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a b s t r a c t

The absorption spectra and circular dichroism responses upon irradiation with 488 nm cir-
cularly polarized light (CPL) have been studied on polymeric films processed from two
nematic copolymers containing azobenzene chromophores. Influence of the aggregation
and orientation of azobenzenes on the photoinduced chiroptical properties has been ana-
lyzed. Moreover, polymeric films and 4 lm planar cells filled with the copolymers were
studied by polarized optical microscopy (POM) with the aim of investigating the change
of macroscopic optical properties and textures of azopolymers upon irradiation with CPL.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

The understanding and control of chirality is an impor-
tant objective in life and materials science. In this case, the
induction of chirality by physicochemical processes is an
exciting opportunity for many scientists [1], particularly
the generation of supramolecular chiral architectures. In
these cases, a chiral physical force field, for example circu-
larly polarized light [2], can be used to induce the initial
asymmetry [3]. Thus, the asymmetry information is trans-
ferred by means of non-covalent interactions from a
molecular to a supramolecular level [4].

The azobenzene unit exhibits fascinating photochemi-
cal behavior based on the E/Z photoisomerization, which
has been widely investigated, and in particular the Weiger
effect to induce optical properties such as birefringence
and dichroism in azopolymers [5–8]. In addition, the rela-
tively large structural change that occurs upon reversible
isomerization influences the surrounding region. These
units can act as mediators for processes that occur at the
. All rights reserved.
molecular level and can be transferred to a supramolecular
level and, ultimately, to macroscopic phenomena. This
transfer process is especially effective in liquid crystalline
systems due to the cooperative interaction of mesogenic
azobenzene units [9,10].

The irradiation of azobenzene units with chiral radia-
tion (CPL) gives rise to very interesting results such as
the induced reversible enantiodifferentiating photoisomer-
ization of bicyclic azobenzene dimers [11]. In addition,
enantiomeric excess values of two chiral domains in a Bx
phase of bent-core molecules has been obtained using
CPL [12]. Sierra and co-workers reported the induction of
supramolecular chirality within the columnar mesophase
of achiral mesogens [13]. In relation to polymeric materials
[14], Nikolova et al. detected the photoinduction of a large
circular birefringence and circular dichroism (CD) in films
of a side-chain liquid crystalline azopolyester by illumina-
tion with CPL [15]. Similar effects were observed in amor-
phous polymers, but in these cases a pre-orientation was
required [16] or irradiation with elliptically polarized light
was used to induce supramolecular chirality in an amor-
phous azopolymer [17]. Cipparrone et al. described the
photoinduction of supramolecular chiral structures by

http://dx.doi.org/10.1016/j.eurpolymj.2009.05.010
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CPL irradiation of an amorphous and achiral azopolymer
without pre-alignment [18]. Natansohn et al. reported
the photoinduction of a chiral supramolecular structure
by illumination of a smectic azopolymer with CPL and
the photoinduction of circular dichroism and birefringence
in achiral copolymers with low contents of azobenzene
units [19,20]. A circular Bragg reflection in the CD spec-
trum has been reported for a nematic azopolymer film
irradiated with CPL [21]. The photofabrication of superhe-
lix-like patterns [22,23] and other optical measurements
demonstrated the photoinduction of a chiral arrangement
in azopolymers [24,25]. Moreover, photoinduced supramo-
lecular chirality was probed after irradiation with CPL of
main-chain polymeric liquid crystal systems doped with
azobenzene-containing W-shaped molecules [26]. Re-
cently, we studied the thermal stability of the photoin-
duced supramolecular chiral organization in achiral
homopolymer based on cyanoazobenzene [27] and the
electronic and vibrational dichroism photoinduced in an
achiral glassy nematic homopolymer containing met-
oxyazobenzenes as chromophores [28]. We present here
a study of the control of the non-covalent interaction as a
means to manage the supramolecular architecture of azo-
benzene units in side-chain nematic copolymers having
both cyano and methoxyazobenzenes. CPL as a source of
chiral information has been used in order to induce supra-
molecular chirality in these azopolymers. Self-assembly of
chromophores in aggregates and its influence on chiropti-
cal properties of polymeric films has been studied as well
as the influence of irradiation on optical textures exhibited
by these copolymers.

