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A B S T R A C T

Two novel benzhydrazone derivatives, Hyet (3-ethoxy salicylaldehyde 4-dimethylaminobenzhydrazone) and 
Hybr (3,5-dibromo salicylaldehyde 4-dimethylaminobenzhydrazone), were synthesized via condensation of 4- 
dimethylaminobenzhydrazide with substituted salicylaldehydes. Structural confirmation was achieved through 
¹H NMR, FT-IR, UV–Vis, SCXRD, and elemental analysis. Single-crystal XRD revealed intermolecular hydrogen 
bonding as the primary stabilizing force in the crystal lattice. DFT (B3LYP/6–311G(d,p)) supported structural, 
vibrational, and electronic properties, with simulated NMR spectra aligning with experimental data. Frontier 
orbital analysis showed Hyet with stronger localized charge polarization, while Hybr exhibited a smaller 
HOMO–LUMO gap and higher electrophilicity, indicating greater global reactivity. Hirshfeld surface analysis 
highlighted key intermolecular interactions. Both compounds demonstrated notable antibacterial activity against 
Gram-positive and Gram-negative strains, further rationalized by molecular docking with bacterial target 
proteins.

1. Introduction

Aroylhydrazones formed through the condensation of aroylhy
drazides with aldehydes or ketones exhibit remarkable conformational 
flexibility and versatile donor chemistry, making them one of the most 
intriguing subclasses of hydrazones [1–3]. Chemists can create ligands 
with adjustable properties because they are easy to synthesize and can 
be modified with different electron-donating or electron-withdrawing 
substituents. These ligands frequently function as bidentate donors by 
means of azomethine nitrogen and carbonyl oxygen; nevertheless, in the 
presence of additional donor atoms like hydroxyl group or hetero
aromatic nitrogens, tridentate coordination is feasible [4]. These 

structural variations are extremely significant for their practical appli
cations as well as their aesthetic and scholarly value. Their capacity to 
experience amido-iminol and keto-enol tautomerism is a crucial char
acteristic that improves their reactivity and coordination potential [5]. 
Their nucleophilic and electrophilic behaviour is enhanced by this 
tautomeric flexibility, which enables them to coordinate with a variety 
of metal ions in various oxidation states. Because of this adaptability and 
depending on the metal ion, ligand denticity, pH, and solvent system 
used, hydrazone-based ligands can form a wide range of monomeric, 
dimeric, oligomeric, and even polymeric complexes, with potential su
pramolecular architectures stabilized by metal–π interactions, π–π 
stacking, and hydrogen bonding [6–8].
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The ability of hydrazone metal complexes to stabilize different metal 
oxidation states and facilitate electron-transfer processes has led to a 
great deal of research on their role in catalysis, including electrocatalysis 
and photocatalysis [9,10]. Hydrazone ligands are molecular building 
blocks used in supramolecular chemistry that can be designed into large 
assemblies or frameworks for use in gas storage, magnetism, and sensing 
[11,12]. In medicinal chemistry and pharmaceutical research, hydra
zones and their metal complexes play a crucial role, extending beyond 
coordination chemistry and materials science. Important pharmacolog
ical properties, including antimicrobial, antifungal, antiviral, anti
cancer, anti-inflammatory, antioxidant, antimalarial, anticonvulsant, 
and enzyme-inhibitory activities, have been shown by a variety of 
hydrazone derivatives and their metal complexes [13–16]. Metal coor
dination frequently improves pharmacokinetic parameters like solubil
ity, stability, bioavailability, and cellular uptake, thereby increasing the 
therapeutic efficacy of these systems. Furthermore, the structural 
tunability of hydrazones enables the design of ligands with specific 
target affinity and reduced toxicity. The capacity of hydrazones to 
interact with biomolecular targets like DNA, proteins, and enzymes 
through intercalation, groove binding, or metal-mediated inhibition also 
affects their biological activities [17]. Hydrazones continue to be at the 
forefront of current research in inorganic, bioinorganic, and medicinal 
chemistry as scientists work to understand their intricate behaviour and 
diverse range of uses.

The aim of the present work is to synthesize and systematically 
characterize two novel benzhydrazone derivatives Hyet and Hybr 
derived from 4-dimethylaminobenzhydrazide using combined experi
mental and theoretical approaches. Particular emphasis is placed on 
elucidating their crystal structures. Hirshfeld surface analysis was used 
to visualize and measure intermolecular interactions within the crystal 
lattice [18], and density functional theory (DFT) calculations were used 
to investigate electronic properties. Antibacterial activity was evaluated 
against selected Gram-positive and Gram-negative bacterial strains. 
Molecular docking studies were further carried out to gain 
molecular-level insight into the antibacterial behaviour of the com
pounds [19].

