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Density functional theory study of azobenzene derivatives
as potential materials for wettability switching

In this study, density functional theory (DFT) is employed to analyze the properties of 16 azobenzene deriva-
tives, assessing their potential as wettability switching materials. Inspired by K. Ichimura’s 2001 report on
azobenzene-modified surface wettability, we explore the impact of photoisomerization-induced changes in
molecular dipole moments between cis and trans configurations of different azobenzene derivatives. In parent
azobenzene molecule this process transforms non-polar molecule into a more hydrophilic cis form. The con-
trol of surface wettability holds immense potential across diverse domains, such as industry, medicine, mi-
crobiology, electronics, and materials science. By harnessing this control, we can unlock the potential to cre-
ate innovative materials, elevate functionality, and boost efficiency. It enables to enhance product perfor-
mance, improve adhesion, and achieve precision in liquid handling. Our investigation delves into the structur-
al, electronic, and molecular aspects of all studied molecules utilizing the hybrid B3LYP functional with
DFT-D3 dispersion correction and a 6-31++G(d, p) basis set, presenting promising azo-type structures for
surface wettability manipulation. Two azobenzene derivatives emerge as potential candidates, exhibiting
transformations during cis-trans photoisomerization — one towards increased hydrophilicity and the other in
the opposite direction.
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figurations, DFT, B3LYP functional, 6-31++G(d, p) basis set, photoswitchable materials, hydrophilicity

=Corresponding author: Saidakhmetov Pulat, timpf_ukgu@mail.ru

Introduction

Wettability is a significant property of solids, governing the spreading behavior of liquid drops on a sol-
id surface. This phenomenon is quantified through the measurement of contact angle (CA), classifying sur-
faces as either hydrophilic or hydrophobic. Superhydrophobic surfaces, of particular interest, are intricately
connected to both fundamental science and practical applications.

Examples of superhydrophobic surfaces can be found in nature, namely are observed in various plants
and insects. Lotus leaves, for instance, are characterized by their ability to repel water, resulting in a self-
cleaning effect, while water striders feature hydrophobic legs to stay above the water surface [1]. This has
spurred significant interest in constructing novel bio-inspired hydrophilic or hydrophobic surfaces. The ap-
plications of such surfaces are diverse, with notable uses in antifogging, self-cleaning glasses (lotus effect),
transparent electronics and nanomedicine [2, 3].
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Various methods exist for manipulating wettability of solid surfaces, encompassing temperature gradi-
ents, electric fields, chemical surface modification, pH alterations, solvent influences, and light irradia-
tion [1, 4, 5]. Benefiting from a non-contact mode and acting as a precise stimulus, light can be accurately
directed to the target region for the controlled manipulation of chemical reactions and physical properties,
providing a more elegant design and intelligent control. Materials suitable for light-induced wettability con-
trol exhibit two fundamental properties under irradiation: a switch between bistable states and a change in
surface energy [6]. Among inorganic compounds, titanium dioxide (TiO,) stands out, transitioning to a high-
ly hydrophilic state (0° contact angle for water) under ultraviolet irradiation (UV) [2]. Within the realm of
organic compounds, azobenzenes, spiropyrans, and cinnamates are notable, showcasing a typical change in
chemical configurations between two states. The advantages of organic compounds over inorganic ones in-
clude their amenability to chemical modification, adaptability, and greater reaction diversity [6].

The pioneering work on wettability control of a surface modified with azobenzene was introduced by
K. Ichimura [7]. The concept revolves around the photoisomerization of azobenzene during irradiation,
transforming the nonpolar trans-azobenzene into the polar and more hydrophilic cis-azobenzene. Following
this discovery, azobenzene and its derivatives underwent extensive examination as the base for molecular
switches, developing fabrication of the light-responsive surfaces [8-11]. Subsequent investigations focused
on the fundamental aspects of cis-trans isomerization, including solvatochromic behavior [12—14], solvent-
dependent kinetics, intermolecular and surface interactions, and their effect on wettability switching [15-17].

The present research aims to facilitate the fast and simple design of molecules suitable for creating
monolayers and functionalized surfaces with controlled wetting properties, responsive to external light irra-
diation. Through the analysis of structural, electronic, and molecular properties of 16 azobenzene derivatives
using the density functional theory (DFT), we evaluate their potential as materials capable of wettability
switching. This endeavor is consistent with the broader goal of improving the understanding and application
of photosensitive surfaces to control wetting characteristics individually and effectively.

Methods

For the properties characterization the ab-initio calculations were carried out using the Gaussian 16 [18]
program within DFT and hybrid B3LYP30 functional with DFT-D3 dispersion corrections. Additionally,
water solvent effect was estimated using polarizable continuum model (PCM). The energies of the structures
were calculated with a self-consistent field (SCF) convergence of 10 a.u. for the density matrix. All struc-
tures were optimized using the Berny algorithm [19] with the convergence criteria being a maximum force
less than 45x10° and a rms force less than 3x10™*. We used a 6-31++G(d, p) basis set which is the most ap-
propriate in terms of accuracy and computational time for the determination of electronic properties [20].
Geometry parameters for each structure were free of constraints and allowed to relax during the optimization
process.

In contrast, our previous research [21] utilized an older computational scheme, focusing on only seven
molecules, several of which are reexamined in this study. This shift not only allows for a more comprehen-
sive understanding of molecular interactions but also highlights the advancements made in computational
methodologies. The incorporation of these modern techniques provides a clearer insight into the molecular
behaviours in aqueous environments, underscoring the significance and originality of the current findings.

