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FROM RESIDUAL MESOGENS TO RESPONSIVE
MATERIALS: RECYCLED LIQUID CRYSTALS FROM END-
OF-LIFE SCREENS IN PHOTOCURABLE ACRYLATE
NETWORKS
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Photocurable composites were developed using isobornyl acrylate and
recycled liquid crystal components, cured under ultraviolet light with a reactive
crosslinker and photoinitiator. Physical characterization included infrared
spectroscopy, differential scanning calorimetry, dynamic mechanical analysis, and
rheology. Spectroscopy confirmed over 90% conversion of carbon—carbon double
bonds. Calorimetry revealed suppression of mesophase transitions, indicating
effective encapsulation. Mechanical analysis showed a glass transition temperature
decrease from approximately 90°C to 65°C and a marked reduction in stiffness.
Rheological measurements indicated enhanced flow due to lower viscosity. These
results demonstrate a plasticizing effect and compatibility of the recycled liquid
crystals, enabling tunable functional properties for optical applications.
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1. Introduction

In recent years, the recycling and valorization of electronic waste have
attracted growing interest due to environmental constraints and the diminishing
availability of primary resources [1-3]. Among these waste streams, end-of-life
liquid crystal displays (LCDs) represent a significant source of reclaimable
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materials, particularly recycled liquid crystals (LCRs). These LCRs retain core
mesogenic structures, such as aromatic esters and nitrile-functionalized biphenyls,
which exhibit intrinsic anisotropic behavior and dielectric responsiveness [4—6].
Such properties position LCRs as promising candidates for reuse in
optoelectronic, photonic, and responsive soft-matter systems [7].

Isobornyl acrylate (IBOA) is a monoacrylate monomer known for its high
refractive index, excellent optical clarity, and dimensional stability under
polymerization. In photocurable formulations, IBOA is often co-polymerized with
multifunctional crosslinkers such as 1,6-hexanediol diacrylate (HDDA),
producing dense polymer networks with enhanced rigidity and solvent resistance
[8—11]. Photoinitiated free-radical polymerization, typically initiated by a-
hydroxy ketone derivatives such as Darocur 1173 under ultraviolet radiation
(~365 nm), enables spatial and temporal control over network formation, critical
for advanced device fabrication [12].

While hybrid and bio-based acrylate systems have demonstrated
compatibility with a variety of nanomaterials and molecular dopants [13—14], the
incorporation of recycled LCRs into photopolymer matrices remains poorly
characterized, particularly in terms of their effects on molecular dynamics, phase
behavior, and mechanical moduli. Prior work on polymer-dispersed liquid crystals
(PDLCs) and LC—polymer composites suggests that such mesogenic additives can
act as plasticizers, internal phase modifiers, or even induce mesophase separation
within the host polymer [15-17]. These behaviors are governed by complex
interactions among crosslink density, mesogen orientation, and interfacial
compatibility—features that can be quantified through physical characterization
techniques.

In this study, we present a systematic formulation and physical
characterization of UV-curable polymer networks composed of IBOA, recycled
LCRs, and HDDA as a difunctional crosslinker. The evolution of molecular
structure, phase transitions, and mechanical response is investigated through
Fourier-transform infrared spectroscopy (FTIR), differential scanning calorimetry
(DSC), dynamic mechanical analysis (DMA), and rotational rheometry. These
techniques enable quantification of curing kinetics, thermal relaxation
phenomena, viscoelastic moduli, and flow behavior—allowing for a detailed
understanding of structure—property relationships relevant to soft matter physics
and functional material design.

2. Experimental

2.1. Materials

The study utilized the monofunctional monomer isobornyl acrylate
(IBOA) and the difunctional monomer 1,6-hexanediol diacrylate (HDDA). The
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photoinitiator, 2-hydroxy-2-methyl-1-phenyl-propan-1-one, commonly referred to
as Darocur 1173, was used in this research. All chemicals were obtained from
Sigma-Aldrich (Saint Quentin Fallavier, France) and were employed without any
further purification.

