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Abstract: Properties of surface anchoring depend on the absorbed exposure energy and
various potential interactions associated with liquid crystal and azo dye layers. In this
study, we investigate a model of dispersion, steric and photoinduced interactions with the
goal of providing a qualitative and quantitative description of orientationally ordered hard
uniaxial liquid crystals and azo dye molecules. By using the Onsager theory, we estimated
the effect of excluded volume. Typical repulsive potentials between liquid crystal and azo
dye molecules are displayed graphically. The presence of statistical dispersion in molecular
alignment of liquid crystals leads to potential wells in dipole–dipole interactions. Our mean
field theory investigation of dipole–dipole interactions shows that the anchoring free energy
is governed by the net interaction energy associated with the averaged dipole moments
of liquid crystal and azo dye molecules, photoaligned surface dipole moments, and local
charge densities. We also use the Fokker–Planck equation to show that rotational diffusion
is described by the effective mean field potential, which includes photoinduced and van
der Waals interactions. Our findings underscore the potential of mean field theory for
intermolecular couplings in photoaligned surfaces, opening up new pathways of molecular
design for a broad range of parameters.

Keywords: photoalignment; mean field theory; dipole–dipole interactions; steric interac-
tions; Onsager theory; rotational diffusion

1. Introduction
Photoinduced alignment of liquid crystals (LCs) has been studied for decades [1,2].

Due to the light-induced rotational diffusion of dye molecules [3], the surface alignment
of LC molecules, and the long-range ordering of LC mesophases, there exist many appli-
cations of photoalignment based on multi-domain structures [4–6]. Of all of the azo dye
compounds encountered so far, sulphonic dye (SD1) has the ‘best’ properties for photoalign-
ment [7]. Photoalignment is also a perfect effect for investigation of self-organized systems
for experimental verification of theories [8,9]. The fundamental idea of the rotational
diffusion model is the interaction potential between linearly polarized light and azo dye
molecules, plus intermolecular van der Waals coupling, which acts as the thermodynamic
average. Construction of a mathematical model that accounts for all possible interactions
with statistical variations is rather complex, but we know that surface alignment of LCs
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and its stability depends on the shape of the surface anchoring potential [10,11]. Earlier
measurements of photo-induced phase retardation have confirmed the model of rotational
diffusion in the absence of LCs [3], but the interaction potential must also depend on
long-range dipole–dipole coupling and short-range steric interactions. This defect in theory
has been fairly noted in a number of studies, e.g., [12,13]. It now appears that the rotational
diffusion mechanism should be extended to shape-changing molecules dissolved in biaxial
LCs [14].

There exist a number of factors that affect alignment of LCs on azo dye layer. On
one hand, chemical structure of LCs, e.g., homeotropic, planar alignment and pretilt angle
of LCs depends on the length of the alkyl chain connecting the chalcone and polyimide
main chains [15,16]. On the other hand, the chemical structure of azo dye determines the
direction of its dipole moment. Combinations of various alignment methods also affect LC
alignment [17,18].

The aim of our article is to describe energetically favored configurations of hard
uniaxial LC and azo dye (AD) molecules by using interaction potentials and mean field
theory. Currently known studies on rotational diffusion either do not consider dipole–
dipole coupling and/or short-range steric interactions [3,19,20] or they rely on ad hoc
linear vector differential equations describing surface alignment [21]. In order to make
up for the missing estimations, we examine the impact of the mentioned couplings on the
interaction potential.

Our approach is based on consideration of a LC cell which is sandwiched between
photosensitive azo dye and photostable alignment layers. Typical values of intermolecular
interaction energies range from 0.01–0.1 eV, and their nature is rather broad [22]. Referring
to this range of energies, we apply interaction potentials for quantitative analysis of steric
effects and dipole–dipole coupling between LC and AD molecules. Examination of steric ef-
fects reveals the role of AD molecular anisotropy and its contribution to the total interaction
potential. By using the Onsager theory, we demonstrate that steric interactions between AD
molecules are negligibly small. We also refer to the mean field Fokker–Planck equation to
relate it to the rotational diffusion model and angular momentum operator. Our theoretical
and computational results have a number of interesting consequences. For example, we
explicitly show that the anchoring energy mainly depends on the mutual orientation of LC
and AD dipole moments. We believe that our results are unbiased and consistent across a
number of AD compounds with various geometrical and electrical properties.