The common structure of studied molecules is presented in Figure and includes the following
azobenzene derivatives:

1. Azobenzene as a parent molecule;

2. Azobenzene substituted with electron donating groups NH,, SO,-NH,, N(CHs),, known as
aminoazobenzenes;

3. Azobenzene substituted with electron acceptor groups OH, NO,, CH,—CH,—OH, F, CF3, CgHs;

4. Azobenzene substituted with electron acceptor groups in more, than one positions of hydrogen atoms
of a phenyl ring;

5. Azobenzene derivatives of the pseudostilbene type.

These derivatives are essentially modified with an electron acceptor at one end of a phenyl ring and an
electron-donating group at the other end of another phenyl ring. This type is commonly referred to as push-
pull azobenzene, owing to the intriguing charge transfer that occurs within the molecule.
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Figure. Structure of trans configuration of studied molecules.
Blue atoms are nitrogen, dark gray atoms are carbon, white atoms are hydrogen

The full list of considered molecules is itemized in Table 1.

Table 1

Short names, functional groups R1 and R2, corresponding SMILES specificities
and structural forms of the studied azobenzene derivatives

The structural
Short name R; R, SMILES formulas of studied
compounds
7N
AB H H clecc(cel)/N=N/clcceeel Q”\\N @
HO— N
HOAB OH H Oclcee(cel)/N=N/clceeeel QN—@
Ho—¢ N
O,
FHOAB OH F Oclccec(ccl)/N=N/clccec(F)cl Q
.
o,
N
CH;HOAB OH CH, Cclccee(cl)/N=N/clcee(O)ccl Q
CH,
§rs
o
CH;OHOAB OH O-CH;, COclceec(cl)/N=N/clcee(O)ecl HOO'”\\N @
HO@'"\\
CF;HOAB OH CF; Oclccec(-n:n-c2cce(cc2)C(F)(F)F)ccl NQH
‘aurs
0
C¢HsHOAB OH CeHs Oclcec(ccl)/N=N/clccee(cl)-cleececl S\ﬁ )
Ho
CH,CH,HOAB H CH,-CH,-OH OCCclece(cel)/N=N/clcceecl @@\/\
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Continuation of Table 1

The structural
Short name R; R, SMILES formulas of studied
compounds
MY H N-(CH5), C[n](C):clcce(-n:n-c2cccec2)ccl =N ;_ .
DO3 NO, NH, [nH2]:clcce(-n:n-c2cce(ce2)-n(:0):0)ccl & )
—/’;’ SN, ==\
AAB NH, H Nclcce(-n:n-c2ccccc2)ccl =)
NS(=0)(=0)clcce(-n:n- HZN@”\\N =\
SONH,AB NH, SONH, 2cee(:[nH2])cc2)cel @
ADAB NH, N(CHj3), CN(C)clcee(-n:n-c2ccc(N)cc2)cel =/ ﬁ;P
DRI NO N(CH,CHs,) CC[n](CCO):clcce(-n:n-c2ccc(cc2)- ox~_) N SN
2 (CH,CH,O0H) n(:0):0)ccl -
The structural
Short name R; R, Hi SMILES formulas of studied
compounds
F(HO);AB F | OH H’;, H’,—OH Oclcee(cel)/N=N/cicc(O)c(F)c(O)cl k”\N_Q_OH
Ho—</ A N, F_F
FsHOAB | OH | F | Hy, H, Hg, Hy —F | Oclccc(-n:n-c2¢c(F)c(F)c(F)c(F)c2F)ccl "N
F F
OH
72 Y
HO3AB OH | OH | H’,H’,— OH Oclcc(O)c(-n:n-c2ceecc2)c(O)cl HOQH\\N@

We analyzed both trans and cis forms, along with all potential arrangements of functional groups for
each molecule. Verified stationary configurations were determined through vibrational frequency analysis,
exclusively using configurations with real frequencies for calculations. In the case of multiple options, the
most stable configuration was chosen for subsequent analysis. Boltzmann statistics were applied to deter-
mine the probability and, subsequently, the average value of the desired property for each configuration.

The chemical potential (p), absolute hardness (1), and electronegativity () were determined through the
finite-difference approximation based on the ionization potential (1) and electron affinity (A). The energy of
the last occupied Kohn-Sham orbital corresponds to the highest occupied molecular orbital (HOMO) associ-
ated with —I. Similarly, the energy of the first unoccupied Kohn—Sham orbital is often used as an approxima-
tion for the energy of the lowest unoccupied molecular orbital (LUMO) and can be equated with —A, despite
the crude nature of this approximation due to DFT being a ground state theory.

Optimized structures

Results and discussion

The characteristic lengths of bonds, distances, torsion angles, and dihedral angles describing the opti-
mized molecules in their trans and cis configurations are presented in Table 2.
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Table 2

Optimized geometrical parameters (angles in degrees, bond length in A) for the trans and cis configurations
of studied molecules obtained from B3LYP-D3 6-31++G(d, p) calculations in the gas phase and water solvent

