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Structural, nonlinear optical, and
molecular docking studies of schiff
base compounds as multi-target
inhibitors of AChE, BChE, and

carbonic anhydrases

Oumria Kourat'?2, Nadia Benhalima?, Al-Anood M. Al-Dies?, Abdelkrim Guendouzi?,
Zohra Douaa Benyahlou*, Youcef Megrouss*, Mokhtaria Drissi®, Gizachew Alene Alem®™,
Emad Rashad Sindi” & Magdi E. A. Zaki®**

This study investigates the structural, electronic, and inhibitory properties of two novel Schiff base
compounds, (E)-5-(((4-bromophenyl)imino)methyl)-2-methoxyphenol (BPhIM) and (E/Z)-5-(((4-
aminophenyl)imino)methyl)-2-methoxyphenol (APhIM), as potential multi-target inhibitors of key
metabolic enzymes linked to neurodegenerative disorders. The compounds were characterized
using density functional theory (DFT) calculations at the B97D3/6-311 + + G(d, p) level. DFT analysis
revealed a low energy gap (2.39-2.65 eV), indicating high chemical reactivity, and significant first
hyperpolarizability values (9.98-31.25 x 10-3° esu), suggesting strong nonlinear optical (NLO)
activity. Molecular electrostatic potential (MEP) maps identified nucleophilic and electrophilic sites,
while RDG analysis quantified stabilizing non-covalent interactions. Molecular docking simulations
against acetylcholinesterase (AChE), butyrylcholinesterase (BChE), and human carbonic anhydrase
I'and Il (hCA I/ll) demonstrated promising binding affinities. The compounds exhibited excellent
predicted inhibition constants (Ki), with APhIM being particularly potent against AChE (Ki=0.42 pM)
and BChE (Ki=0.83 pM), outperforming the standard drug Tacrine. BPhIM showed strong activity
against hCA | (Ki=0.83 pM). Furthermore, in silico ADMET profiling indicated favorable drug-likeness,
high gastrointestinal absorption, and low toxicity risks. The results underscore the dual potential

of these Schiff bases as promising scaffolds for the development of NLO materials and as multi-
target therapeutic agents, offering a robust basis for future applications in optoelectronics and drug
discovery.

Keywords Schiff base, Density functional theory (DFT), Nonlinear optical (NLO) properties, Molecular
docking, Enzyme inhibition

Nitrogen-containing heterocyclic compounds constitute a major class of molecules exhibiting diverse and
significant biological properties. Among these, Schiff bases, defined by the azomethine functional group
(-RC = N-), represent a highly important class of compounds demonstrating a broad spectrum of potent
pharmacological activities. These include well-documented anticonvulsant, antidepressant, anti-inflammatory,
analgesic, antimicrobial, antimalarial, anticancer, and antioxidant effects!. These compounds are not only key
intermediates in the synthesis of bioactive molecules and complex nitrogen-containing heterocycles. but are also
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frequently present in naturally occurring products, underpinning their significant importance in both advanced
synthetic chemistry and modern pharmaceutical research*>.

Driven by their promising biological properties, these compounds have garnered considerable scientific
interest. In parallel, researchers in physics and chemistry have increasingly focused on organic materials due
to their exceptional nonlinear optical (NLO) characteristics. The inherent synthetic flexibility of these organic
materials, powerfully augmented by theoretical modeling, facilitates their development compared to inorganic
counterparts. Their NLO features can be more precisely controlled due to highly delocalized electronic structures
and extensive -conjugation®~.

The density functional theory (DFT) method stands as a powerful and reliable tool for the theoretical
analysis of such molecules, delivering precise results that are comparable to experimental findings. Its strategic
application is fundamental to this investigation, serving as a powerful computational scaffold that bridges
molecular structure with electronic properties and biological activity. DFT provides an indispensable platform
for predicting molecular reactivity, stability, and nonlinear optical (NLO) responses in silico, thereby guiding
and rationalizing experimental findings. This approach is crucial for the rational design of novel functional
materials and bioactive compounds!®-12,

DFT provides an efficient framework for gathering information about fundamental molecular properties by
analyzing electron density, equilibrium molecular structure, vibrational frequencies, global chemical reactivity,
and NLO properties. Moreover, in computational biology, DFT serves to analyze molecular orbital energies that
are related to a molecule’s reactivity within a biological target?-5!3. Specificall, HOMO and LUMO analyses
are routinely used to determine key electronic properties such as ionization potential (I), electron affinity (A),
electronegativity (x), chemical hardness (), chemical potential (p), softness (S), electrophilicity index (w),
nucleophilicity index (v), and maximum charge transfer (ANmax)!*~16. Furthermore, the detailed redistribution
of electron density (ED) between bonding and anti-bonding orbitals can be quantitatively investigated
through Natural Bond Orbital (NBO) analysis within the DFT approach**13. The geometrically optimized
molecular structure obtained from DFT calculations forms the basis for the assessment of key physicochemical
properties, including the dipole moment (), isotropic average polarizability (a), polarizability anisotropy
(Aa), total first hyperpolarizability (B), average second hyperpolarizability (y), hyper-Rayleigh scattering first
hyperpolarizability HRS(-2w; w, ), and the depolarization ratios (DR)*®!3. The profound utility of this
comprehensive DFT approach in elucidating spectroscopic characteristics, solvation effects, topological insights,
and pharmacodynamic profiles has been powerfully demonstrated in recent seminal studies'’~'°. In alignment
with these advanced works, our study leverages DFT to meticulously unravel the electronic structure, NLO
behavior, and inhibitory potential of the title Schiff base compounds, providing a deep mechanistic understanding
of their properties and establishing a foundation for their future application?*-22,

This study investigates the structural features, nonlinear optical (NLO) properties, and molecular docking of
two newly synthesized Schiff base derivatives, with the objective of evaluating their potential pharmacological
applications and electronic properties.

Computational details

All quantum chemical calculations were performed using the Gaussian 16 program package?®, and molecular
geometries derived from the Gaussian output files were visualized with GaussView 06*%. The geometrical
structures of the title compounds were fully optimized in the gas phase using the B97D3 functional?>?® in
conjunction with the 6-311 + + G(d, p) basis set. This functional was specifically selected for its inclusion of
Grimme's D3 empirical dispersion correction?’, which is crucial for the accurate description of non-covalent
interactions (e.g., van der Waals forces, m-n stacking) that are prevalent in these molecular systems. The
6-311 + + G(d, p) basis set provides a balanced treatment of valence and diffuse functions, ensuring reliable
predictions of electronic properties for molecules containing heteroatoms like O, N, and Br?’. Vibrational
frequency calculations at the same level of theory confirmed that all optimized structures were true minima on
the potential energy surface (no imaginary frequencies). The VEDA 4 program was used to calculate and analyze
the potential energy distributions (PED) of the vibrational modes of the optimized compounds?®. At the same
theoretical level, the natural bonding orbitals (NBOs) were computed using the NBO 7.0 program?’, which is
incorporated in the Gaussian package. HOMO-LUMO analysis has been used to compute the global and local
reactivity descriptors. The nonlinear optical (NLO) potential of the title compounds were further demonstrated
by calculating the dipole moment (), isotropic average polarisability (a), polarisability anisotropy (Aa), total first
hyperpolarizability (B) and average second hyperpolarizability (y). The non-covalent interactions (NCI) theory
was used for the reduced density gradient (RDG) studies, and the VMD program?® was used for the interaction
region indicator (IRI) studies. The wave function analysis software Multiwfn®!' was used for the covalent and
non-covalent interactions, respectively. Finally, the investigation of ligand-target interactions was carried out
using molecular docking. The three-dimensional structures of the target enzymes acetylcholinesterase (AChE,
PDB ID: 4EY6), butyrylcholinesterase (BChE, PDB ID: 4BDS), carbonic anhydrase I (hCA I, PDB ID: 2NMX),
and carbonic anhydrase II (hCA II, PDB ID: 3HS4) were retrieved from the RCSB Protein Data Bank (www.
rcsb.org). The selection criteria were based on high-resolution X-ray structures (< 2.5 A) from Homo sapiens
with no mutations at the active site. The protein structures were prepared using AutoDock Tools (ADT)32. This
process involved the removal of all water molecules, co-crystallized ligands, and the assignment of Kollman
united atom charges. The optimized three-dimensional structures of the ligands, (E)—5-(((4-bromophenyl)
imino)methyl)-2-methoxyphenol (BPhIM) and (E/Z)-5-(((4-aminophenyl)imino)methyl)-2-methoxyphenol
(APhIM) were prepared for docking by assigning Gasteiger charges. were then used for docking. The grid box
dimensions and center coordinates for each proteins active site were defined to encompass all key residues
known to be involved in substrate binding and catalysis, based on the literature and analysis of the native co-
crystallized ligands. The specific parameters for each target are summarized in Table 7.
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The docking calculations were performed using AutoDock Vina®?, which employs a sophisticated scoring
function and a gradient optimization algorithm for conformational search. The exhaustiveness parameter, which
controls the depth of the global search, was set to 8 for all simulations to ensure a comprehensive sampling of the
binding poses. All other parameters were kept at their default values. For each ligand, ten independent docking
runs were performed, and the pose with the most favorable binding affinity was selected for further analysis.
The root-mean-square deviation (RMSD) between the docked pose and the original crystallographic pose was
calculated. An RMSD value of less than 2.0 A is generally considered successful validation®#. Qur protocol
yielded an excellent RMSD of 0.27 A for AChE (4EY6) and 0.89 A for hCA II (3HS4), confirming its accuracy
in reproducing experimental binding modes. The resulting docking poses were visualized and analyzed using
Discovery Studio Visualizer®® to identify key intermolecular interactions, such as hydrogen bonds, hydrophobic
contacts, and halogen bonds.

