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Abstract

We report a new approach based on atom transfer radical polymerization (ATRP) to produce optically active polymers containing

azoaromatic moieties in the side chain with controlled average molecular weights, that can be used to investigate the conformational origin of

chirality in this class of synthetic materials. The ATRP technique has been successfully applied to the synthesis of a series of optically active

photochromic homopolymers poly[(S)-3-methacryloyloxy-1-(4-azobenzene)pyrrolidine] {poly[(S)-MAP]}, containing a chiral group of one

prevailing configuration interposed between the methacrylic moiety and the photochromic azoaromatic chromophore. By just changing the

duration of the polymerization process, macromolecules having distinct average chain lengths with low polydispersity values and well

defined end-groups have been obtained.

Optical activity and thermal properties of the resulting polymeric derivatives result to depend on their average molecular weight. In

particular, a dependence of optical rotation and circular dichroism on chain-length has been evidenced.

q 2005 Published by Elsevier Ltd.
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1. Introduction

In previous studies [1–3] we reported the synthesis of a

new class of optically active photochromic methacrylic

polymers bearing in the side chain both a chiral group of one

single configuration and the trans-azoaromatic moiety with

a conjugated electron donor–acceptor system. This func-

tional combination allows the polymers to display both the

properties typical of dissymmetric systems [4] (optical

activity, absorption of circularly polarized light in the UV–

Vis spectral region), as well as the features of photochromic

materials (NLO properties, photoresponsiveness, photore-

fractivity) [5,6]. Thus, these materials are considered of

remarkable interest for several advanced technological

applications, such as optical storage, waveguides, chiroop-

tical switches, etc. [7–10].
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With the aim to investigate the dependence of the

physico-chemical properties of these macromolecules on

their average molecular weight, in the present paper, for the

first time, atom transfer radical polymerization (ATRP) [11]

has been used to obtain a series of the above optically active

methacrylic homopolymers of different chain length. ATRP

is one of the most successful methods for the synthesis of

macromolecules with controlled molecular weight and

molecular weight distribution. It is in fact very versatile,

being suitable to polymerize a wide range of monomers,

insensitive to many functional groups and tolerant towards

impurities present in solvent and reactants, including water.

Several methacrylic esters have been successfully poly-

merized with this method, for example n-butyl methacrylate

[12–14], fluorinated methacrylic esters [15,16] and 1-

phenoxycarbonyl ethyl methacrylate [17], as well as liquid

crystalline polymers containing azoaromatic moieties in the

side-chain [18–20].

The ATRP process is based on a transition metal

halide/nitrogen based ligand catalyst [21,22] and has been

adopted for the preparation of a series of polymeric

derivatives (poly-1 through poly-6), starting from the
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Fig. 1. Chemical structures of monomer, homopolymers and model

compound.
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corresponding monomer (S)-3-methacryloyloxy-1-(4-azo-

benzene)pyrrolidine [(S)-MAP] bearing a cyclic pyrrolidine
group of one single configuration and the trans-azoaromatic

chromophore (Fig. 1).

In particular we have used allyl 2-bromoisobutyrate

(ABIB) as the initiator of radical living polymerization and

the transition metal salt Cu(I)Br, in combination with

1,1,4,7,10,10-hexamethyltriethylenetetramine (HMTETA)

as ligand [23]. This method has allowed us to obtain

macromolecules having various average chain lengths and

sufficiently low polydispersity values just by changing the

process duration.

Optical activity, electronic spectra and thermal proper-

ties of the products obtained by ATRP, have been compared

with those displayed by poly[(S)-3-methacryloyloxy-1-(4-

azobenzene)pyrrolidine], poly[(S)-MAP], previously

obtained by AIBN-initiated polymerization [1], as well as

with the low molecular weight model compound (S)-(C)-3-

pivaloyloxy-1-(4-azobenzene)pyrrolidine [(S)-PAP] [1]

