
DOI: 10.1002/chem.200801246

Supramolecular Chirality and Reversible Chiroptical Switching in New Chiral
Liquid-Crystal Azopolymers

Joaqu�n Barber�,[b] Loris Giorgini,[a] Fabio Paris,[a] Elisabetta Salatelli,[a]

Rosa M. Tejedor,[b] and Luigi Angiolini*[a]

Introduction

Azobenzene-containing polymeric systems are well known
for their photochromic properties related to the trans-cis-
trans photoisomerisation of the azo-chromophore, and have
been proposed for reversible data storage, signal modulation

and switching.[1] The induction of helical polymers has been
the subject of intense research, not only because of its po-
tential applications in chiroptical switching, reversible opti-
cal storage,[2–6] chiral amplification[7] and chiral discrimina-
tion,[8] but also its possible occurrence at the early stages of
life on earth.[9] Optically active polymers containing a chiral
group and an azobenzene chromophore show a well-pro-
nounced circular dichroism (CD) signal in the absorption
region of azobenzene, demonstrating that the chiral centre
induces a predominant helical screw-sense in the polymer
both as film and in solution.[10–12] Recently, the fascinating
possibility of inducing circular birefringence (optical activi-
ty) in nonchiral azobenzene-containing polymers by using
circularly polarised light (CPL) has also been reported. This
phenomenon was observed for the first time by Nikolova
and co-workers in switches obtained by the direct irradiation
of films of liquid-crystalline cyanoazobenzene polyes-
ters.[13, 14] Upon illumination with CPL at 488 nm, the films
are provided with an unusually strong optical activity: right
circularly polarised (r-CPL) radiation induces right-hand ro-
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tation of the probe beam polarisation, the reverse being ob-
served with left circularly polarised (l-CPL) pump light. In a
first report,[13] the authors suggested that the observed effect
may be initiated by a transfer of angular momentum from
the CPL to the azobenzene chromophores and that the ob-
served phenomena are related to the presence of liquid-crys-
talline (LC) ordering (smectic-A phase) in the polymer
films prior to irradiation. Analogous results have been
found for an amorphous cyanoazobenzene methylmethacry-
late copolymer previously ordered by illumination with line-
arly polarised light.[15] In a further work, Nikolova et al. dis-
covered a self-induced rotation of the azimuth of elliptically
polarised light (EPL) on passing through films of photobire-
fringent azopolymers.[16] The EPL propagating through the
sample was found to induce an optical axis that gradually
rotates along the propagation direction, thus inducing a
chiral orientation of the azobenzene chromophores with the
same sense of rotation as that of the input light electric
vector. The whole film assumes a chiral structure similar to
that found in cholesteric liquid crystals with large pitch. The
control of chirality with CPL on films of a smectic-A liquid-
crystalline nitroazobenzene methyl-methacrylate polymer
was also achieved by Natansohn and co-workers.[17] The au-
thors found that, by irradiation with CPL at 514 nm, the ini-
tially achiral films became chiral and showed strong CD sig-
nals. The CD spectra of two different films, one irradiated
with r-CPL and the other with l-CPL, exhibited opposite
signs and were virtually mirror images of each other. In con-
trast, the amorphous films (not annealed) did not show any
induced circular anisotropy, thus pointing out the essential
role of the LC arrangement and suggesting that the original
circular polarisation of the incoming light is made elliptical
by the first layers of the smectic domains of the film. In this
way, on the basis of the model proposed by Nikolova
et al. ,[16] the EPL radiation that propagates into the film pro-
duces a progressive rotation of the optical axis of each LC
domain, resulting in a supramolecular helical arrangement
of the smectic domains to form an organisation similar to a
twisted grain boundary (TGB) phase.

According to Kim,[18] chirality can be induced also in
amorphous epoxy-based side-chain azopolymers by illumi-
nation with one-handed EPL. In this context, we reported
the first example of chiroptical switching with only r- or l-
CPL of amorphous thin films of chiral polymethacrylates
containing azoaromatic moieties in the side-chain, in the ab-
sence of preliminary alignment with linearly polarised (LP)
light.[19–21] Hore et al. reported the observation of a selective
circular Bragg reflection in the CD spectra of a nematic
glassy thin film (100 nm thick) of a side-chain LC azopoly-
mer irradiated with CPL, which was assigned to the struc-
ture produced by superposition of the forward-propagating
wave and the back-reflected wave.[22] Although several
mechanisms of the photoinduced chirality process in side-
chain azobenzene-containing polymers have been proposed,
the model based on a helical arrangement of aggregated
chromophores in the side-chain[22] appears more realistic.

More recently, Tejedor et al. discussed the influence of
LC structures and detected a circular Bragg reflection in
thin films (200 nm) of achiral glassy nematic azopoly-
mers,[23, 24] but not in a homologous smectic one[23] irradiated
with CPL of opposite sign.

To induce chirality in soft matter, two different structural
levels must be mainly considered: the molecular and supra-
molecular. The first level is provided by the chirality of mol-
ecules, which is of configurational and conformational
origin. The second level of chirality arises from the organisa-
tion of molecules with formation of a chiral superstructure
by means of long-range positional and orientational orders
of molecules.[25] As described above, several research groups
have contributed to the experimental findings on chirality
induced by CPL (or EPL) stimuli in achiral polymer systems
with azobenzene moieties in their side-chains, but studies of
liquid-crystalline polymers containing a chiral group of one
absolute configuration and an azobenzene chromophore in
the side-chain suitable to demonstrate CPL-induced chirality
have not been reported. Furthermore, from all these investi-
gations it appears that polymeric samples with a well-de-
fined structure are needed for a better understanding of the
structure–proprieties correlation; hence, derivates with a
carefully selected molecular mass and low polydispersity are
required.

This goal can be achieved easily by use of a controlled
polymerisation procedure such as atom transfer radical poly-
merisation (ATRP). Herein, we compare the behaviour of
linear and star-shaped liquid-crystalline polymers under irra-
diation with CPL aimed at a better understanding of the
role played by the macromolecular structure in the photoin-
duction of chiral supramolecular arrangements. In particu-
lar, we have considered the polymers depicted in Scheme 1:
a linear one, poly[(S)-4-[6-(2-methacryloyloxypropanoyl-ACHTUNGTRENNUNGoxy)hexyloxy)]-4’-ethoxyazobenzene] {poly[(S)-ML6A]-14},
and four related three-armed branched macromolecular de-
rivatives with controlled average molecular weight, star[(S)-
4-[6-(2-methacryloyloxypropanoyloxy)hexyloxy)]-4’-ethoxya-
zobenzene] {star[(S)-ML6A]-2 through star[(S)-ML6A]-24},
obtained by ATRP of the novel chiral monomer (S)-4-[6-(2-
methacryloyloxypropanoyloxy)hexyloxy)]-4’-ethoxyazoben-
zene [(S)-ML6A], containing the intrinsically chiral l-lactic
acid residue suitable to affect the supramolecular organisa-
tion of the liquid-crystal phase. With the aim to investigate
the structure–property relationships of these systems, they
have been compared with the analogous polydisperse linear
derivative poly[(S)-ML6A]-AIBN (Scheme 1) obtained by
2-2’-azobisisobutyronitrile (AIBN) free-radical polymeri-
sation.

