46.2 (main chain CH2±C), 31.6 (CH±CH2±CH2), 20.7 and

19.1 (CH3).

FT-IR: 3077 (nCH, arom.), 2925, 2846 (nCH, aliph.), 2225

(nCN), 1727 (nCO, ester), 1603 and 1515 (nCvC, arom.), 1131

(nC±O), 839 (dCH, 1,4-disubst. arom. ring), 821 (dCH, 1,4-

disubst. arom. ring) cm21.

2.4. Physicochemical measurements

NMR spectra were recorded at room temperature on 5±

10% CDCl3 solutions, unless otherwise stated, using a

Varian NMR Gemini 300 spectrometer. Chem. shifts are

given in ppm from tetramethylsilane (TMS) as internal

reference. 1H NMR spectra were performed at 300 MHz

by using the following experimental conditions: 24000
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Table 1

Characterization data of the polymers

Polymer Yield (%)a MÅ n (g/mol)b MÅ w/MÅ n
b Td (8C)c Tg (8C)d

Poly[(S)-MAP-C] 49 43 900 1.4 311 192

Poly[(S)-MAP-F] 61 41 000 1.6 309 187

Poly[(S)-MAP-S] 66 37 600 1.4 297 196

Poly[(S)-MAP-D] 54 30 000 1.6 290 198

a Calculated as (g polymer/g monomer) 100.
b Determined by GPC in THF at 258C.
c Determined by TGA.
d Determined by DSC.



data points, 4.5 kHz spectral width, 2.6 s acquisition time,

16 transients. 13C NMR spectra were recorded at 75.5 MHz,

under full proton decoupling, by using the following experi-

mental conditions: 24000 data points, 20 kHz spectral width,

0.6 s acquisition time, 64000 transients. Microtacticity evalu-

ation of polymeric derivatives was based on the peak areas

ratio of the methyl resonances at ca. 20 and 18±19 ppm,

related to mr and rr triads [14], respectively, which allows

to obtain the probability of formation of a m dyad Pm and of a r

dyad Pr � 1 2 Pm; from the expression 2Pm(1 2 Pm)/

(1 2 Pm)2, corresponding to the ratio between the amounts

of mr and rr triads. The probability P that a certain dyad is

linked to another dyad of the same or the opposite relative

con®guration was calculated from the expressions: Pm=m �
mm=m; Pr=m � mr=2m; Pr=r � rr=r and Pm=r � mr=2r; where

m, r, mm, rr, and mr are the amounts of the corresponding

dyads and triads as determined by the spectra.

FT-IR spectra were carried out on a Perkin±Elmer 1750

spectrophotometer, equipped with an Epson Endeavour II

data station, on samples prepared as KBr pellets.

UV-VIS absorption spectra were recorded at 258C in the

650±250 nm spectral region with a Perkin±Elmer Lambda 19

spectrophotometer on CHCl3, THF, DMF or DMA solutions

by using cell path lengths of 0.1 cm. Concentrations in azo-

benzene chromophore of about 8 £ 1024 mol l21 were used.

CD spectra were recorded at 258C on a Jasco 500 A dichro-

graph, using the same pathlengths and solution concentrations

as for UV measurements. De values, expressed as

l mol21 cm21, were calculated by the following equation:

De� �Q�=3300; where the molar ellipticity [Q] in

deg cm2 dmol21 refers to one azobenzene chromophore.

Number average molecular weights of the polymers (MÅ n)

were determined in THF or DMA solution by SEC using a

HPLC Lab Flow 2000 apparatus, equipped with an injector

Rheodyne 7725i, a Phenomenex Phenogel 5 micron MXL

column and an UV-VIS detector Linear Instruments model

UVIS-200, working at 254 nm. Calibration curves were

obtained by using several monodisperse polystyrene standards.

The glass transition temperature values of polymers (Tg)

were measured by differential scanning calorimetry (DSC)

on a TA Instruments DSC 2920 Modulated apparatus at a

heating rate of 108C/min under nitrogen atmosphere. Each

sample was heated up to only 2508C in order to avoid

thermal decomposition. The initial thermal decomposition

temperature (Td) was determined on the polymer samples

with a Perkin±Elmer TGA-7 thermogravimetric analyzer by

heating the samples in air at a rate of 208K/min. Melting

points (uncorrected) were determined in glass capillaries on

a BuÈchi 510 apparatus at a heating rate of 18C/min.