2. Experimental

2.1. Synthesis of materials

The monomers 4-methoxy-40-(x-methacryloyloxyhexyloxy)
azobenzene and 4-cyano-40-(x-methacryloyloxyethyloxy)
azobenzene were synthesized according to methods de-
scribed previously [29]. P50 and P90 (Fig. 1) were prepared
by a free radical chain polymerization. The synthesis of P50
is described as an example: 0.75 mmol of each monomer,
10 mL of freshly distilled dry DMF and 2.5 mol% AIBN were
introduced into a Schlenck reactor. An inert atmosphere
was achieved by several freeze-thaw cycles under vacuum
and the introduction of argon to remove residual air. The
reaction mixture was heated at 70 �C for 120 h, allowed
to cool and poured into 250 mL of cold ethanol. The solid
N
NOCOO (CH2)2

CN1-n

N
NOCOO (CH2)6

OCH3n

n=0.9, P90; n=0.5, P50

Fig. 1. Structure of the synthesized polymers: P50 and P90.
product was dissolved in chloroform, reprecipitated into
methanol and the resulting polymer was extracted in a
Soxhlet apparatus with ethanol for 48 h. The polymers
were purified by flash column chromatography using silica
gel (dichloromethane as eluant) and dried under vacuum
at 50 �C to constant weight (determined by thermogravi-
metry). The final copolymer composition was determined
from elemental analysis, FTIR spectra and 1H NMR.

P50 (73%): Found: C, 69.13; H, 6.31; N, 8.90. m/cm�1

(KBr) 2223 (CN), 1724 (C@O), 1247, 1141, 1025 (C–O),
838 (Ar). dY(400 Hz; CDCl3; Me4Si) 7.90–7.70 (m, aro-
matic), 7.70–7.57 (m, aromatic), 7.00–6.73 (m, aromatic),
4.41–4.00 (m, CH2–O), 4.00–3.70 (m, CH2–O, CH3–O),
2.10–0.80 (m, CH2, CH3).

P90 (75%): Found: C, 69.57; H, 6.98; N, 7.50. m/cm–1

(KBr) 2225 (CN), 1723 (C@O), 1246, 1143, 1026 (C–O),
838 (Ar). dY(400 Hz; CDCl3; Me4Si) 7.90–7.70 (m, aro-
matic), 7.70–7.57 (m, aromatic), 7.00–6.75 (m, aromatic),
4.40–4.00 (m, CH2–O), 4.00–3.70 (m, CH2–O, CH3–O),
2.10–0.70 (m, CH2, CH3).

2.2. Material processing and irradiation

Thin films (thickness about 300 nm) were prepared by
casting solutions of the polymers in chloroform onto clean,
fused silica slides. The films were dried under vacuum at
30 �C during 24 h. The films were then heated above the
clearing temperature (Ti) for 5 min and annealed for
15 min at 110 �C (nematic mesophase). The samples were
then placed on a metal block at 25 �C for 30 min. This pro-
cess gave rise to films that had a polydomain nematic
glassy phase.

Annealed films of P50 and P90 were irradiated for 30 min
with left-circularly polarized light (l-CPL) from the 488 nm
line of an Ar+ laser (power 20 mW/cm2). UV–vis and CD
spectra of all the illuminated films were recorded after keep-
ing the samples in the dark at room temperature for 30 min.
In order to evaluate the thermal stability of the photoin-
duced supramolecular order, illuminated polymeric films
were successively annealed at different temperatures for
5 min and then cooled to room temperature. The CD spec-
trum was registered after each treatment.

Four micrometer cells with an aligning layer for planar
orientation were filled with the copolymers in the isotropic
state and slowly cooled down to room temperature. Thick
films to POM studies were prepared by pressing a poly-
meric sample in the isotropic state and placed between
two glass slides. Oriented planar cells and, also, thick sam-
ples were irradiated for 30 min with l-CPL from the 488 nm
line of an Ar+ laser (power 20 mW/cm2) and studied by
POM before and after irradiation.

