Pre prints.org

Article Not peer-reviewed version

New Concept of Liquid Crystals
Photoalignment with High

Photosensitivity and Strong Anchoring

Alexander A Muravsky " , Veranika Yu Stanevich , Daminika S Dashkevich , Iryna N Kukhta , Anatoli A Murauski

Posted Date: 27 August 2025

doi: 10.20944/preprints202508.1833.v1

Keywords: photoalignment; photosensitivity; strong anchoring; intermolecular bonds; hole dipoles;
mechanism

Preprints.org is a free multidisciplinary platform providing preprint service
that is dedicated to making early versions of research outputs permanently
available and citable. Preprints posted at Preprints.org appear in Web of
Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This open access article is published under a Creative Commons CC BY 4.0
license, which permit the free download, distribution, and reuse, provided that the author
and preprint are cited in any reuse.



https://sciprofiles.com/profile/2041954
https://sciprofiles.com/profile/4831094

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 27 August 2025 d0i:10.20944/preprints202508.1833.v1

Disclaimer/Publisher’'s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and
contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

Article

New Concept of Liquid Crystals Photoalignment
with High Photosensitivity and Strong Anchoring

Alexander Muravsky 2%, Veranika Stanevich 3, Daminika Dashkevich 3, Iryna Kukhta 3
and Anatoli Murauski 3

1 Private Research Unitary Enterprise ‘'MTLCD’, Minsk, Belarus
2 SAL/MTLCD lab, Ecole Paysanne de Lignerolles, Le Thieulin, France; www.mtlcd.eu
3 MTLCD lab, Institute of Chemistry of New Materials, NASB, Belarus

* Correspondence: alexander.muravsky@gmail.com

Abstract

The known liquid crystal photoalignment mechanisms variety is not exhaustive. We introduce a
completely new concept of photoalignment of liquid crystals, which explains formation of anisotropic
interaction and provides deep understanding of physical mechanisms behind the alignment effect of
photo-induced hole dipoles in thin films of azo-dyes. The self-consistency condition establishing in
the wet dye film is locked through intermolecular coordination bonding in the dry film, which
stabilizes the electrical field of molecular dipoles and allowing photo-induced hole dipoles.
Advanced photoalignment materials with state-of-art properties of high photosensitivity, strong
anchoring with no birefringence and high chemical compatibility are developed for application in
Pancharatnam-Berry phase liquid crystal photonics and display devices based on the new concept of
photoalignment.

Keywords: photoalignment; photosensitivity; strong anchoring; intermolecular bonds; hole dipoles;
mechanism

1. Introduction

Although many geometrical Pancharatnam-Berry phase liquid crystal (LC) devices are still in
the R&D stage, its future large scale commercial application requires solution of technological
bottlenecks on the side of LC photoalignment materials. Stability towards temperature and humidity,
chemical compatibility, high anchoring and high photosensitivity are the essentials that significantly
affect the yield and the cost. The photosensitivity of the photoalignment material is very hard to
improve, as it is the main part of the chemical structure and the photoalignment mechanism.

The well-known classical photoalignment mechanisms are based on one of the standard
photoreactions types, such as photoisomerization, photodegradation or photo-crosslinking, have one
or more typical inherent disadvantages: poor thermal stability, low photosensitivity, production of
by-product, poor alignment performance and stability [1]. According to alternative well-studied azo-
dye photoalignment mechanism of rotation diffusion (so called ‘diffusion model’) [2] the azo-dyes’
molecules undergo rotation under the action of linear polarized light forming anisotropic distribution
of dye molecules in the alignment layer. The azo-dye molecules in the photoalignment layer are
oriented in the direction perpendicular to the polarization plane of light exposure, forming the
alignment direction (Figure 1a).

The in-plain LC alignment effect is measured in terms of the azimuthal anchoring energy W,
which is determined for the case of the flat surface of the alignment layer [3] as the next:

w,= C(IULCIUAL )2 BBy, 1)
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where prc, — the average dipole moment of nematic LC molecule, puar — the dipole moment of the
alignment layer molecule; Pzic and Paac are the orientation order parameters P2 of the LC and the
alignment layer, C — is the constant.