trans cis
Molecule N2N1 | NIN2 N2N1 | NIN2 |CIN1|NIN2| N2N1
N1C1|N1N2|N2C1|C4C4 c1 c1 N1C1 | NIN2 | N2C1 | C4C4 c1 c1 IN2cilcics| cico
AB 1.418|1.258(1.417|9.080 | 115.1 | 115.1 |1.435|1.249 | 1.435 |6.314| 123.0 | 123.0 | 8.8 | 50.7 | 50.7
1.418(1.259(1.418|9.091 | 115.4 | 115.4 | 1.436| 1.252 | 1.436 |6.297| 123.0 | 123.0 | 9.1 | 50.8 | 50.8
HOAB 1.417(1.260(1.411|9.079| 115.1 | 115.3 | 1.434|1.251 | 1.431 |6.391| 123.1 | 123.6 | 9.4 | 42.2 | 53.9
1.418(1.261(1.409|9.090 | 115.2 | 115.8 | 1.435| 1.254 | 1.429 |6.377| 123.1 | 123.7 | 9.8 | 41.8 | 53.8
FHOAB 1.409(1.260(1.417|9.081 | 1155 | 114.8 | 1.429| 1.251 | 1.434 | 6.403| 123.7 | 123.2 | 9.3 | 55.1 | 40.8
1.407 |1.261|1.417|9.092 | 115.9 | 115.0 | 1.427| 1.254 | 1.435 |6.400| 123.9 | 123.1 | 9.6 | 55.4 | 39.7
CH;HOAB 1.411|1.260(1.418|9.071| 115.3 | 115.1 | 1.432| 1.252 | 1.434 |6.345| 1235 | 123.1 | 9.2 | 53.7 | 42.2
1.410(1.261(1.418|9.082 | 115.7 | 115.3 | 1.429| 1.255 | 1.435 |6.333| 123.7 | 123.1 | 9.7 | 53.2 | 418
CH,0OHOAB 1.411(1.260(1.417|9.070| 115.3 | 115.1 | 1.432| 1.252 | 1.435 |6.287 | 123.3 | 123.0 | 9.0 | 515 | 446
1.409(1.262(1.418|9.080 | 115.9 | 115.2 | 1.429| 1.255 | 1.436 |6.332| 123.7 | 123.1 | 9.5 | 527 | 416
CF,HOAB 1.408|1.260|1.418|9.066 | 1155 | 114.7 | 1.428 | 1.251 | 1.431 |6.379| 1235 | 1232 | 9.3 | 571 | 57.1
1.406(1.262|1.418|9.072| 1159 | 1149 | 1.425| 1.254 | 1.433 |6.380| 123.7 | 123.2 | 9.8 | 40.3 | 39.2
C.H-HOAB 1.411)1.259|1.418|9.072| 115.3 | 115.0 | 1.434 | 1.252 | 1.436 |6.148| 122.8 | 1225 | 8.0 | 48.1 | 48.1
65 1.409(1.261(1.418|9.082 | 115.8 | 115.2 | 1.431| 1.255 | 1.436 |6.206| 123.2 | 122.7 | 8.7 | 48.6 | 45.6
CH,CH,HOAB 1.418|1.258(1.416|9.101 | 115.1 | 115.2 | 1.435| 1.250 | 1.434 |6.327| 123.0 | 123.0 | 9.0 | 49.2 | 51.2
1.418)1.259|1.416|9.111| 1154 | 1155 | 1.436| 1.252 | 1.433 |6.316| 1229 | 1230 | 9.3 | 486 | 519
MY 1.417)1.263|1.403|9.121| 1149 | 115.7 | 1.432 | 1.255 | 1.423 | 6.487| 123.2 | 124.2 | 10.0 | 35.8 | 56.5
1.416(1.268|1.397|9.137 | 115.0 | 116.4 | 1.433 | 1.262 | 1.413 |6.542| 123.1 | 125.2 | 10.4 | 29.7 | 58.9
DO3 1.3971.265(1.413|9.060 | 115.9 | 114.4 | 1.418| 1.254 | 1.422 | 6.493| 124.0 | 124.1 | 11.0 | 59.1 | 32.2
1.386(1.273|1.408|9.065| 116.6 | 114.3 | 1.406 | 1.261 | 1.418 |6.574| 124.7 | 1245 | 12.8 | 59.2 | 26.6
AAB 1.417)1.262|1.406|9.101| 1149 | 115.6 | 1.433 | 1.253 | 1.427 |6.458| 123.2 | 1240 | 9.7 | 38.0 | 55.6
1.417)1.266|1.399|9.119| 115.1 | 116.4 | 1.434| 1.259 | 1.419 |6.497| 123.1 | 123.7 | 10.3 | 33.3 | 574
SO,NH,AB 1.401(1.263(1.416|9.069 | 115.8 | 1145 | 1.421| 1.254 | 1.427 |6.455| 124.2 | 1235 | 9.8 | 59.3 | 33.1
1.392(1.269(1.414|9.077 | 116.5 | 1145 |1.411|1.260 | 1.427 |6.517| 124.9 | 123.6 | 10.9 | 60.1 | 29.1
ADAB 1.408 |1.264|1.406|9.143 | 115.3 | 1155 | 1.430| 1.256 | 1.427 |6.510| 123.5 | 123.7 | 11.2 | 42.8 | 45.8
1.407|1.269|1.402|9.165| 115.7 | 116.1 | 1.427 | 1.263 | 1.421 |6.564 | 123.7 | 124.3 | 12.4 | 38.7 | 44.8
DR, 1.409|1.259|1.419|9.023| 115.4 | 1149 | 1.430| 1.251 | 1.436 |6.334| 123.7 | 1229 | 9.2 | 55.8 | 41.6
1.408(1.261(1.419|9.037 | 115.8 | 115.1 | 1.427| 1.254 | 1.437 |6.344| 124.0 | 122.9 | 9.5 | 55.3 | 40.0
F(HO),AB 1.409(1.259(1.419|9.023 | 115.4 | 1149 | 1.430| 1.251 | 1.436 |6.334| 123.7 | 122.9 | 9.2 | 55.8 | 41.6
1.4081.261|1.419|9.037 | 115.8 | 115.1 | 1.427| 1.254 | 1.437 |6.344| 124.0 | 122.9 | 9.5 | 55.3 | 40.0
F.HOAB 1.405|1.264|1.403|9.106 | 114.8 | 116.1 | 1.419 | 1.250 | 1.439 |6.412| 1236 | 122.2 | 9.4 | 625 | 40.8
1.403|1.266|1.402|9.116| 115.2 | 116.2 | 1.413 | 1.255 | 1.436 |6.502| 124.7 | 1226 | 9.5 | 60.8 | 35.3
HO,AB 1.410(1.276(1.372|9.078 | 116.7 | 117.5 | 1.425| 1.260 | 1.404 |6.892| 122.9 | 128.8 | 11.0 | 36.2 | 49.6
1.410(1.276(1.373|9.079| 116.8 | 117.3 | 1.428 | 1.261 | 1.405 | 6.833| 122.8 | 128.2 | 10.6 | 37.8 | 49.3

First, it is noteworthy to highlight that the geometry optimization of the molecules under investigation
resulted in all the trans configurations being planar, as expected, with dihedral angles C1IN1N2C1,
N1N2C1C6, N2N1C1C2 equal to 180 degrees.