(Fig. 1), representative of the repeating unit of polymeric

derivatives, thus achieving indications about the effects

originated in the system by the progressive increase of chain

length.
2. Experimental
2.1. Physico-chemical measurements

1H- and 13C-NMR spectra were obtained at room

temperature, on 5–10% CDCl3 solutions, using a Varian

NMR Gemini 300 spectrometer. Chemical shifts are given

in ppm from tetramethylsilane (TMS) as the internal
reference. 1H-NMR spectra were run at 300 MHz by using

the following experimental conditions: 24,000 data points,

4.5 kHz spectral width, 2.6 s acquisition time, 128 transi-

ents. 13C-NMR spectra were recorded at 75.5 MHz, under

full proton decoupling, by using the following experimental

conditions: 24,000 data points, 20 kHz spectral width, 0.6 s

acquisition time, 64,000 transients. 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 25 8C in the

700–250 nm spectral region with a Perkin–Elmer Lambda

19 spectrophotometer on CHCl3 solutions by using cell path

lengths of 0.1 cm. Concentrations in azobenzene chromo-

phore of about 3!10K4 mol LK1 were used.

Optical activity measurements were accomplished at

258C on CHCl3 solutions (cz0.250 g dLK1) with a Perkin

Elmer 341 digital polarimeter, equipped with a Toshiba

sodium bulb, using a cell path length of 1 dm. Specific and

molar rotation values at the sodium D line are expressed as

deg dmK1 gK1 cm3 and deg dmK1 molK1 dL, respectively.

Circular dichroism (CD) spectra were carried out at

25 8C on CHCl3 solutions on a Jasco 810 A dichrograph,

using the same path lengths and solution concentrations as

for the UV-vis measurements. D3 values, expressed as

L molK1 cmK1 were calculated from the following

expression: D3Z[Q]/3300, where the molar ellipticity [Q]

in deg cm2 dmolK1 refers to one azobenzene chromophore.

Number average molecular weights of the polymers ð �MnÞ

and their polydispersity indexes ð �Mw= �MnÞ were determined

in THF solution by SEC using a HPLC Lab Flow 2000

apparatus, equipped with an injector Rheodyne 7725i, a

Phenomenex Phenogel 5-micron MXL or MXM column

and a UV-VIS detector Linear Instrument model UVis-200,

working at 254 nm. Calibration curves for MXL and MXM

columns were obtained by using monodisperse polystyrene

standards in the range 800–35,000 and 2,700–200,000,

respectively.

The glass transition temperature values were determined

by differential scanning calorimetry (DSC) on a TA

Instrument DSC 2920 Modulated apparatus at a heating

rate of 10 8C/min under nitrogen atmosphere on samples

weighing 5–9 mgr. Check of the liquid crystalline behaviour

was carried out with an Zeiss Axioscope2 polarising

microscope through crossed polarizers fitted with a Linkam

THMS 600 hot stage.

The initial thermal decomposition temperature (Td) was

determined on the polymeric samples with a Perkin–Elmer

TGA-7 thermogravimetric analyzer by heating the samples

in air at a rate of 20 8C/min.
2.2. Materials

The monomer (S)-(C)-3-methacryloyloxy-1-(4-azoben-

zene)pyrrolidine [(S)-MAP] and the model compound (S)-
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(C)-3-pivaloyloxy-1-(4-azobenzene)pyrrolidine [(S)-PAP]

were synthesized as previously reported [1].

Chloroform and THF were purified and dried according

to the reported procedures [24] and stored under nitrogen.

Allyl 2-bromoisobutyrate (ABIB), 1,1,4,7,10,10-hexam-

ethyltriethylenetetramine (HMTETA) and copper bromide

were purchased from Aldrich and used as received.
2.3. Polymerization of (S)-MAP by ATRP

All the homopolymerizations of (S)-MAP were carried

out in glass vials using ABIB as the initiator, HMTETA as

the ligand, Cu(I)Br as catalyst and dry THF as solvent [(S)-

MAP/THF 1/20 g/ml]. Several reaction mixtures [(S)-

MAP/ABIB/HMTETA/CuBr Z50:1:1:1 by mol] were

introduced into the vials under nitrogen atmosphere,

submitted to several freeze-thaw cycles and heated at

60 8C. To terminate the polymerization reaction, the vials

were frozen after known reaction times, ranging from 2 to

24 h, with liquid nitrogen and the obtained polymers

purified by precipitation in a large excess of methanol.

