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Supramolecular Chiral Structures: Smart Polymer
Organization Guided by 2D Polarization Light Patterns

Ulises Ruiz, Pasquale Pagliusi, Clementina Provenzano, Valery P. Shibaev,

and Gabriella Cipparrone*

Chiral periodic structures and photonic crystals have attracted a great deal of
interest due to their applications in advanced photonics. As a consequence,
the design and the fabrication of periodic microstructures in photosensitive
materials have been widely investigated. Many achievements in the fabrica-
tion of such devices have been made over the last decade, but most of the
established methods are still restricted to light intensity distribution with dif-
ferent structural shapes and minor attention has been devoted to exploit the
vectorial nature of the light coupled with the response of polarization sensi-
tive materials. Here, supramolecular chiral structuring in an amorphous azo-
polymer is demonstrated, coupling the strong and diversified photoresponse
of the material with the holographic recording of 2D polarization patterns.
The smart polymer organization guided by the complex light field induces
periodic chiral microstructures, with spiral- or ribbon-like shape and identical
or opposite helicity, characterized by high stability and complete reconfig-
urability. The holographic structures are theoretically described by means

of the Jones matrix method and experimentally investigated, confirming the

simultaneous presence of both linear and circular photoinduced anisotropies.

waves.'¥ Recent studies addressed their
attention also towards strategies to obtain
reconfigurable materials able of per-
forming an active control of their physical
properties. Distinctive interest has been
devoted to the investigations of gyro-
tropic media as potential candidates for
achieving negative refraction and for appli-
cations in microwaves and opto-electronic
devices, due to their ability of rotating the
polarization state of the light by means
of the chirality, both at the molecular and
supramolecular levels. With this respect,
artificial structures in metallic or dielectric
media showing strong optical activity have
been created adopting several approaches,
as self-assembling and supramolecular
chemistry, laser writing, lithographic
techniques.-12

Chirality shows interesting features
even when organized in periodic 2D and
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These results prove an alternative approach to design a new class of mate-

rials with periodic chiral arrangement.

1. Introduction

In the last years the modern materials science has moved
toward the study and the processing of smart functional mate-
rials exhibiting well-defined and complex functionalities. Arti-
ficial materials have been demonstrated which exhibit strong
electric and magnetic responses aimed at manipulation of the
amplitude, the direction, and the polarization of electromagnetic
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3D structures, because of their appealing
applications in several areas of physics.
Such structures, in fact, are potential can-
didates for photonic and opto-electronic
applications, giving rise to strong optical
activity, 31 circular dichroism,!™® or negative refraction.6-1%
Moreover, the design and the fabrication of 2D periodic micro-
structures and photonic crystals in photosensitive materials is
a topic of considerable interest, for their applications in optical
communication and sensing.2>2*! Holographic lithography-
based techniques have emerged as a very promising approach
for 2D structures and templates fabrications. They are generally
based on the creation of 2D intensity distributions, obtained
by managing the geometries of the interfering beams, namely
the number of beams, the angles of incidence, the phase dif-
ference.?>2°] A space dependent refractive index modulation is
generally induced in the photosensitive medium, which leads
to the formation of different lattice structures. Beside the great
interest addressed to intensity-based techniques, few efforts
have been devoted to extend the approach exploiting the “vec-
torial nature” of light coupled with the diversified response of
polarization sensitive materials.

Here we report on unique 2D reconfigurable periodic chiral
structures recorded by means of vectorial holographic tech-
niques in an amorphous azo-containing polymer film. This
non-chiral polymeric material has revealed attractive features
when irradiated with polarized light beam. Both linear and
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temperature, although they are completely erasable by thermal
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Figure 1. Chemical formula of the polymethacrylic copolymer.

circular birefringence occur when it is irradiated with linear
and circular polarized light, owing to the light induced reori-
entation of the azobenzene molecular axis after multiple trans—
cis-trans isomerization cycles.?’]

The specific characteristics of this material, related to high
stability of the recorded structures and their complete reconfig-
urability, as well as its strong and diversified response to the
light stimulus, make it a good candidate for the achievement
of highly ordered periodic structures. We report on variously
shaped periodic chiral lattices recorded on this polymer film.
Taking advantage of the possibility to re-organize the material
and exploiting the vectorial nature of the light, we have irradi-
ated the polymer with complex light fields, having in mind the
generation of 2D periodic chiral structures suitable for appli-
cations in holography, optical switching, addressing and other
“smart” optical devices.