The drug-likeness and pharmacokinetic profiles (absorption, distribution, metabolism, excretion, and toxicity
ADMET) of the title compounds were predicted using the SwissADME*” and pkCSM?® online web servers.

Results and discussion

Structure description

The comparison between experimental (X-ray) and computational (B97D3/6-311G++ (d, p)) results reveals
several noteworthy observations regarding the structural properties of the Schiff bases (APhIM and BPhIM),
highlighting key structural differences arising from the substitution of N2 in APhIM with Br in BPhIM. Relevant
bond distances, bond angles and dihedral angles are reported summarized in Table 1 and are in good agreement
with those reported in similar Schiff base compounds®. The molecular structures with atomic labeling
are depicted in Fig. 1. Additionally, for various phenyl rings, the average bond length determined by X-ray
diffraction is roughly 1.38 A%, Notably, the literature also states that these bonds have a C-C bond length of
1.39 A. Furthermore, the average bond length obtained through X-ray diffraction for different phenyl rings is
approximately 1.38 A¥. It is worth noting that the literature also reports a C-C bond length of 1.39 A for these
bonds?. The C7 = N17 bond length of BPhIM is observed at 1.283 A and is calculated at 1.289 A, and for their
neighboring N-C, C-C bonds lengths (C4-N17, C7-C8) are observed at 1.419 A and 1.454 A%, these bonds
theoretically located at 1.401 A and 1.457 respectively. As can be noticed from Table 1, the bond lengths of
C10-015, C14-016 and C11-016 are observed at 1.358, 1.431 and 1.358 A, respectively, these specific bond
lengths have been precisely computed as 1.369, 1.430 and 1.358 A at the B97D3/6-311G++(d, p) level. The bond
length for C1-Br18 presents the highest distance and is computed to be 1.923 A by DFT, while XRD obtained the

BPhIM | APhIM BPhIM | APhIM
Bond lengths (A) | *X-ray | B97D3 | B97D3 | Bond angles (°) *X-ray | B97D3 | B97D3
C1-C2 1.384 1.399 1.409 C2-C1-Cé6 121.7 121.1 118.3
C1-Cé6 1.382 1.397 1.409 C2-C1-Brl18/N18 | 119.19 | 119.43 | 120.80
C1-Br18/N18 1.901 1.923 1.401 C6-C1-Br18/N18 | 119.14 | 119.42 | 120.85
C2-C3 1.388 1.395 1.391 C1-C2-C3 119.2 119.2 120.7
C3-C4 1.396 1.409 1.410 C2-C3-C4 120.15 | 120.99 | 121.31
C4-C5 1.393 1.411 1.412 C3-C4-C5 119.3 118.5 117.8
C4-N17 1.419 1.401 1.402 C3-C4-N17 117.3 118.29 | 117.93
C5-C6 1.385 1.397 1.393 C5-C4-N17 123.25 | 123.1 124.3
C7-C8 1.454 1.457 1.459 C4-C5-C6 120.9 120.9 121.1
C7=N17 1.283 1.289 1.290 C1-C6-C5 118.7 119.2 120.8
C8-C9 1.396 1.412 1.412 C8-C7-N17 123.8 123.0 122.7
C8-C13 1.406 1.403 1.403 C7-C8-C9 119.0 121.3 121.3
C9-C10 1.387 1.387 1.387 C7-C8-C13 122.1 119.8 120.1
C10-C11 1.384 1.425 1.423 C9-C8-C13 118.9 118.8 118.6
C10-015 1.358 1.369 1.371 C8-C9-C10 120.5 121.0 121.2
C11-C12 1.407 1.401 1.401 C9-C10-C11 120.3 119.9 119.9
C14-016 1.431 1.430 1.429 C9-C10-015 118.94 |123.31 |123.1
C12-C13 1.372 1.398 1.399 C11-C10-015 121.5 116.8 116.9
C11-016 1.358 1.358 1.361 C10-C11-C12 119.5 119.1 119.0
C10-C11-016 114.60 | 115.69 | 115.77
C12-C11-016 125.18 | 125.19 | 125.21
C11-C12-C13 120.2 120.5 120.5
C8-C13-C12 120.5 120.7 120.7
Cl11-C16-C14 117.28 | 117.97 | 117.80
C4-N17-C7 119.6 119.7 120.4

Table 1. Selected bond lengths, angles determined by X-ray and DFT calculation of BPhIM. ? [(E)-4-[(4-
Bromophenyl)iminomethyl]- 2-methoxypheno] : Taken from [39].
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Fig. 1. The molecular structures of the compounds (a): BPhIM and (b): APhIM) obtained using B97D3/6-
311G++ (d, p) level of the theory.

values is 1.901 A¥. Computationally determined bond angles show good agreement with actual observations;
for example, the bond angle of C8-C7-N17 and C4-N17-C7 are 123.8°, 119.6° (X-ray) and 123.0°, 119.7
°(B97D3), indicating congruence between the theoretically anticipated and experimentally observed molecular
conformation. Reliable predictions of molecule orientation are shown by the dihedral angles of C12-C11-O16-
C14, which are 13.8° (X-ray) and 0.1° (B97D3). Dihedral angles are essential for comprehending molecular
conformations and show strong agreement between experimental and computational data. The majority of the
optimized bond lengths, as shown in Table 1, are marginally longer than the experimental values. One possible
explanation for these discrepancies is that experimental data are obtained in the solid state, whereas calculated
values are obtained in the gas phase.

The success of the computational method (B97D3/6-311G++ (d, p) in clarifying the structural properties
of the title chemical molecule is demonstrated by the agreement between the experimental and computational
results. These results offer insightful information for additional research into the title compound’s physical and
chemical characteristics as well as possible uses.

To quantitatively assess the agreement between the computational and experimental geometries, the Root-
Mean-Square Deviation (RMSD) was calculated for the bond lengths and bond angles listed in Table 1. The low
RMSD values of 0.023 A for bond lengths and 1.12° for bond angles provide strong validation of the B97D3/6-
311++G(d, p) level of theory for accurately predicting the molecular structure of these Schiff base compounds.
This excellent agreement is further supported by the vibrational analysis; a correlation between the experimental
FT-IR wavenumbers and the scaled theoretical frequencies for BPhIM shows a linear correlation coefficient (R?)
of 0.998. This indicates an exceptional agreement between the calculated and observed values, confirming the
accuracy of the vibrational assignments and the reliability of the chosen computational method.

YCalculatedWavenumber = (0987 X XEXperimentalWavenumber) + 12.5.

Vibrational spectra

For identifying the functional groups in organic compounds, infrared spectroscopy is a useful method. Using
the DFT/B97D3 method at 6-311G++ (d, p) basis set, the BPhIM and APhIM compounds were characterized
using Fourier transform infrared (FT-IR) analysis and vibrational frequencies. BPhIM, the first molecule, is
made up of 30 atoms that vibrate in 84 different typical ways. The 84 vibrational modes are composed of 29
stretching vibrations, 28 in—plane vibrations, and the remaining 27 out-of-plane vibrations. 32 atoms make
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up the second molecule, APhIM, which vibrates in 90 different typical patterns, of the 90 vibrational modes,
31 are stretching vibrations, 29 are out-of-plane vibrations, and 30 are in-plane vibrations. At the same time,
the VEDA software based on the potential energy distribution (PED) assignment was used to carry out the
generated modes and frequencies. The theoretical harmonic frequencies were scaled using an empirical factor
0f 0.97 to correct theoretical errors. The expected (cm™) vibrational frequencies and likely assignments for both
compounds are shown in Tables 2 and 3, and the corresponding calculated L.R. spectra are shown in Fig. 2.

Aromatic ring vibrations.

According to the literature, the absorption of the aromatic C-H stretching mode is generally expected to
occur in the 3100-3000 cm ™% region. This is roughly in line with our findings, which predict that the two
compounds will absorb in the 3063-3007 cm™ region. The in plane C-H bending vibrations are estimated in the
region 1473-1021 cm™'. The out-of-plane C-H bending vibrations are predicted at 893-691 cm™!. Generally,
the C = C stretching vibrations in aromatic compounds occur in the region 1600-1400 cm™'%’. Therefore, the
C = C stretching vibrations are occurred at 1576 and 1573 cm™! in FT-IR spectrum in the BPhIM and APhIM,
respectively*!. The corresponding theoretical values were computed at 1576, 1543, and 1507, 1318, 1271, and
cm™! with PED more than 41%. The C-C-C in plane bending bands always occurs between the value 1000-700
o142,

This is roughly in line with our findings, which predict that the two compounds will absorb in the 968-
491 cm™! region.

C=N and C-N vibrations.

Typically, the imine group (C = N) stretching vibration bands are used to describe the vibrational modes in
the 1640-1690 cm™! region®. The values of the C = N stretching vibration in the current section are 1558 cm™!
and 1577 cm™!, which are 48% and 28%, respectively, and occur at 1611 and 1643 cm™! in the FT-IR spectrum*!
for BPhIM and APhIM, respectively.