The products (poly-1 through poly-6) were finally dried at

70 8C under vacuum for several days to constant weight.

Relevant data for the synthesized polymers are reported

in Table 1. All the products were characterized by FT-IR,
1H- and 13C-NMR. As an example, the spectroscopic data

for poly-2, obtained after 4 h of reaction, are here reported.
1H-NMR (CDCl3): 7.90 (m, 4H, arom 2 0-H and metha to

amino group), 7.35 (m, 3H, arom 3 0-H and 4 0-H), 6.40 (m,

2H, arom ortho to amino group), 5.85 (1H, CH2]CH-CH2-),

5.30–4.60 (m, 1H, 3-CH and 2H, CH2]CH–CH2–), 4.45

(2H, CH2]CH–CH2–), 3.70–3.00 (m, 4H, 2- and 5-CH2),

2.30–1.40 (m, 4H, 4-CH2 and main chain CH2), 1.40–

0.50 ppm (m, 3H, main chain CH3 and 6H, –C(CH3)2–

COO–).
13C-NMR (CDCl3): 177.1 (CO), 153.6, 149.8, 144.5

(arom C-N]N-C and C-N–CH2), 132.6 (CH2]CH-CH2–),

130.2 (arom 4 0-C), 129.6 (arom 3 0-C), 125.8, 122.9 (arom

2 0-C and 3-C), 118.9 (CH2]CH–CH2–), 112.2 (arom 2-C),
Table 1

Characterization data of polymeric derivatives

Sample Reaction duration

(h)

Monomer conversiona

(%)

�Mn
b

Poly-1 2 9.5 2,60

Poly-2 4 30.4 4,10

Poly-3 8 37.7 5,20

Poly-4 14 43.5 7,20

Poly-5 18 53.8 8,20

Poly-6 24 67.7 10,0

Poly[(S)-MAP]f 72 69 31,5

a Calculated as g of polymer/g of monomer !100.
b Determined by SEC in THF at 25 8C.
c Determined by 1H-NMR in chloroform solution at 25 8C.
d Determined by DSC, heating rate of 10 8C/min under nitrogen atmosphere.
e Not determined due to low intensity of the end-groups signals.
f Obtained by free radical polymerization by using AIBN as thermal initiator [
75.4 (CH–O), 66.0 (CH2]CH–CH2–), 59.3 (C-Br), 55.0

(main chain CH2–C), 53.1 (CH–CH2–N), 46.3 (CH2–CH2–

N), 45.5 (main chain CH2-C), 42.3 (C(CH3)2), 31.1 (CH–

CH2–CH2), 23.4 (C(CH3)2), 19.9 and 17.4 ppm (main chain

CH3).

FT-IR (KBr): 3069 (nCH, arom), 2981, 2853 (nCH, aliph),
1729 (nCO, ester), 1603 and 1515 (nC]C, arom), 1131 (nC–
O), 821 (dCH, 1,4-disubst. arom ring), 766 and 690 (dCH,
monosubst. arom ring) cmK1.
3. Results and discussion
3.1. Synthesis and characterization

The mechanism of ATRP of (S)-MAP (Scheme 1)

involves the reversible halogen abstraction by Cu(I) from

ABIB thus providing a radical species which can react with

the monomer to start the process. The subsequent

propagation is controlled by the low and stationary

concentration of active species resulting from the dynamic

equilibrium between active and dormant species catalyzed

by the transition metal complex.

The occurrence of polymerization involving the

methacrylic double bond was confirmed by FT-IR, showing

the disappearance of the band at 1634 cmK1, related to the

stretching vibration of the double bond in the monomer, and

the shift of the estereal carbonyl stretching frequency from

1709 cmK1 in the monomer to higher frequencies

(1729 cmK1) in the polymer, due to the reduced electron

delocalization determined by the reaction of the methacrylic

double bond.