Upon analysis of the N1IN2 bond lengths, we observed that the smallest values were found in the AB
and CH,CH,HOAB molecules. Specifically, the trans forms of these molecules exhibited N1N2 bond
lengths of 1.258 A in the gas phase and 1.259 A in the presence of the water solution model. These bond
lengths slightly decreased for cis configurations of the molecules to 1.249 A for the gas phase and 1.252 A in
case of accounting water solution.

Dihedral angels C’ININ2CI1 of cis forms of studied molecules range from 8.0 to 11.9 degrees in the
gas phase and 8.7 to 14.3 degrees in case of accounting PCM. These minimal and maximal angle values cor-
respond to C¢HsHOAB and DR; respectively.

The C1C6 distances, characterizing relative size of a molecule, are changing in case of trans confor-
mation from 9.023 to 9.143 A in the gas phase and from 9.037 to 9.165 A in case of accounting water solu-
tion in calculations. These values exhibited by F(HO);AB and ADAB respectively. For the cis conformation
C1C6 distances range from 6.148 to 6.892 A in the gas phase and from 6.206 to 6.833 A case of accounting
PCM in calculations. Corresponding to these extreme cases molecules are CsHsHOAB and HO;AB.
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Energy

The difference in Gibbs free energies between trans and cis configurations AG and corresponding equi-
librium constants K of studied molecules are given in Table 3.

Table 3

Calculated Gibbs free energy differences AG (kJ/mole) and equilibrium constants K
between trans and cis configurations of the most stable conformations of the molecules
studied obtained from B3LYP-D3 6-31++G(d, p) calculations in the gas phase and water solvent

Molecule AG K Molecule AG K
9 10
Tl e R
HoAg “oes [ asdr | A Sisr | 10610
FHOAB oo | isoo | SONMAB | —Tip
CHHOAB 050 o ADAB =7es 26niom
cronoas  |—oool | TS0 [ oy et R
CF;HOAB 023 o FHOMAB S0 Soeitr
crrons |20 | 20T | rnoas | ST
CHCHHOAS | ——20bs g | OB | s
— X 10
My B ———

The equilibrium constants were obtained using the formula:
K =exp(-AG/RT), (1)

in which the AG is the difference in the Gibbs energies between trans and cis configurations, T is the room
temperature equal to 298.15 K and R is the gas constant.

As expected, the trans configurations of all molecules have been found to be more stable than the cis
configurations, with a stability difference ranging from 44.30 to 92.39 kJ/mol. This is evident from the val-
ues of the equilibrium constants, which show a significant difference in magnitude ranging from 5.77x10" to
1.54x10". The solvent effect is observed as decrease in Gibbs free energy differences and equilibrium con-
stants with AG ranging between 32.41 and 85.41 kJ/mol and K between 4.76x10° and 9.20x10", correspond-
ingly.

Based on our calculations, it has been determined that the molecules CsHsHOAB and FsHOAB exhibit
the smallest values of Gibbs free energy differences and equilibrium constants. Conversely, CH,CH,HOAB
and HO;AB exhibit the highest values of these parameters.

Electronic properties
It is well known that the dipole moment of molecules is determined by the formula:

p=po+ocE+%[3EE+..., (2)

in which py is the dipole moment without electric field, a is the second-order tensor of the polarizability and
B is the first term in infinite series of hyperpolarizabilities. The polarizability tensor has been diagonalized
and afterwards the mean and anisotropic polarizabilities have been obtained using the following formulas:

o

o =5 (O 0, ©

Cepusa «dusmka». 2025, 30, 2(118) 11



G. Adyrbekova, P. Saidakhmetov et al.

QLanis :J(axx _aw) +(ayy —OLZZ) +(OLXX _azz) ’ (4)

2

in which ay, ayy, a,, are the diagonal elements of the polarizability matrix.

All the computed values for dipole moments their differences between the trans and cis configurations
of the most stable conformations of the molecules under investigation are summarized in Table 4, besides,
corresponding mean and anisotropic polarizabilities are listed in Table 5. As expected, the calculations ac-
counting a water solvent yielded larger values compared to those obtained in the gas phase, as water serves
as a more polarized medium.

Table 4

Calculated dipole moments u (Debye), their differences between the trans and cis configurations
of the most stable conformations of the studied molecules obtained from B3LYP-D3 6-31++G(d, p)
calculations in the gas phase and water solvent

Molecule irans eis Ap Molecule Mirans Heis An
AB 000 A7 A7 e T L T
HOAB 7% o 745 AAB oot o 215
FHOAB 273 35 Gl | SONHAB |2 de 7%
CHHOAB |53 s | APA® | s | 6%
CHOHOAB | — o8 =10 Tl DRI | —re3e 1 040|487
CFHOAB  |—g50 30T 20| FHOMAB =58 352
CHHOAB |50 oo e rHone il oo oo
CH.CHHOAB (—1o S5 Tie HOAB | 3 03t
MY oot 5o 757

As part of our endeavor to create materials with the ability to switch their wettability under light expo-
sure, we are particularly interested in molecules that exhibit a substantial difference in dipole moments be-
tween their trans and cis forms. The presence of a non-zero dipole moment indicates a polar molecule. When
the magnitude of this dipole moment decreases, the dipole—dipole interaction between the molecule and wa-
ter molecules also diminishes. Consequently, this reduction in interaction leads to a less hydrophilic state in
terms of wettability.