All these polymeric materials display LC behaviour and
give glassy smectic thin films. The chiroptical properties of
the films before and after irradiation with r-CPL and/or l-
CPL were investigated in detail by CD spectroscopy and
their dependence on the macromolecular structure is dis-
cussed.

www.chemeurj.org � 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 11209 – 1122111210

www.chemeurj.org


Results and Discussion

Synthesis and structural characterisation of monomer and
polymeric derivatives : The key intermediate 4-(6-hydroxy-
hexyloxy)-4’-ethoxyazobenzene (H6A) was prepared under
milder conditions and in higher yields than those reported
in the literature[26, 27] (see Experimental Section). The direct
esterification of methacryloyl-l-lactic acid (ML) with H6A
in the presence of N,N-diisopro-
pylcarbodiimide (DIPC) and 4-
(diphenylamino)piridinium 4-
toluensulfonate (DPTS) as cou-
pling agent and condensation
activator, respectively,[28] gave
(S)-ML6A with a total yield of
28 % (Scheme 2).

This monomer was then ho-
mopolymerised in three differ-
ent ways, that is, by free-radical
polymerisation using AIBN as
thermal initiator, and by ATRP

polymerisation using allyl 2-bromo-2-methylpropionate
(ABIB) as monofunctional initiator or 1,3,5-(2’-bromo-2’-
methylpropionato)benzene (BMPB) as trifunctional initia-
tor, thus affording linear and three-armed star-shaped poly-
mers, respectively. The most relevant data of the syntheses
are reported in Table 1.

Poly[(S)-ML6A]-AIBN, prepared by AIBN free-radical
polymerisation over a long polymerisation time, was ob-
tained in quite high yield (85 %), with average molecular
weight appreciably high and molecular-weight distribution
typical of a free-radical-polymerisation process (Table 1).
The polymers synthesised by ATRP show low values of
polydispersity index (M̄w/M̄n) in accordance with this poly-
merisation method (Table 1). In the 1H NMR spectra of the
samples obtained by ATRP, the signals related to the ali-
phatic and aromatic protons of the initiators are overlapped
with those of the repeating units in the case of the star de-
rivatives (see Experimental Section and Supporting Infor-
mation). For example, the star-shaped sample obtained at
shorter reaction times {star[(S)-ML6A]-2} displays the reso-
nances of the methylene and methyl groups bonded to the
quaternary carbon atom bearing the terminal Br atom at 1.9
and 2.3 ppm, respectively (see Supporting Information). The
living character of the polymerisation is confirmed by
13C NMR spectra, which display signals related to the qua-
ternary carbon atom bonded to Br at d 58.0 ppm and to the
methyl and methylene carbon atoms of the growing chain
end-group at 27.5 and 38.9 ppm, respectively. An analysis of

Scheme 1. Synthetic procedures and chemical structures of the investigat-
ed polymers.

Table 1. Characterisation data of polymeric derivatives.

Sample Reaction time [h] Yield[a] [%] M̄n,th
[b] M̄n,SEC

[c] M̄w/M̄n [a]25
D [F]25

D
[d]

(S)-ML6A – – – – – �4.0 �17.1
poly[(S)-ML6A]-AIBN 72 85 – 15400 1.54 �26.9 �115.3
poly[(S)-ML6A]-14 14 37 26 700 13900 1.19 �27.6 �118.3
star[(S)-ML6A]-2 2 10 7800 8000 1.22 �26.8 �114.8
star[(S)-ML6A]-4 4 14 10 900 11400 1.20 �27.0 �115.7
star[(S)-ML6A]-8 8 35 18 700 19000 1.16 �27.8 �119.1
star[(S)-ML6A]-24 24 48 35 600 27600 1.15 �28.5 �122.1

[a] Calculated as (g of polymer/g of monomer) � 100. [b] M̄n,th calculated by using Equation (1). [c] Determined
by SEC in THF at 25 8C. [d] Molar optical rotation, calculated as ([a]25

D � M
100), in which M represents the molec-

ular weight of one repeating unit of poly[(S)-ML6A] or star[(S)-ML6A].

Scheme 2. Synthetic procedure for (S)-ML6A.
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the yields and of the molecular weights of the star polymers
obtained with different polymerisation times shows that the
polymerisation rates followed effective first-order kinetics.
Figure 1 shows a linear relationship between ln([M]0/[M]t)
(in which [M]0 and [M]t are the initial and at time t mono-
mer concentrations, respectively) and the reaction time, in-
dicating clear first-order kinetics of the polymerisation rate
with respect to the monomer concentration, and a relatively
constant concentration of the growing species throughout
the process, also at relatively high conversion, thus proving
the living character of the process.

The plot of the number-average molecular weight of the
resulting star-shaped polymers as determined by the surface
electroclinic effect (SEC) (M̄n,SEC) against monomer conver-
sion (determined by collecting the unreacted monomer from
the polymerisation mixture) is also shown in Figure 1. The
theoretical values of M̄n (M̄n,th), that are valid only in the ab-
sence of chain termination and transfer reactions, may be
calculated by Equation (1):[29]

�Mn,th ¼ conversion� ðMðSÞ-ML6A=MBMPBÞ �MWðSÞ-ML6A
þMWBMPB

ð1Þ

in which M(S)-ML6A and MBMPB are the initial amounts in
moles of monomer and trifunctional initiator, respectively,
and MW(S)-ML6A

and MWBMPB
their respective molecular weights.

As reported in Figure 1, calculated and experimental (by
SEC) values are coincident only at low values of monomer
conversion, however, as the conversion increases, they di-
verge to an increasing extent. Such behaviour, previously re-
ported for star-shaped chiral photochromic polymethacry-
lates,[30] cannot be ascribed to termination reactions taking
place under the real polymerisation conditions, as proved by
the low and almost constant values of M̄w/M̄n (in the range

1.15–1.22), reported in Table 1, but rather to the particular
molecular structure of multiarmed polymers. In fact, it is
well known that star polymers have a smaller hydrodynamic
volume relative to that of linear polystyrenes having the
same polymerisation degree. As a consequence, SEC analy-
sis gives underestimated molecular-weight values for star-
shaped polymers if measured with reference to the usually
adopted linear polystyrene standards.[31,32] However, the ap-
proximately linear correlation between M̄n,SEC and time is in-
dicative of the living character of the ATRP process, and
SEC analysis proves to be useful in confirming that a steady
increment of the average molecular weight with conversion
has taken place, as shown by the chromatograms reported in
Figure 2. In conclusion, all the instrumental characterisation

techniques confirm that three-armed star polymers with C3

symmetry and varying molecular size have been successfully
obtained. Each chain contains a bromine atom as end group
that could be replaced through a variety of reactions leading
either to end-functionalised polymers or used as the initiat-
ing site for the polymerisation of a different monomer to
obtain novel and interesting star-shaped block copolymers
as well as linear block copolymers, starting, for example,
from poly[(S)-ML6A]-14.

POM, DSC and XRD characterisation : With the aim to
study their LC properties, all polymeric derivatives were
characterised by differential scanning calorimetry (DSC),
polarised optical microscopy (POM) and X-ray diffraction
(XRD). Phase-transition temperatures determined by DSC
are summarised in Table 2: all the samples display on heat-
ing a glass-transition temperature (Tg) and a liquid-crystal
phase with a consequent isotropisation temperature (Ti).
The high enthalpy of isotropisation, about 9.6 Jg�1, is related
to the presence of a typical smectic phase.