Accordingly, in the 1H-NMR spectra (Fig. 2(a)) of the

sample obtained after 4 h of reaction (poly-2), the

resonances at 5.60 and 6.10 ppm related to the vinylidenic

protons of monomer (S)-MAP, are absent and the methyl

resonances are shifted from about 1.95 ppm to higher field.

In addition, all the 1H-NMR spectra display the

resonances of the allyl protons signals of ABIB residue at
(g/mol) �Mn
c (g/mol) �Mw= �Mn

b Tg (8C)
d

0 3,700 1.2 122

0 5,000 1.3 139

0 5,800 1.3 143

0 nde 1.4 149

0 nde 1.4 153

00 nde 1.4 160

00 – 1.6 169

1].



Scheme 1. ATRP of (S)-MAP.
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4.45 ppm (2H, CH2]CH–CH2–) and 5.85 ppm (1H,

CH2]CH–CH2–). These findings are confirmed by 13C-

NMR spectra (Fig. 2(b)): for example, poly-2 shows small

signals related to allyl carbons at 132.6 (CH2]CH–CH2–),

118.9 (CH2]CH–CH2–) and 66.0 ppm (CH2]CH–CH2–),

at 42.3 and 23.4 ppm connected to the –C(CH3)2– residue,

along with a resonance at 59.3 ppm related to the quaternary

carbon atom bonded to the Br end-group. These evidences

indicate that the allyl groups do not undergo polymerization

in the ATRP process. Thus, the knowledge of both the chain

end moieties allows to precisely assess, by comparing the

integrated allyl NMR signals with respect to those of (S)-

MAP groups, the number average molecular weights �Mn

reported in Table 1, which appear in reasonable agreement

with those determined by SEC in the case of poly-3 only, the

values found for poly-2 and -1 resulting increasingly

divergent. This discrepancy may be attributed to the use

of monodispersed polystyrene standards unsuitable to an

accurate determination by SEC of the samples having the

lowest values of molecular weight. However the difference

between the values determined by SEC and NMR appears to
decrease upon increasing �Mn and the values found by SEC

for poly-4 through poly-6 can be considered confidently as

representative of the actual molecular mass, although they

could not be matched with the corresponding values

determined by NMR, as this technique could not be adopted

for poly-4 to -6 due to the too low relative intensity of the

end groups resonances in these samples.

Fig. 3 shows an approximately linear dependence of

ln([M]0/[M]t) with time (where, [M]0 and [M]t are the initial

and at t time monomer concentration, respectively), thus

indicating a first-order kinetics of the polymerization rate

with respect to the monomer concentration and a relatively

constant concentration of the growing species throughout

the process. Yields and number average molecular weight

values of the obtained polymers (Table 1) show a strong

dependence on the reaction duration: by varying this last

parameter only, we have obtained several samples of

various average chain length, as shown by SEC chromato-

grams reported in Fig. 4. Although a certain closeness to the

column exclusion limit may be apparent for the samples

with higher molecular mass, the use of two different



Fig. 2. 1H-NMR (a) and 13C-NMR (b) spectra in CDCl3 of poly-2. Starred signals refer to solvent resonances.
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chromatographic columns (see Experimental section) for

this determination reasonably confirms that a steady

increment of the average molecular weight with time

takes place. In addition, a linear correlation between number

average molecular weights, determined by SEC and NMR,

and monomer conversion (Fig. 5), indicative of the living

character of the polymerization, is observed.

Under the same experimental conditions Zhu et al. [23]

obtained poly[2-(dimethylamino)ethylmetacrylate] with
Fig. 3. First order kinetic plot of ln([M]0/[M]t) versus time for the ATRP of

(S)-MAP in THF as solvent [(S)-MAP/THF 1/20 g/ml] at 60 8C. [(S)-

MAP]:[ABIB]:[HMTETA]:[CuBr]Z50:1:1:1 by mol.
high yield and high �Mn in one hour. Similar results have

been also reported in Matyjaszewski’s review paper [11] for

several methacrylic monomers. In our experiments, carried

out at 60 8C as the polymerization temperature, and at the

same monomer and initiating system concentrations as in
Fig. 4. Normalized molecular weight distributions of synthesized polymers

as determined by SEC in THF at 25 8C.



