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cholesteric liquid crystalline (LC) mate-
rials characterized by supramolecular 
helical architecture are drawing significant 
interest as stimuli-responsive functional 
smart materials.[1,2] Cholesteric liquid 
crystals can be regarded as 1D photonic 
structure exhibiting a relatively wide band 
gap. The center of the band and its width 
are determined by Equations (1) and (2), 
respectively 

=max nPλ  (1)

=max nPλ∆ ∆  (2)

where n is the average refractive index, 
P is the cholesteric helix pitch, and Δn is 
birefringence. The tuning of the photonic 
bad gap can be achieved by control of the 
supramolecular cholesteric pitch which 
might be sensitive to temperature, electric 
field, light, and other stimuli, whereas the 
bandwidth is affected by the gradient of 
the helix pitch or by changes in refractive 
indices.[3–5]

The common method to induce 
cholesteric mesophase is doping nematic 
LCs with chiral molecules transducing 

their molecular chirality to supramolecular level. It is known 
that if the nematic hosts are doped with so-called photoactive 
chiral switches or molecular motors, cholesteric helical struc-
ture and consequently optical properties can be effectively and 
reversibly varied by light irradiation.[6–9]

In order to obtain cholesteric structure in the form of solid or 
soft materials mesogenic molecules can be covalently attached 
to polymer networks so that the supramolecular structure is 
being imprinted.[10–18] The introduction of different functional 
fragments into the cholesteric network allows films, coatings, 
fibers, drops, etc. to change their optical properties under 
various external stimuli. The crosslinked polymer structure 
provides stability, good mechanical properties and reversibility 
of the structural changes of such responsive materials. In a 
number of works the concept of exploiting of cholesteric net-
works as templates or supports for variety of low-molar-mass 
as well as polymeric materials is demonstrated.[19–23] Various 
optical sensors based on functionalized cholesteric polymers 
networks were also reported.[24–26] Previously we applied this 
concept for the introduction of low-molar-mass nematic mix-
ture capable to undergo light-induced phase transition into the 
cholesteric scaffolds in order to develop materials with tunable 
optical properties.[27]

A new type of self-organized materials based on cholesteric networks filled 
with photoactive side-chain copolymer is being developed. Supramolecular 
helical structure of cholesteric polymer network resulting in the selective 
reflection is used as a photonic scaffold. Photochromic azobenzene-con-
taining nematic copolymer is embedded in cholesteric scaffold and utilized as 
a photoactive media for optical pattering. 1D and 2D transmission diffraction 
gratings are successfully recorded in composite films by holographic tech-
nique. For the first time the possibility to create selective reflection gratings 
in cholesteric material mimicking the natural optical properties of cholesteric 
mesophase is demonstrated. That enables the coexistence of two selective 
gratings, where one has an intrinsic cholesteric periodic helical structure and 
the other is a holographic grating generated in photochromic polymer. The 
full-polymer composites provide high light-induced optical anisotropy due to 
effective photo-orientation of side-chain fragments of the azobenzene-con-
taining liquid crystalline polymer, and prevent the degradation of the helical 
superstructure maintaining all optical properties of cholesteric mesophase. 
The proposed class of optical materials could be easily applied to a broad 
range of polymeric materials with specific functionality. The versatility of 
the adjustment and material preprogramming combined with high optical 
performance makes these materials a highly promising candidate for modern 
optical and photonic applications.

Holography

1. Introduction

Today a great attention of science and industry is directed 
toward developing novel materials which can give useful 
optical feedback by the interaction with light. In this respect, 
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Another uncommon way of exploiting cholesteric LC mate-
rials is the creation of controllable optical elements, particu-
larly, diffraction gratings.[28–32] One of the approaches is the 
optical structuring of cholesteric side-chain polymers con-
taining azobenzene fragments by means of UV or visible 
holography.[28,30,33–35] This method makes use of the unique 
combination of high optical anisotropy inhering in LC state with 
the possibility of the effective light-induced control of optical 
properties due to E–Z photoisomerization of azobenzene mole-
cules. Such LC materials can be applied for the optical informa-
tion recording and for data storage,[36–41] optoelectronics, and 
photonics.[42–44]

In a number of studies it was shown that the optical 
recording of polarization (orientational) or surface relief grat-
ings (SRGs) in cholesteric materials results in gradual degra-
dation of supramolecular helical structure and, consequently, 
in the loss of unique optical properties of the cholesteric 
phase.[28,33] However, in our previous work we have demon-
strated the partial preserving of cholesteric helix by adjusting 
the conditions of holographic structuring providing a so-called 
“double” information recording.[30] It was shown that such dif-
fraction gratings possess moderate efficiency and stability.