2. Experimental

2.1. Materials and instrumentation

The reagents for synthesis were purchased from Merck, and the 
solvents were sourced from Aldrich Sigma Ltd. Elemental analyses for 
carbon, hydrogen, and nitrogen were performed using a Vario EL III 
elemental analyzer (Elementar). All spectroscopic measurements were 
carried out using recrystallized powdered samples unless otherwise 
stated. FT-IR spectra were recorded using a Shimadzu IR Spirit FTIR 
Spectrometer with DLATGS detector in the range of 4000–400 cm⁻¹, 
with a resolution of 4 cm⁻¹ and 32 scans using the KBr pellet method. 
Thermo Scientific Evolution 201 UV–Vis double beam spectrophotom
eter was used to capture electronic spectra in the 200–800 nm region 
using 1 × 10–5 M DMF solutions. Proton nuclear magnetic resonance (1H 
NMR) data was recorded in DMSO with TMS as internal standard using a 
Bruker Advance III 400 MHz spectrometer with a 9.4 T superconducting 
magnet.

2.2. General procedure for the synthesis of hydrazones

The two benzhydrazones were synthesized by using the method re
ported in previous literature [20].

2.2.1. Synthesis of 3-ethoxysalicylaldehyde 4- 
dimethylaminobenzhydrazone (Hyet)

A methanolic solution of 3-ethoxysalicylaldehyde (0.1661 g, 1 
mmol) was added to a methanolic solution of 4-dimethylaminobenzhy
drazide (0.1792 g, 1 mmol). Refluxing the reaction mixture for 4 h 

followed by cooling led to the formation of yellow crystalline solids 
(Scheme 1). The precipitate was filtered, washed with methanol and air- 
dried. The crude product was further purified by recrystallization using 
a methanol/DMF mixture. Tiny block-shaped crystals suitable for single- 
crystal X-ray diffraction were obtained.

Yield: 83 %, M.P.: 190 ◦C; CHN calculated for C18H21N3O3⋅H2O 
(345.39): C, 62.59 %; H, 6.71 %; N, 12.17 %. Observed: C, 62.53 %; H, 
6.73 %; N, 12.15 %.

2.2.2. Synthesis of 3,5 dibromosalicylaldehyde 4-dimethylaminobenzhy
drazone (Hybr)

A methanolic solution of 3,5-dibromosalicylaldehyde (0.2799 g, 1 
mmol) was added to a solution of 4-dimethylaminobenzhydrazide 
(0.1792 g, 1 mmol) in methanol. The mixture was refluxed for 4 h and 
then cooled, resulting in the formation of yellow solid. (Scheme 2) The 
solid was filtered off and washed with methanol. Recrystallization from 
a methanol/DMF mixture yielded pale yellow block-shaped crystals 
suitable for SCXRD.

Yield: 85 %, M.P.: 240 ◦C; CHN calculated for C16H15Br2N3O2 
(441.12): C, 43.56 %; H, 3.43 %; N, 9.53 %. Observed: C, 43.52 %; H, 
3.39 %; N, 9.51 %.

2.3. X-ray analysis: Data collection, structure determination, and 
refinement

Crystallographic measurements were carried out on a Bruker SMART 
APEX diffractometer equipped with a graphite-monochromated MoKα 
radiation source (λ = 0.71073 Å). Data collection was performed using 
the Bruker SMART software suite, and integration of the diffraction data 
was completed with Bruker SAINT [21]. Absorption corrections were 
applied using SADABS based on Laue symmetry and equivalent re
flections [22]. The structure was solved by direct methods with the 
SHELXL-97 package and refined against F² using full-matrix least-s
quares procedures [23,24]. All non-hydrogen atoms were refined 
anisotropically. Hydrogen atoms were identified from difference Fourier 
maps, positioned geometrically, and treated as riding atoms with fixed 
distances: C–H = 0.93 Å (heteroaromatic), 0.96 Å (CH₃), and N–H =
0.86–0.87 Å, with Uiso(H) = 1.2 Ueq(C, N). Bond lengths and angles were 
restrained using DFIX and DANG to preserve appropriate geometry. 
Molecular diagrams were prepared using DIAMOND 3.2 [25] software.

2.4. Computational procedure

All the quantum chemical calculations were conducted using density 
functional theory (DFT) and time dependent density functional theory 

Scheme 1. Synthetic route for 3-ethoxy salicylaldehyde 4-dimethylaminobenz
hydrazone (Hyet).

Scheme 2. Synthetic route for 3,5-dibromo salicylaldehyde 4-dimethylamino
benzhydrazone (Hybr).
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(TDDFT), utilizing Gaussian 09 software in gaseous phase [26]. The 
initial geometry of the compounds is collected from the crystal structure. 
Geometrical optimization was performed without applying symmetry 
constraints, utilizing 6311G(d,p) level of theory and basis set. Frequency 
analysis was executed using the same DFT level to validate the stability 
of the optimized molecular geometries [27]. The absence of negative 
frequency values affirms the stability of these optimized geometries. 
Frontier molecular orbitals (FMOs), UV/Vis spectra and molecular 
electrostatic potential (MEP) surface analysis at aforementioned basis 
set and level of theory were carried out using TDDFT calculations with 
B3LYP/6311G(d,p) method in DMF solution. GaussView version 6.0.16 
were employed to interpret the data [28]. Simulated ¹H NMR spectra 
and predicted chemical shifts were generated using the Mnova NMR 
prediction module and compared with the experimental data [29].