CH, vibrations.

The symmetric and asymmetric stretching vibrations of CH, are expected to fall between 2870 and 2860 cm™
and 3000-2905 cm™'3, respectively. With PED greater than 91%, the methyl group’s asymmetric and symmetric
CH, stretching vibrations are located in the regions 2999-2863 cm™' and 3001-2866 cm™ for APhIM and
BPhIM, respectively. The C-H in-plane bending vibrations of the title compound for CH, are calculated at 1430,
1428, 1417, 1400, and 1105 cm™!. Moreover, the out-of-plane bending of C-OCH3 vibrations are computed at
986 cm~! and 989 cm™! the stretching O-C, in—plane and out of plane are assigned at 1120, 954, 729 and 513
cm™L

N-H vibrations.

In the 3500-3300 cm™! range, the N-H stretching vibration typically appears as a noticeable band. The N-H
stretching vibration in this work has a corresponding theoretical wavenumber of 3499 cm™! and 3401 cm™". For
SHNN and THNNC, the harmonic wavenumber is 1586 cm™ and 786 cm™!, respectively, with a significant PED
value of 54% and associated modes Ns of 76 and 37.

The C-N band in this paper was calculated to be 1520 cm™ and 1530 cm™. This mode’s mixed character is
shown by its PED of 18% and 11%, respectively. The dominant C-N in-plane bending and out-of plane bending
modes have been assigned at calculated wavenumbers 612 cm™ band 669 cm™!, respectively.

C-Br vibration.

The values of the C-Br stretching vibration in the current section is 636 cm™
FT-IR spectrum? for BPhIM.

1 and occur at 979 cm™! in the

Frontier molecular orbitals

The Frontier Molecular Orbitals (FMOs), namely the Highest Occupied Molecular Orbital (HOMO) and
the Lowest Unoccupied Molecular Orbital (LUMO), are crucial for determining a molecule’s reactivity and
optoelectronic properties. The HOMO represents the ability to donate electrons, while the LUMO signifies the
tendency to accept electrons. The energy difference between them, known as the HOMO-LUMO gap (AE), is a
key indicator of a molecule’s kinetic stability, chemical reactivity, and polarizability.

At the B97D3/6-311 ++ G(d, p) level of theory, the HOMO, LUMO, and the energy gap between them were
calculated for both the BPhIM and APhIM compounds. The HOMO and LUMO orbital energy levels and their
spatial distribution in the ground state are depicted graphically in Fig. 3. Analysis of the orbital forms shows that
both the HOMO and LUMO are delocalized over the entire n-conjugated framework of the molecules.

The calculated HOMO-LUMO energy gaps are 2.65 eV for BPhIM and 2.39 eV for APhIM. These values are
considered relatively narrow for stable organic molecules, which typically exhibit gaps in the range of 4-8 eV*3:44,
A narrow frontier orbital gap is associated with lower kinetic stability, high chemical reactivity, and enhanced
polarizability. Consequently, the APhIM molecule, with its smaller gap, is a particularly viable candidate for
the creation of optically active materials, as its reduced gap facilitates intramolecular charge transfer, a key
requirement for strong nonlinear optical (NLO) responses®.

Global chemical reactivity descriptors (GCRD)

To comprehend many facets of pharmacological research, such as drug design and potential ecotoxicological
characteristics of drug molecules, a number of novel chemical reactivity descriptors have been developed. In
order to determine the global reactivity parameters (GRP), the following formula“® can be used: electronegativity
(%), chemical hardness (), chemical potential (u), chemical softness (s), and electrophilicity index (w).

U+ u-4  I+4 1 w—’ﬁ
- 2 — 77 - 2 bl l’L - 2 - 7] I - 277
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N° | Freq unscaled | Freq scaled | IR RAMAN | Assignments with PED (>10%)
84 | 3639 3752 49.70 | 105.50 Vo (100)

83 | 3062 3157 1531 | 157.25 Vene) (95)

82 | 3057 3152 511 19581 [ ey (93)

81 | 3054 3148 7.54 85.87 Vena) (94)

80 | 3040 3134 3.73 57.78 Vene) (99)

79 | 3033 3127 727 2980 | vey (99)

78 | 3026 3120 10.11 | 47.73 Vene) (94)

77 13023 3117 8.64 43.81 VeH®) (99)

76 | 3001 3095 2537 [ 19539 | vaseyy, (91)

75 | 2929 3020 3974 (9419 | vasgy, (100)

74 | 2866 2955 95.85 | 27191 Vs (91)

73 | 2854 2942 47.39 | 68.51 Vey (99)

72 | 1576 1625 115.64 | 2201.89 Veem) (58)

71 | 1558 1606 195.61 | 1635.77 | v_y (48)

70 | 1530 1577 10.74 [ 88164 | Vo (25) + Ve (11)

69 | 1520 1567 137.09 | 696348 | Ve (15) + Ve y (18)

68 | 1507 1554 021 |22299 | veeu (59) + Syoers) (10)

67 | 1472 1518 239.24 | 3.63 Ve ort (10) + By gy (36)

66 | 1429 1473 6264 |21486 | B,00, (59

65 | 1428 1472 4151 | 431 iy (69) + Tycoe (23)

64 | 1417 1461 882 [1975 | 8uys (64) + Tyeoe (20)

63 | 1400 1443 5224 19320 | veey, (15) + 8y, (56)

62 | 1397 1440 24629 | 71523 | voeg, (36) + Oy (26)

61 | 1357 1399 605 |2540 | voe (36) + Syoeyy) (25)

60 | 1348 1390 293 | 167.63 | Syeeq (24)

59 | 1319 1360 1336 | 56.26 Ve (10) + Ve (1) + 8y (18)
58 | 1271 1310 4.66 13.57 Vee) (65)

57 | 1258 1297 8722 |30327 | vVeeq (18) + 80 (22) + Syycey (13)
56 | 1249 1288 034 |7.19 Prccu (78)

55 | 1238 1276 188.71 [ 90.06 | 8yicqpy (10) + 8pyyg (43)

54 | 1212 1249 359.05 | 10.97 | Ve o (32) + Syycey (16)

53 | 1182 1219 3133 | 71431 | Ve (41)

52 | 1147 1182 10.68 | 30.72 Buscom (10) + 8cyys (19) + Ty (45)
51 | 1136 1171 1727 (2937 | vy (10) + 830y (57)

50 | 1126 1161 206.85 | 68441 | Sy (21) + Sy (32)

49 | 1120 1155 76.85 | 1124.13 Veo (13) + BHCC(A) (10)

48 | 1105 1139 062 |[3.01 Sers 32) + Tyeoe (59)

47 | 1086 1120 14452 (9607 | Veom (13) + Vee (12) + 80 (15) + 80y (23)
46 | 1072 1105 1034 |3.86 Voo 24) + Sy (62)

45 | 1021 1053 4732 | 11195 | vee, (58) + Syoers) (19)

44 | 986 1017 87.24 | 177 Vo_cus (75)

43 | 968 998 4689 | 4348 | Sgoey (75)

42 | 954 983 2.40 12.09 Voo (39) + 8 ¢ (11)

41 | 933 962 1296 | 26805 | Tyene (82)

40 | 907 935 022 | 1432 Tacocu (89)

39 | 886 913 051 | 4.15 Toecw 74 + Bycee (12)

38 | 859 886 083 | 6.09 Taecom (76)

37 | 826 852 23.79 | 35.86 Sccom @7

36 | 822 847 1622 |0.74 Thocom (62)

35 | 788 812 37.36 | 539 Opecciy @3) + Bycee (13)

34 | 768 792 193 | 7551 Oyeccm O

33 | 755 778 2149 | 197 Opecom (81)

32 | 741 764 1635 |7.93 Ve o (1) + By (23)

31 | 731 754 18.96 |[43.13 Veem 24) + Ve (13) + Vo (10) + 8¢_c (12) + 8y (14)
30 | 693 714 054 |3.39 Tccem (15) + Bocee (46)

29 | 669 690 476 2002 | Tyeoen (20) + Bygee (45)
Continued

Scientific Reports|  (2025) 15:34818 | https://doi.org/10.1038/s41598-025-21241-w nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

N° | Freq unscaled | Freq scaled | IR RAMAN | Assignments with PED (>10%)

28 | 636 656 3525 | 20.55 Vi (14) + 8y (34)

27 | 612 631 020 |6.88 Veew (10) + By (70)

26 | 590 608 15.14 |5.65 Becec (68)

25 | 571 589 874 | 4.62 Sccem @7) +8eo (1)

24 | 528 544 527|213 Sene 38)

23 | 491 506 354 |6.53 Ve (12) + 8 e (40)

22 | 484 499 7.14 | 2870 8ccom (12) + Tuecow @3) + Tyceem (11 + Toyoce (16)
21 | 458 472 185|225 S e 36) + Te_cee (11)

20 | 434 447 356 | 1.22 Te_coc (48)

19 | 398 410 667 | 3278 Bocee (65)

18 | 389 401 350 [2584 | Teooeq (44)

17 | 371 382 15.64 | 29.98 8eoc (22)

16 | 326 336 28.96 | 40.60 Tycce (45)

15 | 307 317 1142 | 1.09 Ve (26) + 8¢ o (14) + 80 (12)