In the current contribution, in order to overcome the deg-
radation of the supramolecular helical structure during the 
interaction with light, cholesteric polymer scaffolds (tem-
plates) filled with azobenzene-containing LC polymer have 

been developed. The possibility to use them as a media for 
holographic recording of diffraction gratings has been demon-
strated. Besides the transmission gratings we have managed 
to create reflection gratings with the opposite handedness in 
respect to the natural helical architecture, which enables two-
color wavelength-selective mirrors.

In Figure 1 the fabrication procedure of the composite 
films is schematically depicted (details are in the Experi-
mental Section). The first step consists in the preparation of 
photopolymerizable cholesteric layer with planar orientation 
(helix axis z is perpendicular to the film plane) composed of a 
mixture of mesogenic mono- and diacrylates, low-molar-mass 
LCs, a chiral dopant, and a photoinitiator (Figure 2). Photopoly-
merization and the removal of all low-molar-mass components 
result in a porous cholesteric polymer network or “sponge-
like” photonic scaffold/container. Such continual porous 
polymer structure can be filled with either low-molar-mass or 
polymeric compounds. The cholesteric scaffold was filled with 
the azobenzene-containing LC side-chain copolymer PAAzo 
(Figure 2). The resulted composite films were used for holo-
graphic recording of diffraction gratings. The polymer PAAzo 
has been established as a material allowing high photoinduc-
ible birefringence (or dichroism)[45,46] and was used as an active 
optical media for lasing.[33,47]

As shown in Figure 1, the illumination of the composite film 
with linearly polarized light leads only to a uniaxial orientation 
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Figure 1. Schematic representation of the preparation procedure of cholesteric composite films. All low-molar-mass components of photopolymeriz-
able mixture are presented in one color (red) as well as all the side groups of LC polymer (blue); polymer backbone and spacers are omitted.
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of the side-chain fragments of the embedded LC polymer while 
the cholesteric helical structure remains unchanged since it is 
imprinted in the covalently crosslinked polymer network. Thus, 
the proposed approach allows independent use of both: (i) 
the advantages of azobenzene-containing LC polymer and (ii) 
unique optical properties of cholesteric structure preserved in 
polymer scaffold in order to create “smart” materials for optics.

2. Results and Discussions

2.1. Optical Properties of the LC Composite Films

Two different photopolymerizable monomer mixtures whose 
compositions are shown in Table 1 were used to create the cho-
lesteric photonic scaffolds. The mixtures were made by mixing 
together a nematic liquid crystal E48, a chiral dopant CB15 
inducing right-handed helix, nematic mono- and diacrylates and 

a small amount of the UV photoinitiator Irga-
cure 651. The photopolymerized Sample 1 
possesses low crosslinking density (8%) and 
contains the nematic monoacrylate A6PhCN, 
whereas Sample 2 is highly crosslinked (49%) 
and does not contain a monoacrylate. The 
planar oriented layers of the prepared poly-
merized cholesteric mixtures exhibit selec-
tive light reflection band at 600 and 850 nm, 
respectively. A reasonable shrinkage of the 
cholesteric networks accompanied by a quite 
strong shift of the reflection band toward the 
UV region (Figure S2, Supporting Informa-
tion) is observed after removing of all low-
molar-mass components by washing with 
ethanol. The shrinkage of cholesteric network 
is schematically depicted in the Figure 1. The 
scanning electron microscopy (SEM) and 
atomic force microscopy (AFM) studying 
of the “empty” scaffolds revealed porous 
“sponge-like” structure with the pores size less 
than 100 nm as illustrated in Figure S4 (Sup-
porting Information). The resulted sponge-
like scaffold or container was swollen in the 
isotropic melt of the LC copolymer PAAzo at 
130 °C (see Figure 2) in order to reduce the 
viscosity of polymer melt and consequently to 
speed up this processing step. The wavelength 
of the reflection peak of the films after the 
PAAzo introduction increases up to 510 and 
690 nm for Samples 1 and 2, respectively. The 
observed equilibrium values of helix pitches 

are smaller than these values immediately after photopolymeri-
zation of cholesteric scaffolds. The difference can be associated 
with the incomplete filling of the cholesteric network due to the 
fact that isotropic melt of PAAzo is a worse solvent for the aniso-
tropic network in comparison to E48.[48]

The thermo-optical measurements of the composite films 
have revealed the gradual red shift of the reflection peak and 
the threshold-like decrease in the bandwidth (Figure S3, Sup-
porting Information) attributed to the isotropization of the 
introduced LC polymer PAAzo resulting in the reduction of 
birefringence and, consequently, in the narrowing of the reflec-
tion band (Equation (2)). The increase of temperature above 
150 °C causes the sweating of PAAzo onto the film surface 
with a corresponding blue shift of the reflection maximum and 
decreases its bandwidth (Figure S3).