In all cases, on cooling, the latter transitions show a
modest degree of supercooling (4–5 8C) and a stable, frozen
liquid-crystal mesophase is achieved and maintained at
room temperature.

Figure 1. Evolution of ln([M]0/[M]t) (&) and of the number-average mo-
lecular weight determined by SEC in THF at 25 8C (~) and calculated
values (*) versus time in the ATRP of (S)-ML6A in THF for the
star[(S)-ML6A] series.

Figure 2. Normalised molecular-weight distributions of star[(S)-ML6A]
polymers as determined by SEC in THF at 25 8C.
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XRD studies were carried out at variable temperature on
some representative compounds such as poly[(S)-ML6A]-14,
star[(S)-ML6A]-2 and star[(S)-ML6A]-24. Firstly, X-ray pat-
terns were recorded at room temperature on the above sam-
ples annealed for two hours 40 8C above the Tg, in order to
develop the mesophase. Patterns were also taken at variable
temperatures on virgin and unannealed samples. Finally,
these compounds were mechanically aligned with the aim to
obtain oriented patterns. The diffractograms of poly[(S)-
ML6A]-14 under these several physical conditions are re-
ported in the Supporting Information. In all cases the dif-
fractograms are qualitatively very similar: all of them dis-
play a sharp Bragg reflection in the low-angle region and a
diffuse, broad maximum in the high-angle region. This kind
of pattern is characteristic of a liquid-crystal phase with a
layered structure and confirms that the mesophase order
exists at room temperature and is stable at high tempera-
tures. The high-angle diffuse halo corresponds roughly to a
mean distance of 4.4 � and is associated with the liquid-like
lateral interactions of the azoaromatic mesogenic groups.
The measured spacing, deduced by applying Bragg	s law to
the low-angle reflection, is very close to 16 � in all cases, re-
gardless of the compound examined, the conditions of tem-
perature and the thermal treatment (see Supporting Infor-
mation). The predicted length of the mesogenic moiety cal-
culated from Dreiding stereomodels, assuming a fully ex-
tended conformation of the hydrocarbon chains, is 31 �
(33 � including the methacrylate group). Therefore, it ap-
pears that the observed low-angle maximum corresponds to
the second order (d002) reflection and the actual layer spac-
ing is close to 32 �, which is comparable to the value ex-
pected for a SmA arrangement of the mesogenic monomers.
The fact that the first order (d001) reflection is not visible
must arise from the presence of a period d/2 in the projec-
tion of the electron-density profile along the normal to the
layers. This phenomenon has been described for other side-
chain LC polymers and is accounted for by the confinement
of the polymeric backbones in a thin sublayer perpendicular
to the director, so that the polymeric backbones produce an
electron-density maximum comparable to that of the meso-
genic cores.[33] These features are consistent with a fully in-
terdigitated smectic A (SmA1/2) mesophase (Figure 3). The
absence of significant differences in layer periodicity by
changing the macromolecular shape or the average molecu-
lar weight indicates that the same structural model is valid

for all the samples, both with a linear polymeric backbone
and a star-like arrangement.

Finally, mechanically aligned samples of poly[(S)-ML6A]-
14 and star[(S)-ML6A]-24 were obtained by shearing the

samples on the capillary wall with a metal rod at a tempera-
ture at which the mesophase is fluid. Oriented patterns were
obtained if the samples submitted to this treatment were ir-
radiated at room temperature (see Supporting Information).
In the resulting patterns the low-angle reflection appears as
a pair of sharp spots aligned along the direction perpendicu-
lar to the shearing, whereas the high-angle halo becomes a
pair of diffuse crescents centred in the shearing direction.

These features indicate that the smectic planes are orient-
ed along the stretching direction with the mesogenic units
oriented perpendicular to that direction. This behaviour is
common for side-chain LC polymers. An accurate analysis
of the nature of this mesophase was achieved by the obser-
vation of their typical optical texture by POM in analogy
with previous studies on similar azopolymers.[34] All the sam-
ples, during the heating/cooling process, show textures that
indicate the presence of macrodomains with a SmA phase,
as shown, for example, for poly[(S)-ML6A]-14 in Figure 4.
In particular, the thin film slowly cooled from the isotropic
melt at 128 8C shows small drops of birefringent mesophases
separating from the melt (Figure 4a) that develop after
shearing and annealing at 110 8C for 48 h into cylindrical LC
domains on an homeotropic background (Figure 4b). A
polymeric film after isotropisation and annealing at 120 8C
develops a typical cylindrical conicofocal texture like a SmA
phase (Figure 4c).

Table 2. Thermal transitions[a] and mesomorphism determined by DSC,
POM and XRD.

Sample Thermal transition [8C]

poly[(S)-ML6A]-AIBN G 53 SmA1/2 129 I
poly[(S)-ML6A]-14 G 56 SmA1/2 129 I
star[(S)-ML6A]-2 G 48 SmA1/2 114 I
star[(S)-ML6A]-4 G 49 SmA1/2 117 I
star[(S)-ML6A]-8 G 59 SmA1/2 132 I
star[(S)-ML6A]-24 G 61 SmA1/2 133 I

[a] Obtained from the second heating DSC thermal cycle in nitrogen at-
mosphere (10 8C min�1).

Figure 3. Smectic layer spacings of a fully interdigitated side-chain chro-
mophoric configuration determined by XRD (R= chromophoric moieties
located in the side-chain outside the layer).
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UV-visible spectra and chiroptical properties in solution :
The UV-visible absorption spectra (Figure 5) in CHCl3 solu-
tion of all the investigated linear and star polymers, as well
as the monomer (S)-ML6A, exhibit, in the 250–550 nm spec-
tral region, two bands related to the n!p* and p!p* elec-
tronic transitions of the trans-azobenzene chromophore with
maxima centred at about 440 nm (effi1500 Lmol�1 cm�1) and
360 nm (effi28 000 L mol�1 cm�1), respectively,[35] appearing,
within the limits of experimental error, qualitatively and
quantitatively independent from molecular structure and
polymerisation degree. The UV spectra do not exhibit any
variation on passing from the monomer to the polymer, in-
dicating the substantial absence of electrostatic dipole–
dipole interactions between neighbouring aromatic moieties,
the symmetry of the absorption band at 360 nm providing
evidence that the azoaromatic chromophores are essentially
isolated in solution. The monomer and all high-molecular-

weight samples in the trans configuration are optically active
in chloroform solution at the sodium D-line (Table 1).
Indeed, the macromolecules investigated display molar opti-
cal-rotatory powers [a]25

D for repeating units constantly
around �28, seven times larger than that of (S)-ML6A
([a]25

D =�4.0), thus suggesting that the macromolecules are
characterised by an appreciable conformational chirality.