14 | 299 308 57.50 | 16.83 Tecon (78)

13 | 260 268 3.09 | 1091 8ccon(33) + Tyeee (10)

12 | 238 245 323 | 4898 Theoc 43) + Toyoce (12)

11 | 225 232 333 |7.82 e (59)

10 | 214 221 679 |16.11 Theoc (15) + Te_oee 35) + Toneee (12)

9 |19 196 380 2924 | Sgpeq (16) + 8 on (21) +8goc (10) + Ty_o (10)
8 | 168 173 0.06 |22.81 Tyecee (39)

7 |143 147 179 | 30.64 Sccom (10) + Te_gee (1D + Teoe (10)

6 |117 121 486 | 10.16 Scocq (10) + Tgoee (31)

5 |93 96 174 | 054 Tececm (48)

4 |64 66 079 |8.39 Teceom (13) + Tueeem 20 + Te_gee (11)
3 |29 30 005 | 114 Benc (10) + Tyoeeqm 14+ Tooee (13)

2 |18 19 014 |11.18 Teonec (56)

1 |16 16 0.09 |2.62 Tececm (68)

Table 2. Wavenumbers (cm™!) and relative intensities of observed and calculated fourier infrared and Raman
spectra of BPhIM. v. Sretching; §. Scissoring; p. rooking; B. out of plane deformation; w. wagging; . twisting; s.
symmetric; as. antisymmetric. Percentage PED analysis is given in the brackets and PED contribution less than
10% is neglected; (A) Aromatic ring (C1-C6); (B) Aromatic ring (C8-C13); Unscaled, Scaled frequencies are
in unit of cm™..

where I = - E ;. and A = - E| 5, are the ionization potential and electron affinity, respectively. The GRP
values were evaluated by using B97D3 functional with 6-311G++ (d, p) basis set. All these parameters are listed
in Table 4.

The chemical hardness () of BPhIM and APhIM was determined to be 1.33 eV and 1.19 eV, respectively.
These low values classify them as “soft” molecules, which generally exhibit higher chemical reactivity and favor
interactions with biological soft bases, allowing for faster electron transport. The stability of the compounds is
further indicated by their negative chemical potential values (-3.81 eV for BPhIM and — 3.28 eV for APhIM),
which signify thermodynamic stability and a tendency to resist autodegradation®”*%. Both compounds exhibit
a strong electron-attracting power, as evidenced by their electrophilicity index (w), and are predicted to behave
as electrophiles.

Furthermore, these calculated parameters provide crucial insights into the redox behavior and potential
metabolic stability of the compounds. The HOMO energy (EHOMO) is directly related to the ionization potential
(I = -EHOMO) and thus, the ease of oxidation. The relatively high EHOMO values of —5.13 eV (BPhIM) and
—4.47 eV (APhIM) suggest a tendency to donate electrons, making them potential substrates for oxidative
metabolic enzymes like cytochrome P450s. This is consistent with our ADMET predictions.

However, the energy gap (AE) further modulates this reactivity. APhIM, with its smaller gap (2.39 eV), is
expected to be more chemically reactive and potentially more susceptible to metabolic transformation than
BPhIM (AE = 2.65 eV). This structure-activity relationship is valuable: the electron-donating amine group in
APhIM raises the HOMO energy, increasing its reactivity, while the bromine atom in BPhIM provides a larger
gap, potentially contributing to greater metabolic stability. This balance between reactivity for biological activity
and stability for pharmacokinetics is a key consideration in drug design®.

Reduced density gradient (RDG) and the interaction region indicator (IRI)
The Reduced Density Gradient (RDG) analysis stands as an efficacious technique for investigating diverse non-
covalent interactions within molecular structures. 2D-RDG scatters plots provided at B97D3 level for both
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N° | Freq Unscaled | Freq Scaled | IR RAMAN | Assignments with PED (>10%)

90 | 3641 3753 4542 | 98.11 Vo (100)

89 | 3499 3607 11.16 | 106.68 vas,,; (100)

88 | 3401 3506 26.48 | 843.17 Vg (100)

87 | 3063 3158 18.75 | 171.58 Vene) (95)

86 | 3042 3136 11.32 | 112.50 Vo) (91)

85 | 3035 3129 1292 (5276 | vy (89)

84 | 3025 3119 11.89 | 46.72 Veu®) (95)

83 | 3022 3115 8.71 41.34 VeH®) (99)

82 | 3011 3105 3392 17591 [ ey (O1)

81 | 3007 3100 31.73 | 169.05 Vena) (100)

80 | 2999 3092 28.70 | 207.28 vas .y, (91)

79 | 2924 3014 43.05 [10059 | vasey, (100)

78 | 2863 2952 104.88 | 319.63 | vsyy, (91)

77 | 2850 2938 60.07 | 59.53 VCH (99)

76 | 1586 1635 22676 [ 16.88 | 8y, (54)

75 1577 1626 22.80 | 79427 | vy (28) + 8, (28)

74 | 1562 1610 122.15 | 45.86 Vern) (48)

73 | 1543 1591 168 | 770645 | Vo, (45) +ve_y (13)

72 | 1522 1569 3854 | 479315 | Voo (18) + vy (14)

71 | 1519 1566 16.59 | 1770.67 Ve (44)

70 | 1473 1519 262.78 | 6.47 By 34 + Ve on (14)

69 | 1455 1500 65.98 | 1468.91 | 8yyoc i+ (42) Veyyyy (1)

68 | 1430 1474 4221 |879 Sy (68) + Tyeoe (22)

67 | 1417 1461 878 2030 |8y (62) + Teoe (20)

66 | 1400 1443 354 [ 4591 Scyss (76)

65 | 1396 1439 14470 | 74830 | veyn (10) + Ve (12) + Sy, (10)
64 | 1394 1437 6719 | 42945 | Ve (17) + Voo (14) + Syoery) (12)
63 | 1345 1387 1278 45750 | Vo (25) + Sy (30)

62 | 1318 1359 765 | 51.60 Veem (A1) + 8y (17)

61 | 1301 1341 2046|1349 [ Vg (42) + S, (10) + Byecyy (17)
60 | 1259 1298 3926 |363.09 | veeg (12) + 8y0c (13) + pyeeqs) (19)
59 | 1256 1295 29.37 | 39.36 Ve (12) + Prccy 29)

58 | 1240 1278 26259 | 13.55 Vot 24) + Pccg (16) + 80y (12)
57 | 1237 1275 1088 | 16106 | Ve gy, (27) + 8y (15)

56 | 1208 1245 435.94 | 31.73 Ve_on 33) + Sy (10)

55 | 1184 1220 9.95 861.47 Veon (27) + 5HCC<A) (10)

54 | 1149 1185 1357 |37.06 SH 5 (12) + 8y, (13) + Ty (42)
53 | 1135 1170 109.89 | 7.51 Strceq 33)

52 | 1128 1163 9295 | 921.80 | 800 (18) + Sprcqm B1) + Tyyeoe (13)
51 {1119 1154 339 | 182526 | 8y0cy, (16)

50 | 1105 1140 048 | 294 ey (32) + THLO(‘ (59)

49 | 1096 1130 851 |2443 S cnattz (15) + Sy (61)

48 | 1085 1119 147.36 | 216.91 vcc(m (23) + 850¢ (16) + Syccs) (28)
47 | 1032 1064 503 | 167 Bz (53) + By (15)

46 | 989 1020 90.99 | 18.69 Vo cms (72)

45 | 971 1001 020 |1078 | Beoy (75)

44 | 955 985 185 | 7.74 Ve (48)

43 | 921 950 781 23390 | Tyonc (82)

42 | 893 921 092 1699 | Tyeoen 80) + Tocecqm (12)

41 | 875 902 219|432 Tecow (81)

40 | 856 882 116|678 Tccem (74)

39 | 834 860 1336|1218 | Vg (35) + Ve (10) + 8¢y (17)
38 | 820 846 2061 |8.26 Thecom 74

37 | 786 810 5LI8 (3992 | Tyeem (54)

36 | 779 803 1711 [ 11559 | Ve grpy (11) + 8 ey (13) + Sy (15) + Ty (20)
35 | 758 782 378 3273 | tyeoun (89)
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N° | Freq Unscaled | Freq Scaled | IR RAMAN | Assignments with PED (>10%)

34 | 752 776 19.78 | 2.60 Opecom 81

33 | 732 754 12.13 | 4823 Ve on @1 + 8¢ e (13) + 8y (21)
32 | 729 752 450 2566 | Vo (18) + 8cpy (19)

31 | 691 713 241|655 Wpecom (1D + Bycee (16) + Bogee (32)
30 | 683 704 1176 | 7.74 Brcce (61)

29 | 625 645 0.86 | 7.38 Vet (10) + 8¢, (60)

28 | 598 617 53.82 |8.58 Secem (4D

27 | 590 608 1597 | 5.08 Becec (60)

26 | 568 585 342.17 | 13578 | 8y, (10) + Toyy, (64)

25 | 544 560 97.59 | 13.05 Secm 39

24 | 513 529 362|252 Veo (10) + 8ceqp (42)

23 | 492 507 5222 | 40.65 Bucee (55)

22 | 464 479 2812 | 1.69 8coc (34)

21 | 451 465 3547 |3.90 dycc (24)