Thus, photopolymerization of the cholesteric mixtures fol-
lowed by removal of low-molar-mass components and refilling 
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Figure 2. Chemical structures of low-molar-mass substances and azobenzene-containing 
copolymer PAAzo used for the composite films preparation.

Table 1. The compositions of photopolymerizable mixtures for the preparation of cholesteric scaffolds.

Composition of photopolymerizable cholesteric mixturea) [wt%] λ1
max

b) [nm] λ2
max

c) [nm]

E48 CB15 A6PhCN RM257

Sample 1 52 25 14 8 600 510

Sample 2 30 20 – 49 850 690

a)All mixtures contain 1 wt% of photoinitiator Irgacure 651; b)λ1
max is selective light reflection maximum after photopolymerization of cholesteric mixture; c)λ2

max is selective 
light reflection maximum after filling with LC polymer PAAzo.
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with azobenzene-containing copolymer makes it possible to 
obtain new type of photochromic polymer–polymer compos-
ites having helical supramolecular structure and selective light 
reflection in the visible spectral range.

2.2. Photo-Orientation in the LC Composite Films under 
Polarized Light Action

It is well known that under the action of linearly polarized light 
a cyclic reversible E–Z–E isomerization of azobenzene frag-
ments takes place. Due to the angular-selective character of light 
absorption, following numerous repetitive isomerization cycles 
the azobenzene groups become uniaxially oriented in a plane 
perpendicular to the electric field vector of the incident light. 
As shown previously, the nonphotochromic mesogenic groups 
included in the azo-containing copolymers also become ori-
ented along with the azobenzene moieties.[45] Thus, by virtue of 
the cooperative character of the orientation process very strong 
photoinduced optical anisotropy can be reached. This phenom-
enon underlies the use of this kind of polymers for optical 
recording and can result in their bulk (molecular) alignment.

To study the photoorientation processes, a linearly polarized 
laser beam of 532 nm and intensity of ≈9.8 mW cm−2 was used. 
Here we present the results of the study of Sample 2, as there 
is no overlap of the absorption band of azopolymer and selec-
tive reflection of the cholesteric network, which will clearly show 
the changes in optical properties. It is worth mentioning that 
the selected laser wavelength plays a dual role, on one hand, 
it effectively induces the photo-orientation process providing 

preferential formation of the E-form of azobenzene fragments, 
and on the other hand, it is relatively weakly absorbed promoting 
uniform distribution of light intensity across the film thickness.

Figure 3a,b shows the polarized transmittance spectra for the 
parallel and the perpendicular light components with respect 
to the direction of the molecular orientation. The spectra show 
a growth of the left peak shoulder of the parallel component, 
whereas the opposite behavior is observed for the perpendic-
ular one. The spectral changes in the range of the photonic 
band gap structure are associated with uniaxial alignment of 
the mesogenic groups under polarized light action.

Despite on high absorption of the sample we were able to 
estimate the value of the linear dichroism (D) at 460 nm which 
corresponds to the n–π* transition of the azobenzene groups. 
The dichroism values were calculated from the spectra using 
Equation (3)

( )/( )|| ||D A A A A= − +⊥ ⊥  (3)

where A|| and A⊥ is polarized absorbance along and perpen-
dicular to the preferred chromophores orientation, respectively. 
Figure 3c shows the kinetic curve of the dichroism growth, i.e., 
the orientation of azobenzene side fragments of LC copolymer. 
The inserted polar diagram also clearly demonstrates that the 
molecular orientation takes place in the direction perpendicular 
to the polarization plane of laser light.

In addition we have demonstrated the possibility of using 
polarized light for photopatterning. Figure 3d shows the optical 
pattern recorded on Sample 2 by irradiation with linearly polar-
ized light through a mask (cupper grid for electron microscopy, 
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Figure 3. Evolution of polarized transmittance spectra of Sample 2 under the action of linearly polarized laser light with the wavelength of 532 nm 
a,b) and a corresponding linear dichroism growth c); polarized optical image of the film irradiated through the metal grid d). Polarizer and analyzer 
are indicated by the crossed white arrows. The parallel and perpendicular components of the polarized light absorbance are provided in respect to the 
molecular alignment direction.
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mesh 400). By rotating the exposed sample between crossed 
polarizers it is seen that the irradiated areas become dark or 
bright depending on the angle between the analyzer and the 
direction of molecular alignment which underlines the effec-
tiveness of orientational photopatterning.