Fig. 5. Evolution of the average molecular weight determined by SEC (C)

and NMR (B) versus conversion for the ATRP of (S)-MAP in THF. Same

conditions as in Figure 3.
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the above reference [23], we observe a lower polymeriz-

ation rate and appreciably larger polydispersity indexes

(1.2–1.4), with respect to those typical for ATRP (1.1–1.2).

This can be ascribed to the well known [1,2,25] low

reactivity in the free-radical polymerization of unsatured

monomers bearing an azoaromatic group, which is likely to

involve the occurrence of chain transfer reactions widening

the molecular mass distribution of the macromolecules and

in particular increasing the amount of the low molecular

weight fraction upon increasing the reaction duration, as

evidenced in Fig. 4.

With the aim to study the dependence of the optical

activity on the average molecular weight of these materials,

the specific f½a�25D g and molar f½F�25D g optical rotation of the

polymeric derivatives have been determined. As shown in

Table 2, all polymeric products display an optical activity

higher than the model compound (S)-PAP and increasing
Table 2

Specific optical rotation, molar optical rotation and UV–Vis spectra of (S)-PAP a

Samples ½a�25D
a ½F�25D

b 1st UV–Vis

lmax
c

(S)-PAPe C4.0 C14.0 409

Poly[(S)-MAP]e C410 C1374 408

Poly-1 C130 C435 408

Poly-2 C312 C1047 408

Poly-3 C363 C1218 409

Poly-4 C383 C1284 407

Poly-5 C383 C1286 409

Poly-6 C428 C1434 408

a Specific optical rotation, expressed as deg dmK1 gK1 cm3.
b Molar optical rotation, expressed as deg dmK1 molK1 dL and calculated as (

molecular weight of the repeating unit of poly[(S)-MAP].
c Wavelength of maximum absorbance, expressed in nm.
d Expressed in L molK1 cmK1 and calculated for one single chromophore.
e Ref. [1].
with the average chain length up to the value for poly[(S)-

MAP], possessing the highest molecular mass in the series.

It can be noticed, however, that the optical rotations of poly-

6 and poly[(S)-MAP] are rather close to each other, whereas

their number average polymerization degrees �Xn are very

different (about 30 and 94, respectively), thus indicating a

flattening of the increase of optical rotation with the

macromolecular chain length above values of molecular

weight over 10,000 g/mol, even if the higher polydispersity

of poly[(S)-MAP] with respect to poly-6 (1.6 vs. 1.4),

contributing presumably to reduce somewhat the optical

rotation value of the former derivative, has to be taken into

account.

These findings suggest that a remarkable contribution to

optical activity by the macromolecular chains is present,

which could be attributed in principle to conformational

and/or configurational effects originated by a prevalent

tacticity of the polymeric backbone.

An evaluation of the microtacticity of all the polymeric

derivatives has been made based on the 13C-NMR signals of

the methacrylic methyl group, which displays two reson-

ances located at z19.8 and 17.5 ppm, assigned to mr

(meso-racemo) and rr (racemo-racemo) heterotactic and

syndiotactic triads, respectively [26]. Assuming that the

polymerization process follows a Bernoullian statistics, the

probabilities of formation of a meso dyad m (Pm) can be

calculated from the integrated signals ratio (mr/rr), which

corresponds to 2Pm(1-Pm)/(1-Pm)
2, i.e. to the ratio between

the probability of formation of mr and rr triads [3]. The

results for the series of investigated polymers, reported in

Table 3 (PmZ0.25–0.29), are quite close to those obtained

for poly[(S)-MAP] [1] prepared by AIBN free radical

polymerization (PmZ0.26) and for analogous poly-

methacrylic derivatives [27], and confirm that the process

follows a Bernoullian statistics, as indicated by the

similarity of Pm/r with Pm/m and of Pr/m with Pr/r (Table

3), as well as by the sum equal to one of Pm/r with Pr/r and of

Pm/m with Pr/m [28].
nd polymeric derivatives in CHCl3 solution at 25 8C

band 2nd UV–Vis band

3max!10K3d lmax
c 3max!10-3d

29.8 258 11.6

28.3 258 10.5

26.4 260 10.6

26.3 257 10.7

25.4 257 11.0

26.7 258 10.6

26.0 259 10.7

26.8 258 10.5

½a�25D M/100), where M represents the molecular weight of (S)-PAP or the
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Thus, the main chain microstructure is essentially atactic,