Theoretical study [2] estimates the requirement of 10 acts of photon absorption per each
molecule for orientation of the dye molecules with high order parameter P.ai, which limits the
photosensitivity of the rotation diffusion photoalignment mechanism.

Recently the new photoalignment mechanism of photo-induced hole dipoles [4] have been
reported, while its amazing possibilities are being explored. The main new difference is that dye
molecules do not undergo molecular reorientation keeping low the dye order parameter under linear
polarized light, which induces alignment direction perpendicular to the polarization of exposure
with strong azimuthal anchoring of liquid crystal (Figure 1b).
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Figure 1. Concept schemes of liquid crystal photoalignment mechanisms based on: (a) Dye molecules ‘diffusion
model’ of that requires 10 photons per 1 molecule; (b) ‘Photo-induced hole dipoles model’ that requires 1 photon

per 2 molecules.

The photoalignment mechanism is based on formation of reversible intermolecular bonds [5];
these are multiple coordination bonds between metal and oxygen atoms of the dyes’ molecules in the
solid film [6]. Such bonding limits the freedom of molecular motion in the film, stabilizing spatial
orientation of molecules and molecular dipoles from thermal disordering with thermal energy kT,
but can be selectively released for the dye molecule having absorbed a photon with energy hv. The
energy of each bond Evenss is subject to the following condition:

kT < Ebonds < hV 4 (2)

where : k — Boltzmann constant, T — system temperature, i — Plank constant, v —absorbed photon
frequency.

2. Materials and Methods

The photoalignment material studied here is the azo dye AtA-2 [4]. The peculiarities of its
molecular structure (Figure 2) are the side groups’ free rotation around N=N bonds and formation of
O-K...O intermolecular coordination bonding.
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Figure 2. Molecular structure of AtA-2 dye.

The theoretical calculations have been carried out using the Gaussian 09 quantum chemical
package [7]. The computations have been performed using the density functional theory (DFT) with
the popular hybrid B3LYP functional at the basis set level of 6-31G(d). The gas phase ground state
molecular geometries were fully optimized without imposing any molecular symmetry constraints
for each configuration.

The photoalignment layer is the AtA-2 film obtained by wet process (Figure 3) from 0.5% AtA-
2 solution in N,N-dimethylformamide (DMF). The film thickness depends on the coating conditions
and is typically within the range of 10-20 nm. The first step is wet coating, which brings to formation
of a wet film on the substrate. Next the soft baking for 2-5 min on the hot-plate at temperature 100-
150°C is applied to remove the solvent and make the dry film, which is the photosensitive alignment
layer. AtA-2 molecules of the dry film form intermolecular bonds that blocks molecular motion.
Finally the linear polarized (LP) light exposure is used to form the liquid crystal photoalignment
direction on the surface of the alignment layer perpendicular to the polarization direction.

Wet coating Soft baking LP exposure

thin film with removes solvent

dye & solvent
T~ 100-150°C

alignment layer alignment layer alignment layer
substate substate substate
wet film dry film photo-induced dipoles
self-consistency condition — intermolecular bonding — intermolecular bonding
No intermolecular bonding No molecular motion No self-consistency cond.

Figure 3. Process flow of the AtA-2 photoalignment layer.

Processing the dry film of AtA-2 dye with the humid air of 60% humidity at 25°C allows
saturating the film with an aqueous solvent. It brings back the properties of the original wet film,
releasing intermolecular bonds and enabling molecular motion. The AtA-2 film was placed into the
box with humidity and temperature control and kept for 5 min of humid air treatment. It is safe to
the photoalignment layer, as the dye structure (Figure 2) does not have aqua-sensitive groups, e.g.—
NaSOs that forms crystal hydrates.

Hot-plate baking and humid air treatment are the methods for converting wet film into dry film
and vice versa, which are also the methods for deactivation and activation of the self-consistency
condition inside the AtA-2 dye film.