Thus, in the composites under study it is possible to create 
additional optical anisotropy by polarized light exposure while 
the cholesteric helical structure does not collapse and preserves 
its properties even after a long-time light exposure. This fact 
is crucial for recording of polarization (orientation) gratings in 
the cholesteric composite films.

2.3. Transmission Holographic Gratings Recording in the LC 
Composite Films

To record the transmission diffraction gratings, the interference 
pattern of two coherent laser beams (532 nm) of equal intensity 

with parallel polarizations (p-p) as well as two beams with right- 
and left-circular polarizations (RCP and LCP) have been used. 
As shown in Table 2 (see the Experimental Section), the inter-
ference of two beams with parallel p polarization leads to the 
intensity interference pattern (IIP) that is spatial distribution 
of the light intensity, the polarization remains constant. On the 
other hand, the interference of two opposite circularly polarized 
beams provides the polarization interference pattern (PIP) i.e. a 
spatial modulation of the polarization state maintaining a con-
stant intensity.

In the first set of experiments Sample 1 was exposed to IIP 
and PIP. Figure 4a shows the growth of the diffraction effi-
ciency of the first diffraction order. As clearly seen, the grating 
recorded by PIP is about twice as effective as IIP. The optical 
micrograph of the polarization grating recorded by PIP expo-
sure is depicted in Figure 5a,b. The regions of the sample 
with and without the grating are clearly visible in Figure 5a. 
Figure 5b shows a magnified fragment of the recorded gratings 

Adv. Optical Mater. 2017, 5, 1700314

Table 2. Schematic representation of spatial polarizations distributions across the grating vector. RCP is right-circularly polarized light; LCP is left-
circularly polarized light. Intensity of light is indicated by the length of the arrow.

Spatial distribution of polarization across the grating vector

Polarization sates of the interfering beams 0 Λ/4 Λ/2 3Λ/4 Λ

Intensity interference pattern (IIP)

Polarization interference pattern (PIP)

Figure 4. The growth of the diffraction efficiency under exposure of Sample 1 to the polarized interference pattern (PIP) and to the intensity interfer-
ence pattern (IIP) a); schematic representation of both gratings recorded in Sample 1 and corresponding diffraction efficiencies of +1st (η+1) and –1st 
(η−1) diffraction orders b). Diffraction efficiency growth of Samples 1 and 2 under exposure to PIP c).
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with alternating parallel lines, which correspond to the areas of 
different molecular orientation. The grating period matches the 
geometry of the holographic experiment (the angle between the 
interfering laser beams was 14.5°) and equals about 2.1 µm.

It should be noted that the specific features of the diffrac-
tion of the probe beam depend on its polarization state. If 
the input light is linearly polarized, two diffraction orders are 
observed (+1st and –1st), whereas for the circularly polarized 
light diffraction occurs only in the one order (+1st or –1st) as 
shown in the insets in Figure 5b. The reasons for such discrep-
ancy are described in detail in.[49–51] The results demonstrate 
that the fabricated grating is a pure polarization grating (or in 
other words the orientation grating)[49,50] i.e., orientation of the 
side fragments of PAAzo follows the polarization distribution 
of the interference pattern. This case is displayed schemati-
cally in Figure 4b. Here we also note that the cholesteric helical 
structure of the scaffold is maintained constant. The values 
of the diffraction efficiencies for RCP and LCP light are gath-
ered in the table in Figure 4b. The photoinduced birefringence 
(Δn) of the PIP grating for circular polarized probe beam was 
estimated using diffraction efficiency values (η) according to 
Equation (4)[51]

sin2 ndη π
λ

= ∆



  (4)

where d is film thickness and λ is a probe beam wavelength. 
The values of Δn were estimated as 0.011 and 0.010 for RCP 
and LCP probe beams, correspondingly, which is in accord-
ance with Δn values for pure copolymer PAAzo reported 
previously.[47]

The exposure of Sample 1 to IIP results in the orientation 
of the side fragments of LC copolymer taking place mainly 
in the areas of constructive interference (i.e., in the areas of 
a maximum intensity), while in the regions of destructive 

interference (the areas of a minimal light intensity) the orienta-
tion processes are suppressed as it is schematically shown in 
Figure 4b. This fact is supported by the diffraction efficiency 
dependence on the polarization state of the probe beam (see 
Table in Figure 4b). It can be seen that regardless of the polari-
zation of the probe beam, diffraction occurs in two orders, and 
only one of them is more effective than the other. The maximal 
diffraction efficiency is achieved with RCP light, which is in 
accordance with the handedness of cholesteric helical structure 
of polymer scaffold which is also right-handed.