3. Results and discussion

3.1. Synthesis

The synthesis of monomers (S)-MAP-C and (S)-MAP-F
was carried out starting from (S)-3-hydroxy-1-phenyl
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Scheme 1.



pyrrolidine (S)-1 [4] (Scheme 1) through coupling with the

appropriate diazonium salt deriving from 4-cyano aniline or

4-amino benzaldehyde to give, respectively, (S)-3-hydroxy-

1-(4 0-cyano-4-azobenzene) pyrrolidine (S)-2 and (S)-3-

hydroxy-1-(4 0-formyl-4-azobenzene) pyrrolidine (S)-3.

Alcohols 2 and 3 were then allowed to react with methacry-

loyl chloride or pivaloyl chloride, thus affording monomers

(S)-MAP-C and (S)-MAP-F, as well as the model

compounds (S)-PAP-C and (S)-PAP-F.

Monomer (S)-MAP-S was prepared through two alter-

native routes (Scheme 2), starting both from alcohol (S)-3,

in order to optimize the reaction yield. The ®rst one [route

(a)] consisted in the preliminary functionalization of (S)-3
with (methylsulfonyl)acetonitrile to (S)-3-hydroxy-1-[4 0-

(b-cyano-b-(methylsulfonyl)vinyl)-4-azobenzene] pyrroli-

dine (S)-4, followed by reaction with methacryloyl chloride

to give (S)-MAP-S in low yield (26%), mainly in conse-

quence of the low solubility of (S)-4 in the reaction solvent

(THF or dichloromethane). The second route (b), involving

a procedure based on the Knoevenagel condensation of

(methylsulfonyl)acetonitrile on (S)-MAP-F, prepared as

reported in Scheme 1, resulted more convenient, with an

improved overall yield in (S)-MAP-S of 43%, including

the reaction yield of the synthesis of (S)-MAP-F from (S)-

3, as compared to the 22% of the former one. Accordingly,

model (S)-PAP-S was also synthesized by the Knoevenagel

reaction on (S)-PAP-F. Monomer (S)-MAP-D and

model (S)-PAP-D (Scheme 2) were similarly prepared
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from (S)-MAP-F and (S)-PAP-F, respectively, by reaction

with malononitrile, having veri®ed the insuf®cient solubility

of the intermediate (S)-3-hydroxy-1-[4 0-(b,b-dicyano-

vinyl)-4-azobenzene] pyrrolidine (S)-5 in the acylation

medium of the reaction with methacryloyl or pivaloyl

chloride.

The structures of all monomers and models were

con®rmed by 1H NMR and FT-IR (see Experimental). The

optical activity at the sodium D-line of monomers and

models, as well as that of intermediates 2-5, could not be

measured with accuracy due to the strong absorption of the

azoaromatic chromophore at that wavelength. However,

previous data concerning the optical purity of the 4 0-unsub-

stituted methacryloyl and pivaloyl derivatives prepared

through a similar synthetic pathway [4] indicated that an

enantiomeric excess of at least the 90% was present in

those compounds, thus excluding the possibility of race-

mization of the chiral center in the course of the synthesis.

This allows to reasonably attribute an analogous optical

purity also to the monomers and models reported in the

present paper.

3.2. Polymers characterization

Polymerization of the monomers, carried out in solution

under radical conditions by using AIBN as a thermal

initiator, produced the corresponding polymeric derivatives

in acceptable yields after puri®cation (Table 1), with aver-

age molecular weight and polydispersity values, as deter-

mined by gel permeation chromatography, in the range

expected for this type of process. The FT-IR spectra of

the polymers con®rmed the occurrence of polymerization

involving the methacrylic double bond, with the disappear-

ance of the band around 1634 cm21 (stretching vibration of

the aliphatic double bond of the monomer) and the presence

of a new absorption band related to the a,b saturated ester

group at 1728±1731 cm21, in the same spectral region as the

model compounds, with a shift of 10±20 cm±1 to higher

frequencies with respect to the stretching carbonyl

frequency present in the corresponding monomer. In accor-

dance with FT-IR data, the resonances at 5.60 and 6.15 ppm,

related to the methacrylic CH2 protons, were absent in the
1H NMR spectra of the polymers (Fig. 1), and the resonance

of the methacrylic CH3 was shifted from 1.95 ppm in the

monomer to 0.60 ppm in the corresponding polymer.