The dye film characterization method is the measurement of its dichroic ratio (DR), which is
related to orientation of linear dye molecules in the film. The azo dye films may possess property of
the photoinduced absorption anisotropy [2]. DR is determined by linear polarized light absorptions
measured parallel, Ay, and perpendicular, Aper, to the direction of LP exposure of the film:
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Note that LC orientation on the surface of the photoalignment layer is characterized in terms of
the azimuthal anchoring measured by torque balance method [8], while DR characterizes
photoinduced birefringence and absorption anisotropy of the dye film [9], as well as the order
parameter of dye, S:

Aparal - Aperp DR-1

S: = , 7
A +2A4 DR+?2 ®)

paral perp

3. Results
3.1. Formulation of the Photoalignment Mechanism: Photo-Induced Hole Dipoles

The wet azo-dye film is coated on top of the substrate. Such wet film lacks the reversible
intermolecular bonding due to significant content of the residual solvent. Thus a dipole moment of a
dye molecule in the wet film is emerged into the electrical mean-field of its neighboring molecules,
while the molecular dipoles are free to move and rotate in order to minimize the potential energy of
interaction between the dipoles. Such behavior is also known as the self-consistency condition, when
the local electric mean-field that is the sum of fields of all dye molecules in the film is compensated:

E (r)=0, )

where E(l’) is the field of i-th dye molecule at the r coordinate position inside the dye film that

contains N dye molecules.

Next the hot plate baking is used to remove the solvent and obtain a dry film with intermolecular
bonding that restricts the molecular motion and disables the self-consistency condition. However,
the molecular orientation distribution, established prior in the wet film with respect to equation 4, is
maintained in the dry film.

Let’s study the field of the N-th dye molecule, located at the »~ coordinate position: E—N (rN ) -

it is the field of the dipole, defined by the dye molecule with dipole moment ﬁ ae - Consider the

Equation 4 at the v coordinate position:

N-1
ZE ()= E (r,)+Ey (1) =0, ©)
=1 i=1

Define the sum of the field of N-1 dye molecules at the v coordinate position, where the N-th
dye molecule is located, as the field of the hole dipole, located at the ~ coordinate position:

ZE ”N E N(hole)(rN) (6)

Ey\ hote) (rN ) —is the field of the hole dipole with dipole moment ; ol - S€€ Equations 5 and 6,

obtain the next formula:

EN(hoze)(”N)'”’_E—N(VN)r (7)

According to Equation 7 the electrical field of the photo-induced hole dipole equals to the
inverted field of the dye molecule. That means that the magnitude of the hole dipole moment equals
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to the dipole moment of the dye molecule (Figure 4), while dipole moments’ directions are

reciprocally opposite: i, ==, -

ﬁdye = }
fn ﬁhole = X/

Figure 4. Fulfilment of self-consistency condition inside the dry film of AtA-2 dye at r~ coordinates position by

a dye molecule with dipole moment pay. and a hole dipole with dipole moment pnoe.

3.2. Theoretical Study of AtA-2 Photoalignment Effect

We performed quantum-mechanical calculations that explain how new photoalignment
mechanism generates ordered dipole moments, required for LC alignment by flat surface [3], without
reorientation of dye molecules. Figure 5 shows possible three stable configurations of the AtA-2 dye
molecule. There are small differences between full energies of the three molecular configurations
within #3 kJ/mol that is possible for thermal energy at film forming temperature over 360K. Due to
molecular symmetry consideration Figure 5a is more preferable. Next the general molecular dipole
moments were analyzed. According to modelling results the optimized AtA-2 structures of Figure
5a, 5b and 5c possess strong dipole moment of 6.1D, 27D and 16D, correspondingly.
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Figure 5. Configurations of AtA-2 dye molecule with dipole moments and differences between its full energy
levels: (a) 6.1D, AE= 0 kJ/mol; (b) 27D, AE=+3 kJ/mol; (c) 16D, AE= -2 kJ/mol.