2. Interaction Potential
Liquid crystal molecules are anchored to azo dye layer due to a number of interac-

tions: light-induced rotational diffusion induces changes to dipole–dipole interactions
between nematic LC and AD molecules and steric interactions. Formal representation of
the corresponding potential has the following form:

U = UPI(I, Θ) + UAD(⟨P2⟩) + Udd(r) + UGB(ν, u, r) (1)

where UPI(I, Θ) represents the photoinduced interaction potential between dye molecules
and plane-polarized light. This term depends on the intensity of the irradiation light I and
the angle Θ between the absorption oscillator and the polarization plane. At this point, it is
necessary to specify that the orientations of long molecular axes and dipole moments do
not coincide with each other. This complication can hardly be avoided; therefore, our model
is described by numerous input parameters. Expression (1) can also be supplemented by
photothermal effects, but it can be avoided by polymer stabilization of the azo dye film [23].

Rotational dynamics of light-sensitive molecules is described by the Smoluchowski
equation or the Fokker–Planck equation [3,24]. Van der Waals interaction between uniax-



Crystals 2025, 15, 22 3 of 11

ial molecules with the thermodynamic mean molecular distribution is described by the
UAD(⟨P2⟩) term, which also follows from the Fokker–Planck equation. Attractive elec-
trostatic dipole–dipole (dd) interaction is accounted for by the Udd(r) term. Repulsive
steric interactions between LC and dye molecules are described by the Gay–Berne potential
(GB), represented by the UGB (ν,u,r) term [22,25], where unit vectors ν and u describe the
orientations of LC and AD molecules, and r is the intermolecular vector. In the proceeding
sections, we will consider the contribution of each term into the interaction potential U
(Equation (1)).

2.1. Dispersion Interactions

Attractive long-range van der Waals and dipole–dipole interactions mediate anchoring
effects. A well-known form of dipole–dipole interaction is the following:

Udd(r) =
1

4πε0r3 [µLC·µAD − 3(µLC·R)(µAD·R)], (2)

where R = ρ− ρ′/r = r/r represents a unit intermolecular vector between the centers
of LC and AD molecules. Recall that LC molecules are aligned parallel to the azo dye
molecules within the illuminated region [26]. This also means that dipole moments µAD

and surface LC molecules µLC favor antiparallel alignment, tending to minimize the net
dipole moment. It is convenient to define dipole moments by using unit vectors, i.e.,
µLC(AD) = µLC(AD)aLC(AD). Typical values of the pretilt angle are about 1◦ [27]. Then one
can readily see that the expression for Udd(r) is simplified, and the interaction potential
reads as follows:

U ≈ 1
2

ατ IVMcos2Θ + a⟨P2⟩P2(Θ)− µLCµAD

4πε0r3 + UGB, (3)

where α (1/m) is the absorption coefficient, τ is the relaxation time of AD, VM is the volume
of the AD molecule, and a < 0 (J) is a phenomenological constant. Equation (3) reveals
that the lowest interaction energy between permanent molecular dipoles Udd(r) depends
on dipole moments µLC(AD) and separation distance r [28,29]. As a result, dipole–dipole
interactions for a perturbed molecular system must depend on the macroscopic polarization
of LC and AD. This observation will be the subject of our further investigation.

A classic example that has been the subject of numerous studies is 4-cyano-4′-
pentylbiphenyl (5CB) with the dipole moment µLC = 4 D, which is applied from tail
to cyano group [30]. The typical dipole moment of an AD molecule is µAD = 10 D [31,32].
Then one can easily show that attractive dipole–dipole interactions Udd(r) range from
r ≈ 4 − 10 Å. In an idealized case, vector µAD should be directed along the ITO-coated sur-
face, i.e., belong to the xy-plane. One can assume that the orientation of LC dipole moments
exhibits statistical dispersion along the alignment axis. This brings us to an important point
of investigation of potential coupling between two groups of dipole moments.

Dipole–dipole interaction potential exhibits opposite signs depending on the mutual
alignment of the two dipoles, described by polar θLC(AD) and azimuthal φLC(AD) angles
(see Figure 1a).