Table 5

Calculated mean and anisotropic polarizabilities a, and their differences between the trans and cis configurations
of the most stable conformations of the studied molecules obtained from B3LYP-D3 6-31++G(d, p) calculations
in the gas phase and water solvent

Molecule o o o o sa™ | Ao
= 183.13 202.86 157.90 79.61 7522 123.25
255.20 279.02 221.89 102.05 3331 176.98

A 194.94 23147 166.95 95.83 27.99 135.63
274.31 326.19 235.82 125.87 38.49 200.32

A 195.56 233.55 166.80 93.94 28.76 139.61
274.34 330.21 234.56 124.91 39.78 205.30

209.76 240.00 178.98 87.34 30.79 152.66

CH;HOAB 332.76 202.85 253.00 119.62 39.85 213.15
214.88 233.15 182.13 80.16 32.75 152.99

CH;OHOAB 301.28 331.79 250.11 117.96 4217 213.83
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Continuation of Table 5

Molecule e e o o Ao Ao
213.58 256.98 181.45 97.03 32.13 159.95

CRHOAB 295.52 350.02 252.94 125.42 42.58 224.60
278.39 295.65 235.08 107.25 43.30 188.40

CoHsHOAB 384.30 385.50 338.41 157.26 45.89 228.23
220.39 244.29 190.94 99.29 29.45 145.00

CHCHHOAB 300.78 315.35 262.30 113.86 38.48 201.50
MY 247.59 311.68 209.27 132.92 38.32 178.76
364.42 483.67 306.23 204.87 58.19 278.80

DO3 251.40 359.38 207.66 138.99 43.73 220.39
417.03 693.03 319.65 233.22 97.38 459.81

AAB 209.33 261.61 177.46 108.02 31.87 153.60
311.10 416.70 258.48 160.95 52.62 255.75

258.47 326.97 217.91 130.69 40.57 196.28

SONHAB 378.18 499.48 313.64 179.70 64.54 319.78
ADAB 272.01 365.74 225.31 143.98 46.69 221.75
404.38 573.73 335.62 227.97 68.77 345.76

DR1 328.69 446.52 274.75 179.75 53.94 266.76
534.16 845.84 418.08 300.55 116.08 545.29

206.37 242.27 176.38 95.62 29.99 146.66

F(HO)AB 287.45 334.48 247.43 126.17 40.02 208.31
F.HOAB 198.14 236.05 169.21 92.11 28.92 143.94
° 280.14 354.14 237.49 135.39 42.65 218.75
HOAB 211.78 257.44 181.57 131.85 30.22 125.59

3 300.51 368.79 259.57 174.61 40.95 194.18

The trans configuration of AB displayed the smallest dipole moment, measuring 0 Debye, which is
consistent with its symmetrical molecular structure. Among the azobenzene derivatives, CH;HOAB and
ADAB exhibited the smallest dipole moments of 1.13 and 1.35 Debye, respectively, in the gas phase. In the
water solvent model, these values increased to 1.60 and 2.41 Debye. It is noteworthy that these relatively
small dipole moments can be attributed to the compensating effects of the substituted functional groups.

Nevertheless, the ADAB molecule exhibited the most substantial difference in dipole moments between
cis-trans configurations, surpassing that of AB. This difference amounted to 4.89 Debye in the gas phase and
6.59 when considering water solvent in calculations, compared to 3.45 and 4.72 Debye for AB. Notably,
CH3;HOAB and C¢HsHOAB molecules can be also taken into account as the ones switching wettability from
more to less hydrophilic states, with Ap values for cis-trans configurations equal to 2.54 and 2.75 Debye,
respectively, increasing to 3.63 and 3.92 Debye in the water solvent model.

It is crucial to highlight instances of negative differences in dipole moments for DO3, DR1, and
SO,NH,AB. This suggests that the cis-trans transition may conversely result in a more hydrophilic state.
Particularly noteworthy is the case of SO,NH,AB, exhibiting the highest negative difference in dipole mo-
ments compared to AB, with —Ap values of 4.55 and 7.25 in the gas phase and water solvent model calcula-
tions, respectively.

Spectroscopic methods offer a means to determine the components of the polarizability matrix. Howev-
er, obtaining such data can be challenging due to the demanding experimental procedures, particularly for
molecules with low or no symmetry. This is where molecular modeling calculations can prove invaluable in
fulfilling this objective.

According to our computations, molecules exhibiting the lowest mean polarizability differences include
HOAB, FsHOAB and HO;AB, with respective values of 27.99, 28.76 and 30.22 au in the gas phase, and
38.49, 39.78 and 40.95 au when considering water solvent in calculations. These values contrast with AB,
which registers at 25.22 and 33.31 au, respectively. The corresponding anisotropic polarizability differences
for these molecules are 135.63, 139.61, and 125.59 au in the gas phase, and 200.32, 205.30, and 194.18 au
when water solvent is considered, compared to AB with values of 123.25 and 176.98 au.

Conversely, molecules with the highest mean polarizability differences include DO3, DR1 and ADAB,
exhibiting values of 43.73, 53.94 and 46.69 au in the gas phase, and 97.38, 116.08 and 68.77 au when con-
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sidering water solvent. The corresponding anisotropic polarizability differences for these molecules are
220.39, 266.76, and 221.75 au in the gas phase, and 459.81, 545.29, and 345.76 au when accounting for wa-
ter solvent in calculations.

Molecular properties

In the present work we have obtained the energy of the highest occupied molecular orbital (HOMO)
and the energy of the lowest unoccupied molecular orbital (LUMO) as the frontier orbitals of chemical com-
pounds play a vital role in determining their reactivity [22]. It is noteworthy that molecules with a higher
HOMO value possess the ability to donate electrons to acceptor molecules with low energy and empty mo-
lecular orbitals. Table 6 showcases the calculated HOMO and LUMO energies for studied azobenzene deriv-
atives. Notably, the trans and cis configurations of the ADAB molecule exhibit the highest HOMO and
LUMO values.