The AtA-2 configuration Figure 5a is of the special interest since it allows inversion of dipole
moment direction in case of the flip of the central dibenzothiophene group, while keeping unchanged
the orientation of molecular n-conjugated system of AtA-2 molecule that is responsible for anisotropic
absorption of linear polarized light. The AtA-2 molecules inside the dry film are mutually fixed with
intermolecular K...O coordination bonds, which stabilize the electrical field that is described as the
hole dipole at the location of each dye molecule according to Equations 6 and 7 (Figure 4).

The interaction of the hole dipole with the dye molecule dipole inside the dry film can be
modelled as a dimer — two dye molecules with opposite orientation of its” dipole moments, shown
on Figure 6a and Figure 6¢, such dimer configurations possess near zero values of the dipole moment,
correspondingly, 0.07D and 0.02D.
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Figure 6. Dimers configurations of two AtA-2 molecules with opposite (a,c) and co-directional (b,d) orientation
of its” dipoles and corresponding dipole moments: (a) 0.07D, (b) 16.01D, (c) 0.02D and (d) 12.25D.

The hole dipole field is represented by the field of a dye molecule, while formation of
intermolecular bonds between two dye molecules of the dimer models the bonding of the dye
molecule inside the dry film. The main difference of the dimer model from the real case is that the
actual hole dipole is not photosensitive and cannot absorb photon. Thus in this dimer model only one
molecule of the pair is photosensitive; and the hole dipole orientation is not changed, when the
photosensitive dye molecule of the dimer pair absorbs a photon.

The absorption probability of linear polarized light depends on the angle between the light
polarization and the absorption oscillator (long axis of the n-conjugated system) of the dye molecule
[2].

On having absorbed a photon the dye molecule receives energy that is sufficient for breaking of
coordination bonding and/or performing flip of the central dibenzothiophene group through rotation
around both NN bonds, when the position of the side groups is fixed via intermolecular bonding of
K...O coordination bonds (Figure 6). Once the flip is committed the dipole moment of the dye
molecule inverts its orientation and becomes parallel to the local hole dipole direction without a
change of the dye molecule orientation. Thus the spatial position and orientation of the dimer is
preserved, while its dipole moment increases in direction close to perpendicular to the absorption
oscillator of the dye molecule. Figure 6b and Figure 6d show such dimer configurations with the
photo-induced dipole moment of 16.01D and 12.25D, correspondingly.

We conclude that the ‘dimer model’ reveals the photoalignment mechanism of the photo-
induced hole dipoles, that gives the physically consistent grounds for formation of hole dipole

moments Zl mte With high order parameter P, Liholey 1IN the dry film of AtA-2 dye and with low

molecular order P, ., upon exposure with low dose of linear polarized light.

3.3. Experimental Study of AtA-2 Photoalignment Effect: Humid Air Treatment

According to the mean-field theory developed for description of the nematic liquid crystals [10],
rod-like molecules with permanent dipole moment possess self-orientation of molecules within the
short-range along the specified direction (known as director), once the molecular dipoles are oriented
with the order parameter P2, which is equal to or larger than the certain value Swin, due to resultant

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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interaction of molecules. Such self-orientation of molecules and its permanent dipole moments occurs
due to minimization of the interaction energy of the material in the nematic phase, causing increase
of P2 to the value S, which is typically within the range of 0.45-0.8 and subject to the temperature.
However, if the Swin value is not reached by the molecular order due to high temperature disordering,
then the intermolecular interaction minimizes P2 to S, which is equal to zero, known as isotropic
phase. The temperature dependent change of the P2 below the Swin value is known as nematic to
isotropic phase transition, while the material is called ‘thermotropic LC'.

Mean-field approach based on interaction of ordered dipoles is rather general and describes self-
orientation of rod-like units with dipole moment. The temperature is not the only factor that can
change the order parameter of the dipole moments, ‘lyotropic LC’' are subject to the solvent
concentration, while ‘electrotropic LC’ are subject to the electrical field.