In addition to the 1D transmission gratings the 2D grat-
ings have been also successfully recorded. 2D square and 
hexagonal gratings have been fabricated by a two-step 
(after each exposure step the sample was rotated by 90°) 
or a three-step (rotated by 60°) illumination of the sample 
with PIP. The two-step exposure for 25 and 1 min yielded 
square grating as it was confirmed by the polarized optical 
microscopy and by diffraction pattern (Figure 5c). The three-
step exposure for 25, 4.5, and 0.7 min resulted in a hexag-
onal grating as shown in Figure 5d. The efficiency of the 2D 
gratings can be varied by purposeful dividing the dynamic 
range of the material, i.e., by varying the illumination dose at 
each exposure step.

It is important to emphasize that the AFM study of the sur-
faces of the samples after a long-time gratings recording has 
revealed no surface relief formation (Figure S5, Supporting 
Information) as it would be expected for nonconfined azoben-
zene-based polymer films. This fact shows that the polymer 
network of cholesteric scaffold prevents photoinduced mass-
flow (or mass-transfer) of azobenzene polymer embedded 
in it, and once again confirms the formation of orientation 
gratings.

Let us briefly compare the behavior of Sample 1 and  
Sample 2 during holographic gratings recording. For this pur-
pose two samples were exposed to PIP, while monitoring the 
probe beam had a right circular polarization. Figure 4c shows 
the recording curves for the first diffraction order which is the 
only order of diffraction for given polarization state of the probe 
beam. It was revealed that Sample 1 has higher diffraction effi-
ciency than Sample 2. This may be due to lower crosslinking 
density of cholesteric scaffold of Sample 1 and higher content 
of photochromic copolymer PAAzo (see Table 1).

Another very important feature of all gratings described 
above is that they can be easily erased by an annealing above 
the glass transition temperature of the LC polymer embedded 
in the cholesteric scaffold. Typical curves of the reduction of 
diffraction signal during annealing at 50 °C are presented in 
Figure S6 (Supporting Information). The cholesteric network 
plays a key role in this process, since at elevated temperatures 
it acts as a template with memory effect and causes the adjust-
ment/alignment of the LC fragments of PAAzo in a helical 
structure thereby completely destroying the photoinduced 
order.

Thus, proposed materials allows creating 1D and 2D trans-
mission diffraction gratings associated only by modulation of 
refractive index, herewith maintaining selective light reflection 
from a cholesteric superstructure. The composites are suitable 
for multiple recording/erasure cycles which are highly required 
for practical applications.

Adv. Optical Mater. 2017, 5, 1700314

Figure 5. Polarized optical images of 1D sinusoidal a,b), 2D square c), 
and hexagonal d) gratings inscribed in Sample 1 by exposure to the polar-
ized interference pattern (PIP). Insets in (b) show the diffraction light 
patterns of the probe laser beam of linear (LP) and right- and left-circular 
(RCP and LCP) polarization. Insets in (c) and (d) display the diffraction 
patterns of a linearly polarized probe beam.
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2.4. Recording of Holographic Reflection Gratings  
in LC Composite Films

There is a very limited number of works devoted to the reflec-
tion gratings in azobenzene based polymer systems. In 2001 
Eichler et al. demonstrated the ability to record reflection grat-
ings in thick (≈50 µm) azopolymer layers using holographic 
exposure.[52] A year later, Nikolova et al. holographically 
inscribed polarization reflection gratings in the azobenzene-
doped gelatin films but stability and efficiency of the gratings 
were poor.[53] It is noteworthy that the reflection gratings in 
cholesterics present a special interest because they combine on 
the one hand cholesteric structure possessing intrinsic selec-
tive light reflection with definite circular polarization of wave-
length of the reflected light and on the other hand holographic 
reflection gratings with fine tunable optical parameters. In the 
current work we have realized the reflection gratings holo-
graphically recorded in cholesteric polymer systems containing 
azobenzene side groups.

The feature of the reflection gratings recording is that two laser 
beams propagate in opposite directions and overlap in the sample 
resulting in an interference pattern where the grating vector is 
perpendicular to the sample plane in contrast to the transmission 
gratings where grating vector lays in the sample plane. It is also 
known that the exposure of azobenzene LC systems to circular-
polarized light leads to a circular optical anisotropy (Δncir, circular 
photoinduced birefringence) by analogy with the optical anisot-
ropy arising due to the linearly polarized light illumination.[54–56] 
Hence, we decided to exploit the interference of two laser beams 
with the same circular polarization, either right- or left-handed. 
This results in a spatial modulation of light intensity across the 
film thickness at constant polarization state (by analogy with IIP 
exposure in Table 2). The main goal of this experiment was to 
create an artificial photonic structure or a selective mirror similar 
to the natural cholesteric helical structure.