Recycled liquid crystals (LCRs) were sourced from discarded liquid
crystal displays (LCDs). The extraction process for the LCRs is described in the
references [4—6].

2.2. Sample preparation

The formulations were created by blending IBOA with 0.5 weight% (wt%)
of HDDA and 0.5 wt% Darocur 1173 as the photoinitiator. LCRs were
incorporated in varying concentrations to evaluate their impact on the properties
of the resulting cured materials. The mixtures were thoroughly homogenized
using magnetic stirring. UV curing was carried out with a mercury vapor lamp
emitting at 365 nm for 50 min.

2.3. Fourier Transform Infrared Spectroscopy (FTIR)

FTIR spectra were recorded on a Bruker Alpha spectrometer (Bruker
Corporation, Billerica, MA, USA), using an attenuated total reflectance (ATR)
module. Spectra were collected in the range of 4000 to 400 cm™ with a resolution
of 4 cm™, averaging 32 scans per sample. The conversion of the acrylate groups
was determined by monitoring the decrease in the characteristic C=C stretching
peak near 810 cm™.

2.4. Differential Scanning Calorimetry (DSC)

Thermal properties were measured using a TA Instruments Q2000
differential scanning calorimeter (TA Instruments, New Castle, DE, USA). About
5-10 mg of each sample was placed in an aluminum pan, and a heating cycle from
—70 °C to 200 °C was applied at a rate of 10 °C/min under a nitrogen atmosphere.
The glass transition temperature (Tg) was identified from the midpoint of the heat
capacity change.

2.5. Dynamic Mechanical Analysis (DMA)

Dynamic mechanical properties were assessed with a TA Instruments
Q800 dynamic mechanical analyzer (TA Instruments, New Castle, DE, USA) in
tensile mode. Rectangular specimens were tested within the temperature range of
20 °C to 150 °C, with a heating rate of 3 °C/min and a frequency of 1 Hz. The
storage modulus (E’), loss modulus (E”), and damping factor (tan &) were
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measured to assess the mechanical performance and determine the glass transition
temperature (Ty).

2.6. Rheological Analysis

The rheological properties of the uncured formulations were analyzed
using an Anton Paar MCR 302 rheometer (Anton Paar GmbH, Graz, Austria) with
a 25 mm parallel plate geometry. Measurements were carried out at 25°C under
oscillatory shear mode. A frequency sweep from 0.1 to 100 rad/s was performed
at a constant strain within the linear viscoelastic region. The storage modulus (G’),
loss modulus (G"), and complex viscosity (n*) were recorded to examine the flow
behavior and crosslinking potential of the (IBOA/HDDA/Darocur)/LCR mixtures
before curing.

3. Results and discussion
3.1. Fourier-transform infrared spectroscopy analysis

The prepared monomer blends were analyzed by FTIR spectroscopy both
before and after polymerization/curing. Fig. 1a presents the FTIR spectra of a 99
wt% IBOA blend comprising 0.5 wt% HDDA and 0.5 wt% Darocur 1173,
recorded in both the monomeric and cured states. In the monomeric state,
characteristic vibrational bands are observed. These include the asymmetric
stretching vibration of methyl groups (CHs) at 2961 cm’!, a strong carbonyl
(C=O0) stretching band at ~1719 cm’!, and a C=C stretching vibration associated
with the acrylate double bond at 1637 cm™. A skeletal vibration of C—C single
bonds is observable at 1175 cm™!, and the out-of-plane deformation mode of the
vinyl C=C bond is distinctly discernible at 810 cm™.

Following the polymerization/curing process, the positions of all
functional groups remain constant; however, a significant decrease in band
intensity is evident, particularly for the C=C bands. Fig. 1b shows a magnified
view of the 810 cm™ region, demonstrating the complete disappearance of this
band after the curing process. This observation suggests that all reactive double
bonds have been fully consumed, indicating the formation of a crosslinked
polymer network [18-22]. The disappearance of the C=C out-of-plane bending
signal, which is associated with unreacted C=C double bonds, strongly supports
the efficiency of the curing process. These spectral changes are consistent with
those reported in the literature for acrylate polymerization systems [12, 23-24].