2.5. Hirshfeld surface analysis and interaction energy calculations

Hirshfeld surface (HS) analysis is a potent technique for examining 
and visualizing the intermolecular interactions that support crystal 
structure stability [30]. Using the Crystal Explorer software 
(version-17.5) [31], which enables mapping of the crystal surface ac
cording to the normalized contact distance (dnorm), HS analysis was 
carried out in this study. This function takes into account the separation 
between the closest atoms inside (di) and outside (de) the molecular 
surface [32–34]. Red spots indicate regions where contacts are less than 
the sum of the van der Waals radii, whereas white and blue, respectively, 
indicate contacts that are equal to or greater than these distances [35]. 
Other surface characteristics, like curvedness and shape index, were also 
used to pinpoint particular supramolecular characteristics, such as 
hydrogen bonding interactions and π⋅⋅⋅π stacking. From the surfaces, 
two-dimensional fingerprint plots were produced, providing a numerical 
analysis of every kind of interaction and how it affects crystal packing. 
Additionally, HF/3–21 G level interaction energy calculations were 
performed to enhance comprehension of intermolecular forces [30]. To 
determine the total interaction energy (Etot), these energies were broken 
down into electrostatic, polarization, dispersion, and 
exchange-repulsion components, and scaling factors were applied. 
These calculations shed light on the type and strength of intermolecular 
contacts in the crystal structures under study using a cluster of nearby 
molecules within a 3.8 Å radius.

2.6. in-vitro antibacterial studies

Antibacterial activity was carried out also by disc diffusion method 
[36] with some modifications. 0.1 ml of each bacterial culture (Pseu
domonas, Staphylococcus, E.coli, Bacillus) was uniformly distributed on 
nutrient agar plates to prepare lawn culture. Sterile filter paper disc of 4 
mm diameter was impregnated with varying concentrations of (20 µl of 
0.1–10 mg/ml of dimethyl sulfoxide) and placed on the surface of 
nutrient agar plates at a distance of 2 cm using a sterile forceps. Disc 
with DMSO was used as control. The plates were incubated at 37 ◦C for 
24 hrs and after incubation, zone diameter was measured.

2.7. Molecular docking procedure

Molecular docking is a widely used theoretical technique that pre
dicts how a compound will bind to a protein or DNA, giving information 
about binding interactions, affinity, and the best location for the com
pound in drug design [37]. The RCSB Protein Data Bank provided the 
PDB IDs of the chosen target proteins, guaranteeing access to 
high-quality, experimentally resolved protein structures. Mercury soft
ware [38] was used to convert ligand structures from single-crystal 
X-ray diffraction (SXRD) data in CIF format to PDB format so that 
docking programs could use them. The Discovery Studio [39] was used 
to prepare the protein, which included a number of refinement processes 
like adding missing hydrogen atoms and removing heteroatoms and 

crystallographic water molecules. By taking this step, the protein was 
guaranteed to be in a stable and physiologically significant conforma
tion for docking. After that, CB-Dock [40] was used for molecular 
docking, in which a cavity detection algorithm was used by the software 
to automatically identify the most likely binding pockets on the protein 
surface. It used flexible docking simulations to predict the ideal ligand 
orientation and conformation after ranking these pockets according to 
their size and suitability. Pose rankings were based on predicted sta
bility, and binding affinity scores (Vina scores) were produced by the 
tool. After docking, interaction analysis was conducted once more using 
Discovery Studio. While 3D visualizations offered a realistic spatial 
understanding of the ligand's placement in the binding pocket, 2D 
interaction diagrams were produced to clearly depict hydrogen bonds, 
π–π stacking, π–alkyl interactions, hydrophobic contacts, and van der 
Waals forces. Accurate prediction and interpretation of ligand–protein 
interactions were guaranteed by this integrated workflow that included 
protein retrieval, ligand preparation, docking simulation, and thorough 
visualization.

3. Results and discussions

3.1. X-ray diffraction analysis

The crystal structures of Hyet and Hybr were elucidated by single 
crystal X-ray diffraction analysis. The compounds are structurally 
similar regarding the benzhydrazone moiety and differ in the salicy
laldehyde moiety. The compound Hyet crystallizes with a solvent water 
molecule and was solved in the orthorhombic space group P212121. 

Fig. 1. A view of the molecular structure of Hyet, showing atom-numbering 
scheme for the asymmetric unit. Displacement ellipsoids are drawn at the 50 
% probability level.

Fig. 2. A view of the molecular structure of Hybr, showing atom-numbering 
scheme for the asymmetric unit. Displacement ellipsoids are drawn at the 50 
% probability level.
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Whereas, asymmetric unit of Hybr comprises inverted dimers and 
crystallized in monoclinic space group C2/c.