The CD spectrum of (S)-ML6A in chloroform solution
(Figure 5) displays one weak positive dichroic absorption
with maximum at 360 nm (De�+0.35 L mol�1 cm�1), strictly
related to the UV-visible absorption maximum connected
with the p!p* electronic transition. Similarly, the CD spec-
tra of the polymeric samples in solution exhibit in the spec-
tral region related to the p!p* electronic transition only
one positive dichroic band centred at about 350–360 nm
(De�+0.2 L mol�1 cm�1), in close correspondence with the
UV absorption (Figure 5) and related to isolated chromo-
phores. This is in a similar manner as the monomeric com-
pound, with no influence by the average molecular-weight
value and macromolecular shape, in agreement with the spe-
cific optical-rotatory powers (Table 1).

This behaviour is different from that reported in the liter-
ature for chiral, rigid methacrylic amorphous polymers that
exhibit an increase in optical activity as molecular weight in-
creases,[36] or on passing from linear to star-shaped struc-
tures.[30] The contribution to the overall optical activity in so-
lution by the conformational dissymmetry of liquid-crystal
polymeric derivatives, characterised by longer and flexible
aliphatic spacer between the main-chain and the azoaromat-
ic chromophore, thus appears of limited extent, as suggested

Figure 4. POM microphotographs of poly[(S)-ML6A]-14 (sample pre-
pared between two glasses) a) at 128 8C upon cooling from the isotropic
liquid, b) thin film annealed for 48 h at 110 8C after isotropisation and
shear and c) thin film annealed for 24 h at 120 8C after isotropisation.

Figure 5. CD (top) and UV/Vis (bottom) spectra of (S)-ML6A (c) and
poly[(S)-ML6A]-14 (b) in CHCl3.
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also by the specific optical-rotatory power at the sodium D-
line.

UV-visible spectra and chiroptical properties in thin film :
The UV-visible spectra and chiroptical properties of the syn-
thesised polymers were investigated also in the solid state,
as thin films prepared by casting from dichloromethane so-
lution over clean slides of fused silica. By inspection with
POM, the virgin films at room temperature appear optically
isotropic: neither birefringence nor scattering being ob-
served.

The main UV-visible data of relevant polymeric samples
are collected in Table 3 and the absorption spectra of
poly[(S)-ML6A]-14 in the solid state are reported as an ex-
ample in Figure 6a: in addition to the typical p!p* and n!
p* electronic transitions of the azoaromatic chromophore
centred at around 357 and 440 nm, respectively, an addition-
al band at around 248 nm, associated with the p!p* transi-
tion of the single aromatic ring, is present.

The absorption band of the p!p* transition in the virgin
films appears broader with respect to the spectra in solution,
with two additional shoulders at 340 and 380 nm, related re-
spectively to the formation of H- (blue-shift) and J-like
(red-shift) aggregates[37] imposed by the structural con-
straints of the macromolecules in the solid state. The rela-
tively high absorbance of the transition at 340 nm indicates
a high concentration of H aggregates in the amorphous solid
state.

To develop the mesophase, a thermal treatment consisting
of heating above the clearing-point temperature (Ti) for
5 min followed by annealing for 15 min at a temperature re-
duced by a factor of about 0.7 (Tanneal/Ti) was carried out.

The annealed film of poly[(S)-ML6A]-14 displays broad-
er, less intense absorption bands (Figure 6a and Table 3)
and produces LC domains as observed by POM. The main
absorption band is characterised by a small bathochromic
shift of the p!p* azoaromatic absorption maximum to
362 nm. In addition, the shoulders related to the H- and J-
aggregates located around 340 and 380 nm, increase relative-

ly in importance. This can be
related to development of ag-
gregates and thus to more or-
dered dipolar intra- and inter-
chain interactions that the chro-
mophores experience in the
SmA1/2 phase (Figure 3) relative
to the solution and the amor-
phous solid state.

In particular, the decrease in
absorbance of the p!p* transi-
tion can be attributed to aggre-
gation of the azobenzene frag-
ments possessing elevated an-ACHTUNGTRENNUNGisotropy,[38,39] whereas the p!
p* band at 248 nm of the single
aromatic ring, not influenced by
orientation, remains substan-
tially unaffected. Finally, the in-
crease in absorbance at wave-
lengths over 400 nm can be
mainly associated with the light
scattering due to formation of
the birefringent domains of the
liquid-crystal phase after an-
nealing.

By comparing several CD
spectra recorded at different
film positions and rotated
around the light beam direction
it was also confirmed that the
contribution of linear dichroism
and linear birefringence to the
CD spectra of the polymeric
films is negligible.

The CD spectrum of a fresh
film of poly[(S)-ML6A]-14 (Fig-

Figure 6. CD (top) and UV/Vis (bottom) spectra of a thin film of a) poly[(S)-ML6A]-14 and b) star[(S)-
ML6A]-24 in the virgin state (c) and after isotropisation and annealing at 90 8C for 15 minutes (b).

Table 3. UV/Vis data of the investigated compounds in CHCl3 solution and as thin films after different treat-
ments.

Sample lf!f*[a] lp!p*[a] lH-agg.[a,b] lJ-agg.[a,b] ln!p*[a,b]

(S)-ML6A solution –[c] 360 – – 440
poly[(S)-ML6A]-14 solution –[c] 360 – – 440
star[(S)-ML6A]-24 solution –[c] 360 – – 440
poly[(S)-ML6A]-14 virgin film 248 357 340 380 440
poly[(S)-ML6A]-14 annealed film 248 362 340 385 440
poly[(S)-ML6A]-14 irradiated film 248 360 345 385 440
star[(S)-ML6A]-24 virgin film 248 360 340 378 440
star[(S)-ML6A]-24 annealed film 248 360 340 380 440
star[(S)-ML6A]-24 irradiated film 248 360 344 385 440

[a] Wavelength of maximum absorbance in nm. [b] Shoulder. [c] Not observed due to solvent cut-off.
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ure 6a) exhibits two relatively intense dichroic signals of op-
posite sign and similar intensity, connected to the p!p*
electronic transitions of the azoaromatic chromophores,
with a crossover point at around 335 nm, close to the UV
maximum absorption. This behaviour is typical of exciton
splitting determined by cooperative dipole–dipole interac-
tions between neighbouring side-chain azobenzene chromo-
phores arranged in a mutual chiral geometry of one prevail-
ing handedness.[4,36,40, 41] Significantly, the CD spectrum of
the same sample in dilute solution (Figure 5) displays only
one weak positive dichroic signal at 360 nm, indicative of
the absence in solution of chiral chromophore aggregates.

The thermal annealing strongly affects the chiroptical
properties of the film (Figure 6a). Upon prolonged heating,
a strong enhancement of CD signals takes place, and the el-
lipticity values become much more intense than those ob-
served before annealing.

The crossover point of the couplets in the solid state ap-
pears blue-shifted with respect to the UV maximum absorb-
ance (ellipticity=0 at around 335 nm compared to a UV
lmax at 360 nm). Because the negative band appears of
higher intensity, and close to the electronic transition wave-
length associated with chiral H-aggregates (340 nm), the CD
spectrum can be interpreted as originating from the overlap-
ping of a exciton-splitted CD band given by the H-aggre-
gates with a negative CD band having its maximum at
385 nm, corresponding to the maximum absorbance of J-ag-
gregated chromophores, differently sensitive to the chiral
geometry of the material.[23]

The UV-visible and CD spectra of star polymers of com-
parable thickness appear essentially similar to those of
poly[(S)-ML6A]-14, as shown, for example, in Figure 6b for
star[(S)-ML6A]-24. The star-shaped polymers as native
films, as well as in the LC state, exhibit CD couplets with
crossover points centred at 340 and 332 nm, respectively, of
the same sign and shape as the related linear derivatives,
but always less intense at equal film thickness.