The thermal stability of the products (Table 1), as

determined by TGA, appears rather high, with values of

initial decomposition in air ranging around 3008C, indicative

of the occurrence of strong inter- and intramolecular dipolar

interactions originated by presence of high charge delocaliza-

tion in the macromolecular side chains. By comparison, the

corresponding decomposition temperature for poly(methyl
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Fig. 1. 1H NMR spectra of poly[(S)-MAP-C] (a), poly[(S)-MAP-F] (b), poly[(S)-MAP-S] (c) and poly[(S)-MAP-D] (d) in DMSO-d6 at 1008C. Starred signals

refer to solvent resonances.



methacrylate) is reported at 2608C [15]. Only endothermic

glass transitions, with no melting peaks, are observed in the

DSC traces, in agreement with a substantially amorphous

structure of these materials. In accordance with a reduced

mobility of the macromolecular chains originated by their

dipolar structure and conformational stiffness, it can be

noted that the Tg values, ranging around 2008C, are remark-

ably higher than those reported for the 4 0-unsubstituted

polymer (1698C) [4], lacking of a strong electron acceptor

group in the conjugated azoaromatic system, as well as for

the methacrylic polymer PDR1M (1298C) [16], containing

in the side chain the ¯exible chromophore 4 0-[(2-hydro-

xyethyl)ethylamino]-4-nitroazobenzene (Disperse Red 1),

and even for a polyacrylamide bearing in the side chain

the more rigid N-4-(4-nitrophenylazo)phenyl piperazine

chromophore (1568C) [17].

The UV spectra in DMA solution of polymers and models

(Fig. 2) display two absorption bands centered in the 450±

510 and 280±330 nm spectral regions, the former, more

intense, related to the combined contributions of the n±pp,

®rst p±pp and internal charge transfer electronic transitions

of the azobenzene chromophore, and the latter to the p±pp

electronic transition of the aromatic ring [18]. A signi®cantly

increasing bathochromic effect can be noted in both bands of

polymeric and model derivatives on passing from X� CN to

CHO, CHvC(SO2CH3)(CN), CHvC(CN)2 (Table 2), as a

consequence of the increasing electron-withdrawing capabil-

ity of the substituent and hence of the conjugation extent in the

aromatic chromophore [19], giving rise to a progressive reduc-

tion of the electronic transition energy in the system. It can be

therefore deduced that the dicyanovinyl substituent in 4 0

position of the azoaromatic moiety provides the highest charge

delocalization in the investigated systems. Indeed, this group

is reported to display a higher acceptor strength than the

formyl and even the nitro group [20,21] in analogous donor-

acceptor conjugated systems.

A relevant hypochromism, more evident in the 1st band,

particularly in the systems displaying a higher conjugation

extent in the chromophore, can be observed when the spec-

tra of model compounds are compared with those of the

corresponding polymers (Table 2). This effect, frequently

noticed in polymeric derivatives bearing side-chain

aromatic chromophores [3,4,22±24], is attributed to the

presence of electrostatic dipolar interactions between

neighboring aromatic chromophores [25±27], and appears

indeed signi®cantly maximized �emodel 2 epolymer �
9:4 £ 103 l mol21 cm21� for the (S)-PAP-D/poly[(S)-MAP-
D] couple, possessing the highest permanent dipole moment

of the series. A systematic shift (Dl 10±14 nm) to shorter

wavelength of the maximum absorption of the ®rst band can

also be observed on passing from the model to the corre-

sponding homopolymer (Table 2). A similar effect, with a

blue shift of 15 nm in DMSO solution, was also observed

for the above cited methacrylic polymer PDR1M in

comparison with the monomer [28], and attributed to intra-

molecular anti-parallel interaction of the adjacent side-chain

dipoles, this arrangement being probably favorably affected

by the prevalent syndiotacticity of the macromolecules [29].