with a predominance of syndiotactic triads (rrZ50–56%)

suggesting a substantially low stereoregularity of the main-

chain. This behaviour confirms that the ATRP of monomer

(S)-MAP is poorly stereoselective, to a similar extent as the

AIBN-initiated polymerization, and hence is unable to

favour a strongly predominant tacticity of the macromol-

ecules. The high values of optical activity observed are

therefore to be attributed to the assumption by the

macromolecules in solution of dissymmetric conformations

of one prevailing chirality to an extent related to their

average chain length.

3.2. Thermal properties

The decomposition temperatures of all polymeric

samples (around 300 8C), determined by thermogravimetric

analysis, are significantly high, due to the presence of strong

dipolar interactions between azobenzene chromophores in

the side chain. The DSC thermograms (Table 1) exhibit only

second order thermal transitions related to glass transitions,

the Tg values of poly-1 to -6 increasing from 122 to 160 8C

(Table 1), thus approaching the maximum value of 169 8C

found for poly[(S)-MAP] [1], obtained by AIBN-initiated

free radical polymerization. As expected, the increase of the

average molecular weight appears to strongly reduce the

mobility of polymeric chains as a consequence of the

increased extent of interchromophore interactions. Obser-

vation of the polymeric samples with a polarising

microscope did not reveal any liquid crystalline behaviour,

in accordance with the amorphous character of these

polymers, at least at microscopic level.

Both the good thermal stability and high values of Tg
suggest that these polymeric systems, although possessing a

low average molecular weight, may be promising for solid

state applications in optoelectronics due to their stability at

room temperature subsequently to photo- or electrically

induced orientation of the azoaromatic dipoles.

3.3. UV-vis properties

The UV–Vis spectra of all polymeric derivatives in

CHCl3 solution (Table 2) exhibit in the 250–700 nm spectral

region two absorption bands, centred around 408 and

258 nm. The former one, more intense, is attributed to

electronic transitions such as n-p*, p–p* and internal

charge transfer of the azobenzene chromophore. The latter

to the p–p* electronic transition of aromatic ring [25].

A significant hypochromism was formerly observed for

both the first and the second band when passing from the

model (S)-PAP to the corresponding polymer poly[(S)-

MAP] [1], regardless the solvent employed. Similar

behaviour was previously reported for several polymers

bearing side-chain aromatic chromophores [29–31] and

attributed to the occurrence of electrostatic dipole-dipole

interactions between the neighbouring aromatic



Fig. 6. CD spectra of poly-1 (/), poly-2 (-:-), poly-3 (-C-), poly-4 (-6-),

poly-5 (---), poly-6 (-B-) as compared to (S)-PAP (- - -) and poly[(S)-

MAP] (—).
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chromophores [32–34]. These are short range interactions

occurring between dipoles linked to the same (intra-chain

interactions) or to different macromolecular chains (inter-

chain interactions), the former being more likely at high

dilution of chromophores (cz3!10K4 M), in the con-

ditions at which the UV spectra have been recorded. As

shown in Table 2, the molar absorption coefficient values

related to the first absorption band are in the range 25.4–

26.8!10K3 L molK1 cmK1 for poly-1 through poly-6, with

no apparent dependence on the average polymerization

degree of the samples examined, all these values resulting

lower than those observed in the model compound (S)-PAP

and even in poly[(S)-MAP] having �MnZ31500 g/mol.

3.4. CD spectra and chiroptical properties

In order to evidence the existence of dissymmetric

conformations of the macromolecules in solution, the series

of polymeric derivatives poly-1 to -6 has been characterized

by CD in chloroform solution in the spectral region between

250 and 700 nm, and the spectra obtained have been

compared with those carried out [1] under the same

conditions for poly[(S)-MAP] and (S)-PAP (Table 4 and

Fig. 6).