Figs. 1 and 2 show the asymmetric unit and Table 1 represents the 
crystallographic parameters of compound Hyet and Hybr. The com
pounds adopt an E conformation around the double bond of the 
hydrazone bridge, and the observed C = N bond length (1.275(5) for 
both hydrazones) closely matches the formal azomethine linkage, 
thereby confirming the formation of the azomethine bond [41]. All other 
bond lengths and angles are within normal ranges and are comparable to 
those reported hydrazone compounds [42].

Classical and non-classical hydrogen-bonding interactions represent 
the main contributions to the packing of the molecules in the crystals of 
Hyet and Hybr. Numerical data are compiled in Table S1.

Hyet crystallizes as a hydrate, incorporating one lattice water 
molecule per asymmetric unit. The oxygen atom of the water molecule 
(O1S) plays a key structural role by functioning as both a hydrogen-bond 
donor and acceptor, thereby significantly contributing to the supramo
lecular assembly. As a donor, the water molecule forms intermolecular 
O–H⋅⋅⋅O hydrogen bonds with the hydroxyl group of a neighbouring 
molecule. In addition, the same water molecule participates as an 
acceptor in an intermolecular N(2)–H(2′)⋅⋅⋅O(1S) hydrogen bond 
involving a molecule located in the same crystallographic plane. 
Collectively, these O–H⋅⋅⋅O and N–H⋅⋅⋅O interactions link adjacent 
molecules into a two-dimensional hydrogen-bonded network parallel to 
the ‘ab’ (0 0 1) plane (Fig. 3), which serves as the primary motif gov
erning the crystal packing of Hyet.

In Hybr, the dominant structure-directing forces are classical 
hydrogen bonds involving N–H donor. These hydrogen bonds link 
neighbouring molecules into continuous chains and form the backbone 

Table 1 
Crystal and structure refinement data for compounds Hyet and Hybr.

Empirical formula C18H21N3O3⋅H2O 
(Hyet)

C16H15Br2N3O2 (Hybr)

Formula weight 345.39 441.13
Temperature 293(2) K 300(2) K
Wavelength 0.71073 Å 0.71073 Å
Space group P212121 C2/c
Crystal system Orthorhombic Monoclinic
Unit cell dimensions a = 6.4444(14) Å 

b = 13.506(4) Å 
c = 20.846(5) Å

a = 22.318(3) Å 
b = 9.7910(12) Å 
c = 32.293(5) Å, β =
106.520(4)◦

Volume 1814.4(8) Å3 6765.2(16) Å3

Z 4 16
Density (calculated) 1.264 mg/m3 1.732 mg/m3

Absorption coefficient 0.090 mm-1 4.805 mm-1

F(000) 736 3488
Reflections collected 14,921 65,203
Independent reflections 4347 [R(int) =

0.0671]
10,104 [R(int) = 0.1172]

Goodness-of-fit on F2 0.923 0.984
Data / restraints / 

parameters
4347 / 5 / 242 8389 / 4/ 431

Final R indices [I > 
2sigma(I)]

R1= 0.0534 
wR2= 0.1003

R1= 0.0542 
wR2= 0.0928

Fig. 3. (a) Intermolecular and intramolecular hydrogen bonding interactions in 
Hyet (b) 2D hydrogen bonded polymeric sheets of Hyet extending parallel to 
‘ab’ (001) plane.

Fig. 4. (a) Intermolecular and intramolecular hydrogen bonding interactions in 
Hybr (b) 1D supramolecular chains (shown in different colours) parallel to the 
‘c’ axis (2). The view of polymeric chain along ‘a’ axis. Molecular aggregates 
(shown in different colours) formed via C–H⋅⋅⋅Br contacts(1).
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of the crystal packing. Complementing the primary hydrogen-bonded 
motifs, weak non-classical C–H⋅⋅⋅Br interactions are present and lead 
to the formation of molecular aggregates rather than one-dimensional 
chains. These aggregates are subsequently cross-linked by N–H⋅⋅⋅O 
hydrogen-bonded chains, giving rise to an extended one-dimensional 
supramolecular architecture (Fig. 4).

In related hydrazone-based structures reported in the literature, 
intermolecular N–H⋅⋅⋅O hydrogen bonds between neighbouring hydra
zone moieties are commonly observed and play a dominant role in 
stabilizing the crystal packing. In the present structure, however, the 
presence of a solvent molecule alters the hydrogen-bonding pattern, 
such that the N–H donor preferentially participates in hydrogen bonding 
with the solvent oxygen atom rather than forming direct N–H⋅⋅⋅O in
teractions between adjacent hydrazone units. Similar solvent-directed 
hydrogen-bonding behaviour has been reported for related systems, 
where inclusion of solvent molecules leads to modified supramolecular 
architectures [43–46].

3.2. Computational analysis

3.2.1. Optimized molecular structure
The optoelectronic properties of synthesized molecules were ana

lysed using density functional theory to get more information on the 
molecular and electronic structures. The converged geometry was 
confirmed to be a true energy minimum by the absence of imaginary 
frequencies, indicating that the structure is stable and represents a 
genuine equilibrium configuration.