Table 6

Calculated molecular properties of trans and cis configurations of the studied molecules obtained
from B3LYP-D3 6-31++G(d, p) calculations in the gas phase and water solvent. Values are in eV

trans cis

Molecule
HOMO| LUMO fﬁgmg w | mt| x [Homo|LUMO fﬁgmg P P
B 646 | 254 | 393 | 450 | 1.96 | 450 | -6.06 | —2.29 | 3.77 | -4.18 | 1.89 | 4.18
660 | 273 | 387 | 466 | 1.94 | 4.66 | 627 | —2.48 | 3.79 | —4.37 | 1.89 | 4.37
OAD 611 | 239 | 372 | 425 | 186 | 425 | 586 | 219 | 3.68 | -4.02 | 1.84 | 4.02
623 | 260 | 3.63 | 441 | 1.81 | 441 | -6.04 | 2.40 | 364 | 422 | 1.82 | 4.22
HOAB | 627 | 259 | 368 | 443 | 184 | 443| 604 | 236 | 368 | 4.00 [ 184 4.00
631 | 272 | 359 | 451 | 1.79 | 451 | -6.14 | —2.50 | 3.65 | -4.32 | 1.82 | 4.32
CHHOAB | 005 | 233 | 372 | 410186419 581 214 | 368 | 3.0 | 1841 3.8
610 | 257 | 362 | 438 | 181|438 | 601 | 2.38 | 363 | 419 | 1.82 | 419
600 | —2.38 | 361 | 412 | 181|419 | 586 | 2.21 | 3.65 | -4.03 | 1.82 | 4.03
CHOHOAB 60261 | 354 | 431 | 1.77 | 438 | 6.02 | 241 | 360 | 422 | 1.80 | 4.22
CFHOAs |-6.14 | 261 354 | 431177438 6.02 | 241 | 360 | 422180422
638 | 283 | 355 | 460 | 1.78 | 4.60 | 621 | —2.58 | 3.64 | -4.40 | 1.82 | 4.40
CHOAB | 609 | 240 | 368 | 4.25 [ 184 [425] 590 | 224 | 366 | 4.07 | 183|407
621 | 262 | 359 | 441 | 1.80 | 441 | -6.04 | 2.44 | 3.60 | —4.24 | 1.80 | 4.24
637 | 251 | 386 | 444 | 1.93 | 444 | 6.02 | 2.27 | 3.74 | —4.14 | 1.87 | 4.14
CHCHHOAB =0 o 270 | 3.80 | 4.60 | 1.90 | 4.60 | 6.18 | —2.45 | 3.74 | —4.32 | 1.87 | 432
Ty 538 | 209 | 329 | 373 | 165|373 | 533 | -1.00 | 344 | 362 | 1.72 | 3.62
546 | 241 | 305 | 393 | 152 | 3.93 | 546 | 2.21 | 3.26 | —3.83 | 1.63 | 3.83
Coa 613 | 312 | 301 | 462 | 150 | 462 | -6.06 | —2.96 | 311 | —451 | 1.55 | 451
500 | 334 | 256 | 462 | 1.28 | 462 | -5.90 | 317 | 2.73 | -454 | 1.37 | 454
B 568 | 219 | 348 | 393 | 1.74 | 3.93 | 556 | —2.00 | 356 | —3.78 | 1.78 | 3.78
566 | 243 | 323 | 404 | 162 | 404 | 571 | 2.27 | 344 | —3.99 | 1.72 | 3.99
SONHAB | 597 | 263 | 334 [ 430 [ 167430 587 [ 236 | 350 | 412 175412
587 | 277 | 310 | 432 | 155|432 | 586 | —2.50 | 3.36 | -4.18 | 1.68 | 4.18
ADAB 502 | -1.80 | 322 | 341 | 161|341 | 501 | -1.72 | 153 | —0.95 | 0.77 | 0.95
517 | 219 | 299 | 368 | 149 | 3.68 | 517 | 212 | 1.93 | —1.16 | 0.97 | 1.16
RL 501 | 309 | 281 | 450 | 1.41 | 450 | 572 | —2.88 | 2.84 | -4.30 | 1.42 | 4.30
560 | 332 | 237 | 451 | 1.19 | 451 | 563 | 315 | 248 | —4.39 | 1.24 | 4.39
FHO)AB | 645 | 246 | 870 | 431 185[43L] 595 | -2.25 | 370 | 410185410
623 | 264 | 359 | 443 | 1.79 | 443 | -6.07 | 2.44 | 3.63 | -4.26 | 1.82 | 4.26
FHons | 698 | 294 | 864 | 476 182476 655 279 | 3.76 | 467|188 467
645 | 297 | 348 | 471 | 1.74 | 4.71 | 647 | —2.81 | 3.66 | -4.64 | 1.83 | 4.64
Hops | 016 | 272 | 344 | 444 [172[444] 603 | 255 | 348 | 4.2 | 1.74] 4.9
610 | 2.75 | 344 | 447 | 1.72 | 447 | 613 | —2.64 | 349 | 438 | 1.74 | 438

In accordance with Ref. [23] there is a linear correlation between an ionization potential (IP), an elec-
tron affinity (EA) and frontier orbitals: HOMO is associated with IP, LUMO can be equated with EA. To
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explore the connection between chemical quantities and molecular properties, chemical potential p, absolute
hardness n, the first electronic excitation energy t and electronegativity y were evaluated using following
formulas [22, 23]:

1= (ELumo ~ Evomo )/ 2, (5)
%==(ELumo * Erowo )/ 2, (6)
H=(ELovo * Enomo )/ 2, (7)
=", (8)

The results of our calculations are collected in Table 6. According to chemical potential values, that are
smaller for trans configurations of all molecules, than for cis, molecules are tending to transit from cis to
trans configuration, that is in accordance with Gibbs free energy results, showing the trans isomerization is
more stable.