In the case of AtA-2 film the rod-like dye molecule has permanent dipole moment, while the
order parameter of the dye dipoles is subject to the LP light exposure dose. The experimental
verification requires photoalignment layer treatment with humid air, which temporary releases the
bonding allowing molecular movement to minimize the potential by molecules’ orientation
adjustment and unlocking the self-consistency condition (Eq.3) on turning the dry film into the wet
film.

The AtA-2 dye photoalignment layer was coated on glass substrate and exposed with polarized
light of 450nm LED. The dichroic ratios of the AtA-2 film were measured right after the exposure.
Next the substrate was placed in the closed box and exposed to wet air (60% humidity at 25°C) for 5
min. The hot-plate baking at 110°C for 5 min was applied after the humid air treatment in order to
dry the AtA-2 film, and the dichroic ratios of the dry AtA-2 film were measured again and compared
to the initial values (Figure 7). Then two substrates of the AtA-2 photoalignment layer were
assembled into 90°deg twist LC cell with 5 mkm cell-gap and filled with E7 liquid crystal mixture.
Such LC cells were used for azimuthal anchoring energy measurements, that confirmed >10+ J/m? for
exposure times of 15, 30, 60 and 120 s with 450nm LED light intensity of 40 mW/cm?2.

W Exposure ’7
4

T m Exposure+Humidity+Baking

3 [l

Exposure time, s

Dichroic Ratio of abroption peak
in 350-550 nm spectral range

Figure 7. Dichroic Ratio of AtA-2 photoalignment layer measured after light exposure (blue) and after humid

air treatment (green).

4. Discussion

The experiment with humid air treatment reveals that two photoalignment mechanisms are
observed. The photo-induced hole dipoles mechanism occurs for exposure times below 15 s, when
molecular ordering is low and dichroic ratio is not changed upon humid air treatment. The times of
30-60 s are the transition range, when the dichroic ratio decreases upon humid air treatment, i.e.
isotropization of molecular orientation is observed. At 120s time molecular reorientation reaches
certain transitional order parameter value, Smi», when the mean-field interaction of nematic phase
prevails [10] leading to dichroic ratio increase upon humid air treatment.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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The main intrigue is that we have shown in experiment that polarized light exposure of AtA-2
layer gives strong azimuthal anchoring energy >10+ J/m? using short exposure time below 15s and
without molecular ordering due to photoalignment mechanism of photo-induced hole dipoles.

The new concept of highly photosensitive photoalignment that provides strong azimuthal
anchoring of liquid crystal and has no birefringence of alignment layer is presented. It is based on
photo-induced hole dipoles photoalignment mechanism new photoalignment materials allow film
coating either from DMF solvent for AtA-2 dye or H20:IPA solvent for AmA-2522 dye, and require
low expose dose of 12-40 m]/cm?, to provide azimuthal anchoring energy of ~10+ J/m?, which ideally
meets the demand of Pancharatnam-Berry phase LC photonic devices.

5. Conclusions

We conclude that the ‘dimer model’ reveals the photoalignment mechanism of the photo-
induced hole dipoles, that gives the physically consistent grounds for formation of hole dipole
moments with high order parameter in the dry film of AtA-2 dye and with low order parameter of
dye molecules upon exposure with low dose of linear polarized light. It explains the photoinduction
of strong anisotropic long range dipole-dipole interaction inside the dye film with near isotropic
molecular order, ensuring low anisotropy of film’s optical properties, i.e. absorption and refractive
index.

It was experimentally verified that polarized light exposure of AtA-2 layer gives strong
azimuthal anchoring energy >10* J/m? using exposure dose above >40 mJ/cm? of polarized 450nm
LED light and exposure times 1-15 s. High photosensitivity of AtA-2 photoalignment layer is subject
to the photoalignment mechanism of photo-induced hole dipoles, which gives physically consistent
explanation of polarized light induction of strong LC photoalignment properties of azo-dye film
without molecular ordering of the dye molecules for non-birefringent photoalignment layer.
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The following abbreviations are used in this manuscript:

DFT Density functional theory
DMF Dimethylformamide

DR Dichroic ratio

IPA Isopropanol

LC Liquid crystals

LED Light emitting diode

LP Linear polarization
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