To clearly separate the reflection of a cholesteric superstruc-
ture (which occurs perpendicularly to the film plane) and that 

of a holographically fabricated grating, the exposure configura-
tion in which one beam directed to the normal of the sample 
surface and the opposite directed beam slanted to the sample 
by an angle of 20° to the normal was used.

The exposure of Sample 2 to LCP laser beams for 10 min 
results in a reflection grating with the efficiency of about 10% 
at the wavelength of 532 nm. As shown in Figure 6a the formed 
grating is selective to LCP light, which matches to the polariza-
tion state of the recording beams while the helical structure of 
the polymer scaffold selectively reflects RCP light. The reflec-
tion peak corresponds to the used laser wavelength and is equal 
to 532 nm. The geometry of holographic experiment allows spa-
tially separating the reflection of the inscribed grating and that 
of the natural cholesteric structure (see inset in Figure 6a). It 
is noteworthy that the width of reflection peak of the recorded 
grating is of about 9 nm which is one order of magnitude lower 
than that for the cholesteric reflection peak (≈80 nm). It means 
that such gratings could be potentially used as notch-filters. The 
optical feature of the grating is clearly seen from the images 
presented in Figure 6b. By observation of the grating with 
natural (nonpolarized) light one can see two colors simultane-
ously, green and red, belonging to the recorded grating and to 
that of the cholesteric basic structure, respectively. If white light 
is right-circularly polarized, only the reflection color from the 
cholesteric scaffold is visible. On the contrary, in LCP light the 
green reflection of the recorded grating can be detected only.

An exposure to two RCP beams provides reflection grating 
selective to RCP light. These results as well as the data con-
cerning the reflection grating in Sample 1 are presented in 
Supporting Information (Figure S7). The recorded reflection 
gratings are stable in time and can be erased by annealing. 
The diffraction efficiency of the gratings is usually in the range 
3%–11% (for appropriate circular polarized light) and strongly 
depends on the quality of the used film. As for the transmission 
gratings the fabrication of the reflection ones does not change 
the surface topology of the film at all (Figure S5b, Supporting 
Information). It is worth to note that the reflection gratings are 

Adv. Optical Mater. 2017, 5, 1700314

Figure 6. Right- and left-circular polarized reflection spectra of Sample 2 with the reflection grating inscribed by IIP exposure of two LCP laser beams 
a). Inset shows a white light selective reflection. Images of Sample 2 were obtained in natural, RCP and LCP light b).
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characterized by much higher spatial frequency/resolution (in 
our case ≈166 nm, taking into account average refractive index 
of about 1.6) than related transmission-type gratings (sub-
micrometer resolution).

Thus, the selective reflection gratings mimicking natural 
optical properties of cholesteric supramolecular structure were 
successfully fabricated. The simultaneous existence of cho-
lesteric structure and all-optically formed artificial photonic 
structure was demonstrated. It is important to mention, that the 
cholesteric scaffold properties can be purposefully programmed 
at early stages of production process e.g., by adjustment of 
cholesteric monomer mixture or by the photopolymerization 
conditions. On the other hand, the properties of reflection 
gratings can also be tuned by the geometry of holographic 
recording as well as by the polarization states of the recording 
laser beams. These facts make the proposed materials a versa-
tile tool for various photonic and optical applications.

2.5. Formation of Multicolored Images in LC Composite Films

The proposed versatile approach and the related materials could 
likely be used not only for diffractive optics and optical data 
storage but could also be a candidate for the optical security 
devices and anticounterfeiting tags of high protection level.[57,58] 
Recently, the potential of cholesteric materials in spherical con-
finement as security devices with physical unclonable functions 
has been demonstrated.[59] In the current chapter we will show 
our preliminary results and will give an outlook on this topic.

A photopolymerizable mixture similar to that of Sample 2 but 
with higher concentration of the chiral dopant (≈30 wt%) was 
prepared. The planar oriented layer of this mixture has been 
irradiated with UV light in two steps: firstly, through the 
mask (a positive mask with the Fraunhofer Institute abbre-
viation, Fh-IAP) for 2 min and then homogeneously without 
a mask for 15 min. This approach was previously used and 
allows obtaining an optical pattern exhibiting various colors 
(due to various helical pitches) due to low-molar-mass com-
ponent migration and variation of the crosslinking density of 
cholesteric polymer network.[60,61] In our case, the areas cor-
responding to the letters have a lower degree of crosslinking 
and, consequently, a reflection at shorter wavelengths. After 
photopolymerization and removal of low-molar-mass compo-
nents, the cholesteric container was filled with polymer PAAzo 
(the images of the sample after each production step are pro-
vided in Figure S8a, Supporting Information). Higher amount 
of polymer penetrates in the regions of a low crosslinking den-
sity compared to highly crosslinked areas; thereby, the pattern 
containing high concentration of PAAzo appears in the film 
that is clearly demonstrated in Figure S8b.