20 | 434 447 221|084 Bocce (52)

19 {399 411 731 | 30.60 Tecocw (67)

18 | 392 404 2.89 [28.13 Te-cee 22) + Teceomy 26) + Bocee (10)
17 | 371 383 457 1697 |8 BD) + 8.0 (11)

16 | 348 359 2083 | 1476 | Teeoe (47)

15 | 335 345 774 2556 | 8c o 30) + 8o (16) + 8o (13)
14 | 292 301 60.50 | 6.98 oo (81)

13 | 287 296 1815 | 0.17 Teoni (93)

12 | 261 269 7.89 | 3.40 dc_cc (30)

11 | 242 249 267 |21.89 |10 (50)

10 | 217 224 816 | 2.67 Tcoc (10) + Bocee (13) + Tyeeam (12) + Te_coe (32)
9 | 199 205 13.06 2407 |8 o (55) + Tegoen) (16)

8 | 181 187 338 | 74.92 8c-con (12) + Teceeu) (38)

7 [170 175 020 |2.07 Tccem (10 + Te_cee (17) + Bocee (1)
6 |136 140 356 | 3.16 Syc-c (12) + Tyeoea (15) + Tooee (19)
5 | 104 107 661 |6.59 Tyecce (42)

4 |70 72 021 |592 Tycece (10) + Tegee (48)

3|39 40 0.77 | 346 Sene (45) + Too e (10)

2 |22 23 128 | 0.60 Tenece (55)

1|9 9 070 [1138 | teyoce (76)

Table 3. Wavenumbers (cm™!) and relative intensities of observed and calculated fourier infrared and Raman
spectra of APhIM. v. Sretching; 8. Scissoring; p. rooking; . out of plane deformation; w. wagging; . twisting; s.
symmetric; as. antisymmetric. Percentage PED analysis is given in the brackets and PED contribution less than
10% is neglected; (A) Aromatic ring (C1-C6); (B) Aromatic ring (C8-C13); Unscaled, Scaled frequencies are
in unit of cm™..

Schiff bases (APhIM and BPhIM) are exhibited in Fig. 4. The NCI-RDG scan is generated using a 0.5 isosurface
value for Schiff bases. This approach rep resents a dimensionless key parameter derived from the electron density
(r) and its first derivative. Originally crafted by Johnson et al., this method serves as an exceptionally potent tool
for analyzing weak interactions®”:

1|Vp (r
203w TQ)%p

RDG (r) = Z
i)
The NCI-RDG diagrams for the two examined Schiff bases were constructed using the Multiwfn and VMD
programs. As illustrated in Fig. 4, the RDG scattering patterns revealed a A2(r) function ranging from 0.035 to
0.020 au, displaying three distinct interaction sites. The green—circled region (A2(r) = 0) signifies intermediate
interactions or Van der Waals (VDW) weak attractive interactions due to H...H interaction, while repulsive
interactions (steric effect: A2(r) > 0) are depicted in red. Notably, these repulsive interactions are predominantly
localized at the aromatic rings, indicative of m - 7 stacking interactions®’. The nature of interactions within these
compounds is contingent upon their electron density properties. Regions encircled in blue (A\2(r) < 0) signify
areas of robust electrostatic interactions, specifically about hydrogen bonds.
Using the interaction region indicator (IRI), a variety of interactions can be concurrently disclosed in
chemical compounds, including covalent and non-covalent bonds. The IRI and RDG are separated by a constant

Scientific Reports |

(2025) 15:34818 | https://doi.org/10.1038/s41598-025-21241-w nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Transmittance (%)

4000

AT LT L

-~~~ BPhIM
—— APhIM

T l T I T l L] l T I T l L] I 1
3500 3000 2500 2000 1500 1000 500 0

Wave number (cm’)

Fig. 2. IR intensity of BPhIM and APhIM obtained using B97D3/6-311G++ (d, p) level of the theory.

ELUMO =-248 eV ELUMO—I =-2.09 eV
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Fig. 3. HOMO-LUMO plots of the BPhIM and APhIM compounds.
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BPhIM APhIM
Ehomo | 513 |1 | 133 | Eyomo | 447 |1 | 119
Eumo | -248 |4 | -3.81 | Ejyyyo | -209 | | -3.28

AE 265 |s 0.75 | AE 239 |s 0.89

I 513 |0 [546 |1 447 | |451
A 248 [v 018 |A 209 [v [022
X 381 [An |-2.87 | 328 |An |-275

Table 4. Calculated global chemical reactivity descriptors in (eV).

factor (an adjustable value “a»”) that is essential to preserving the balance between the covalent and NCI. The
following represents these covalent and non-covalent bonds and how they are represented graphically:

IRI (r) = 7|[Vp ’E&g'

Similar to the RDG experiment, the sign (A2) p function was displayed on the IRI isosurfaces using a color scale
to indicate the type of interactions (the vdW, repulsion (steric effect), and attraction (hydrogen bond)). VMD
and Multiwfn software are used to create the IRI isosurfaces of the APhIM and BPhIM compound. According
to Fig. 4c, d, the green region represents the vdW interaction, the red region represents the steric effect within
the phenyl rings, the combination of n—electrons in the phenyl ring, or the CC link, is what causes the strong
interactions.

Furthermore, to provide a complementary topological perspective, an Atoms-in-Molecules (AIM) analysis
was conducted. This analysis revealed bond critical points (BCPs) corresponding to the noncovalent interactions
identified by RDG. The electron density (p) at these BCPs was found in the range of 0.012-0.032 a.u., which is
characteristic of moderate hydrogen bonds and van der Waals contacts. The Laplacian of the electron density
(V?p) at these points was positive, confirming the closed-shell nature of these interactions. Interestingly, slightly
negative values of the total energy density H(r) were computed at some BCPs, suggesting a partial covalent
character in some of the stronger contacts. These quantitative findings from both RDG and AIM frameworks
provide a rigorous interpretation of the noncovalent interactions and support the stabilizing role of hydrogen
bonding and n-m stacking in the molecular structure of the studied Schiff bases™.

Molecular electrostatic potential analysis

The electrostatic potential (ESP) has been widely employed for interpreting and prediction of the distribution
of negative and positive potentials, which influence the reactive properties of the two related molecules. The
differentially charged regions of two molecules can be visualized using molecular electrostatic potential (MEP)
surfaces. The MEP of the newly synthesized Schiff bases BPhIM and APhIM was determined using the DFT
method, B97D3 functional with 6-311 + + G(d, p) basis set for gas phase. The MEP computed 3D plots of the
studied molecules are shown in Fig. 5. The various colors illustrated in Fig. 5 correspond to distinct MEPs, and
the color coding scale of these maps is ranged from — 6.003 to 6.003 eV, and — 5.301 to 5.301 eV for the BPhIM
and APhIM molecules respectively®=53. The two molecules share a common structural core characterized by
an azomethine linkage (C = N) connecting two substituted benzene rings, where one of them bears hydroxyl
(OH) and methoxy groups (O-CH3). Consequently, similar features are displayed by the two maps in this zone
for each molecule: The most negative potentials indicated by the deep red color is susceptible to electrophilic
attack located on the oxygen atoms of the hydroxyl and methoxy moieties. In contrast, the deep dark blue ones
around the H1 atom of hydroxyl group represent the highest nucleophilic nature and the yellow/orange color
represents imine nitrogen potential sites for electrophilic attack. The key difference lies in the substituent on
the second benzene ring. The compound APhIM (features an amino -NH, group) exhibits a red color in the
electron-rich region on the nitrogen atom and a blue color in the electron-poor region on the amino hydrogens.
In contrast, the compound BPhIM features a bromine (-Br) atom in the corresponding position. The region
around the bromine exhibits a more neutral potential (green/yellow) compared to the amino nitrogen and
lacks the strong positive potential associated with hydrogen bond donors seen in APhIM; the bromine itself
acts as a very weak hydrogen bond acceptor or potential halogen bond donor. Although these molecules share
common reactive sites on the phenolic side, substituting the amino group with bromine induces significant
changes in their electrostatic properties. This modification particularly affects the opposite side of the molecule
by eliminating the strong hydrogen bond donation capability inherent in APhIM. Consequently, the nature of
potential intermolecular interactions is markedly altered.

Properties of nonlinear optics

Additionally, the BPhIM and APhIM were subjected to calculations and interpretations of the dipole moment
(W), the isotropic average polarisability (a), the polarisability anisotropy (Aa), the first hyperpolarizability (),
the second hyperpolarizability (y), the hyper-Rayleigh scattering (HRS), the first hyperpolarizability B,
(-2w; w, w), and the depolarisation ratios (DR). The dipole moment (), the isotropic average polarisability
(a), the polarisability anisotropy (Aa), the first hyperpolarizability (f), and the second hyperpolarizability (y)
at 0.0 frequency of the compounds under study are calculated using B97D3/6-311G++ (d, p) theory using the
following equations in order to examine the relationship between molecular structure and NLO:
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Fig. 4. (a) 3D RDG isosurface densities; (b) and 2D scatter plot; (c) isosurface map of IRI; (d) scatter map
between IRI and sign(A2)p illustrating the covalent and non-covalent interactions; for for APhIM and BPhIM
Schiff bases (obtained with an isosurface value of 0.5 au.).

po=(n2+pl4p?)?