2.3. Techniques

Elemental analyses were performed using a Perkin–Elmer
2400 Series II analyzer. FTIR spectra were registered using a
Nicolet Avatar 380 spectrophotometer using KBr pellets.
NMR spectra were registered using a Bruker AV-4 400 MHz
spectrometer using CDCl3 as solvent. Molecular weights
and polydispersities were measured by GPC using a Waters
600E HPLC (Waters Styragel columns HR2 and HR4) with a



Table 1
Molecular weight, thermal stability, thermal transitions and mesomorphism determined by GPC, DSC, POM and X-ray diffraction for P50 and P90.

Polymer Mn Mw/Mn Tdec (�C)a TDGT (�C)b Thermal transition (�C)c

P50 13675 2.3 235 347/400 g 74 N 142 I
P90 18150 2.2 250 355/410 g 72 S 99 N 135 I

a Tdec: Onset of decomposition detected on the thermogravimetric curve.
b TDTG: Temperature of maximum decomposition detected on the derivative thermogravimetric analysis.
c Measured by DSC on the second heating scan.

Fig. 2. UV–vis spectra of (a) P50 and (b) P90, as-prepared cast film
( ), annealed film ( ) and film irradiated with l-CPL from the
488 nm line of an Ar+ laser (20 mW/cm2) for 30 min ( ). Estimated
percentage of the chromophores by fitting: H-aggregates ( ), free
chromophores (h) and J-aggregates ( ).
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UV Waters 991 photodiode array detector. THF was used as
the eluant and standard samples of polystyrene were em-
ployed. Thermal stability was measured by thermogravime-
try using a TA Instruments STD 2960 apparatus at 10 �C/
min under a nitrogen atmosphere. Thermal transitions were
measured using a DSC-MDSC TA Instruments 2910 calorime-
ter at 10 �C/min under a nitrogen atmosphere. Tg values were
measured as the midpoint in the heat capacity increase and
the other transitions were taken as the maximum of the tran-
sition peak. Mesomorphism and modification of the optical
textures were investigated using an Olympus BH-2 polarizing
optical microscope (POM) equipped with a Linkam THMS-
600 hot stage and a Linkam TMS91 temperature controller.
UV–vis spectra were registered using a Unicam UV4-200
spectrophotometer or simultaneously with the CD spectrum
using a Jasco J-810 Spectropolarimeter. CD was measured
using a Jasco J-710 Spectropolarimeter or Jasco J-810 Spec-
tropolarimeter. The films deposited onto fused silica slides
were placed in a rotating holder around the light beam and
CD spectra were registered every 60�. Film thickness was
measured using a DEKTAK perfilometer. PeakFit v4.11 was
used for the fitting procedure.

3. Results and discussion

3.1. Polymer properties

The molecular weight, polydispersity and thermal prop-
erties of the synthesized copolymers are collected in Table
1. 1H NMR figures and details about copolymer composi-
tion determined by NMR are collected in Supplementary
Information. These materials have good thermal stability
and weight loss was not observed at temperatures below
230 �C. The mesomorphic properties of the synthesized
polymers were determined by DSC, POM and X-ray diffrac-
tion. The mesomorphic properties of P90 are similar to
those exhibited by the homopolymer bearing 4-meth-
oxyazobenzene units [28] and shows a smectic phase
above the Tg that undergoes a transition into a nematic
melt before isotropization. However, copolymer P50,
which has a high content of 4-cyanoazobenzene with a
short flexible spacer, only exhibits a nematic phase over
a broad temperature range.