The concept of hardness in the context of molecular systems is closely linked to reactivity. Specifically,
a system with a higher value of absolute hardness n tends to exhibit lower reactivity compared to a system
with a lower value [22]. Our findings indicate that the molecules AB and CH,CH,HOAB display relatively
lower reactivity, suggesting that they are less prone to undergo chemical reactions. On the other hand, the
molecules DO3, DR1, and ADAB demonstrate higher reactivity, indicating that they are more likely to en-
gage in chemical transformations.

We found that the inclusion of the water solution model led to a decrease in the energy levels of HOMO
and LUMO, as well as a decrease in the energy gap between them (ALUMO-HOMO). Therefore, we ob-
served that the chemical potential and absolute hardness values also decreased compared to calculations per-
formed in the gas phase. These findings suggest that the presence of a water solution in the calculations en-
hances the reactivity of the molecules under study. By considering the water solution model, there is a great-
er propensity for chemical reactions to occur. This highlights the importance of considering solvent effects
when assessing the reactivity of molecules, as the water solution model can significantly influence their elec-
tronic properties and overall reactivity.

Conclusion

The current research presented DFT calculations for molecules from azobenzene family. Specifically,
we investigated 17 molecules using an innovative approach that incorporates DFT-D3 dispersion corrections,
enhancing the accuracy of our results. Furthermore, we considered the effects of a water solvent by employ-
ing the polarizable continuum model (PCM), a technique that has not been applied in prior evaluations of
these molecules.

Overall, adding the solvent model (water in our case) increases dipole moments for most molecules,
with a stronger effect on highly polar compounds like SO,NH,AB, DO3, and DR1. In contrast, fluorinated
molecules and some alkyl-substituted derivatives show relatively small changes, indicating that their dipole
moments are less affected by solvation. The solvent generally enhances the contrast between trans and cis
dipole moments, making the difference more pronounced in most cases.

The dipole moment difference between the trans and cis configurations was found to be lower in all
considered molecules compared to azobenzene, except for ADAB. In the gas phase, ADAB exhibited a di-
pole moments difference of 4.89 Debye, whereas calculations including PCM vyielded a difference of
6.89 Debye.

The relative difference in the dipole moment between the trans and cis configurations was found to be
lower than for azobenzene for all considered molecules except for ADAB, for which the difference was ob-
tained equal to 4.89 Debye in the gas phase and 6.89 Debye in calculations including PCM. Hence, materials
incorporating this azobenzene derivative can be regarded as photoswitchable materials capable of transition-
ing between more and less hydrophilic states by transforming from the cis to trans configurations. This abil-
ity to switch wettability makes these materials promising candidates for various applications.

Moreover, ADAB molecule exhibited the largest mean and anisotropic polarizabilities, as well as the
highest HOMO and LUMO energies. Also, ADAB molecules have shown to be the most reactive.

The highest negative difference in the dipole moments between cis and trans configurations was found
for SO,NH,AB molecule. In the gas phase, this difference amounted to 4.55 Debye, while in the water sol-
vent model it increased to 7.25 Debye. This finding suggests that this molecule holds promise for applica-
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tions where the wettability of a surface needs to be altered under light irradiation, transitioning from a less
hydrophilic state to a more hydrophilic state. Such materials could prove valuable in various fields requiring
controllable surface properties.

These remarkable characteristics make the ADAB and SO,NH,AB molecules an intriguing subject for
further exploration and potential applications.

I'. AnpipbekoBa, I1. Cangaxmeros, P. bypranosa, U. [TusH3una,
I'. baiimaHn, I'. baybekosa, JI. Taropckuit

THIFBI3ABIKTHIH (PYHKIMOHAIBIK TEOPHUSICHI IIeHOepiHae CyJaHyAbl 63repTy
YLIiH 2300€H30J1 TYBIH/BLIAPBIH JJIeyeTTi MaTepuajiap peTiHjae 3eprrey

3epTTeyne THIFBI3ABIKTEIH (GYHKIHOHATABIK Teopmsichl (TOT) bUFaIIBUIBIKTEI ©3repPTeTiH MaTepHaaap
periHge onapiablH oJieyeTiH Oaramait oTeIpbin, 16 TybIHABI a300€H3O0JIBIH KACHETTEpiH Talfay YIIiH
kosnanbltaael. K. Munmypansiy (2001) aszoGen3zonMeH MonuHKauusulaHFaH OCTTiH CyJaHybl Typajbl
OasiHIaMachblHAaH MIA0BITTaHA OTHIPHIN, 013 a300CH30JIBIH OPTYPJi TYBIHABUIAPBIHBIH YUC JKOHE MPAHC-
KOHQUTypauusulapsl — apachlHAAFbl  MOJICKYJaNblK  JUIIOJAb MOMEHTTEpIHIH e3repyiHeH TybIHAaraH
(oTonsoMepH3alMAHBIH cepiH 3epTTedik. by mpomecc 6actankpl a300€H30J1 MOJEKYJIachlHAA MOJSIPIIBI
eMec MOJIEKYJaHbl TUAPOQWIBII yuc TYpiHEe alHaiImeIpanbl. beTTik KabaTThIH CynaHyblH Oakpuiay
OHEPKACINTIK, MEAWLUHAIBIK, MHKPOOHOIOTHS, OSJCKTPOHHKA JKOHE MaTepHalTaHy CHSAKTHl JpTYpdi
camamapia opacaH 30p oneyetke ue. Ocbl OakputayApl MaiagaHa OTBIPHII, 013 HHHOBAIMSIIBIK
MaTepHalIapAbl xKacay, GYHKIHOHAIABUIBIK MEH THIMIUIIKTI apTTHIPy QJEYeTiH alra anambl3. byl eHIMHIH
OHIMIIUIITIH JKaKcapTyFa, aAre3nsHbl JKaKCapTyFa JXQHE CYHBIKTBIKTapIbl OHIEY Ke3iHAe IOJJIIKKe KOJ
JKeTKi3yre MyMKiHaik Oepeni. Aucnepcusibk Ty3etiren DFT-D3 rubpuari ¢pysaxunonannst B3LYP sxone 6-
31++G(d, p) Ga3ayblK >KUBIHTHIFBIH HaliIaJlaHbIN, 3€PTTEIreH OapibIK MOJIECKYyJaJaplIblH KYPBUIBIMABIK,
3IEKTPOHIBI JKOHE MOJICKYJIATBIK aCTICKTIepi 3epTTeN i, OCTTIK KaOaTThIH UKEMIUTITIH OacKapyFa apHaJIFaH
MEePCIEeKTUBAIBl a30T THITI KYpPBUIBIMAApP YCHIHBUIABL OJEYeTTI YMITKep peTiHae a300CH30JABIH €Ki
TYBIHIBICHl YCBIHBUIFAH, OJlap yuc-mpanc (HOTOU30MEpIeHYyl Ke3iHae Oipi ruapOoQHIbIUTIKTIH JKOFaphLIay
OaFBITBHIH/IA, EKIHIIICI KapaMa-Kapchl OaFbITTa TYPICHIIPYIEpAi KOPCETEdi.