In order to perform calculations for estimation of the Udd(r) term, we represented
expression (2) for N = 103 LC and AD molecules on a 9 to 1 basis. Azimuthal angle φLC

was defined in terms of the Gaussian distribution as well as perfectly aligned LC molecules.
Then the potential energy of the system was minimized under rigid-body constraints. As
we expected, the calculated potential has repulsive and cohesive energies, and it is sensitive
to the LC alignment quality, i.e., statistical distribution of φLC. Analysis of Figure 1b shows
that antiparallel alignment of dipole moments minimizes the potential, but its behavior
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depends on how the LC azimuthal angle is defined. The existence of imperfect alignment of
LC dipole moments leads to a potential well during the monotonous increase of angle φLC.

Consider the range π≤ φLC ≤ 3π/2 when the anchoring effect is reduced through
the potential well. The existence of statistical dispersion in φLC means that the total dipole
moment of LC molecules possesses both parallel and perpendicular orientation components
of polarization with the dominating longitudinal component.
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Figure 1. (a) Various configurations of dipole moments, providing repulsive and attractive interac-
tions; (b) potential energy of pairwise dipole–dipole coupling versus φLC for normally distributed
LC alignment (solid curve) and perfect alignment of LC molecules (dashed curve).

Continuous rotation of the dominating component µLC results in the rapid decay of
the cohesive effect due to the presence of dipole moments, which are aligned in such a
way as to increase the interaction energy. These molecules have a value of φLC greater
than its mathematical expectation. With the increase of the mathematical expectation
φLC, molecules from another ‘tail’ of the Gaussian curve have a net dipole moment that
minimizes dipole–dipole coupling. As a result, we observe the potential well. When
all LC dipole moments that are accounted for in the distribution form angles with AD
dipole moments without oppositely directed components, the potential Udd continues its
monotonous increase to the amplitude value. Our calculations also show that the existence
of the angular dispersion of LC dipole moments is also responsible for the decay of the
amplitude value of Udd due to the presence of multidirectional components of µLC.

To gain a better understanding of the net dipole–dipole interactions, consider a mean
field approximation of expression (2), which reads as follows:

⟨Udd⟩ =
1
2

ρ2
∫

H(r − D)Udd(r) f (aLC) f (aAD)r2dr d2RdaADdaLC, (4)

where ρ is the number density, D is the distance between long molecular axes, f (aLC) and
f (aAD) represent one-particle orientational distribution functions, and H is the Heaviside
step function, which vanishes if AD and LC molecules penetrate each other; otherwise,
it is equal to 1. In view of the molecular–statistical point of view, the integral over R in
Equation (4) exhibits anomalous behavior in its volume integral due to the long-range
nature of the potential. On one hand, the integral of the dipole–dipole potential over
all orientations of the unit intermolecular vector R is equal to zero, as expected, in an
isotropic matter: ∫

Udd(r)d
2R = 0.

On the other hand, the integral over R is logarithmically divergent at large inter-
molecular distances r. This means that the volume integral of the dipole–dipole potential
is ill defined; i.e., the value of the integral depends on the system size, the shape of the
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sample, and boundary conditions [33]. However, the mean field approximation can be
obtained by using Ewald’s summation technique, which separates the short-range and
long-range contributions of the dipole–dipole potential (2) and establishes the relationship
that accounts for the electric field in the system [34]. As for the potential energy Udd(r), it
must have a finite value, being electrically neutral.

Let us note that by combining Equations (2) and (4), we obtain average dipole
moments: ⟨µLC⟩ =

∫
µLC f (aLC)daLC and ⟨µAD⟩ =

∫
µAD f (aAD)daAD, where the

mean quantities ⟨µLC⟩ and ⟨µAD⟩ are independent of the molecular size. Furthermore,
1
2 ρ2

∫
Udd(r)daADdaLCdV = − 1

2

∫
P(r)E(r)d3r, where P(r) = ρ⟨µ⟩ is the macroscopic polar-

ization. Then Expression (4), with the transformations of the mean field theory, represents
the contribution to the anchoring energy, which depends on dipole moments and the shape
of the sample:

⟨Udd⟩ =
4π

3
⟨µAD⟩⟨µLC⟩ −

1
2

∫
P(r)E(r)d3r, (5)

where the macroscopic electric field inside the pattern is related to cylindrically symmetric
dipole–dipole tensor T, i.e., E(r) = −

∫
T(ρ− ρ′)·P(ρ′)dρ′. This means that the weighted

average in the PE term (5) contributes to the bulk electric field within the sample. The first
term in Expression (5) contributes the anchoring free energy and is governed by the net
interaction energy between LCs and the dipole moments of azo dye molecules and charge
densities. The torques induced by interaction between the electric field of the exposure
light and dipole moments µAD provide two-dimensional control over its orientation.