3.2. Supramolecular arrangements of azobenzene units: UV–
vis study

The UV–vis spectra of P50 and P90 were registered on
as-prepared, annealed and irradiated thin films (Fig. 2 and
Table 2). Moreover, UV–vis spectra of P50 and P90 were
registered on THF solutions (see Fig S1 in Supplementary
Information). In general, the UV–vis absorption spectra of
the polymers containing methoxyazobenzene or cyanoben-
zene groups are characterized by a /—/* transition of aro-
matic rings at 250 nm, a strong p–p* transition between
340 and 365 nm and a weak n-p* transitions at around
450 nm [30,31]. The bands at around 250 and 450 nm do
not exhibit a significant dependence on the pretreatment
of the polymeric film, but the p–p* transition is influenced
by thermal annealing and irradiation as a consequence of
the modification of the aggregation and the orientation of
the chromophores [32]. The maximum of the absorption
band due to the p–p* transition of E-azobenzene chro-
mophores of both copolymers in THF solution was close
to 360 nm (see Supplementary Information), whereas
as-prepared cast films show broader and blue-shifted
p–p* transition bands with a maximum at 345 nm. After



Table 2
UV–vis data corresponding to p–p* transition bands of E-azobenzene units
in THF solutions and thin films of the synthesized copolymers.

Sample THF
solution

Cast
film

Annealed
film

Irradiated
film

P50
kmax (nm) 360 345 345 346
Ap�p

*/AU�U
* 2.0 1.41 1.50 1.27

P90
kmax (nm) 360 345 356 360
Ap�p

*/AU�U
* 2.0 1.43 0.48 0.57

Fig. 3. CD spectra of films irradiated with l-CPL from the 488 nm line of
an Ar+ laser (20 mW/cm2) for 30 min P50 (?) and P90 (—).

Table 3
Main CD dataa for thin films of the synthesized copolymers after irradiation
with l-CPL from the 488 nm line of an Ar+ laser (power 20 mW/cm2) for
30 min.

Polymer Wavelength (nm)

k0 k1 k2 k3

P50 331 318 362 492
P90 319 302 384 492

a k0, wavelength of crossover of exciton couplet; k1, wavelength of
positive band of exciton couplet; k2, wavelength of negative band of
exciton couplet; k3, wavelength of positive band corresponding to selec-
tive reflection.
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annealing in the nematic phase and irradiation with l-CPL,
the UV–vis spectrum of the studied polymeric films de-
pends on the percentage of p-methoxyazobenzene moie-
ties. The UV–vis spectrum of P50 after annealing retains
the blue-shifted p–p* band at about 345 nm, similar to
the as-prepared cast film. After irradiation of the annealed
film only a slight hypochromic effect of the main band at
345 nm is observed. However, the UV–vis spectrum of
P90 after annealing is characterized by a kmax (around
360 nm) similar to the THF solution but a noteworthy
hypochromic effect is now detected. Moreover, the spectra
of the P90 annealed films before and after irradiation are
similar.

In solution, the absorption maxima of both copolymers
are located at 360 nm and the narrow absorption bands
indicate randomly oriented free azobenzene groups. In
the solid state the azobenzene units in close proximity
can associate with one another to form aggregates. Fur-
thermore the thermal annealing can determine the aggre-
gation fraction and the relationship between the type of
aggregates [33,34], as well as the orientation of the chro-
mophores. The contribution of associated and non-associ-
ated chromophores on the absorption bands of the
copolymers P50 and P90 films was roughly estimated by
using a peak fitting procedure. Good and reproducible fit-
ting results were obtained by introducing three peaks with
fixed absorption maxima at 334 nm for H-like aggregates,
360 nm for non-associated units and 384 nm for J-like
aggregates of chromophores according to fitting procedure
previously described [35–37]. Qualitative relationships be-
tween the chromophores in the different associated and
non-associated arrangements were determined as the area
of the corresponding peak and the results are compiled as
percentages in Fig. 2. From the analysis of the fitting results
it can be concluded that P50 shows an increase in aggrega-
tion after annealing and a decrease after irradiation. How-
ever, a reduction of the aggregation is observed in the P90
film after thermal annealing and this is retained after irra-
diation. In addition, in order to explain the modifications in
the UV–vis spectra of both copolymers it is necessary to
take into account changes in orientation of the chromoph-
ores with the different treatments. The band around 340–
360 nm region is assigned to the transition dipole moment
along the long axis of the E-azobenzene moiety and it is
strongly affected by the molecular environment of the azo-
benzene as aggregation or orientation. However, the band
around 250 nm due to the transition dipole moment along
the short axis of the azobenzene chromophore is not influ-
enced by both aggregation and orientation and, if the trace
of the band is similar, it can be used as an internal standard
in a first approximation to evaluate the orientational
dependence of the p–p* absorbance after different treat-
ments (Table 2) [32,38]. As-prepared cast films of P50
and P90 exhibit similar Ap–p/AU–U values, which provide
evidence of a similar spatial orientation of the chromoph-
ores. However, the significant decrease in Ap–p/AU–U val-
ues of P90 after annealing seems to indicate an increase
of chromophores with an out-of-plane long axis compo-
nent. The irradiation with l-CPL only produces a slightly
modification of the Ap–p/AU–U relationship for both
polymers.