This decrease in intensity, particularly of the C=C bands, correlates with
the progression of the polymerization reaction and network formation. As
polymerization progresses, monomeric vinyl groups (C=C) are converted into
single bonds, resulting in the growth of polymer chains and the development of a
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crosslinked network. The complete disappearance of the C=C band at 810 cm!
indicates a high degree of monomer conversion and a well-developed network,

suggesting rapid and efficient curing kinetics in the presence of the photoinitiator
and HDDA crosslinker.
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Fig. 1. FTIR spectra before and after polymerization/curing reactions : a) 100 wt %
(IBOA/HDDA/Darocur), b) magnified view of a) around 810 cm™!, ¢) 70 wt % LCR /30 wt %
(IBOA/HDDA/Darocur) and d) magnified view of ¢) around 810 cm™.

In order to assess the impact of incorporating LCRs, Fig. 1c presents the
FTIR spectra of a blend consisting of 70 wt% LCR and 30 wt%
(IBOA/HDDA/Darocur), recorded before and after 50 min of polymerization. The
spectral features remain consistent, and no new bands are observed, indicating
that the chemical nature of the system remains constant. As was the case with the
preceding formulation, peak intensities related to the reactive acrylic groups
undergo a decrease following the curing process.

Fig. 1d presents a magnified perspective of the 810 cm™' region depicted in
Fig. 1c. The observed disappearance of the band following polymerization and
subsequent curing processes serves to confirm the near-total consumption of C=C
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double bonds, even in the presence of LCRs. This result suggests that the LCRs
are chemically compatible with the reactive initial monomeric mixture and do not
interfere with the photoinitiated polymerization process or the formation of the
crosslinked polymer network.

3.2. Differential Scanning Calorimetry analysis

DSC thermograms of poly(IBOA/HDDA/Darocur) and LCRs are shown in
Fig. 2. The LCRs exhibit a smectic-to-nematic phase transition (Ts-n) at
approximately —46.6 °C and a nematic-to-isotropic transition (Tn-1) at 70 °C. The
observed smectic-to-nematic and nematic-to-isotropic transitions are typical for
LCs used in commercial LCDs [25]. According to literature [26], their T, is
around —90 °C. However, the glass transition could not be detected in our analysis
due to the sensitivity limitations of the DSC instrument, which starts measuring at
—-80 °C.
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Fig. 2. Thermogrammes obtained by DSC of poly (IBOA/HDDA/Darocur) and LCRs.

Pure poly(IBOA/HDDA/Darocur) shows a T, close to 47 °C, which is in
agreement with previously reported values for this polymer [14]. In the case of the
poly(IBOA/HDDA/Darocur) LCR composites, Tn.i was not observed. This
absence is attributed to the encapsulation of the LCR molecules within the
polymer network during curing, which limits their mobility and prevents the
mesophase transitions typically observed in LCRs. The suppression of these
transitions indicates good dispersion and encapsulation of the LCRs within the
polymer matrix. The absence of mesophase transitions in these composite systems
suggests that the polymer network effectively restricts the movement of the LCR
molecules, resulting in their physical confinement. This confinement and
restriction is essential for the design of PDLCs. PDLCs typically rely on the
ability of LCs to reorient under an electric field, thereby changing their optical
properties [27-30]. However, in the case of our composite systems, encapsulation
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within a rigid polymer network may restrict the ability of LCs to freely reorient,
which could reduce the electro-optical response of the material.

Nevertheless, the limited mobility of the LCRs within the polymer matrix
could still offer promising applications for passive PDLC systems, where the LCs
remain in a dispersed, randomly oriented state in the absence of an applied electric
field. This property could be particularly advantageous for applications such as
smart windows or privacy screens, where the material undergoes transitions
between opaque and transparent states in response to external stimuli such as
electric fields, temperature, or light exposure [31-32].