All samples of poly-1 to -6 display two intense dichroic

bands of opposite sign and slightly different intensity in

correspondence of the first UV-vis absorption band, with a

crossover point close to 408–410 nm, the wavelength of

maximum absorption. Such a behaviour is typical of exciton

splitting originated by cooperative interactions between

side-chain azoaromatic chromophores disposed according

to a mutual chiral geometry of one prevailing handedness [1,

35]. By contrast, the CD spectrum of model (S)-PAP

displays only two weak bands at 410 and 258 nm, related to

the UV–Vis absorptions, indicative of the absence of the

above interactions as a consequence of the lack of any

structural restriction. It is to be noted that the CD spectra of

poly-1 to -6 display increasing amplitudes upon increasing

the average molecular weight up to a value very close to that

shown by poly[(S)-MAP], in agreement with the results
Table 4

CD spectra in CHCl3 solution at 25 8C

Samples 1st absorption band

l1
a D31

b l0
c l

(S)-PAP 410 K0.51 – –

Poly-1 441 C3.05 410 3

Poly-2 443 C4.76 408 3

Poly-3 444 C5.15 411 3

Poly-4 444 C5.79 409 3

Poly-5 445 C6.10 409 3

Poly-6 445 C6.79 409 3

Poly[(S)-MAP]d 445 C7.35 409 3

a Wavelength (in nm) of maximum dichroic absorption.
b D3 expressed in L molK1 cmK1 and calculated for one repeating unit in the p
c Wavelength (in nm) of the cross-over of dichroic bands.
d Ref. [1]
obtained by polarimetry, as shown in Fig. 7, reporting the

integrated areas of the dichroic bands connected to the first

UV–Vis absorption band as a function of the average

number polymerization degree.

The amount of dissymmetric conformations assumed by

the macromolecules in chloroform solution appears strongly

dependent on their molecular mass, their extent reaching a

maximum value roughly corresponding to a �Xn value of 30,

after which it remains approximately constant. It appears

therefore that the presence of side-chain chromophores

possessing a prevailing helicity is initially affected by the

vicinity of mobile chain ends limiting their formation, this

effect being progressively reduced with the increase of the

chain length. At a sufficiently high value of the molecular

mass, however, their overall amount does not furtherly

change, since it is probably determined by their thermo-

dynamical stability under the experimental conditions

adopted (solvent, temperature etc.).
2nd absorption band

2
a D32

b l3
a D33

b

– 258 C0.22

84 K2.96 258 K0.28

85 K4.29 258 K0.34

86 K4.49 258 K0.34

85 K5.01 259 K0.41

86 K5.21 260 K0.42

86 K6.36 260 K0.44

87 K6.42 258 K0.32

olymer.



Fig. 7. Evolution of the amplitude of the CD exciton couplet with the

average number polymerization degree as determined by SEC (C) and 1H-

NMR (B). The values for (S)-PAP (-) and poly[(S)-MAP] ( ) are also

reported.
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4. Conclusions

A series of optically active photochromic methacrylic

polymers has been synthesized for the first time by ATRP

starting from the corresponding monomer. Several homo-

polymers having various average molecular weight and low

polydispersity index have been obtained just changing the

reaction duration.

The optical activity of all the polymeric derivatives

results to be much higher that those of monomer and low

molecular weight model compound and increases with

increasing the average molecular weight. The results

indicate that the chirality of these macromolecules is due

to conformational effects and strongly depends on the chain

length up to a maximum limit after which it does not

increase further.

The glass transition temperatures of these materials are

related to the average molecular weight, reaching values as

high as 160 8C. These high values are due to the presence of

strong polar interactions between chromophores in the solid

state, and appear promising for application in micro- and

opto-electronics. As assessed by NMR, each macromolecu-

lar chain contains two reactive end-groups, i.e. allyl and

bromide, which could furtherly be used to obtain various

derivatives by standard organic procedures. The living

nature of the radical process therefore suggests that these

photochromic optically active homopolymers could be

employed to prepare novel block copolymers, even of

complex architecture (star polymers, etc.), with interesting

properties and potential applications in advanced

technologies.
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