The optimized geometries are depicted in Fig. 5. The bond distances 
and angles in the optimized structures and the single-crystal structures 
are compared in Table S2 and S3. The geometrical parameters match 
those derived from X-ray diffraction measurements. XRD/DFT histo
gram of bond lengths and bond angles for compounds Hyet and Hybr is 
given in Fig. S1. Hyet exhibits markedly lower RMSD values of 0.0186 Å 
for bond lengths and 0.8608◦ for bond angles, indicating excellent 
agreement between experiment and theory and suggesting a more rigid 
molecular geometry with minimal packing-induced distortion. For 
Hybr, the bond-length and bond-angle RMSD values are 0.0579 Å and 
3.0306◦, respectively, indicating moderate deviations that can be 
attributed to crystal-packing effects, hydrogen-bonding interactions, 
and positional disorder present in the solid state. Overall, no significant 
differences are observed between the experimental and optimized 
geometrical parameters. The minor variations that do occur arise from 

the fact that the experimental structure corresponds to the crystalline 
phase, whereas the theoretical geometry represents an isolated molecule 
in the gas phase, where packing effects and intermolecular interactions 
are absent.

3.2.2. Frontier molecular orbitals (FMOs) analysis
Frontier molecular orbitals (FMOs) play a key role in determining the 

chemical stability of a molecule and are highly useful for understanding 
properties such as electronic transitions, optical behaviour, and bio
logical activity. Among these orbitals, the highest occupied molecular 
orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) 
are particularly significant. The energy gap between HOMO and LUMO 
provides an indication of the molecule’s chemical stability [37].

The bonding characteristics of the studied molecules can be inter
preted through the visualization of their FMO surfaces. A molecules 
signature quantities like hardness, softness, dynamic stability, electro
negativity and reactivity can be interpreted using FMO analysis [47]. 
The HOMO energy marks the nucleophilic potential and LUMO energy 
denotes the electrophilic potential of a molecule The energy difference 
between the highest occupied molecular orbital (HOMO) and the lowest 
unoccupied molecular orbital (LUMO) is denoted as Egap [48]. Highest 
chemical stability, less reactivity and higher hardness of a molecule will 
be the sign of higher Egap value [49]. While a soft molecule is charac
terized by a smaller energy gap, with higher reactivity and less stability 
[50]. To get insight the optical properties of the compounds the FMOs 
energies and their respective band gap values were calculated via DFT 
employing 6–311 G (d, p) functional. HOMO and LUMO orbital transi
tions were scattered on phenyl ring, C = N, C = O and C − N groups and 
dispersion of the atoms is similar for the ligands.

The computed HOMO-LUMO energy gaps were 3.95 and 3.93 eV 
respectively for Hyet and Hybr. The Hybr molecule’s relatively small 
energy gap (3.93 eV) suggests greater chemical reactivity, reduced dy
namic stability, increased softness, and higher polarizability, indicating 
that charge transfer between the HOMO and LUMO occurs more readily. 
The HOMO and LUMO of compound Hyet and Hybr are shown in Fig. 6.

3.2.3. Global reactivity descriptors (GRDs)
The chemical reactivity and stability of synthesized compounds can 

be effectively elucidated with global reactivity descriptors (GRDs) 
computed by utilizing the FMOs energy gaps [51]. The factors electron 
affinity (EA), ionization potential (IP), global hardness (η), electrophi
licity index (ω), electronegativity (X) chemical potential (μ), and global 
softness (σ) describes the reactivity of the molecules [52,53]. Based on 
Koopmans’s theorem these parameters can be estimated. Electron af
finity (EA) and ionization potential (IP) have taken as EA = -ELUMO and 
IP = -EHOMO, electronegativity (χ) = (IP+EA)/2, chemical potential (μ) 
= -(IP+EA)/2, chemical hardness (η) = (- IP-EA)/2, chemical softness 
(σ) = 1/2η, electrophilicity index (ω) = μ2/2 η. The calculated global 

Fig. 5. Optimised structures of the prepared compounds (a) Hyet and (b) Hybr 
employing the DFT/B3LYP technique with the SDD and 6–311G(d,p) basis set.

Fig. 6. HOMO and LUMO with bandgap energies in respect of compounds (a) 
Hyet and (b) Hybr.
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descriptive parameters are given in Table 2.
The electrophilicity index (ω) evaluates a compound’s electrophilic 

nature, offering useful information about its reactivity and interaction 
patterns. It is especially helpful in predicting potential toxicity and 
biological activity. Organic compounds can be grouped into three cat
egories based on their electrophilicity index: marginal electrophiles 
(<0.8 eV), moderate electrophiles (0.8–1.5 eV), and strong electrophiles 
(greater than 1.5 eV). Accordingly, the electrophilicity values of our 
hydrazones place them in the strong electrophile category. It is clear that 
the high electrophilicity (5.06 eV) and small chemical hardness (1.87 
eV) correspond to high absolute value of chemical potential (4.35 eV) 
for compound Hyet thereby, suggesting more biological activities for 
compound Hyet compared to Hybr.