The suppression of mesophase transitions and the confinement of LCRs in
the polymer network also suggest that these composites could be tailored for
applications requiring controlled optical switching, where precise manipulation of
LCR alignment and dispersion within the polymer is key. Further optimization of
the polymer matrix, such as adjusting the crosslinking density or using different
photoinitiators, could allow fine-tuning of the electro-optical response and thus
improve the performance of PDLC-based devices.

3.3. Dynamic Mechanical Analysis

To examine the influence of the cross-linking agent on Ty and the network
structure, DMA was used to analyze samples containing IBOA monomer with
varying concentrations of HDDA (0.1 wt%, 1 wt%, and 2 wt%) and 0.5 wt%
Darocur.

3000 - ——0.1 wt % HDDA
—— 1wt % HDDA
2 wt % HDDA

N
a
o
o

2000 1

1500

1000

Storage modulus (MPa)

500

0
30 40 5 60 70 8 90 100
Temperature (°C)

Fig. 3. The storage modulus E' of Poly(IBOA/HDDA/Darocur) in the presence of 0.5 wt% Darocur
as a function of HDDA concentration.

Fig. 3 shows the evolution of E’ as a function of temperature for the three
HDDA concentrations. Initially, the storage modulus is high and decreases with
increasing temperature until the rubbery plateau is reached. The observed decrease
in E' at lower HDDA concentrations highlights the importance of network



216 A. Bouriche, A. Barrera, C. Binet, P. Ropa, F. Dubois, L. Bedjaoui, Z. Bouberka, M. Ilis, U. Maschke

density: higher HDDA levels result in a more cross-linked, rigid structure that
resists thermal softening [33].
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Fig. 4. Storage modulus E' of LCR/poly(IBOA/HDDA/Darocur) mixtures as a function of
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Fig. 5. The variation of tan (3) of LCR/poly(IBOA/HDDA/Darocur) mixtures as a
function of temperature.

To further investigate the influence of LCRs on the Tg of
poly(IBOA/HDDA/Darocur), several samples were prepared with different LCR
concentrations while keeping Darocur and HDDA at 0.5 wt%. Fig. 4 shows the
temperature dependent storage modulus for these blends. The pure
poly(IBOA/HDDA/Darocur) system shows the highest modulus (~1000 MPa),
reflecting a well-developed crosslinked network. With increasing LCR content,
the storage modulus decreases significantly, reaching ~50 MPa for the 70 wt%
poly(IBOA/HDDA/Darocur)/30 wt% LCR sample. This behavior is characteristic
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of a plasticizing effect, where the LCRs act as flexible, low-Tg additive that
interfere with chain packing and reduce intermolecular interactions, thereby
softening the polymer matrix [34-35].

The evolution of tan  as a function of temperature is shown in Fig. 5 for
the LCR/poly(IBOA/HDDA/Darocur) blends. The peak of the tan & curve
corresponds to the T, of the polymer matrix. As the LCR content increases, this
peak shifts to lower temperatures, clearly indicating a decrease in Tg. This trend
supports the conclusion that LCRs disrupt the segmental motion of the polymer
chains, acting as internal plasticizers and lowering the temperature at which the
glass-rubber transition occurs [36-37].

Fig. 5 demonstrates a steady decline in T as the LCR content increases,
indicating a reduction in network rigidity due to lower crosslinking efficiency in
the presence of LCRs. This may be due to phase incompatibility or partial
miscibility affecting the homogeneous formation of crosslinked domains. The
combined decrease in storage modulus and T with higher LCR loading reveals a
systematic weakening of the polymer network, but also offers a method to tune
the mechanical flexibility, which can be advantageous in applications such as soft
actuators, optical elastomers or flexible displays [38-39].

3.4. Rheology analysis

Fig. 6 illustrates the modulus (G") of LCR/poly(IBOA/HDDA/Darocur)
blends over a range of polymer concentrations, from 100 wt% to 20 wt%
poly(IBOA/HDDA/Darocur), with 0.5 wt% HDDA and 0.5 wt% Darocur held
constant.
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Fig. 6. The variation of the elastic modulus G' as a function of temperature for different
concentrations of poly(IBOA/HDDA/Darocur).