1
(67 :g(awx+ayy+a2z)

1
Aa :\/_ [(axw_ayy)2+(awx_azz)2+(ayy—azz)Q+6(a2wy+a2wz+a2yz)]

1
2

B=(82+82+582)
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v = (73+7§+73)%

The calculated values have been converted into electrostatic units (esu) since the isotropic average polarisability
(a), the polarisability anisotropy (Aa), the first hyperpolarizability (), and the second hyperpolarizability (y)
obtained from the Gaussian 16 output are given in atomic units (a.u.)>**°. The conversion factors that were
used are a, Aa (1 au. = 1.4819 x 1072 esu), B (1 a.u. = 8.6392 x 107 esu), and y (1 a.u. = 5.0367 x 1074
esu). It is well accepted that higher dipole moment, molecule polarisability, first hyperpolarizability, and second
hyperpolarizability values are necessary for more active nonlinear optical (NLO) properties. Table 5 lists the
BPhIM and APhIM compounds’ nonlinear optical characteristics. Since there were no experimental results for
the NLO properties of the substances under research, urea was selected as the reference in this investigation.
A non-zero dipole moment is shown by the molecular dipole moments of BPhIM and APhIM, which are 4.24
D and 1.89 D, respectively. This demonstrates the polarity and strong intramolecular contact of BPhIM and
APhIM, which can affect their optical and electrical behaviour. The anisotropy of polarisability (Aa) for BPhIM
and APhIM is 45.84 x 1072* esu and 46.14 x 10724, respectively, whereas the isotropic average polarisability
(@) is 37.96 x 1072* esu and 37.41 x 1072* esu. For birefringent and electro-optic applications, this implies a
strong optical response and notable anisotropic behaviour. In a similar vein, the first order hyperpolarizability of
BPhIM and APhIM is 9.98 x x 107 esu and 31.25 x x 107 esu, respectively. These values are 27 and 84 times
urea’s value (B = 0.372 x x 107 esu). The charge transfer between the phenyl rings inside the molecular skeleton
is most likely the cause of the high values of BPhIM’s and APhIM’s first order hyperpolarizability, according to
the computation. Prospective candidates for second-harmonic generation (SHG), these findings imply that the
molecule possesses modest second-order NLO activity. Given the significant anisotropy in polarisability, the
material could find application in polarization-sensitive optical devices. The molecule’s donor-acceptor strength
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BPhIM APhIM
0.00 freq y | 0.43 freq y | 0.0 freq y | 00.43 frequency
w424 1.89
a 37.96 39.65 37.41 39.49
Aa 45.84 50.06 46.14 51.47
g 9.98 12.41 31.25 186.16
v 19.3 67.9 207 111
Burs 624.70 8972.33
DR 4.25 4.92

Table 5. B97D3/6-311G++(d, p) results for the dipole moment (in D), the isotropic average polarizability
ax 10724 (in esu), the polarizability anisotropy Aa x 1072 (in esu), the first hyperpolarizability p x 10 (in esu)
and second hyperpolarizability y x 1073 (in esu) at 0.0 frequency of BPhIM and APhIM.

or conjugation length could be enhanced to further improve its NLO performance for application in photonic
and optoelectronic technologies. Third-harmonic generation (THG), self-focusing, and the optical Kerr effect
are all influenced by second hyperpolarizability (y), a crucial element of third—order nonlinear optical (NLO)
properties. The calculated values of y for the molecules under investigation are 19.3 x 1073 esu and 20.7 x 10~%°
esu, respectively, indicating a significant third—order NLO reaction. Photonic switching, all-optical modulation,
and optical signal processing may benefit from molecules having a high y value.

The hyper Rayleigh scattering (HRS) first hyperpolarizability (BHRS (-2w; w, w)) and depolarisation
ratios (DR) were calculated and examined for the BPhIM and APhIM. To compute the HRS (-2w; w, w) and
depolarisation ratios (DR), utilise the following formulas:

BHRS(_QW’W’W):\/< zzz>+<6:nzz>

where <B%zzzz> and <P?xzz>, respectively, stand for the orientational averages of the B tensor. Without
presuming Kleinman’s assumptions, these values can be found using the following equations:

1 2
2 z z x,Y,z 2 x,Y,2
(8%..) =z v 5<<<+35 R T T cEnBece Bean
4 xT,Y,2 4 xT,Y,2
t3p 2 (#FnBuccBecn T35 2 (#FnBecc Bane
1 x,Y,2 4 Y,Z
T35 <¢n5n<c+105 CEnzeBecn Bree

4 T,Y,z

1052473377775&/87%4 Bn&é +105 C#n#ﬁﬁCCn Béén
T,Y,z 2 T,Y,z 2
+ﬁz (EnzePine +ﬁ2 CinzeBene Buce (Bis)

sYyZ Y2
524 5<c<+105 cEnbBecc Benn

2 z,y,z 8 W,z g2
g5 2 cEnPecc Bune T igs D cEnB ey
3 T,Y,z 2 T,Y,2
Jrg (inﬁCnnfg CinﬁCCnﬁnCC

1 T,Y,z 2 x,Y,2
+£Z SlnseBenn Bece ~Tos D cxnreBoce Pane

VY Y,z 2
105 ZC#W#&’BCCUﬁﬂﬁﬁ +35Z C#n#&ﬁinﬁ

2 T,y,z
~ 105 2= ¢FnrePene Buce

Understanding the geometry of the chromophore, which causes the NLO response, is possible through the
depolarisation ratio. The following equations can be used to find this parameter:

2
DR = <|3 zzz>

~(BZ.)

For Hyper-Rayleigh Scattering (HRS), the molecules under investigation have a first hyperpolarizability (BHRS)
of 624.70 and 8972.33 (a.u.), indicating a significant second-order nonlinear optical (NLO) response. The
molecule’s high BHRS value suggests that it may have a lot of potential for second-harmonic generation (SHG).
The calculated depolarisation ratio (DR) 0f 4.92 for APhIM indicates that the tested compound’s nonlinear optical
(NLO) response is largely one-dimensional (1D)'*6-%. Since the initial hyperpolarizability () is extremely

Scientific Reports |

(2025) 15:34818 | https://doi.org/10.1038/s41598-025-21241-w nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

anisotropic and primarily aligned along a single molecular axis, a DR value close to 5 suggests that the molecule’s
NLO response is directionally dominant. Additionally, it is shown that the molecule’s hyperpolarizability tensor
is anisotropic, with a depolarisation ratio (DR) of 4.92 for APhIM. Since a high DR value suggests that the NLO
reaction is highly directed, the molecule is suitable for polarization-sensitive optical devices such as optical
sensors and tunable lasers.

This study also investigated the dependence of the scattering intensity on the polarisation angle (W) of the
incident light. The scattering intensity was examined across a range of —180° to 179° using a step size of 1°.
Figure 6 shows the calculated scattering intensities at the B97D3/6-311++G (d, p) level of theory. A primarily
one-dimensional (1D) nonlinear optical (NLO) response is depicted in Fig. 6. The first hyperpolarizability (B) is
confirmed to be extremely anisotropic and largely aligned along a single molecular axis by the intensity peaking
at ¥ = £90°. The observed pattern is consistent with the previously calculated depolarisation ratio (DR=4.25
and DR=4.92), which shows a significant directional dependence of the NLO response. This behaviour makes
molecules that have high dipole values, extended conjugation times, or strong donor-acceptor interactions
appealing candidates for second-harmonic generation (SHG).

Natural bond orbital (NBO)

To demonstrate the delocalization and charge transfer brought about by intramolecular and intermolecular
interactions between bonds as well as other factors including stability, reactivity, and donor-acceptor correlation,
natural bond orbital analysis was carried out. Second-order perturbation theory also anticipated the most
important interactions between stabilization energy and filled (donors) Lewis and empty (acceptors) non-Lewis
orbitals. The stabilization energy E @ related to delocalization from i (donor orbitals) to j (acceptor orbitals) is
given by*>%

2
E® = AE, =g FG

€5 — €4

where ¢; is the donor orbital occupancy, €; and € ; are the orbital energies and F(2i7j> is the Fock matrix
elements between the NBO j and i.

The NBO calculations have been implemented on BPhIM and APhIM compounds using DFT at B97D3 level
using 6-311G++(d, p) basis set as performed in the Gaussian 16 package using NBO 7.0 program. Based on
NBO analysis, the most significant interactions with stabilization energies E? > 10 kcal mol™ are summarized
in Table 6. The results reveal several key electronic features, aromatic Stabilization and Delocalization: Strong
conjugative T -> T* interactions within the phenyl rings (1(C1-C6) > m*(C2-C3) with E? = 14.53-14.69 kcal
mol™ and n(C8-C13) > m*(C9-C10) with E? = 14.67-14.73 kcal mol™) are identified as the primary source
of aromatic stability®"%2. These interactions facilitate extensive charge delocalization across the n-framework,
which is fundamental to the observed low HOMO-LUMO gap and high chemical reactivity.

Hyperconjugation and Molecular Rigidity: The exceptionally strong interaction between the lone pair on
the methoxy oxygen and the anti-bonding orbital of the adjacent ring, LP(016) > 7*(C11-C12) (E*=27.88 kcal
mol™ for BPhIM), is a definitive indicator of hyperconjugation. This electron donation explains the partial
double-bond character and contributes to the restricted rotation and molecular rigidity around the C11-016
bond, a factor that enhances the molecular planarity and nonlinear optical (NLO) response.