3.2.4. Molecular electrostatic potential (MEP)
MEP maps help us to observe the charge distributions of molecules in 

three dimensions. Hydrogen bonding sites and the sites susceptible for 
electrophilic, nucleophilic reactions can be studied using charge distri
butions. MEP provides visual information about electronegativity, par
tial charges, and, dipole moment and the polarity of a structure. The 
MEP calculation surface of the compounds is shown in Fig. S2, negative 
(red or yellow) regions of MEP indicate electrophilic reactivity, be 
associated with electronegative atoms (O, N, halogens) while positive 
(blue) regions represent nucleophilic reactivity and are present near 
hydrogen atoms attached to electronegative atoms. The dispersion of 
potential in Hyet range from − 9.101 e-3 to 9.101 e-3, and where as in 
Hybr is − 5.862 e-3 to 5.862 e-3. This wider dispersion in Hyet indicates 
a more pronounced charge polarization, suggesting higher reactivity. In 
contrast, the narrower range in Hybr reflects a less polarized charge 
distribution, implying comparatively lower reactivity.

3.3. Spectral analysis

3.3.1. FT-IR and electronic spectral analysis
The experimental and calculated FT-IR spectra of Hyet and Hybr are 

presented in Fig. 7. Optimized structure parameters are used to find the 
vibrational frequencies of the hydrazones and the theoretical spectrum 
is developed using TD-SCF DFT-B3LYP/6–311G(d,p). The comparison of 
experimental and theoretical frequencies and their tentative assign
ments of the important bands of the two compounds are detailed in 
Table S4. It is observed that a good level of agreement has been ach
ieved between the experimental spectrum and the theoretically calcu
lated one. The slight differences observed between the experimental and 
theoretical results can be attributed to anharmonic effects, intermolec
ular interactions, and hydrogen bonding present in the solid state but 
absent in the isolated-molecule calculations [54].

In both compounds, the N–H stretching vibration appears as a weak 
band in the high-frequency region. For HyEt, the ν(N–H) band is 
observed at 3358 cm⁻¹, while HyBr shows a corresponding band at 3643 
cm⁻¹, in good agreement with the calculated frequencies at 3426 and 
3531 cm⁻¹, respectively [55]. The O–H stretching vibration appears at 
3227 cm⁻¹ for HyEt and at 3320 cm⁻¹ for HyBr, consistent with the 
computed values and indicative of hydrogen-bonded hydroxyl groups. 
In HyEt, additional bands observed at 3544 cm⁻¹ are assigned to the 
symmetric and asymmetric stretching modes of lattice water, supported 
by the calculated frequencies. The aromatic C–H stretching vibrations 
are observed in the region 3120 cm⁻¹ for HyEt and around 3067 cm⁻¹ for 
HyBr, matching well with the theoretical predictions. Aliphatic C–H 
stretching modes arising from the N–CH₃ and CH₂/CH₃ groups appear in 
the range 2948–2823 cm⁻¹ for HyEt and 3006–2913 cm⁻¹ for HyBr, in 
close correspondence with the calculated values [56].

Strong bands observed at 1736–1673 cm⁻¹ for HyEt and at 1684 cm⁻¹ 
for HyBr are assigned to the combined ν(C = O) and ν(C = N) stretching 
modes of the hydrazone moiety, confirming the formation of the azo
methine linkage [57]. The aromatic C = C stretching vibrations appear 
prominently between 1602 and 1555 cm⁻¹ in the experimental spectra 
and are well reproduced in the calculated spectra. Bands in the region 
1285–1170 cm⁻¹ are attributed to ν(C–N) and ν(C–O) stretching modes, 
further confirming the structural integrity of the hydrazone framework. 
The lower-frequency region (1150–800 cm⁻¹) is dominated by 
ring-puckering vibrations and out-of-plane C–H bending modes, which 
are well supported by the calculated spectra [58]. For HyBr, a charac
teristic band observed at 677 cm⁻¹ is assigned to the ν(C–Br) stretching 
vibration, in good agreement with the theoretical value at 692 cm⁻¹, 
confirming the presence of bromine substituents in the molecular 
structure. The RMSD value for Hyet (67.37 cm⁻¹) and Hybr (54.52 cm⁻¹) 
confirms the validity of the theoretical approach for these compounds by 

Table 2 
Calculated electronic parameters of the two compounds using DFT/B3LYP/ 
6311G(d,p) level of theory.