The methodological approach to record the 2D periodic
structures in the polymer film is based on a direct holographic
writing, through a spatial light modulator (SLM)-assisted multi
beams interference technique. According to the polarization
states of the four writing beams, four light patterns have been
implemented which belong to two extreme situations (see
Figure 2). Indeed, the interference fields are either character-
ized by a uniform polarization state and a fully modulated
intensity (Figure 2a,b), or by fully modulated polarization state
and uniform intensity (Figure 2c,d).

In detail, the superposition of four plane waves with par-
allel linear (PLP) or circular (PCP) polarizations, produces the
calculated polarization and intensity light patterns reported in
Figure 2a,b, respectively. On the other hand, the interference
of two pairs of plane waves with orthogonal linear (OLP) or cir-
cular (OCP) polarizations originates the polarization patterns
sketched in Figure 2¢,d, respectively. Here it is possible to see
that the light intensity is almost uniform, while the spatial dis-
tribution of the polarization state is completely modulated from
linear to circular polarization with various azimuthal angles and
helicity values. Interesting spatial distributions of the polariza-
tion states are obtained, including linear, elliptical and circular
polarizations that arrange in vortex periodic structures with
opposite helicity. For all the four configurations, a phase shift of

2. Material and Light-Assisted
Structuring

The polymer used to perform the investiga-
tion is a side-chain copolymer with oxycyano-
azobenzene fragments in the side chains
whose chemical formula is reported in
Figure 1.

The analysis of the material under polar-

ized light®] established that, beside the
linear photo-induced birefringence, usual for
azo-compounds, also a supramolecular chiral
structure, whose handedness depends on the
helicity of the light, is photo-induced in the
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the two anisotropies is reduced. This means
that a controlled irradiation enables to finely
manage the photo-induced modifications
and, as a consequence, the optical properties
of the material. At last, the recorded struc-
tures exhibit a long-time stability at room

Figure 2. Schemes of the four—beam interference geometry (in the central part of the figure)
and of the 2D light patterns generated by the four different configurations of polarization.
Intensity and polarization patterns are reported for the PLP (a) and PCP (b) configurations.
Pure polarization patterns occur for the OLP (c) and OCP (d) holographic configurations.
Insets: schemes of the interfering waves in the k-space, showing their polarization and relative
phases.
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Figure 3. Cross-polarized microscope images of the holograms recorded
with the PLP (a) and PCP (b) configurations. The holograms are at 45°
with respect to the polarizer (P) and the analyzer (A).

7/2 is introduced between each consecutive beam, as reported
in the insets of Figure 2. In the case of intensity PLP and PCP
configurations, the phase shift makes that the intensity distri-
bution with parallel circular or parallel linear polarization in the
interference region, arrange in a square lattice. In the case of
OLP and OCP polarizations patterns, the phase shift contains
the amplitude modulation of the optical field in the superposi-
tion region.

The polymeric film has been exposed to the interference
fields generated by the four waves, at different irradiation doses.
The resulting holograms, permanently stored in the polymer,
have been investigated under the polarizing microscope and
their far-field diffraction properties have been studied.

3. Results and Discussion

Figure 3a,b show the cross-polarized microscope images of the
intensity holograms recorded by the interference fields reported
in Figure 2a (i.e., PLP configuration) and b (i.e., PCP configura-
tion). Both the PLP and the PCP holograms are oriented at 45°
with respect to the crossed polarizers.

The PLP hologram in Figure 3a displays a square lattice
structure of alternating bright and dark regions, which corre-
sponds to the light intensity pattern of the interference field.
Rotating the sample between the crossed polarizers, the bright
regions became dark whenever the PLP hologram axes are par-
allel to the polarizers. This evidence supports the occurrence of
a spatially modulated photo-induced linear birefringence in the
polymer film, as expected for irradiation with linearly polarized
light.

Similarly, the crossed-polarized image of the PCP hologram
in Figure 3b exhibits a periodic square lattice characterized by
bright circular structures. The latter shows a peculiar behavior
when the hologram is rotated under the polarizing microscope,
which resembles the one described in the referencel?’ where
an irradiation with a single circularly polarized Gaussian beam
has been considered. The bright rings expand from or col-
lapse towards their respective centers, depending on the rota-
tion sense of the hologram (clockwise or anticlockwise) and on
the helicity of the recording light. The annular-like geometry is
related to the intensity profile of the interference light pattern,
and its orientation-dependent variation can be accounted for
by the light-guided formation of optical chiral supramolecular
structures connected with the circular polarization.?’!