3.3. Supramolecular chirality of azobenzene units: CD study

The annealed films of P50 and P90 were irradiated with
l-CPL from the 488 nm line of an Ar+ laser (power 20 mW/
cm2) for 30 min. Both polymeric films and solutions were
totally CD-silent before irradiation. However, illumination
with CPL induces the appearance of a chiroptical response
in the polymeric films. The CD spectra of irradiated films
are shown in Fig. 3 and CD data are gathered in Table 3.
In the CD spectra the ellipticity values are shown in
mdeg/nm in order to compare photoinduced CD spectra
of both irradiated copolymers. Furthermore, in both cases
it was confirmed that the contribution of linear dichroism
to the CD spectra is negligible by comparing CD spectra re-
corded at different angles by rotating the film around the
light beam (the same region was measured in all cases).

According to the exciton model [39] two chromophores
stacked with parallel transition moments exhibit an



Fig. 4. CD spectra of irradiated P50 (a) and P90 (b) with l-CPL from the
488 nm line of an Ar+ laser (20 mW/cm2) for 30 min and after annealing
for 5 min at the indicated temperatures.
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H-band because higher energy excitation is allowed and a
red-shift (J-band) is expected for the transition moments in
an in-line orientation. Both of these arrangements are not
chiral and consequently a CD signal should not be
expected. However, two chromophores in an oblique
orientation with a potential chiral array of the transition
moments, both of the exciton transition (higher and lower
energy), are allowed and the UV–vis band is split if the
Fig. 5. Photomicrographs with crossed polarizers: optical textures of a thick film
(20 mW/cm2) for 30 min with crossed polarizers (a) and parallel polarizers (b).
exciton splitting has sufficient energy. Thus, due to the chi-
ral aggregation, an exciton couplet is manifested in the CD
spectra as two distinct CD bands of opposite sign [39,40].
In the case of the copolymer P50 a negative exciton couplet
centered at 331 nm was detected in the CD spectrum of the
irradiated film. This result indicates that the l-CPL induces
an oblique chiral arrangement between at least two azo-
benzene units. In addition, the negative Cotton effect at
about 360 nm can include the red-shifted band of the exci-
ton coupling and the absorption due to the induced Cotton
effects of the isolated azobenzene units and the J-aggre-
gates [27]. Finally, a positive signal was detected at around
490 nm and this can be attributed to selective reflection in
the visible range because of the Bragg reflection of a helical
organization similar to the selective reflection of a chiral
nematic mesophase [28]. This band can be detected in
the UV–vis spectrum of the l-CPL irradiated film (Fig. 2 In-
lets). Taking into account the sign of the photoinduced
selective reflection band in the CD spectra and in accor-
dance with the optical behavior of ideal helices, the irradi-
ation with l-CPL produces a left-handed helix [21]. Similar
results pointed to a chiral supramolecular structure were
obtained after l-CPL irradiation of film P90 but the inten-
sity of the chiroptical response is clearly lower. The low
intensity of the photoinduced CD band in P90 can be
explained as a consequence of the out-of-plane orientation
of E-azobenzene chromophores produced by annealing.
The photoisomerization of E-azobenzene is only activated
when the transition dipole moment of the long axis of
the chromophores has a component parallel to the light
polarization [7]. As a consequence, out-of-plane E-azoben-
zene chromophores are not active for the photoisomeriza-
tion with CPL.