Imine Linkage and Bioactive Potential: Interactions involving the central imine group are paramount.
The n(C8-C13) > n*(C7=N17) interaction (E*=17.72 kcal mol™ for BPhIM) highlights the delocalization of
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Fig. 6. HRS intensity as a function of the angle of polarization at 1064 nm obtained with B97D3 at 6-311G++
(d, p) basis set.
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BPhIM APhIM

Donor NBO (i) | Acceptor NBO (j) | E? Donor NBO (i) | Acceptor NBO (j) | E?
o (C5-H30) mt*(015-H22) 10.89 | o (C1-N18) o* (N18-H31) 31.51
7 (C1-C6) T*(C2-C3) 1453 | 7(C8-Cl13) 7*(C9-C10) 1473
7 (C1-C6) 1 *(C4-C5) 12.58 | (C8-C13) n*(C11-C12) 14.48
nt (C2-C3) 1 *(C1-C6) 14.69 | (C9-C10) 1 *(C8-C13) 13.60
7(C2-C3) 7 *(C4-C5) 1486 | m(C9-Cl0) | n*(C11-CI2) 13.63
7 (C4-C5) 1 *(C1-C6) 17.31 n (C11-C12) T *(C8-C13) 14.20
1t (C4-C5) 1 *(C2-C3) 1429 | n(C11-C12) 7 *(C9-C10) 12.97
7 (C8-C13) T*(C9-C10) 1467 | nl (N17) 0 *(C7-H26) 11.82
7 (C8-C13) n*(C11-C12) 14.42 nl (N18) o *(N18-H31) 15.80
7 (C9-C10) 1 *(C8-C13) 13.51 n2 (015) 7 *(C9-C10) 24.41
7 (C9-C10) n*(C11-C12) 13.73 | n2 (O16) n*(C11-C12) 27.11
n(Cl1-C12) | n*(C8-Cl13) 1462 | m(C8-C13) 7*(C7-N17) 17.29
7 (C11-C12) 1 *(C9-C10) 12.88 | n*(C7-N17) 1 *(C8-C13) 139.17
nt (C8-C13) 1t *(C7-N17) 17.72 | n*(C11-C12) 7 *(C8-C13) 159.96
2 (016) T*(C11-C12) 27.88

7 *(C1-Cé6) 1 *(C2-C3) 174.60

1 *(C1-C6) 1t *(C4-C5) 223.45

H(C7-N17) | n*(C4-C5) 76.88

1 *(C7-N17) 1 *(C8-C13) 123.56

n*(C11-C12) m*(C8-C13) 166.58

Table 6. Selected second-order perturbation energy values in NBO basis of the studied compounds. i: donor
orbital; j: acceptor orbital;.  E(2) means energy of hyper-conjugative interaction in (Kcal mol™!).

electron density from the phenolic ring into the imine bond. This stabilizes the imine moiety and defines its
electron-rich character, which is essential for its potential role as a hydrogen bond acceptor when interacting
with enzymatic active sites, as suggested by the molecular docking results.

Back-Donation and High Polarizability: The very high E? values for > n** interactions (1(C1-C6) > m(C2-
C3) at 174.60 kcal mol™ and n(C11-C12) > n(C8-C13) at 166.58 kcal mol™* for BPhIM) indicate a strong
back-donation phenomenon. This is a hallmark of highly conjugated systems and is directly responsible for
the significant electron delocalization, low kinetic stability, and high polarizability that underpin the molecule’s
strong NLO properties.

Molecular docking simulations

Molecular docking is a modern bioinformatics technique used to predict the probable experimental orientation
and binding affinity required to form a stable complex between a ligand and a target®. In this study, two Schiff
derivatives, (E)-5-(((4-bromophenyl)imino)methyl)-2-methoxyphenol (abbreviated BPhIM) and (E/Z)-5-
(((4-aminophenyl)imino)methyl)-2-methoxyphenol (APhIM), were evaluated by molecular docking for their
inhibitory capacity against several human enzymes: acetylcholinesterase (AChE), butyrylcholinesterase (BChE),
and carbonic anhydrases Iand II (hCA I and hCA II)), enzymes that are linked to some global disorders including
Alzheimer’s disease (AD), epilepsy, and glaucoma*!. To put the performance of these compounds into context,
two well-known reference molecules were included: Tacrine, a cholinesterase inhibitor, and Acetazolamide, a
carbonic anhydrase inhibitor. The crystal structures of these proteins are specifically identified as 4EY6, 8OGI,
2NMX and 3HS4, respectively, these target proteins were sourced from the RCSB online Protein Data Bank
(PDB) website at https://www.rcsb.org/.

The selection of proteins was based on specific criteria. First, their structures were determined using X-ray
diffraction (XRD), the most accurate experimental technique for such analyses. The corresponding PDB data
have a resolution of less than 2.50 A%, ensuring high-quality structural information. Moreover, the selected
proteins include experimental R-free values, which are essential for assessing the reliability of the structural
models. All chosen proteins had R-free values below 0.45% (see Table 7), demonstrating strong agreement
between the model and experimental data. The results enabled us to determine the binding energy between the
various proteins and different ligand positions. A negative binding energy value indicates a potential interaction
between the ligand and the receptor. The inhibition constant (Ki) was then calculated using the formula: Ki = exp
(AG/RT), where AG represents the binding energy, R is the gas constant (1.9872036 x 10~* kcal-mol™), and T is
the surrounding temperature (298.15 K)®, A lower inhibition constant suggests a more effective drug derived
from the studied molecule. Further, the following insights can be gleaned from the studied enzyme inhibition
results given in Tables 8 and 9.

The docking results revealed binding score values of between — 8.7 and — 4.8 kcal/mol, and inhibition
constants (Ki) ranging from 0.42 uM to over 300 uM. Overall, the two compounds tested outperformed the
reference molecules in all the enzyme targets studied, both in terms of binding affinity and inhibitory potency
prediction. For cholinesterases, APhIM performed particularly well, with a score of — 8.7 kcal/mol and a Ki of
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Dimension
Inhibition Properties Codeid | Name of protein features box
Crystal Structure of Recombinant Human ﬁfsvfgﬁlt éol?r ;e2:4(§) 2‘% s x=-10
Anticholinesterase (AChE) 4EY6 Acetylcholinesterase in Complex with Organism : Hom . y=-43
(-)-galantamine TEAnISM : HIOMO SApIENs |, _ 3
Mutation : No
Resolution : 1.55 A =6
Butyrylcholinesterase (BChE) 80GI Structure of native human eosinophil R—ValL}e Fr.ee :0.185 y=3z=
peroxidase Organism : Homo sapiens 24
Mutation : No
Resolution : 1.55 A =17
Carbonic Anhydrase I (hCAsT) | 2NMX Structure of inhibitor binding to Carbonic R—Vall.}e Fr.ee :0.248 ) y=lz=
Anhydrase I Organism : Homo sapiens | 7,
Mutation : No
Resolution : 1.10 A -
Carbonic Anhydrase II (hCAs II) | 3HS4 Human carbon1§ anhydrase IT complexed R—Vah‘1e Free:0.140 y=3
with acetazolamide Organism : Homo sapiens 7=15
Mutation : No B

Table 7. Names, codes, resolution R-free, organism, mutation of the various proteins used and the box
dimensions of each active site.

Inhibition properties | Carbonic anhydrase (CA I) Carbonic anhydrase (CA II)

Inhibition constant Inhibition constant
Compounds Binding scores A G (kcal/mol) | Ki (pn M) Binding scores A G (kcal/mol) | Ki (pn M)
BPhIM -83 0.83 -6.9 8.76
APhIM -8.0 1.37 -6.7 12.27
Acetazolamide -6.4 20.36 -4.8 303.091

Table 8. The Inhibition parameters of schiff bases (BPhIM, APhIM) towards human carbonic anhydrase I and

IT (hCA Tand hCA II).
Inhibition Properties | Anticholinesterase (AChE) Butyrylcholinesterase (BChE)
Inhibition constant Inhibition constant
Compounds Binding scores A G (kcal/mol) | Ki (p M) Binding scores A G (kcal/mol) | Ki (p M)
BPhIM -8.4 0.70 -7.8 1.92
APhIM -8.7 0.42 -8.3 0.83
Tacrine -8.1 1.16 -7.7 2.27

Table 9. The summarized Inhibition parameters of synthesized schiff bases (BPhIM, aphim) towards ache and
BChE.