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Cross-polarized microscope images of the holograms recorded
with the OLP configuration for different orientations of the sample with
respect to the polarizer (P) and the analyzer (A), namely 0° (a), —45° (b),
and 45°(c). Simulations of the cross-polarized light intensity distribution
for 0° (d), —45° (e), and 45°(f).

xy

Figure 5. Cross-polarized microscope images of the holograms recorded
with the OCP configuration for different orientations of the sample with
respect to the polarizer (P) and the analyzer (A), namely 0° (a), -45° (b),
and 45°(c). Simulations of the cross-polarized light intensity distribution
for 0° (d), —45° (e), and 45°(f).

In Figure 4 and 5 are reported the images of the structures
recorded exploiting the light polarization patterns OLP and
OCP shown in Figure 2c,d for low radiation dose.

In particular, Figure 4a—c shows the cross-polarized micro-
scope images of the periodic structures recorded with the OLP
configuration for different orientations of the sample with
respect to the polarizers, namely 0°, —45° and 45°.

Similarly, Figure 5a—c reports the cross-polarized microscope
images of the periodic structures recorded with the OCP con-
figuration for the same orientations of the sample with respect
to the polarizers. Although the Figure 4a and 5a look similar,
the —45° and 45° images make evidence of a different optical
behavior for the OLP and the OCP holograms, see Figure 4b,c
and 5b,c. The cross-polarized images in Figure 4a—c and 5a—
have been simulated by means of the Jones formalism, in order
to model the optical structures and, hence, infer the relative
amplitude of the photo-induced linear and circular birefrin-
gence. Assuming a local photo-response of the medium, the
Jones matrices of the OLP and OCP holograms are of the form

Ty = exp (ikdAn') (1= OLP, OCP) (1)

Adv. Funct. Mater. 2012, 22, 2964-2970
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in which k is the wave number, d is the thickness of the poly-
meric film and

. ]
Anl — [ ﬁsSO + ﬁlinsl amp;ﬁlinsl + chir S}]
BiinS — iBeir 3 amp; B So — Biin S |

The parameters f,, f;, and B, in Equation 2 are related to
the photo-response, the photo-induced linear and circular bire-
fringence of the material, respectively, while S; are the Stokes
parameters of the recording light field.” The latter are

(2)

S =1

SPHP = sin[K(x — y)]

SPLP = —[cos (2Kx) + cos (2Ky)]/2

SOLP = —[sin (2K x) + sin (2Ky)]/2 3)
and

SoP =1

SP€P = —[cos (2K x) + cos (2Ky)]/2

SZOCP = [sin (2K x) + sin (2Ky)]/2

SYCP =sin[K(y — )] (4)

for the OLP and OCP interference fields respectively, where
K= 2n/A and A is the spatial periodicity of the recorded
structures.

The light field out of the hologram, oriented at an angle o
between crossed polarizers, is

E',. = TaR(—a)TiR(@)TpE;, (Il = OLP, OCP) (5)
in which E;, is the microscope illumination field, R is the rota-
tion matrix, Tp and T, are the Jones matrices of the polarizer

and the analyzer. The intensity light distribution of the OLP
and OCP configurations, calculated from Equation 5, are

sin? M}

Il= 232
k*d (M2

[ (8L, )7 + (BL)* (S} sin 20 + S, cos 2a)’]

(©)

where M' = kd, /(8,2 [(S)? + ()] + (B, S))2]-

In Figure 4d-f and 5d—f we report the result of the simu-
lations of the crossed-polarized images of the OLP and OCP
holograms at 0°, —45° and 45°, by means of the Equation 6, for
Beire<<B;n- The different optical behaviours of the OLP and OCP
holograms, recorded at low dosage, versus the angle ¢, are well
simulated, suggesting that they can be accounted for by the sole
photo-induced linear birefringence (associated with the polari-
zation patterns). According to this finding, the brighter regions
in Figure 4a and 5a correspond to the areas irradiated with
linear polarization at 45°. They are expected to become dark
when the holograms are rotated at —45° (Figures 4b and 5b) or
45° (Figures 4c and 5c), since the local optical axis turns out to
be parallel to the polarizer or the analyser.