The occurrence in azobenzene-containing ammonium

amphiphiles in water dispersion of a blue shift of the UV

absorption band with respect to the maximum wavelength

displayed by the chromophores in the disordered state, is

reported to indicate a parallel stacking of the chromophores

(H-aggregates), a red shift being vice-versa indicative of

head-to-tail orientation (J-aggregates) [30,31]. Accordingly,

a parallel arrangement of chromophores (H-aggregates) has

been proposed on the basis of the presence of a blue shift of

the UV maximum, as compared to the solution, in the spec-

tra of Langmuir±Blodgett (LB) mono- and multi-layers
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Fig. 2. UV spectra in DMA of poly[(S)-MAP-C] (-W-), poly[(S)-MAP-F]

(-K-), poly[(S)-MAP-S] (-X-) and poly[(S)-MAP-D] (-O-).

Table 2

UV spectra in DMA of polymers and model compounds

1st Band 2nd Band

Sample lmax
a emax £ 023b lmax

a emax £ 1023b

Poly[(S)-MAP-C] 447 32.4 277 12.4

(S)-PAP-C 458 35.4 277 12.4

Poly[(S)-MAP-F] 454 31.3 283 12.0

(S)-PAP-F 464 33.0 283 12.1

Poly[(S)-MAP-S] 486 32.3 318 12.3

(S)-PAP-S 500 36.6 323 12.6

Poly[(S)-MAP-D] 503 32.2 331 12.2

(S)-PAP-D 516 41.6 330 13.5

a Wavelength of maximum absorbance, expressed in nm.
b Expressed in l mol21 cm21 and calculated for one repeating unit in the

polymers.



of mixtures of amylose acetate and a chiral p-nitro azobis-

[benzene] dye containing the (R)-3-hydroxypyrrolidine ring

[32,33], as well as of LB polymeric ®lms of optically active

poly(l-glutamate)s bearing side-chain azobenzene moieties

tethered by alkyl spacers of different length [34]. Con-

versely, a red shift of the p±pp transition band with respect

to the solution spectra, indicative of an anti-parallel type

aggregation (J-aggregation) of the chromophores was

observed in the UV spectra of achiral polymethacrylate

bearing in the side chain the azoaromatic dye Disperse

Red 13 in Langmuir and LB ®lms of the pure homopolymer

[35] and of mixtures of the homopolymer with Cd stearate

[36]. Similarly, LB mixed ®lms of Disperse Red 19 iso-

phorone polyurethane and Cd stearate displayed a red

shift of the UV maximum when compared to the solution

spectrum [37].

Assuming that no aggregates are present in the mono-

meric models in solution and that the p±pp band is the

same for the polymer and the corresponding model, though

the chromophores are anchored to the polymer backbone

[34], it therefore appears that a parallel type aggregation

of chromophores, presumably of intramolecular nature, is

present to some extent also in poly[(S)-MAP-X] substrates

in solution, evidently as a consequence of the close proxi-

mity to each other of the side chain chromophores located

along the macromolecular backbone, thus favoring the

possibility of their mutual interaction. Taking into account

that in poly[(S)-MAP-X]s the observed hypsochromism is

slightly enhanced by the increase of the electron withdraw-

ing ability of substituent X, and hence by the dipole moment

value of the chromophores (Table 2), one can deduce that

this H-type aggregation is originated by the structural

constraints of the macromolecules which are able to

counterbalance the electrostatic repulsions expected in

dipoles facing each other with approximately the same

orientation.

By contrast with the models, exhibiting only a weak

positive or negative signal (Table 3) in correspondence of

the UV absorptions related to the 1st and the 2nd bands, the

CD spectra in DMA solution of the polymers (Table 3 and

Fig. 3) display two strong signals of opposite sign in the

spectral region connected to the 1st UV band, with a cross-

over point in correspondence of the UV maximum absorp-

tion, thus evidencing the same bathochromism related to the

above mentioned substituent effect. Such a behavior,

observed also in analogous optically active methacrylic

polymers with pendant azoaromatic moieties lacking of

the electron acceptor substituent in the 4 0 position [3,4], is

typical of exciton splitting originated by cooperative inter-

actions between side-chain azoaromatic chromophores

disposed in a mutual chiral geometry of one prevailing

handedness [38]. Accordingly, model compounds, which

are randomly distributed in solution, do not exhibit any

signi®cant optical activity. The enhancement of conjugation

afforded by the presence of a strong donor-acceptor system,

as observed also when X in poly[(S)-MAP-X] is the nitro
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Table 3