Kinm ce30ep: a300€H3011 TYBIHABICHI, BUIFAIIBUIBIKKA aybICy, (OTOM30MEPHU3ALHsI, TUMOIb MOMEHTTEpi, Cis-
trans kouduryparusiiapsl, DFT, B3LYP ¢yukunonanapik, 6-31++G(d, p) 6asanbik »xuHarsl, (GOTOOTKI3IIII
Martepranaap, TuApoQuIbAiTIK

I'. Ansip6exoBa, I1. Caugaxmeros, P. bBypranosa, U. [Tusin3una,
I'. baitman, I'. bay6ekosa, JI. Tatopckuit

HUccienoBanue npou3BoIHbIX 2300€H30J1a B pAMKaX TeOPHH (GyHKIHMOHAJIA IITIOTHOCTH
KaK NOTeHIHAJIbHbIe MATePHAJIbI VA NMIePeKIIYeHUs] CMAYHBAEMOCTH

B stom uccnenoBanuu Teopus Gyukimonana miotHoctd (DFT) ucnonb3yercs A aHanu3a CBOUCTB 16 mpo-
M3BO/IHBIX a300€H30J1a, OLCHUBAsl MX IMOTCHIMAl B Ka4eCTBE MATEpPHAIOB, M3MEHSIOIINX CMAaYyHMBaeMOCTb.
BroxHoBneHnsie noknanom K. Muanmypsr (2001) o cMaunBaeMOCTH MOBEPXHOCTH, MOJHU(DHUIIMPOBAHHON a30-
OCH30JI0M, MBI H3y4aeM BIHSHUE (OTOM30MEPH3ANNH, BRI3BAHHON N3MEHEHHEM MOJEKYJISIPHBIX TUTIONBEHBIX
MOMEHTOB MEXAY yuc- U mpaHc-KOHPUTYpalsIMU Pa3IndHbIX TPOU3BOIHBIX a300eH30ma. B ncxomHol Mo-
JIeKyJie a300€H30I1a ATOT MPOIIecC MPeodpa3yeT HEMOSIPHYIO MOJIEKYTY B Ooiee THAPOQMIBHYIO yuc-GopMmy.
KoHTpoip cMaunBaeMOCTH OBEPXHOCTH MMEET OOJBIIOE 3HAUYCHHE B PA3IMYHBIX OOJIACTSX, TAKUX KaK MpO-
MBIIJICHHOCTh, MEIUIIMHA, MUKPOOHOJIOT Y, JJIEKTPOHHKA U MaTepHanoBeaeHue. VIcrnomp3ys 3TOT KOHTPOJIb,
MBI MOXKEM PaCKpBITh MOTEHIMAN /I CO3JAaHHs MHHOBALMOHHBIX MaTepHalOB, IMOBBINICHHS (YHKI[HOHAIIb-
HocTH U 3ddexTnBHOCTH. OH MO3BOJSIET YIYUIINTh IKCIUTYaTAMOHHBIE XapaKTEPUCTHKU MPOAYKTa, YIIyd-
IIUTh a[re3HI0 U JTOCTUYh TOYHOCTH NMPH OOpALICHHU C XKHUAKOCTAMH. Hamu M3ydeHbl CTPYKTYpHBIE, dICK-
TPOHHBIC M MOJIEKYJISIPHBIE ACTIEKTHI BCEX MCCIIEOBAHHBIX MOJIEKYJ C TIOMOIIbIO THOPUIHOTO (DyHKIIMOHAA
B3LYP ¢ mgucnepcnonnoii xoppekimeit DFT-D3 n 6asnucuoro Habopa 6-31++G(d, p), mpeacTaBuB nepcnex-
TUBHBIE CTPYKTYPHI a30TUCTOTO THIIA JJIsI MAaHWUIYJIHPOBAHHS CMAuyWBAEMOCTBIO MOBEPXHOCTH. J[Ba MmMpom3-
BOJIHBIX 2300€H30J1a BBICTYNAIOT B KAYECTBE IMMOTEHIIMAIbHBIX KaHIUIATOB, IEMOHCTPUPYS TpaHCHOPMAIIUH B
nporecce yuc-mpanc HOTOM30MEPU3ALUN — OJJHA B CTOPOHY YBEIHMUYCHUs TUAPO(UIBHOCTH, Apyras — B
IPOTHBOIIOJI0KHOM HAMPaBICHHH.

Kniouegvie crosa: mpon3BogHOE a300€H3071a, MEPEKIIOUCHIE CMaYNBAEMOCTH, (OTOM30MEpH3aLHs, TUIONb-
HbIE MOMEHTSHI, yuc-mpanc kKoudurypauuu, DFT, ¢pynkuronan B3LYP, 6a3osslii HaGop 6-31++G(d, p), do-
TONEPEKIII0YAEMbIC MAaTePHAIIbl, THAPO(YUILHOCTE
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