2.2. Steric Interactions

With the particles of axial symmetry, the contribution of intermolecular steric interac-
tions is well described by the GB potential and given as follows:

UGB =

{
4ε
(

A12 + A6), r ≤ rc,
0, r > rc,

(6)

where A is the range parameter, given by A(ν, u, R) = σ0/[r − σ(ν, u, R) + σ0], σ(ν, u, R) =

σ0

[
1 − χ/2(R·ν+ r·u)2/(1 + χ(ν·u)) + (R·ν− r·u)2/(1 − χ(ν·u))

]−1/2
and

ε ≡ ε0

[
1 − χ2(ν·u)2

]−1/2
is the strength parameter; χ =

(
X2

0 − 1
)
/
(
X2

0 + 1
)

is the
anisotropy parameter. Let these vectors be defined as follows: ν = (sin θcos φ, sin θsin φ, cos θ)

and u = (cos φ, sin φ, 0); the critical radius is defined as follows: rc =
(

21/6 − 1
)

σ0 +

σ(ν, u, R), where σ0 =
√

2a. Here X0 indicates the shape anisotropy parameter given by
the ratio between the minor and major axes; i.e., X0 = b/a. Let us remark that Model (6)
suggests that the molecules are identical, which slightly contradicts the molecular lengths
of azo dye and LC. Meanwhile, we will continue to use this model for estimation of azo
dye–LC repulsive effects.

Surface arrangement of LCs and AD is driven by aromatic stacking interactions. Due
to steric repulsions, adjacent molecular rods are expected to align in a random fashion. It
is reasonable to consider the following types steric of interactions: AD-AD, LC-AD, and
LC-LC and estimate the excluded volume effects between two molecules.

Let long molecular axes of azo dye and nematic LC molecules be represented as long
cylinders; i.e., d/l ≪ 1, where l is the length and d is the diameter. We note that steric
coupling and dipole–dipole interaction are described by different principal axes defining
long molecular axes u, ν and dipole moment µLC(AD), which increases the complexity of
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our study. By adopting the Onsager theory [35,36], we can estimate the excluded volumes
vi, i = 1, 2, 3 for steric interactions:

v1(u1, u2) ≈ 2dADl2
AD|u1 × u2|,

v2(ν, u) ≈ lLClAD(dLC + dAD)|ν× u|,

v3(ν1,ν2) ≈ 2dLCl2
LC|ν1 × ν2|.

(7)

One can estimate the typical values of AD molecular length lAD and diameter dAD

as 35 Å and 5 Å, respectively. Accordingly, LC molecular length lLC and diameter dLC

are 20 Å and 5 Å. This enables us to calculate the excluded volumes for perpendicular
alignment: v1 = 12.3 nm3, v2 = 7 nm3, and v3 = 4 nm3 (see Figure 2a). Here we can see
that a relatively large length of an AD molecule leads to considerable values of the excluded
volume. On the other hand, a low concentration (≈ 1%) of AD molecules dissolved in
N,N-Dimethylformamide will not have any effect on the excluded volume. In order to
support our assumption, one can easily compare the total volume of a 1 nm-thick layer per
1 cm2 (10−13 m3) and the excluded volume of AD molecules in this bulk. Let the densities
of N,N-dimethylformamide solution and SD1 be identical ≈ 940 kg/m3; the molar mass of
SD1 is known: 0.6865 kg/mol. Then this volume contains ≈ 8.24·1011 molecules, which
produce an excluded volume of ≈ 10−14 m3. Therefore, steric interactions in the system of
AD molecules do not have any significant effect. Meanwhile, the excluded volume effect in
steric interactions between LC-AD molecules must play a dominant role because steric and
dipole–dipole interactions between LC and AD molecules contribute to surface anchoring
energy [22].
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the benzene rings. Simulations in Vega ZZ show that the position of the NaO3S group 
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rection of the net dipole moment with respect to the long molecular axis. An isomer of 
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aligned perpendicular to its principal axis. Figure 2b shows the perpendicular arrange-
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Figure 2c). Figure 2 also illustrates that perpendicular orientation of the rods results in a 