CD spectra in DMA of polymers and model compounds

1st Band 2nd Band

Sample l1
a De 1

b l2
a De 2

b l 3
a De 3

b l4
a De 4

b

Poly[(S)-MAP-C] 491 110.24 421 27.35 291 10.40 263 20.36

(S)-PAP-C 460 10.64 ± ± 277 20.23 ± ±

Poly[(S)-MAP-F] 495 18.58 418 26.30 298 10.43 277 20.37

(S)-PAP-F 465 10.50 ± ± 281 20.25 ± ±

Poly[(S)-MAP-S] 537 19.06 446 25.28 337 10.33 307 20.40

(S)-PAP-S 502 10.60 ± ± 325 20.30 ± ±

Poly[(S)-MAP-D] 548 18.91 445 24.70 345 10.50 318 20.62

(S)-PAP-D 518 10.57 ± ± 331 20.34 ± ±

a Wavelength of maximum dichroic absorption, expressed in nm.
b Expressed in l mol21 cm21 and calculated for one repeating unit in the polymers.

Fig. 3. CD spectra in DMA of poly[(S)-MAP-C] (-W-), poly[(S)-MAP-F]

(-K-), poly[(S)-MAP-S] (-X-) and poly[(S)-MAP-D] (-O-).



group [4], appears to remarkably increase the dichroic

effects, thus suggesting that the presence of moieties with

high dipole moment values does not disfavor the establish-

ment of chiral conformations of the macromolecules, in

agreement with the above made considerations based on

the UV spectra, indicative of a parallel arrangement of the

chromophores.

The remarkably enhanced optical activity of the poly-

meric derivatives with respect to their monomeric counter-

parts could in principle be ascribed also to the occurrence of

main chain stereoregularity originated by a prevalent micro-

tacticity of the repeating units, although the radical poly-

merization process of methacrylates usually produces

essentially heterotactic macromolecules with 60% of

syndiotactic triads [39]. Indeed, the microtacticity of

poly[(S)-MAP-X]s, as evaluated by integration of the

distinct 13C NMR signals originated by the methacrylic

methyl group belonging to meso-racemo (mr) and racemo-

racemo (rr) triads, respectively [14], accounts for the

presence of 50±54% of rr (syndiotactic) triads (Table 4),

indicative of a substantially stereoirregular structure with a

predominance of syndiotacticity.

The results reported in Table 4 are in good agreement

with those recently found for radically prepared poly-

(methyl methacrylate) macromonomers [40] and con®rm

that the radical polymerization of (S)-MAP-X monomers

follows a Bernoullian statistics, as suggested by the close

similarity of Pr/m with Pr/r (probability for a r dyad to follow

a m or a r dyad) and of Pm/r with Pm/m (probability for a m

dyad to follow a r or a m dyad) (see Experimental Part for

details). It can be therefore concluded that the relevant opti-

cal activity of polymeric derivatives disclosed by CD

spectra is essentially originated by the conformational

dissymmetry of the macromolecules rather than by a pre-

dominant con®guration of the stereogenic centers located in

the methacrylic main chain.

4. Conclusions

The presence in optically active polymethacrylates of a

rigid chiral moiety of one prevailing absolute con®guration

interposed between the main chain and the azoaromatic

chromophore bearing a donor±acceptor conjugated system,

favors the assumption by the macromolecules in solution of

chiral conformations of one prevailing helical handedness,

at least for chain sections, as indicated by the occurrence, in

the CD spectra, of strong dichroic effects which are absent

in the spectra of the corresponding low molecular weight

model compounds, representative of the repeating unit of

the polymer, devoid of conformational restraints. These

effects originate from interactions involving the azoaro-

matic chromophores disposed according to a helical geome-

try of one prevaling chirality and induce the chromophores

to assume an approximately parallel orientation. Indeed, the

presence in polymeric derivatives of a blue shift of the UV

absorption maximum with respect to the low molecular

weight model compounds, con®rms that the side-chain

azoaromatic chromophores are arranged in solution, to

some extent, as H-aggregates with a parallel orientation

allowing the occurrence of mutual dipolar interactions,

which can be considered of intramolecular nature in conse-

quence of the low concentration of the substrate. This

behavior appears to be due to the conformational stiffness

of the macromolecules, particularly favored by the presence

of the rigid pyrrolidine ring connecting the chromophore to

the polymer backbone, as indicated by the remarkably high

Tg values of these materials. Further research aimed at

clarifying the structural features of the above described

polymeric systems, particularly in the solid state, is

currently in progress.
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