Global descriptive parameter Calculated values

Hyet Hybr

E HOMO (eV) − 5.22 − 5.53
E LUMO (eV) − 1.28 − 1.6
Band Gap energy (eV) 3.95 3.93
Ionisation Potential (IP) 5.22 5.53
Electron Affinity (EA) 1.28 1.6
Hardness (ղղ) 1.97 1.96
Softness (S) 0.25 0.25
Electronegativity (χ) 3.25 3.56
Chemical potential (µ) − 3.25 − 3.56
Electrophilicity index (ω) 2.71 3.29

Fig. 7. Experimental and theoretical FT-IR spectra of Hyet (a) and Hybr (b).
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showing good agreement between calculated and experimental IR 
frequencies.

The UV–Vis spectra of both hydrazone derivatives were experimen
tally recorded in DMF and compared with the corresponding theoretical 
predictions obtained using TD-SCF DFT at the B3LYP/6–311G(d,p) 
level, as shown in Fig. 8. The calculated spectra consist of discrete 
electronic transitions, which appear as individual peaks and correspond 
to specific excitations. In contrast, the experimental spectra represent 
broadened absorption bands arising from the cumulative contribution of 
multiple electronic transitions, influenced by solvent effects, vibrational 
coupling and instrumental broadening.

For HyEt, the experimental spectrum exhibits two absorption bands. 
The band centered around 353 nm is assigned to a π→π* transition 
originating from the aromatic moieties of the molecule, while a weaker 
band at 369 nm is attributed to an n→π* transition. The TD-DFT cal
culations reproduce this pattern, with corresponding transitions 
appearing at 299 nm (π→π*) and 317 nm (n→π*), respectively. Simi
larly, HyBr shows good agreement between the experimental and 
theoretical spectra. The π→π* transition appears at 317 nm in the 
theoretical spectrum and at 320 nm in the experimental spectrum, 
indicating excellent correlation. The n→π* transition, however, shows a 
noticeable red shift in the experimental spectrum relative to the theo
retical prediction, which can be attributed to solvent effects in DMF that 
are not fully captured in the gas-phase calculations.

3.3.2. 1H NMR spectral analysis
Nuclear Magnetic Resonance (NMR) spectroscopy has become the 

dominant method of analysis for organic compounds because in many 
cases it provides a way to determine an entire structure using one set of 
analytical tests. The 1HNMR and 13CNMR spectra of Hyet and Hybr 
were recorded using DMSO as the solvent and processed with MestRe
Nova (Mnova). (Fig. S3, S4, S5 and S6). Two broad resonances at δ 
11.81 and 11.29 ppm in the experimental 1H NMR spectrum of Hyet are 
attributed to phenolic -OH protons and iminol protons respectively 
confirming that the hydrazone exists predominantly in the iminol form 
in solution. In Hybr these peaks are appeared by two downfield singlets 
at δ12.9 and 12.2 ppm respectively. These resonances are not present in 
the Mnova simulated spectrum, which could be because solvent and 
hydrogen-bonding effects were not included in the calculations. In Hyet 
the azomethine proton is well predicted by Mnova at δ 8.34 ppm and 
appears at δ 8.59 ppm in experiments. The calculated range of δ 
6.82–7.85 ppm is closely matched by the resonance of aromatic protons 
in the range δ 6.74–7.82 ppm [11]. The peaks, particularly the 

azomethine, aromatic, and N-methyl protons, of Hybr show good 
agreement between experimental and simulated chemical shifts, sup
porting the proposed molecular structure. In 13CNMR spectra of both 
compounds, the imine carbon appears prominently at δ 163 ppm, 
slightly upfield compared to the theoretical values (δ 170 ppm), which 
can be attributed to solvent effects and electronic shielding. Azomethine 
carbon and aromatic carbons linked to oxygen and nitrogen resonate 
around δ150 ppm in experimental and simulated spectra. The aliphatic 
methylene carbon (–CH₂–) in Hyet is observed at δ 64.6 ppm, in close 
agreement with the theoretical value, while the dimethylamino carbon 
–N(CH₃)₂ resonates at δ 40 ppm in both compounds. The RMSD values 
for the ¹H NMR spectra, excluding exchangeable –OH protons, are 
0.1168 ppm for Hyet and 0.0684 ppm for Hybr, while the corre
sponding ¹³C NMR RMSD values are 2.82 ppm and 4.96 ppm, respec
tively. (Table S5).