Nevertheless, some discrepancies exist between the images
and the simulations, with the latter always showing higher sym-
metry in the shapes of the bright and dark areas with respect
to the microscope images. Indeed, Figure 4a displays a slanted
herringbone-like structure, while the simulation in Figure 4d

Adv. Funct. Mater. 2012, 22, 2964-2970
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Figure 6. Cross-polarized microscope images of the OLP (a—c) and OCP
(d—f) holograms recorded with increasing light dose: a,d) low (0.7 J/cm?),
b,e) medium (7.0 J/cm?), and c,f) high (40.0 J/cm?) irradiation dosage.
P-polarizer and A-analyzer.

exhibits a four-fold symmetry. Moreover, Figure 4b,c show
that the horizontal and vertical bright lines are not straight as
in the simulation. Analogously, the crossed-polarized images
of the OCP holograms exhibit a herringbone-like structure,
that rotates with the sample, instead of the four-fold structure
shown by the simulation. These discrepancies are experimental
artefacts, due to the imperfect orthogonality of the two planes
of incidence of the recording beams.

Increasing the recording dose, the photo-induced circular
birefringence becomes significant,?®! therefore the holograms
evolve towards more complex structures, characterized by local
chirality. In Figure 6 we report the crossed-polarized micro-
scope images of the OLP (Figure 6a—c) and OCP (Figure 6e—f)
holograms for low, medium and high irradiation dose. A 2D
array of spiral-like shaped structures, that alternate with oppo-
site helicity, is achieved in the case of OLP configuration
(Figure 6a—c). On the other hand, the OCP holograms develop
towards 1D pattern of ribbon-like helices, with opposite hand-
edness, characterized by enhanced anisotropy (Figure 6d—f).

The model of Equation 1, successfully adopted to simulate
the optical behaviour of the OLP and OCP holograms recorded
at low dosage, turns out to be inadequate to describe the corre-
sponding optical structures obtained at higher dosage. Indeed,
the model based on a local photo-response does not reproduce
the experimental data, for any values of f3;, and f,.. This result
suggests that non-local effects, responsible for the supramo-
lecular light-guided organization of the material,?”! should be
considered to explain the microscope images in the case of
high recording dosages.

To gain insight on the holograms recorded at medium irra-
diation dose, their far-field diffraction has been investigated in
case of a linearly polarized probe beam. In Figure 7 we report
the pictures of the far-field diffraction patterns transmitted by
the PLP (7a), PCP (7b), OLP (7c) and OCP (7d) holograms,
when the probe beam is linearly polarized along the y-axis.
From Figure 7a,b, it is evident that the diffraction patterns
of the parallel polarized beams holograms exhibit a fourfold
rotational symmetry (C,), which is typical for a 2D intensity
grating.3321 On the other hand, the diffraction patterns of the
orthogonally polarized beams holograms in Figure 7 c¢,d show a
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Figure 7. Far field diffraction patterns of a linearly y-polarized probe beam impinging on the
PLP (a), PCP (b), OLP (c), and OCP (d) holograms.

twofold rotational symmetry (C,), which are similar for the 2D
polarization gratings.?3 In both cases, the symmetry degree of
the diffraction patterns resembles the symmetry of the corre-
sponding optical structures (see Figure 5 and 6).

The occurrence of both linear and circular birefringence in
the orthogonally polarized configurations (OLP and OCP) has
been verified by looking at the dependence of the intensity
of the diffraction orders versus the polarization of the probe
beam. In particular, in order to characterize the OLP configu-
ration, the probe beam is passed through a quarter-wave plate
and a polarizer before to hit the sample, and the intensities of
the four diffraction orders (1x, ty) have been measured versus
the polarization direction o of the probe beam (see Figure 8a).

In Figure 8b we show that the efficiencies of the diffraction
orders exhibit a biased harmonic dependence on the azimuth
angle o, with the +x and +y orders having opposite phase with
respect to the —x and —y orders. According to Equation 1 and
assuming a linearly polarized probe beam E;, = (cos o, sin o),
the normalized intensities (i.e. the diffraction efficiencies) of
the #x and +y diffraction orders are given by

 Lexy d k2

Nix,xy = 17 = [ﬂlm + ,Bgm + Zﬁlmﬂcnc cos (205)] (7)
adopting the Jones formalism.?8 The assumption of the local
photo-response of the medium is satisfactory for the holograms

recorded at intermediate irradiation dose. The diffraction

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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efficiencies in Equation 6 exhibit a harmonic
dependence on the azimuthal angle ¢, which
reproduces the observed behaviour, provided
that both B, and B, are non-zero. In par-
ticular, By, = 4.7 x 107 and B, = 1.5 x 1073
have been evaluated by fitting the experi-
mental data reported in Figure 8b.