Figure 2. (a) Excluded volume versus principal axes, defining long molecular axes; illustration of
the excluded volume effects for uniaxial molecules of LC and AD: (b) perpendicular and (c) parallel
alignment. Chemical formulas in cylinder-shaped molecules represent azo dyes SD1m and SD1,
respectively. Half-transparent cylinders denote the excluded volume.

In order to show the feasibility of various configurations between ν and u vectors that
provide the continuous dependence depicted in Figure 2a, consider NaO3S groups in the
benzene rings. Simulations in Vega ZZ show that the position of the NaO3S group results
in the changes in electron density, the spatial arrangement of atoms, and the direction
of the net dipole moment with respect to the long molecular axis. An isomer of SD1
with the modified position of NaO3S group (SD1m) possesses a dipole moment aligned
perpendicular to its principal axis. Figure 2b shows the perpendicular arrangement of azo
dye SD1m and nematic LC 5CB. The dipole moment of the well-known SD1 is applied
along the molecular axis and results in the planar alignment of the LCs (see Figure 2c).
Figure 2 also illustrates that perpendicular orientation of the rods results in a greater
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excluded volume (the area bounded by the shadowed surfaces) than parallel alignment
(see Equation (7)).

By careful selection of the governing parameters in Equation (6), one can show that
planar alignment (θ = 0) with cluster formation is favored at the surface. A major ex-
planation of this behavior is hydrogen bonding. In particular, surface coating with azo
dye molecules (SD1) induces hydrogen bonds between OH· · ·H, OH· · · S and NH· · ·O
groups [37]. Hydrogen bonding between main chain structures of interacting molecules re-
sults in the formation of clusters. The characteristic time for H-bond formation/dissociation
is about 10−12 s, which is much smaller than the thermodynamic relaxation time of SD1
(10−4 s) [3].

In order to obtain SD1-LC molecular system, two molecules were packed by using
molecular visualization software PyMol 3.1.0. Then the two molecules were saved as a
single file. Initial molecular system of many SD1-LC pairs was randomly generated by
using Julia 1.11.2—platform runner for Packmol—software for initial molecular dynamics
simulation [38]. Then we used the CHARMM force field, implemented in Vega ZZ 3.2.3.28,
where hydrogen bonding is included implicitly in the electrostatic and van der Waals
interactions. Our molecular simulation of the initial alignment shows that the azo dye
molecules initially form clusters with the preferred alignment direction (see Figure 3).
Further changes in molecular alignment are possible by photodissociation of hydrogen
bonds. Then hydrogen bonds are formed again.
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Figure 3. Simulation of 5CB (blue molecules) alignment along long molecular axis of SD1 (green
molecules) on the substrate plane; surface size: 150 Å × 150 Å.

If the separation between molecular centers increases, it approaches to the critical
radius rc, when steric interactions become vanishingly small (see Figure 4). We also note
that angle φ does not produce any contribution to steric interactions.

Investigation of the role of the anisotropy parameter X0 on steric effects reveals an
increase in UGB potential for the perpendicular alignment of azo dye and LC molecules
(see Figure 4b). Further assessment of the potential (6) versus separation distance r for
various pretilt angles θ is depicted in Figure 4b. The separation distance that produces a
repulsive potential of 0.01–0.1 eV represents a special interest because it corresponds to
the typical intermolecular bonds that stabilize LC molecules on the surface. Note that we
do not minimize the GB potential with respect to the intermolecular vector because there
exist a number of other interactions. We only aim to make an assessment of the values of
interaction energies.
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Our assumption here is that the molecular anisotropy parameter X0 is identical for AD
and LC molecules, which might seem unrealistic, but it provides bold estimations of steric
interactions for a number of compounds with various ratios between minor and major axes.