From the CD spectra it can be clearly seen how branching
affects the chirality of the system: the films of star[(S)-
ML6A]-24 always exhibit a lower optical-rotation power
than those of poly[(S)-ML6A]-14, thus suggesting that chir-
ality is related in a certain way to the main-chain conforma-
tional order and/or to supramolecular liquid-crystalline or-
ganisation. A less ordered LC phase in the star-shaped de-
rivatives could originate from the stiffness of the rigid cen-
tral unit that creates defects in the LC supramolecular con-
formation. In any case, the above findings suggest that
similar conformational arrangements with a prevailing chir-
ality are assumed both in the amorphous and particularly in
the LC phase, regardless of the molecular structure.

It is generally accepted that chirality is induced in these
materials as a consequence of chiral interchromophoric in-
teractions, however, short-range chromophoric aggregates in
liquid-crystal arrangements could not be the only factor re-
sponsible for the remarkable amplification of chirality that
is observed. Examples of amorphous azopolymeric systems,
in which the chirality is related to the presence of chromo-

phores aggregated in a mutual chiral arrangement, are re-
ported in the literature, but these systems display lower opti-
cal-rotation values.[30, 36,41]

In the present case, the presence of exciton couplets and
surprisingly high ellipticity (up to 9000 mdeg mm�1 at
361 nm, Figure 6a) are quite noticeable for a normal smectic
A phase with uniaxial symmetry and hence, lacking of any
kind of supramolecular chirality. Consequently, the high chir-
optical properties observed could suggest the presence of a
chiral liquid-crystal phase similar to a planar twist-grain-
boundary (TGB) phase or Sm-A* phases, reported only
when chiral mesogens with high helical twisting power are
present.[42,43] However, POM observation of thick films, as
mentioned above, clearly suggests the presence of a normal
smectic A phase. In the SmA phase, in which the chromo-
phoric molecules are arranged perpendicular to the layer
planes, the mesogenic moieties cannot adopt a supramolec-
ular helical structure perpendicular to the layers. It can only
occur parallel to the layers and only for systems with a
strong twisting power. Therefore, a helical superstructure is
only possible if screw dislocations punctuate the layers,
giving rise to the so-called twisted-grain-boundary A phase
(TGBA).[44,45] In the present case the formation of this par-
ticular mesophase appears highly improbable.

Moreover, thin films of chiral smectic A liquid crystals
possessing high chirality due to the surface electroclinic
effect (SEC) that induce in the film a chiral smectic C phase
are reported in literature: the polar interaction between the
glass wall and the LC material induces a polarisation result-
ing in a chiral reorientation of the LC director near the sur-
face.[46,47]

It was not possible to obtain further information by XRD
and polarised optical microscopy (texture analysis) regard-
ing the molecular arrangement in these thin films (100–
200 nm) as thicker film samples are required and the behav-
iour may be different when compared to the thin films in-
vestigated here.

Photoinduced switching of supramolecular chirality : An-
nealed thin films of poly[(S)-ML6A]-14 and star[(S)-
ML6A]-24 of thickness about 140 nm in the glassy liquid-
crystal state were irradiated with r-CPL and l-CPL, respec-
tively, with an Ar+ laser (power=20 mW cm�2) at 488 nm
for 30 min. The UV-visible spectra of irradiated polymers
are similar to those of annealed corresponding films
(Table 3 and Figure 7). These results suggest that the dipolar
azoaromatic aggregations (H- and J-aggregates) in the
liquid-crystalline phase remain substantially unaffected by
CPL irradiation.

Upon irradiation of poly[(S)-ML6A]-14 with r-CPL, the
CD spectrum displays a net inversion of sign as well as a rel-
evant amplification of chirality, particularly evident for the
dichroic bands associated with the p!p* azoaromatic elec-
tronic transition (see, for example, Figure 7).

According to the chiral exciton-coupling rules,[48] this be-
haviour suggests that r-CPL induces a right-handed screw-
sense of coupled neighbouring azobenzene chromophores.
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The CD spectra of this polymer after a cycle of illumination
with r-CPL and l-CPL are presented in Figure 8. In all cases,
no linear dichroism was observed before and after irradia-
tion by comparing several CD spectra recorded at different
angles around the incident light beam.

Similar results, but with lower ellipticity values, were also
obtained from star[(S)-ML6A]-24 (Figure 8). One negative
Cotton effect, with the same crossover wavelength (333 nm)
as the non-irradiated film (334 nm) but which changes alter-
natively the sign in the 250–600 nm spectral region, was ob-
tained with both the investigated polymers. The observed ef-
fects are reversible: when the handedness of the pump
beam was switched from right to left and the irradiation per-
formed on the same illuminated region for 30 min, similar
and opposite CD spectra of poly[(S)-ML6A]-14 and
star[(S)-ML6A]-24 were obtained (Figure 8).

The resulting spectra actually appear as mirror images of
each other both for linear and star-shaped samples. Again,
the CD spectra of the linear polymer display higher elliptici-
ty values than the CD spectra of the star one.

The irradiation with l-CPL of another annealed film of
poly[(S)-ML6A]-14 afforded also an induced optical activity
of similar magnitude to that observed after irradiation with
r-CPL, but of opposite sign.

As a first conclusion, the photoinduced experiments sug-
gest that r-CPL induces right-handed supramolecular chirali-

ty of the materials, which can be erased and reinscribed with
l-CPL, as reported elsewhere for other smectic, achiral azo-
polymers.[17, 24] However, the induced circular anisotropy has
to be erased in the latter case by heating the irradiated sam-
ples to the isotropisation temperature.

The observed phenomena appear to be related to the in-
duction of chirality by irradiation with CPL of achiral azo-
benzene-containing polymers reported by Nikolova,[13,15] Na-
tansohn,[17] Sourisseau[49] and Tejedor,[23,24] even though the
measured absolute ellipticity of our samples, normalised to
film thickness, is of considerably higher magnitude. Indeed,
in our case, an intrinsic chirality of the samples related to
optical activity of the l-lactic acid residue interposed be-
tween the azo-chromophores and the polymer backbone is
present, and the chiral geometry of the mesogenic aggre-
gates in the annealed films gives rise to thermodynamically
stable and unusual chiral LC phases with a predominant hel-
ical conformation, as previously reported when chiral meso-
gens are present.[42,43] These observations reveal that the
photoinduced chirality in liquid-crystal polymers is more ef-
ficiently achieved when dissymmetric groups and chiral LC
phases are present.

The mechanism of reversible chiroptical inversion induced
by CPL radiation is not well understood. In any case, for the
investigated polymers, it appears to be related to a prelimi-
nary chiral supramolecular ordering of the azobenzene moi-
eties, as demonstrated in our experiments. In fact, no repro-
ducible circular anisotropies can be photoinduced in the
native films (not annealed), indicating the essential role of
the liquid-crystalline arrangement. This also indicates that
orientational preorganisation is required to obtain a con-
trolled photomodulation of chirality.[15]

Moreover, the photoinduced change of chiroptical proper-
ties does not perturb the texture of the investigated poly-
meric films, as shown by POM analysis of the irradiated

Figure 7. CD (top) and UV/Vis (bottom) spectra of a thin film of
poly[(S)-ML6A]-14 in the virgin state (c), in smectic phase (b) and
after irradiation with r-CPL at 488 nm for 30 min (g).