After that the reflective grating selective to LCP light was 
recorded by exposure to two LCP laser beams for 10 min. 
Figure 7 (at the left) shows the image of the resulting sample 
observed with RCP light. A two-color picture corresponds to the 
selective light reflection from cholesteric helical structure with a 
patterned helix pitch. If the observation is carried out with LCP 
light the image formed by a cholesteric preprogrammed scaf-
fold is invisible, whereas the holographically recorded reflection 
grating becomes visible (Figure 7, at the right). Since the areas 

of “the letters” are rich with azobenzene-containing LC polymer 
the efficiency of the reflection grating in these areas is higher 
as evidenced by brighter green color.

In general, it is possible to create multicolored images by 
purposeful manipulation of the helix pitch of the cholesteric 
polymer scaffolds. The reflection color of the grating can also 
be tuned by varying the angle between the recording beams 
and/or by using other recording wavelengths. Moreover, the 
reflection gratings can be easily patterned using the photo-
masks. All these ways of tuning/adjustment of the proposed 
materials allow considering them as perspective “smart” mate-
rials for optical recording and security purposes.

3. Conclusion

Novel LC polymer composites based on cholesteric polymer 
scaffolds filled with an azobenzene-containing LC polymer 
were elaborated. Polarized light exposure brings unidirectional 
molecular alignment of LC polymer side-groups without any 
distortion of the helical supramolecular structure of the cho-
lesteric scaffold which enables to keep unique optical proper-
ties of a cholesteric mesophase like selective light reflection 
and to manipulate independently the orientation of the LC 
polymer. These materials were successfully utilized for optical 
recording of 1D and 2D transmission diffraction gratings by 
holographic exposure to polarization or intensity interference 
patterns. The gratings obtained can be classified as polarization 
diffraction gratings. The gratings are rewritable, they can be 
thermally erased and another structure can be inscribed again. 
Furthermore, holographic fabrication of reflection gratings in 
cholesteric material was demonstrated for the first time. The 
reflection gratings possess higher spatial resolution (≈166 nm) 
compared to the transmission one, and they are strongly selec-
tive to circularly polarized light which is predetermined by the 
polarization states of the recording laser beams. Possible appli-
cation of new composite materials for optical security features 
using holographic patterning of the reflection gratings having 
polarization selectivity opposite to the cholesteric structure 
is proposed. The presented class of “dual” optical materials 
is effective and versatile and can be easily applied to a broad 
variety of polymeric materials (amorphous or liquid crystal-
line) with specific properties. The rich toolbox for the adjust-
ment and material preprograming combined high performance 

Adv. Optical Mater. 2017, 5, 1700314

Figure 7. Images of the demonstration sample made in right- and left-
circular polarized (RCP and LCP) light. A dashed round area corresponds 
to the region of a holographically recorded reflection grating.
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optical properties allows considering them as candidate for 
modern optics.

4. Experimental Section
Materials: Acrylic LC monomer A6PhCN were obtained as previously 

described in ref. [62]. Nematic diacrylate RM257, chiral dopant CB15, 
and nematic mixture E48 were purchased from “Merck.” Radical UV 
photoinitiator Irqacure651 was purchased from “Ciba.” The copolymer 
PAAzo with a molar ratio of mesogenic and azobenzene side groups 
of 1:1 was synthesized by free radical polymerization of appropriate 
monomers which have been obtained according to procedures 
described in ref. [45]. The reaction was carried out in anhydrous benzene 
in a sealed tube under argon atmosphere with the initiator AIBN 
(2 wt%) for 100 h at 70 °C. The polymerization was carried out to high 
conversions. The copolymer was purified by repeated extraction with 
hot methanol and dried in vacuum at 50 °C. Mw of PAAzo was about 
8.6 kDa (Mw/Mn ≈ 1.6) which was determined by GPC using a “Knauer” 
chromatograph (UV detector, column type “LC-100” with a sorbent 
1000 Å; solvent THF, 1 mL min−1; 25 °C; polystyrene standard). Phase 
transition temperatures were detected by polarized optical microscopy 
(“POLAM-R-112”) equipped with a heating stage (“Mettler FP-86”), as 
well as differential scanning calorimetry (“Mettler TA-4000,” heating rate 
10 K min−1).