2.3. Photoinduced Potential

In order to reveal the nature of photoinduced interaction, let us refer to the Fokker–
Planck equation. A key assumption taken in the diffusion models is that the angular
distribution function f (u, t) of rod-like AD molecules must satisfy the rotational free energy:

∂ f
∂t

= −L·D
{

f L
δF[ f ]

δ f

}
, (8)

where D represents the rotational diffusion tensor and L is the angular momentum oper-
ator that can be expressed in terms of the Euler angles (θAD,φAD) parametrization, i.e.,
differential operators have the form: Lx = −i

(
cos θADcotφAD

∂
∂θAD

− sin θAD
∂

∂φAD

)
, Ly =

−i
(
− sinθADcotφAD

∂
∂θAD

+ cos θAD
∂

∂φAD

)
, Lz = −i ∂

∂θAD
. These simplified identities as-

sume that the angular momentum operator is independent of the third Euler angle. Note
that the momentum operator in (8) is expressed in terms of polar and azimuthal angles:
iL = [r ×∇], where r = sin θADcosφADi + sin θADsinφADj + cos θADk. This substitution
will lead to the replacement of spatial translations to rotations in the space of Euler angles.
Since the effective free energy functional is the sum of the effective internal energy and the
Boltzmann entropy, i.e., F[ f ] = U[ f ] + ⟨ln f ⟩, then the free energy term in Equation (8) can
be written in a new form:

∂ f
∂t

= −L·D
{

L f + f L
δU
δ f

}
.

Therefore, rotational diffusion is governed by the effective mean field potential δU
δ f . If out

of plane reorientations are suppressed, then the mean field potential is equal to the pho-
toinduced interaction and van der Waals interactions; i.e., UPI(I, Θ) + a⟨P2⟩P2(Θ) [22]. For
rod-like SD1 molecules (see Figure 2) with cylindrical symmetry, only the angle Θ between
the absorption oscillator and direction of the polarization plane matters. The selection rules
of the absorption process dictate that the transition probability is proportional to cos2Θ.
As a result, rotational diffusion leads to an appearance of photoinduced dichroism and
birefringence [3,39].

Let us estimate the term UPI(I, θ). Typical values of dye molecular length lAD and
diameter dAD constitute 35 Å and 5 Å, respectively. Then the molecular volume can be
calculated as follows: VM = πd2

ADlAD/4 ≈ 0.7 nm3. Referring to the rotational diffusion
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model, let cos2Θ = 1, α = 5·107 m−1 and τ = 5·10−4 s; therefore UPI(I, θ) ≈ 0.1 eV; i.e.,
photoinduced interaction potential is comparable to intermolecular interaction energies.

3. Discussion
We have found that dipole–dipole coupling potential between LC and AD molecules is

sensitive to the angular distribution of dipole moments. The proposed model calculates the
depth of the potential well in the net dipole–dipole interactions. Our theoretical calculations
favor the presence of a potential well of ∼= 0.05 eV to rotate a molecule of azo dye when LC
and AD dipole moments are perpendicular to each other. This observation is consistent
with the saturated dependence of the azimuthal anchoring energy of LC [26]. It is clear
that the positive values of the Udd term correspond to the repulsive effect; meanwhile, the
cohesive effect between LC and AD molecules is also due to the impact of attractive van
der Waals forces. This result can be treated as generalized, since we only considered dipole
moments, not chemical structures.

Expressions for dipole–dipole and steric interactions (2) and (6) enable us to esti-
mate these energies versus the direction of dipole moments and intermolecular distance.
According to Onsager theory, these interactions must be supplemented by the effect of
steric exclusion, described by Equation (7). However, the contribution of the dipole–dipole
potential (2) to the free energy is ill defined and is not evaluated in a straightforward way.

The dipole moment vector µAD in AD molecule does not always coincide with its long
molecular axis u (see Figure 1). In particular, the dihedral angle between ring planes is
about 12◦. This means that the total dipole moment has a number of projections, and LC
molecules can be aligned to any energetically preferable position. In other words, central
alignment as depicted in Figure 2 represents one of a number of possible configurations.