Figure 8. CD spectra of films of poly[(S)-ML6A]-14 irradiated with r-
CPL (c) or l-CPL (b), and star[(S)-ML6A]-24 irradiated with r-
CPL (g) or l-CPL (d) for 30 min after isotropisation and annealing
at 90 8C for 15 min.
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area, before and after application of CPL (see Supporting
Information).

Natansohn reported the photoinduction of a similar chiral
supramolecular structure by illumination of an achiral azo-
polymer with CPL.[17] The results were attributed to the abil-
ity of the chiral CPL propagating through the film to pro-
duce a progressive rotation of the optical axis of each LC
domain, resulting finally in a supramolecular helical ar-
rangement of the smectic domains to form an organisation
similar to a TGB phase.

In the case of the investigated polymers, it is reasonable
to hypothesise that the LC phase in the annealed films as-
sumes a helical supramolecular structure with a prevailing
twist sense due to the thermodynamically favoured chiral in-
teraction between neighbouring l-lactic-azoaromatic moiet-
ies, thus conferring a prevailing chirality to the material.
Thus, the CPL should be able to alter this interaction be-
tween the chromophores and consequently the chiral supra-
molecular structure, so as to reverse the macroscopic chirali-
ty of the material without modifying the observable LC tex-
ture (see Supporting Information, Figure S4). This phenom-
enon would thus resemble the enantioselective CPL photo-
chemical formation of optically active compounds from
prochiral starting materials[50, 51] and the CPL photoresolu-
tion of photochemically interconvertible enantiomers.[52, 53]

In fact, it is known that chiral circularly polarised electro-
magnetic radiation is able to induce enantioselective conver-
sion[54] and tends to align the azobenzene side groups along
directions close to the light propagation.[14,55] It is possible
that transfer of angular momentum from the CPL to the
medium, as occurs when a CP photon is absorbed, induces a
precession of the chromophores with a sense of rotation
congruent to the sense of the CPL. This would mean that l-
CPL induces a left-handed organisation of the azobenzene
molecules, whereas r-CPL induces a right-handed one. In
this way, the sign of the CD signals associated with the con-
formational aggregation of neighbouring chromophores can
be inverted, as we have recently observed on the dimeric
model derivative 2,4-dimethylglutaric acid bis-(S)-3-[1-(4’-
nitro-4-azobenzene)pyrrolidine ester, corresponding to the
smallest section of the polymeric chain in which side-chain
interchromophore interactions are relevant.[41] Its CD spec-
trum shows an exciton couplet of strong amplitude which
suggests that the chiral interactions between a couple of
chromophores in solution are already important and that
the optical activity of these materials should be substantially
related to relatively short-chain sections with chromophoric
aggregates having conformational dissymmetry of one pre-
vailing screw-sense.

These observations are also supported by recent studies
of photoinduced chirality onto a Bx liquid-crystalline phase
of bent-shaped twin dimeric compounds, in which two alk-
oxyazobenzene groups linked together by a polymethylene
spacer spontaneously segregate in chiral domains of the two
possible dimeric conformers (racemic form).[56] Selective r-
or l-CPL irradiation, as a method of photoresolution of en-
antiomers, interconverts the two native domains producing

an enantiomeric excess of one of them, and as a result, a
macroscopically measurable CD chirality related to the pref-
erential screw-sense of the irradiating CPL.

All the aforementioned CD effects persist for at least one
month at room temperature and are well reproducible.
Clearly, for technological applications, the switching time
would also be important. Further investigations of the dy-
namics of the observed phenomena are in progress.

Conclusions

Atom transfer radical polymerisation was successfully used
to prepare a series of linear and three-armed star-shaped
chiral liquid-crystalline polymers with different average mo-
lecular weights and low polydispersity. The liquid-crystalline
behaviour of the synthesised polymers was confirmed by
DSC measurements, with XRD and POM characterisations
evidencing the presence of smectic A1/2 phase in the materi-
al.

As assessed by UV-visible and CD spectroscopy, the mac-
romolecules assume in the smectic phase highly homogene-
ous conformations with a prevailing chirality that appears
related to the presence of H-aggregates, with conformation-
al dissymmetry of one prevailing screw-sense due to thermo-
dynamically favoured chiral interactions between neighbour-
ing l-lactic-azoaromatic moieties. The CD spectra of the
three-armed derivatives as solid thin films display similar
behaviour, but lower ellipticity values than the CD spectra
of linear derivatives with the same thickness. Actually, the
area values of the CD signals indicate a chirality of the star
polymer of about 2/3 of that of the linear polymer. The ob-
served behaviour is due to the different structure of the
polymeric samples and not to differences in the starting LC
phase, as demonstrated by XRD. It thus appears that the
branching of the macromolecular chain acts as a defect in
the liquid-crystalline phase, leading to a less ordered supra-
molecular structure with lower chirality. In any case, the po-
sition of the CD exciton couplets is unaffected by the molec-
ular structure of both the star and the linear polymer.

A larger chirality extent is photoinduced into the material
by irradiation with r- or l-CPL, as seen by the enhanced in-
tensity of the CD exciton couplets. Moreover, by changing
the CPL handedness it is possible to switch between two
configurationally opposite organisations of the macromole-
cules. This effect may be interpreted at the molecular level
as a photoinduced inversion of the prevailing chiral confor-
mation of the aggregated chromophores driven by a transfer
of angular momentum from the CPL to the azobenzene
chromophores.

To the best of our knowledge, these are the first examples
of reversible chiroptical switching between two enantiomeric
supramolecular structures obtained by irradiation with l- or
r-CPL on highly chiral liquid-crystalline polymers. This fea-
ture makes these materials potentially suitable to be used as
chiroptical switches and of interest in nanoscale technologies
for the all-optical manipulation of information.
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Experimental Section

Physico-chemical measurements : 1H- and 13C NMR spectra were ob-
tained at RT in 5–10 % CDCl3 solutions, using a Varian NMR Gemini300
spectrometer. Chemical shifts are given in ppm from tetramethylsilane
(TMS) as the internal reference. 1H NMR spectra were run at 300 MHz
under the following experimental conditions: 24,000 data points, 4.5 kHz
spectral width, 2.6 s acquisition time, 128 transients. 13C NMR spectra
were recorded at 75.5 MHz under full proton decoupling, under the fol-
lowing experimental conditions: 24,000 data points, 20 kHz spectral
width, 0.6 s acquisition time, 64,000 transients. FTIR spectra were ob-
tained by using 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 by using a Perkin–Elmer Lambda 19 spectrophotometer
in CHCl3 solutions and with cell pathlengths of 0.1 cm. Concentrations of
azobenzene chromophore of about 3� 10�4 mol L�1 were used. Optical ac-
tivity was measured at 25 8C in CHCl3 solutions (c�0.250 g dL�1) by
using a Perkin–Elmer341 digital polarimeter, equipped with a Toshiba
sodium bulb, using a cell pathlength of 1 dm. Specific {[a]25