0.42 uM for AChE, and — 8.3 kcal/mol/0.83 uM for BChE, results that were significantly better than those for
tacrine, which scored — 8. 1 kcal/mol/1.16 pM and — 7.7 kcal/mol/2.27 pM respectively. These performances
suggest that APhIM could be a better cholinesterase inhibitor than tacrine, while having a different, potentially
less toxic, chemical structure. The amine group in the para position of APhIM’s aromatic ring seems to favour
hydrogen bonds and polar interactions within the active site of cholinesterases, which could explain its high
affinity. The results for BPhIM were also remarkable, particularly with AChE (score of — 8.4 kcal/mol, Ki of 0.70
uM), slightly below APhIM, but still superior to tacrine. On BChE, BPhIM presented a score of — 7.8 kcal/mol
(Ki = 1.92 uM), also better than the reference molecule. The presence of a bromine atom in the para position
gives BPhIM hydrophobic interaction properties and potentially halogen bonds, which could be stabilised in
active pockets rich in non-polar or aromatic residues. In terms of inhibition of carbonic anhydrases, the data
show that BPhIM dominates, with a score of — 8.3 kcal/mol (Ki = 0.83 uM) for hCA I, and — 6.9 kcal/mol (Ki
= 8.76 uM) for hCA II. APhIM showed similar performance for hCA I (-8.0/1.37 uM), but lagged behind for
hCA II (-6.7/12.27 uM). By comparison, acetazolamide, considered to be a reference inhibitor of ACs, showed
much lower affinities, with Ki values of 20.36 uM (hCA I) and 303.09 uM (hCA II). These unexpected results
suggest that the derivatives studied could interact effectively with the active sites of CA without containing
a sulphonamide group. The results of molecular docking were performed with the AutoDock Vina program
and analyzed by accelrys discovery studio software. For each ligand, the interactions with the 4ey6 protein are
illustrated in Figs. 7, 8 and 9, where the hydrogen bonds formed between the amino acid of the protein and the
designated ligand are indicated by the green line®”.

To further contextualize the inhibitory potential of the synthesized Schiff bases, the predicted binding
affinities and ADMET profiles of the best-performing ligands were directly compared with those of known
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Fig. 7. Best pose of Schiff bases (BPhIM (a), APhIM (b)) into catalytic active site of target protein.

Fig. 8. (a) Three-dimensional and (b) two-dimensional molecular docking results for (E)-5-(((4-

Bromophenyl)imino)methyl)-2-methoxyphenol (BPhIM) and Carbonic Anhydrase I (hCAs I) (Protein Data
Bank ID 2nmx).
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Fig. 9. (a) Three-dimensional and (b) two-dimensional molecular docking results for (E/Z)-5-(((4-
Aminophenyl)imino)methyl)-2-methoxyphenol (APhIM) and Anticholinesterase (AChE) (Protein Data Bank
ID 4EY6).
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standard inhibitors. Tacrine and Donepezil were used as reference standards for acetylcholinesterase (AChE),
while Acetazolamide was used for the carbonic anhydrase isoforms (hCA I and II).

The molecular docking results revealed that our compounds exhibit competitive binding affinity. For instance,
APhIM demonstrated a strong predicted binding energy (-8.7 kcal/mol) against AChE, which is comparable to
that of Tacrine (—8.1 kcal/mol) and approaches the affinity of Donepezil (typically reported around - 10.0 to
—11.0 keal/mol in similar studies)®®®. Similarly, BPhIM showed a superior predicted affinity for hCA I (-8.3
kcal/mol) compared to Acetazolamide (—6.4 kcal/mol).

Beyond binding affinity, the ADMET profile of our compounds suggests a competitive advantage in terms of
toxicity and specificity. While standard inhibitors like Tacrine are known for hepatotoxicity’’, our Schiff bases
were predicted to be non-hepatotoxic and non-mutagenic (AMES negative).

Docking validation using redock.

The docking process was validated by re-docking experiments in which the protein structure was kept fixed
while the ligand was redocked into its original crystal-binding pocket. The comparison between the docked
poses and the crystal structure poses of the ligand was assessed using the root mean square deviation (RMSD).
For the protein structure (PDB ID: 4ey6), the best docked pose achieved an RMSD value of 0.27A. This result
shows that the MOLEGRO software effectively reproduced the crystal structure poses of the ligand, with all
RMSD values below 2 A”', confirming the reliability of the docking process (see Fig. 10).

Quality assessment and drug-likeness study.

To support the predicted biological activity and evaluate the effectiveness of the proposed molecules as
potential proteasome inhibitors for cancer treatment, various parameters were calculated based on the binding
energy and inhibition constant obtained from molecular docking studies performed using AutoDock Vina.
The first equation is used to calculate ligand efficiency (LE), so that if LE is less than 0.350, it indicates that
it is a lead-like molecule. The second equation gives the scaled ligand efficiency (LE_Scale), which allows for
comparison independent of ligand size. A low value (less than 0.4) of LE_Scaled effectively suggests that the
proposed molecules could be potential katG inhibitors. The third equation calculates the goodness of fit (FQ),
defined as the ratio of LE to LE_Scale. An FQ value close to 1 indicates strong binding to the receptor. Another
important parameter parameter is the lipophilicity depending on the efficiency of the ligand lipophilicity (LELP)
where it must be greater than 3. A high value of LELP clearly indicates that the molecules have optimized affinity
to lipophilicity’?. According to Table 10, which summarizes the results of the calculation obtained for BPhIM,
and APhIM of the preceding parameters show that the newly synthesized Schiff bases are promising inhibitory
activity against acetylcholinesterase.

LE= -AG/NHA (1)
LEscqie = 0.873 x e %026 XNHA _ 064 (2)
FQ - LE/LEscale (3)

Fig. 10. The conformational relationship between the docked pose (Green) and the reference molecules within
the protein pocket is highlighted, with the original ligand represented in red.
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LE (kcal/mol)/
SI.No | Molecule | NHA | LogP | Ki (un M) | heavy atom) LE Scale | FQ | LELP
1 BPhIM 18 291 0.83 0.46 0.48 0.96 |6.33
2 APhIM 18 1.67 0.42 0.48 0.48 1 3.48

Table 10. Quality assessment metrics for the two studied compounds including inhibitory constant based
on binding affinity (Ki), goodness of fit (FQ), ligand efficacy (LE), LE_scale, and LE dependent lipophilicity
(LELP).

Descriptor | TPSA (A%)? | MlogP® | NHD® | NHAY | NRB® | MW (g/mol)f | Lipinski’s violation
BPhIM 41.82 2.91 1 3 3 306.15 0
APhIM 67.84 1.67 2 3 3 242.27 0
Preferred < 500 <5 <5 | <10 <L 10| <500 0

Table 11. Physico-chemical parameters of BPhIM and APhIM.  Topological polar surface area.  calculated
lipophilicity. ¢ Number of hydrogen bond donors. 4 Number of hydrogen bond acceptors. ¢ Number of
rotatable bonds. f Molecular weight.

LELP =logp/LE (4)

After confirming the efficacy and pharmacological activity of our molecules, we studied its ability to be an orally
administered drug in humans based on Lipinski’s rule of five’*. This rule is used in drug design to preselect
molecules with favorable properties of absorption, distribution, metabolism and excretion (ADME) that a drug
must have in the organism. These five rules can be outlined as follows: LogP must be less than 5, the number of
hydrogen bond donors must be less than 5, the number of hydrogen bond acceptors must be less than 10, the
number of rotatory bonds must be less than 10, and the molecular weight must not exceed 500 Da, in order to have
a good oral bioavailability”>. These characteristics could be obtained by using the online molecular properties
calculator - Swiss ADME? or Molinspiration website at (https://www.molinspiration.com/). As shown in Table
11, which summarizes the results obtained for our molecules, and by comparing with the Lipinski conditions, we
concluded that the studied molecules satisfied the Lipinski rule. Consequently, these molecules show favorable
inhibitory potential and are strong candidates for oral drugs.

Conclusion

The optimization of new two Schiff base compounds was demonstrated in this work using DFT method with
the B97D3 functional at 6-311++ G (d, p) basis set for comparing the experimental findings of the structural
geometry, which indicated a strong agreement between them. The reduced density gradient (RDG) and the
interaction region indicator (IRI) analyses provided quantitative overview of intermolecular interactions in the
molecular structure and close contacts. They revealed that the structure of the compounds is stabilized by various
intermolecular interactions. The HOMO and LUMO energies were used to estimate characteristics such as the
energy gap, chemical hardness, and chemical softness. These predicted energies suggest that charge transfer
takes place within the molecule. These parameters were also used to explore the reactivity of the molecules and
chemical stability. The MEP map reveals that negative potential sites are on electronegative atoms and positive
potential sites are around hydrogen atoms. According to NLO investigations, both compounds have significant
NLO activity. The electric dipole moment, the polarizability and hyperpolarizability suggest that the derivatives
studied could provide the basis for NLO materials. According to the previous results and molecular docking study,
APhIM performed particularly well, with a score of —8.7 kcal/mol and a Ki of 0.42 uM for acetylcholinesterase
(AChE), and - 8.3 kcal/mol/0.83 uM for butyrylcholinesterase (BChE), results that were significantly better than
those for tacrine, which scored —8. 1 kcal/mol/1.16 uM and —7.7 kcal/mol/2.27 uM respectively. In terms of
inhibition of carbonic anhydrases, the data show that BPhIM dominates, with a score of — 8.3 kcal/mol (Ki=0.83
uM) for hCA I, and —6.9 kcal/mol (Ki=8.76 uM) for hCA II. By comparison, acetazolamide, considered to
be a reference inhibitor of ACs, showed much lower affinities, with Ki values of 20.36 pM (hCA I) and 303.09
uM (hCA II). These in silico findings suggest these compounds are strong candidates for further experimental
testing for the treatment of global disorders such as disorders including Alzheimer’s disease (AD), epilepsy, and
glaucoma since they show higher binding affinities than the reference medications, tacrine and acetazolamide.

Data availability
The original data and contributions presented in this study are included in the article. Any further inquiries can
be directed to the corresponding authors.
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