The pure poly(IBOA/HDDA/Darocur) system exhibits a high modulus of
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elasticity of approximately 100,000 MPa, characteristic of a densely cross-linked
rigid thermoset. This value serves as a benchmark that separates two behavioral
regimes. Formulations with more than 50 wt% poly(IBOA/HDDA/Darocur) retain
high G’ values, reflecting robust network formation, while compositions with
increasing LCR content show a pronounced drop in G’, indicating progressive
softening due to reduced network stiffness.

This decrease in modulus is primarily due to the plasticizing effect of the
LCR phase, which interferes with chain entanglement and crosslinking efficiency.
LCRs act as low-molecular-weight additives that disrupt the dense polymer
network, reduce the effective crosslink density, and increase chain mobility. As a
result, the material transitions from a stiff thermoset to a more compliant,
elastomer-like system. The steepest decrease in G’ is observed below 50 wt%
poly(IBOA/HDDA/Darocur), where the system loses its structural stiffness, an
effect that aligns well with design goals for PDLC technologies that require
flexibility and electro-optical responsiveness [40].
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Fig. 7. Variation of the loss factor modulus (tan 6) with temperature for different concentrations of
poly (IBOA/HDDA/Darocur).

Fig. 7 shows the tan 6 (loss factor) profiles of the same formulations as a
function of temperature. The T,, determined by the peak in tan 6, shows a clear
dependence on the LCR content. Pure poly(IBOA/HDDA/Darocur) has a Tg of
about 69.6 °C (not shown). As the LCR concentration increases, the Ty decreases
non-linearly - initially following a nearly linear decrease, then transitioning to a
steeper decrease above ~50 wt% LCR. At the highest LCR concentration (80
wt%), Tg reaches as low as 6.4 °C. This trend confirms the strong plasticizing
effect of LCRs, which lower the segmental mobility threshold by disrupting the
polymer chain packing and reducing the thermal energy required for glass
transition [41].
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To validate the T, behavior, Fig. 8 compares values obtained from DMA
and rheological measurements. Both techniques show a decrease in Ty with
increasing LCR content, but DMA consistently reports Tg values 10-15°C higher
than rheology. This discrepancy can be attributed to differences in deformation
modes (tensile/bending for DMA and shear for rheology), instrumental limitations
(DMA could not analyze low-Tg samples), and variations in frequency and
heating rates [42]. Despite these factors, the results from both methods are
qualitatively consistent.
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Fig. 8. Superposition of the glass transition temperature of poly (IBOA/HDDA/Darocur)/LCR
composites at different concentrations by DMA and rheometer.

In summary, increasing LCR concentration reduces both the elastic
modulus and T of the blends, transforming the system from a rigid crosslinked
network to a soft, thermally responsive matrix. The non-linear decrease in Tg,
especially beyond 50 wt% LCR, highlights the strong plasticizing capability of the
LC phase. This tunability is essential for PDLC applications where electro-optic
functionality depends on material softness and thermal behavior. The consistency
between rheological and DMA-derived trends reinforces the robustness of these
results and underscores the utility of dual-mode characterization in the evaluation
of advanced polymer-LC composites [43-44].

4. Conclusions

This study demonstrates the integration of recycled LC components into
UV-curable IBOA-based photopolymers, resulting in materials with tunable
thermal and mechanical properties. Physical characterization revealed that radical
crosslinking reactions led to high monomer-to-polymer conversion (FTIR), and
DSC showed suppression of mesophase transitions, indicating confinement of
mesogens within the polymer matrix. DMA data showed a decrease in storage
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modulus and T, with increasing LC content, suggesting plasticization effects that
enhance chain mobility and reduce crosslink density. Rheology further confirmed
these effects by indicating lower viscosity and improved flow in the uncured state,
suggesting better processability. These results highlight the role of recycled
mesogenic additives in modulating molecular architecture, phase behavior, and
viscoelastic properties. This work also introduces a sustainable approach to
designing polymer composites with controlled mechanical and thermal properties,
suitable for applications in optical systems, smart windows, and soft photonic
devices.
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