D } and molar
{[F]25

D } rotation values at the sodium D-line are expressed as
deg dm�1 g�1 cm�3 and deg dm�1 mol�1 dL, respectively. Circular dichroism
(CD) spectra were obtained at 25 8C in CHCl3 solutions by using a Jasco
810 A dichrograph, using the same pathlengths and solution concentra-
tions as for the UV/Vis measurements. De values, expressed as
L mol�1 cm�1, were calculated from the following expression: De = [V]/
3300, in which the molar ellipticity [V] in deg cm�2 dmol�1 refers to one
azobenzene chromophore. Number-average molecular weights of the
polymers (M̄n) and their polydispersity indexes (M̄w/M̄n) were determined
in THF solution by SEC using the HPLC Lab Flow 2000 apparatus,
equipped with an injector Rheodyne 7725i, a Phenomenex Phenogel 5-
micron MXL column and a UV/Vis detector Linear Instrument model
UVIS-200, working at 254 nm. The calibration curve for the MXL
column was obtained by using monodisperse polystyrene standards in the
range 800–35 000. Phase-transition temperatures were determined by dif-
ferential scanning calorimetry (DSC) on a TA Instrument DSC 2920
modulated apparatus at a heating/cooling rate of 10 K min�1 under a ni-
trogen atmosphere on samples weighing 5–9 mg. Tg values were mea-
sured as the midpoint in the heat-capacity increase and the other thermal
transitions were taken as the maximum of the transition peak. Texture
observation of the liquid-crystalline behaviour was carried out with an
Zeiss Axioscope2 polarising microscope equipped with a Nikon Cool-
pix E995 digital camera through crossed polarisers fitted with a Linkam
THMS 600 hot stage. X-ray diffraction (XRD) studies were carried out
using a Pinhole camera (Anton–Paar) operating with a point-focused Ni-
filtered CuKa beam. The samples were held in Lindemann glass capillaries
(1-mm diameter) and heated, when necessary, with a variable-tempera-
ture attachment. The diffraction patterns were collected on a flat photo-
graphic film perpendicular to the X-ray beam.

Polymer-film preparation, characterisation and irradiation with circularly
polarised light : Thin films were prepared by casting solutions of the LC
polymers in dichloromethane (0.4 mg into 200 mL of solvent) onto clean,
fused silica slides and subsequently drying at 30 8C under vacuum over
24 h. The film thickness, measured by a Tencor P-10 profilometer, was in
the range 150–300 nm, so as to give UV/Vis spectra with maximum ab-
sorbance values of between 0.7 and 1.5, depending on the procedure con-
ditions. The obtained films were then heated above the clearing tempera-
ture (Ti) for 5 min and annealed for 15 min at lower temperature (Tanneal/
Ti around 0.7). Then, the samples were placed on a metal block at 25 8C
for 30 min to get a glassy liquid-crystalline phase. Annealed films were ir-
radiated for 30 min with l-CPL or r-CPL, respectively, by 488 nm light of
an Ar+ laser (power 20 mW cm�2). The UV/Vis and CD spectra of the
native and illuminated films were recorded under the same instrumental
conditions as the related solutions after having left the samples in the
dark at RT for 30 min. To exclude any optical effect (linear dichroism
and linear birefringence) due to anisotropy of orientation in the ordered
systems, the polymeric films of both native and irradiated samples were
placed in a rotating holder around the probe beam and UV/Vis and CD

spectra were recorded every 608 without observing any difference in the
spectra.

Materials : (S)-(�)-Methacryloyl-l-lactic (ML) acid {[a]25
D =�28.0 (c =1,

EtOH)} was synthesised as previously reported.[57] Methacryloyl chloride
(Aldrich) was distilled under inert atmosphere, in the presence of traces
of 2,6-di-tert-butyl-p-cresol as polymerisation inhibitor just before use. 4-
Dimethylaminopyridinium 4-toluenesulfonate (DPTS) was prepared
from 4-dimethylaminopyridine and 4-toluensulfonic acid as described.[28]

4-Hydroxy-4’-(ethoxy)-azobenzene was synthesised as previously de-
scribed.[26, 27] 2–2’-azobisisobutyronitrile (AIBN) was crystallised from
methanol before use. THF and CH2Cl2 were purified and dried according
to reported procedures[58] and stored under nitrogen. The trifunctional in-
itiator 1,3,5-(2’-bromo-2’-methylpropionato)benzene (BMPB) was pre-
pared as previously described.[59, 60] (+)-l-Lactic acid (Aldrich), 1,3-diiso-
propylcarbodiimide (DIPC, Aldrich), 4-dimethylaminopyridine (Aldrich),
the monofunctional initiator allyl 2-bromine 2-methylpropionate (ABIB)
(Aldrich), 1,1,4,7,10,10-hexamethyltriethylenetetramine (HMTETA),
copper bromide and all other reagents and solvents (Aldrich) were used
as received.

4-(6-Hydroxyhexyloxy)-4’-ethoxyazobenzene [H6A]: This intermediate
was prepared by following a different method than that reported.[26, 27] 6-
Chlorine hexanol (6.9 mL, 0.0496 mol) was added dropwise under vigo-
rous stirring to a solution of 4-hydroxy-4’-(ethoxy)-azobenzene (6 g,
0.0248 mol), KOH (0.6 g, 0.011 mol) and KI (1.64 g, 0.0099 mol) in 96%
ethanol (80 mL) at reflux. The reaction was followed by TLC (CH2Cl2/
EtOAc 4:1) until the total conversion of 4-hydroxy-4’-(ethoxy)-azoben-
zene (48 h) was observed. The precipitated material was filtered off, the
solvent volume reduced to 15 mL under vacuum, then aq 1% NaOH was
added under vigorous stirring. The solid formed was filtered and crystal-
lised twice with absolute ethanol to give a orange crystalline material
(6.35 g, 77 %). 1H NMR (CDCl3): d=7.90 (d, 4H; arom 2-H, 2’-H), 6.90
(d, 4 H; arom 3-H, 3’-H), 4.15 (m, 4H; CH3-CH2-O, CH2-CH2-O), 3.65 (t,
2H; CH2-OH), 1.85–1.40 ppm (m, 12 H; CH2-CH2-CH2-CH2, CH3-CH2-O,
OH); FTIR (KBr): ñ =3308 (nOH), 3069 (nCH, arom), 2978 and 2864 (nCH,
aliph), 1600 and 1517 (nC=C, arom), 1150 and 1111 (nC�O ether), 845 and
815 cm�1 (dCH 1,4 disubst. arom ring).