The photoinduced helixes are stable at room tempera-
ture for at least two months in the dark. The thermal sta-
bilities of photoinduced helical organizations were
studied by successively heating the irradiated films of the
synthesized polymers at different temperatures for 5 min
followed by quenching to room temperature in order to
of P50 after irradiation with l-CPL from the 488 nm line of an Ar+ laser



Fig. 6. Photomicrographs with crossed polarizers: optical textures of a thick film of P50 after irradiation with l-CPL from the 488 nm line of an Ar+ laser
(20 mW/cm2) for 30 min (a) and after thermal annealing at 140 �C for 5 min at (b).

Fig. 7. P90 in a cell with an aligning layer for planar orientation: (a)
Photograph taken at room temperature of photoinduced iridescent green
light (irradiated zone ON); photomicrograph with crossed polarizers of
the non-irradiated area (b) and irradiated area (c) of the planar cell filled
with copolymer (irradiation time, 30 min; irradiation power, 20 mW/
cm2).
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freeze-in the molecular organization [41]. The CD spectra
of the films were measured after each treatment and the
results are shown in Fig. 4. Thermal annealing of irradiated
P50 at a temperature close to the Tg (74 �C) caused a slight
increase in the ellipticity values of the CD bands corre-
sponding to the transition band of E-azobenzene chro-
mophores and the selective reflection. Annealing at
temperatures above the Tg led to a gradual decrease in
the ellipticity values up to 120 �C; at this temperature a
significant CD signal was not detected. However, the CD
artifact corresponding to selective reflection disappeared
at a lower temperature (110 �C). These results could indi-
cate that the long-range helical arrangement is destroyed
at lower temperatures than the chiral aggregates. The ther-
mal annealing of P90 led to a continuous decrease in the
CD signals corresponding to the transition band and the
selective reflection from 60 to 95 �C.

3.4. Optical textures

The textures exhibited at room temperature by a thick
film P50 irradiated are shown in Fig. 5. Non-irradiated
films exhibit an optical texture that is characteristic of
the nematic mesophase but after irradiation defect lines
appear. These lines are observable with and without
crossed polarizers and are related to orientation of the
chromophores into domains [42]. This photoinduced mac-
roscopic structure was preserved above the Tg and up to
the isotropization temperature (around 140 �C) (Fig. 6
and motion picture in Supplementary Information).

Four micrometer cells with an aligning layer for planar
orientation were filled with the polymers. A photograph of
a cell of P90 in which both irradiated and non-irradiated
regions are observed at room temperature is shown in
Fig. 7. The irradiated region exhibits a photoinduced irides-
cent green reflection that can be observed with the naked
eye (ON, Fig. 7). This selective reflection corresponds to
the photoinduced signal detected in the CD spectra at
around 490 nm due to a helical supramolecular arrange-
ment of azobenzene groups. Moreover, a significant change
in the optical texture was induced by irradiation. Planar
alignment was clearly present prior to illumination
(Fig. 7b) and a periodic structure was generated by the
CPL in the achiral liquid crystal (Fig. 7c). Similar periodic
structures were photoinduced in planar alignment cells
of cholesteric liquid crystals with an azobenzene dopant.
These pictures are related to the strain of the cholesteric
liquid crystal layers due to E/Z isomerization of the photo-
chromic units [43]. Analogous results were obtained after
irradiation of P50 in a planar cell.

4. Conclusions

The control of the non-covalent interaction of two
azobenzene-containing copolymers by a chiral source
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such as CPL provides the possibility of imprinting a chiral
supramolecular organization based on the chiral aggrega-
tion of azobenzene units. Irradiation with a chiral radiation
source (CPL) of nematic glasses based on achiral side-chain
liquid crystalline azopolymers produces materials that are
capable of selective reflection and circular polarization
simultaneously as a chiral nematic glass. Moreover, the
illumination with CPL of planar cells filled with the
copolymers facilitates the photoinduction of a helix with
axes perpendicular to the substrate, which is required in
order to improve the reflectivity due to circular Bragg
reflection. In addition, periodic structures are photoin-
duced in these planar cells. These results demonstrate
the connection between light and chirality as a means of
assembling complex structures in achiral photosensitive
materials.
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