Looking at the diffraction pattern produced
by the OCP grating, we can find a further con-
firmation of the presence of both the linear
and circular photo-induced birefringences.
In this case, in fact, Figure 7d shows that
the first +x and +y orders of diffraction (i.e.,
ki, =+2K% and Eiy = +2K 9, respectively)
are present as well as the first £(x-y) orders
(i.e. ki y = £K(% —9)). Differently from
the previous case (i.e. the OLP grating), the
diffraction efficiency of all the orders is inde-
pendent from the azimuthal angle o, which is
proportional to By, (i.e. niys, = d2k?pZ,/8)
for the first +x and =ty diffraction orders, and
to By (i€ na_y) = d*k?B2,, /4) for the first
*(x—y) orders.

circ

4, Conclusions

Supramolecular chiral periodic structuring
of an amorphous azo-polymer is demon-
strated, exploiting the sensitivity of the mate-
rial to the light, in the completeness of its
vectorial nature. Selected 2D light patterns,
coupled with the local and non-local mate-
rial response to the optical field, permit the formation of spiral-
and ribbon-like chiral structures. A four-beams holographic
approach has been adopted in order to manage the intensity
and the polarization of the writing light field in a bidimensional
periodic fashion. An optical characterization of the structured
polymer film is reported, which is based on the cross-polarized
microscope imaging and the far-field diffraction analysis. The
analysis suggests that the local photo-induced linear birefrin-
gence is responsible of the material structuring at low irradia-
tion dose, and that a non-local response, in which both linear
and circular birefringence are induced by the light stimulus,
predominates at high dosage, when the suprastructural chiral
patterning occurs. Taking advantage of the unique character-
istic of the polymer and of its response to the light stimuli, we
demonstrate the possibility of building, in a very simple way,
optical architectures of great complexity. The results suggest
an alternative way to design new class of supramolecular chiral
materials, characterized by high stability and complete recon-
figurability, which have potential advantages for applications in
smart functional devices.

5. Experimental Section

Materials: The polymer used to perform the investigation is
a side-chain polymethacrylic copolymer with 60 mol% content
of oxycyano-azobenzene fragments in the side chains of the

Adv. Funct. Mater. 2012, 22, 2964-2970
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Figure8. a) Experimental set-up for measuringthe polarization dependent
diffraction intensities of the OLP hologram. The circularly polarized probe
beam is passed through a polarizer (P) in order to vary the angle o of the
polarization plane. b) The intensity of the +x and ty diffraction orders is
reported versus the polarization direction a of the probe beam.

T T T 1
120 140 160 180

macromolecule. The synthesis of the copolymer (polymerization degree
Pn = 43; polydispersity = 2.44) is described in References.}43 The glass
transition temperature of the polymer is T, = 77 °C. The sample is a
10 um thick film confined between two glass plates, prepared by melting
the polymer above the T, and cooling it down to room temperature.
The confining substrates avoid the formation of surface reliefs in the
experiments.

Experimental Setup: an Argon laser beam of wavelength A = 488 nm
impinges on a phase-only spatial light modulator (SLM, PLUTO, Holoeye
Photonics AG), which, through a synthetic phase hologram, generates
four plane waves linearly polarized along the x-axis. The interference of
these latter creates the PLP light pattern, while the PCP configuration is
achieved by passing the four beams through a quarter-wave plate. The
OLP configuration is obtained rotating the linear polarization of a pair
of consecutive beams of 90° with respect to the other two by means of a
half wave plate, whereas for the OCP geometry the four plane waves pass
through a quarter-wave plate placed after the half wave plate. The light
patterns generated by the interfering waves have a spatial periodicity A =
A/sin@ =150 um, which depends on the angle of incidence of the beams
0, that in the adopted geometry is the same for all the interfering fields,
and on the wavelength of the light 1. A more detailed description of the
recording set up is reported in Reference.l

Methods: Three different light irradiation regimes have been employed
in the holographic recording experiments: low, 0.7 J/cm?, medium
7 )/cm? and high dosage 40 J/cm?.

A linearly probe beam, polarized along the y-axis, from a He-Ne laser
whose wavelength (A =633 nm) is far from the absorption band of the
polymer, has been used to investigate the diffraction properties of the
holograms recorded at medium irradiation dose, in the PLC, PCP, OLC
and OCP configurations.

Adv. Funct. Mater. 2012, 22, 2964-2970
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