The cholesteric photopolymerizable mixtures of different 
compositions were prepared by dissolving appropriate amounts of 
the components (Table 1) in chloroform. Then the solvent was slowly 
evaporated and the residue was dried in vacuum at 50 °C for several 
hours.

Sample Preparation: Glass sandwich-like cells with the thickness of 
10 µm were used for cholesteric polymer films preparation. In order to 
improve adhesion of polymer network one of the glass substrates was 
preliminary functionalized by 3-(trimethoxysilyl)propyl methacrylate,[14] 
whereas another was treated with triethoxy(octyl)silane to decrease 
adhesion to the glass.[27] The fresh-prepared cholesteric monomer 
mixtures have been introduced into the cells at room temperature. 
The mixtures were planarly aligned by shear forces followed by 
photopolymerization using UV lamp (the spectral range is 345–355 nm, 
exposure time is 10 min., intensity is 12 mW cm−2). After polymerization 
and removal of one glass plate (the hydrophobically functionalized one) 
the cholesteric polymer film was thoroughly washed in ethanol in order 
to get rid of all low-molar-mass components and then dried at room 
temperature for several hours.

During the final stage the photochromic nematic copolymer PAAzo 
was introduced into the cholesteric polymer network at 130 °C (in 
isotropic state) by capillary forces. The excess of the polymer melt 
was gently removed from the surface with nonwoven tissue. Then the 
sample was slowly cooled down to the room temperature. The resulted 
thickness of Sample 1 and 2 was 8.95 and 8.07 µm, respectively.

Optical Structuring: Holographic exposure technique was applied 
for the fabrication of transmission and reflection diffraction gratings. 
The transmission gratings were recorded by means of a symmetric 
exposure of the intensity interference pattern (IIP) of two mutually 
coherent p-polarized beams of equal intensities or to the polarization 
interference pattern (PIP) formed by RCP and LCP beams (Table 2). 
Quarter-waveplates were used for obtaining circular polarization of the 
light. Recording intensity was about 100 mW cm−2. The scheme of a 
holographic setup is provided in Figure S1a (Supporting Information). A 
DPSS laser (Elforlight) operating at a wavelength of 532 nm was used as 
a coherent light source. The grating period, Λ, was dictated by the angle 
between the interfering beams and has been set to 2.1 µm. A nonactinic 
probe beam from an He–Ne laser at λt = 632.8 nm with an output 
power of 15 mW (Thorlabs) was used for a real-time monitoring of the 
transmission grating formation. Polarization of an He–Ne probe laser 
beam in all cases was parallel to the gratings fringes, unless otherwise 
mentioned. The transmission gratings fabricated in the current work 

operate in Raman–Nath regime (“thin” diffraction gratings) which 
is characterized by the presence of multiple diffracted orders. The 
diffraction efficiency (η) of the transmission gratings was determined for 
the first order as a ratio between of intensity of the diffracted beam and 
intensity of the input beam.

The reflection gratings were inscribed using the exposure 
configuration shown in Figure S1b (Supporting Information). In this 
case the recording beams were directed from the opposite sites on the 
sample. One beam was directed to a normal of a sample surface and the 
second, opposite beam was slanted to the sample by the angle of 20° to 
a normal. The samples were exposed with the interference pattern of two 
laser beams with right- or left circular polarization. Such configuration 
provides spatial modulation of intensity of RCP or LCP light, respectively 
(analogues to IIP in Table 2).

Measurements: The absorption spectra were measured using 
a spectrometer TIDAS (J&M). For the polarized light absorbance 
measurements spectrometer was equipped with a polarizer (Glan-Taylor 
prism) or with the stack of a polarizer and an achromatic λ/4-waveplate. 
The optical axis of waveplate was rotated by +45°/−45° with respect to 
the axis of the polarizer in order to produce left/right circularly polarized 
light, respectively. The intensity of the laser light was measured by a 
power meter PM-100D (Thorlabs). The polarized optical microscopic 
investigations were performed using a microscope AxioPlan2 (Carl 
Zeiss). Film thickness was measured by profilometer Dektak 150 (Veeco). 
The surface relief topography of the films was studied by atomic force 
microscopy SPM Smena (NT-MDT) performed in the tapping mode. The 
SEM measurements were carried out with microscope Neon 40 (Carl 
Zeiss). Samples were imaged with the following parameters: electron 
beam energy, 3.00 kV; aperture size, 30 µm; signal, SE2.
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Supporting Information is available from the Wiley Online Library or 
from the author.
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