(S)-4-[6-(2-Methacryloyloxypropanoyloxy)hexyloxy)]-4’-ethoxyazoben-
zene [(S)-ML6A]: The monomer (S)-ML6A was prepared by esterifica-
tion of methacryloyl-l-lactic acid (ML) with H6A in the presence of
N,N-diisopropylcarbodiimide (DIPC) and DPTS, as coupling agent and
condensation activator, respectively,[28] the reaction being described in
detail as follows: a solution of ML (2.0 g, 0.0126 mol), 2.6-di-tert-butyl-p-
cresol (0.05 g) as polymerisation inhibitor and H6A (4.34 g, 0.0126 mol)
in 50 mL of anhydrous CH2Cl2 was placed in a 100-mL three-necked
round-bottomed vessel and kept under dry nitrogen atmosphere. Then
DPTS (3.64 g, 0.0126 mol) and DIPC (2.60 mL, 0.0168 mol) were succes-
sively added under magnetic stirring. The reaction mixture was left at RT
for 72 h, the solid N,N-diisopropylurea thus formed filtered off and the
liquid phase washed with several portions of aq 1 m HCl, aq 5% Na2CO3

and water, in that order. After drying the organic layer on anhydrous
Na2SO4 and evaporation of the solvent under vacuum, the crude product
was purified by column chromatography on silica gel (70–230 mesh) by
using CH2Cl2 as eluent, and finally crystallised from methanol to give
pure (S)-ML6A as a red-orange crystalline material (2.49 g, 41%).
1H NMR (CDCl3): d=7.90 (d, 4H; arom 2-H, 2’-H), 6.90 (d, 4H; arom
3-H, 3’-H), 6.20 and 5.60 (dd, 2H; CH2=), 5.1 (m, 1 H; CH-CH3), 4.10 (m,
2H; CH3-CH2-O and 4 H; CH2-CH2-O), 2.05 (s, 3 H; CH3-C=), 1.85–
1.40 ppm (m, 14H; CH2-CH2-CH2-CH2, CH3-CH2-O, CH-CH3); 13C NMR
(CDCl3): d=176,9 (CO methacrylic), 171.1 (CO lactic ester), 161.7 and
161.6 (arom 4-C, 4’-C), 147.7 (arom 1-C, 1’-C), 136.1 (C=CH2), 127.0
(CH2 =C), 125.0 (arom 2-C, 2’-C), 115.3 (arom 3-C, 3’-C), 69.6 (CH-
CH3), 68.7 (CH2-CH2-O-), 65.9 (CH3-CH2-O-), 64.4 (COO-CH2-), 29.8,
29.1, 26.4, 26.3 (aliph spacer CH2), 18.9 (C-CH3), 17.7 (CH3-CH),
15.4 ppm (CH3-CH2); FTIR (KBr): ñ=3067 (nCH, arom), 2993 and 2864
(nCH, aliph), 1738 (nC=O lactic ester), 1720 (nC=O methacrylic ester), 1638
(nC=C methacrylic), 1600 and 1517 (nC=C, arom), 1150 and 1112 (nC�O

ether), 845 and 815 cm�1 (dCH 1,4 disubst. arom ring).
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Polymerisation of monomer (S)-ML6A : Several homopolymeric samples
with different average molecular weights, polydispersity values and mo-
lecular structure were obtained from (S)-ML6A through three different
synthetic methods as described below. Relevant data for the synthesised
polymeric derivatives are reported in Table 1. All the products were char-
acterised by FTIR, 1H- and 13C NMR.

Linear poly[(S)-ML6A]-AIBN : The reaction mixture [0.2 g of (S)-
ML6A, 2 % wt. of 2,2’-azoisobutyronitrile (AIBN) as free-radical initiator
in 3 mL of dry THF] was introduced into a glass vial under nitrogen at-
mosphere, submitted to several freeze-thaw cycles and heated at 60 8C
for 72 h. The polymerisation was then stopped by pouring the mixture
into a large excess (100 mL) of methanol, and the coagulated polymer fil-
tered off. The solid product was redissolved in CH2Cl2, precipitated again
into methanol and finally dried at 50 8C under vacuum for several days to
constant weight.

Linear poly[(S)-ML6A]-14 by ATRP : The homopolymerisation of (S)-
ML6A was carried out in glass vials using ABIB as the linear monofunc-
tional initiator, HMTETA as the ligand, Cu(I)Br as catalyst and dry THF
as solvent [(S)-ML6A/THF 1/15 gmL�1]. The reaction mixture [(S)-
ML6A/ABIB/HMTETA/CuBr 50:1:1:1 by mol] was introduced into a
glass vial under nitrogen atmosphere, submitted to several freeze–thaw
cycles and heated at 60 8C. To stop the polymerisation reaction, the vial
was frozen after 14 h with liquid nitrogen and the obtained linear poly-
mer purified by precipitation in a large excess of methanol (100 mL).
The final purification of the product was achieved as described above.

Star[(S)-ML6A] series by ATRP : All homopolymerisations of (S)-ML6A
were carried out in several glass vials using BMPB as the three-armed
star-shaped trifunctional initiator, HMTETA as the ligand and Cu(I)Br
as catalyst in dry THF [(S)-ML6A/THF =1/15 gmL�1]. The mixture [(S)-
ML6A/BMPB/HMTETA/CuBr 150:1:3:3 by mol] was introduced into
each vial under nitrogen atmosphere, submitted to several freeze–thaw
cycles and heated at 60 8C. To stop the polymerisation reaction, each vial
was frozen in liquid nitrogen after reaction times ranging from 2 to 24 h,
and the obtained polymeric products (star[(S)-ML6A]-2 through star[(S)-
ML6A]-24) were purified as described above. As an example, the spec-
troscopic data for star[(S)-ML6A]-8, obtained after 8 h of reaction, are
reported here: 1H NMR (CDCl3): d=7.90 (d, 4H; arom 2-H, 2’-H), 6.90
(m, 3H; arom core and 4 H; 3-H, 3’-H), 5.10–4.90 (m, 1H; CH-CH3),
4.10–3.80 (m, 2 H; CH3-CH2-O and 4 H; CH2-CH2-O), 2.20 (CH2-C-Br),
1.95 (m, 3H; CH3-C-Br), 1.85–0.90 ppm (m, 19 H; aliph spacer CH2, CH3-
CH2-O, CH-CH3, backbone CH3, CH2 and 18H; C ACHTUNGTRENNUNG(CH3)2-COO);
13C NMR (CDCl3): d=176.9 (CO methacrylic repeating unit), 171.1 (CO
lactic ester), 167.8 (CO core), 161.7 and 161.6 (arom 4-C, 4’-C), 153.1 (C-
O arom core), 147.6 (arom 1-C, 1’-C), 125.0 (arom 2-C, 2’-C), 115.3
(arom 3-C, 3’-C), 113.1 (arom C-H core), 70,0 (CH-CH3), 68.7 (CH2-CH2-
O-), 65.7 (CH3-CH2-O-), 64.4 (COO-CH2-), 58.0 (CACHTUNGTRENNUNG(CH3)-Br), 54.2
(main-chain C-CH2), 46.2 and 45.9 (main-chain CH2-C), 42.2 (C ACHTUNGTRENNUNG(CH3)2-
CH2), 38.9 (CH2-C ACHTUNGTRENNUNG(CH3)-Br), 27.5 (C ACHTUNGTRENNUNG(CH3)-Br), 29.8, 29.1, 26.5, 26.4
(aliph spacer CH2), 23.2 (C ACHTUNGTRENNUNG(CH3)2-CH2), 19.9 and 17.7 (main-chain CH3),
17.7 (CH3-CH), 15.4 ppm (CH3-CH2); FTIR (KBr): ñ=3069 (nCH, arom),
2980 and 2865 (nCH, aliph), 1733 (nC=O lactic ester and nC=O main-chain
methacrylic ester), 1598 and 1517 (nC=C, arom), 1150 and 1111 (nC�O

ether), 844 and 815 cm�1 (dCH 1,4 disubst. arom ring).
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