According to our qualitative estimations shown in Figures 1b and 4, the attractive
contribution of van der Waals and dipole–dipole interactions is superior to the repulsive
effect of LC-AD steric interactions, promoting planar alignment of LCs. Our further
observation concerns Expressions (5) and (8). Light exposure induces rotational diffusion,
which increases surface dipole moments ⟨µAD⟩ and ⟨µLC⟩ and anchoring energy. The
anchoring energy achieves saturation when the dipole moments of AD and LC molecules
have head-to-tail alignment. This is consistent with the saturated dependence of the
azimuthal anchoring energy of nematic LCs [26].

4. Conclusions
In this article, we estimated the contribution of potential couplings during the rota-

tional diffusion of azo dyes. Dipole–dipole interactions constitute the dominant factor of
planar alignment of NLCs. Therefore, the investigation of the potential energy of pairwise
dipole–dipole couplings versus the twist angle generalizes our results for other types of
nematic LCs.

Development of mathematical formalism in dispersion interactions suggests that the
interaction potential is equal to the photoinduced interaction and van der Waals interac-
tions. The contribution of short-range steric interactions between azo dye molecules is
negligibly small due to their low concentration. Investigation of steric and dipole–dipole
interactions between AD and LC molecules can give indirect information to chemists and
experimentalists regarding how to control attractive and repulsive forces.

Although our work is theoretical, it provides a currently unavailable framework
for the analysis of potential interactions between photosensitive azo dye coatings and
liquid crystals.



Crystals 2025, 15, 22 10 of 11

Author Contributions: Conceptualization: A.K. and V.C.; software and writing—original draft
preparation: A.K. and A.P.; figures and editing: A.P. All authors have read and agreed to the
published version of the manuscript.

Funding: The contribution of A. Kudreyko was supported by the Bashkir State Medical University
Strategic Academic Leadership Program (PRIORITY-2030).

Data Availability Statement: All data are contained within the article.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Ichimura, K.; Suzuki, Y.; Seki, T.; Hosoki, A.; Aoki, K. Reversible change in alignment mode of nematic liquid crystals regulated

photochemically by command surfaces modified with an azobenzene monolayer. Langmuir 1988, 4, 1214–1216. [CrossRef]
2. Ichimura, K. Photoalignment of Liquid-Crystal Systems. Chem. Rev. 2000, 100, 1847–1874. [CrossRef] [PubMed]
3. Chigrinov, V.; Pikin, S.; Verevochnikov, A.; Kozenkov, V.; Khazimullin, M.; Ho, J.; Huang, D.D.; Kwok, H.-S. Diffusion model of

photoaligning in azo-dye layers. Phys. Rev. E 2004, 69, 061713. [CrossRef] [PubMed]
4. Nasrollahi, A.; Rella, A.K.; Kumar, V.; Kang, S.-W. Stepwise Progression of Dye-Induced In Situ Photoalignment and Subsequent

Stabilization for Noncontact Alignment of Liquid Crystals. ACS Appl. Mater. Interfaces 2024, 16, 24052–24062. [CrossRef]
5. Quiroga, J.A.; Canga, I.; Alonso, J.; Crespo, D. Reversible Photoalignment of Liquid Crystals: A Path toward the Creation of

Rewritable Lenses. Sci. Rep. 2020, 10, 1–9. [CrossRef]
6. Pan, J.-T.; Zhu, B.-H.; Ma, L.-L.; Chen, W.; Zhang, G.-Y.; Tang, J.; Liu, Y.; Wei, Y.; Zhang, C.; Zhu, Z.-H.; et al. Nonlinear geometric

phase coded ferroelectric nematic fluids for nonlinear soft-matter photonics. Nat. Commun. 2024, 15, 8732. [CrossRef]
7. Folwill, Y.; Zeitouny, Z.; Lall, J.; Zappe, H. A practical guide to versatile photoalignment of azobenzenes. Liq. Cryst. 2021, 48,

862–872. [CrossRef]
8. Li, C.-Y.; Liu, S.-J.; Wu, H.-J.; Jiang, J.-Q.; Zhao, B.; Rosales-Guzmán, C.; Zhu, Z.-H.; Chen, P.; Lu, Y.-Q. Modal interface for

structured light via liquid-crystal planar optics. Phys. Rev. Appl. 2024, 21, 034021. [CrossRef]
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