3.4. Hirshfeld surface analysis

The surface can be mapped over parameters like dnorm, shape index, 
and curvedness to differentiate between different types of interactions, 
such as halogen contacts, hydrogen bonds, van der Waals forces, and π–π 
stacking. By using this technique, the internal (di) and external (de) 
atomic distances can be measured and a molecular boundary similar to 
van der Waals surfaces is defined. The X-ray structure of the two 
hydrazones was examined using Hirshfeld surface analysis in order to 
identify the main interactions influencing the stability of crystal pack
ing. It was determined that the values of total volume, area, globularity, 
and sphericity were 445.02Å3, 420.07 Å2, 0.671 and 0.439 for Hyet and 
410.68Å3, 376.61Å2, 0.709 and 0.432 for Hybr. Globularity <1.0, 
suggesting a more ordered surface with some degree of anisotropy and 
deviations from perfect sphericity. The molecular structure and the 
spatial distribution of interaction properties are clearly depicted by the 
Hirshfeld surface, which is mapped over dnorm, shape index and curv
edness in a transparent mode (Fig.S7). Large, deep-red circular areas on 
the dnorm-mapped surface indicate strong, short-range intermolecular 
hydrogen bonds, while smaller, lighter-colored spots represent weaker, 
longer-range contacts that go beyond hydrogen bonds. Regions of strong 
molecular interactions are indicated by these red depressions, particu
larly H⋅⋅⋅N and H⋅⋅⋅O contacts that result from O–H⋅⋅⋅N and N–H⋅⋅⋅O 
hydrogen bonding patterns [59]. The Hirshfeld surface analysis is in 
good agreement with the single-crystal X-ray diffraction results. The 
prominent red regions on the dnorm surface correspond to the same 
O–H⋅⋅⋅N and N–H⋅⋅⋅O hydrogen bonds identified crystallographically, 

Fig. 8. Theoretical and experimental UV–Vis spectra of (a) Hyet and (b) Hybr.

P.R. Reshma et al.                                                                                                                                                                                                                              Journal of Molecular Structure 1364 (2026) 145846 

7 



confirming that these interactions dominate the crystal packing. The 
presence of flat regions on the curvedness surface further supports the 
presence of weak aromatic π–π stacking interactions, which are char
acterized by distinct red concave regions on the shape-index surface.

As a reduced form of the 3D surface, the 2D fingerprint plots for the 
two compounds, which are produced by combining the Hirshfeld surface 
parameters di and de into 0.01 Å intervals, show the type, nature, and 
importance of all intermolecular interactions in the crystal lattice as well 
as their individual contributions to the total Hirshfeld surface area, as 
seen in The 2D fingerprint plot analysis (Fig. S8) of Hyet reveals that 
H⋅⋅⋅H contacts account for 55.8 % of the Hirshfeld surface, with C–H/ 
H–C interactions coming in second at 17.3 % and H–O/O–H interactions 
at 17.3 %. Van der Waals forces and hydrogen bonding are important 
factors in the crystal packing, as evidenced by the smaller contributions 
from the C–N/N–C (4 %), C–C (3.2 %), N–H/H–N (1.3 %), C–O/O–C (0.9 
%) and O–O (0.1 %) contacts. The 2D fingerprint plot for Hybr shows 
that H⋅⋅⋅H contacts account for the largest portion of the Hirshfeld sur
face at 30.5 %, followed by Br–H/H–Br contacts (20.3 %) and H–C/C–H 
interactions (21.8 %) (Fig. S9). Significant contributions also come from 
O–H/H–O interactions (14.2 %), while H–N/N–H contacts account for 
3.7 %. Smaller contributions are observed for Br–Br (3.5 %), Br–O/O–Br 
(1.1 %), Br–N/N–Br (1.9 %), Br–C/C–Br (1 %), O–C/C–O (0.7 %), and 
N–C/C–N (0.5 %) interactions. These observations highlight the influ
ence of both hydrogen bonding and halogen interactions in the crystal 
packing, as clearly evidenced by the single-crystal X-ray diffraction 
analysis. The symmetry-independent molecules in each cluster are rep
resented by red, green, and blue cylinders, which stand for Eₑₗₑc, Edis, 
and Eₜₒₜ, respectively (Fig. S10). The frameworks are constructed by 
connecting molecular pair-wise interaction energies to molecular cen
troids with cylinders whose radii match the interaction. The total 
interaction energy (Etot) is obtained as the sum of the electrostatic, po
larization, dispersion, and repulsion energy components (Fig. S11 and 
S12).

3.5. In vitro antibacterial activity

The in vitro antibacterial activity of the two synthesized hydrazones 
was studied against both Gram-positive (Staphylococcus aureus, Bacillus 
sp.) and Gram-negative (E. coli, Pseudomonas sp.) bacteria by employing 
the disc diffusion method [36]. The inhibition zone measurements ob
tained which indicate the relative antibacterial strength of each com
pound, are shown in Table S6. The results show clear differences in 
antibacterial responsiveness. The strongest inhibitory effect against E. 
coli was shown by Hyet. Hybr showed better activity against Pseudo
monas than E.coli. Additionally, the progressive enlargement of inhibi
tion zones showed that the compounds' activity increased steadily with 
concentration, suggesting stronger bacterial suppression at higher doses. 
At the 3 mg/mL Hyet formed a 15 mm inhibition zone against E. coli, 
whereas Hybr produced a 12 mm zone against Pseudomonas (Fig. S13). 

Minimal inhibitory effects against Bacillus were shown by both Hyet 
and Hybr. Hyet displayed slight activity toward S. aureus, but only at 
high concentrations, while Hybr did not exhibit any discernible activity 
against S. aureus. The antibacterial activity of the two benzhydrazones is 
compared graphically in Fig. 9.

3.6. Molecular docking analysis

In vitro antibacterial studies revealed that Hyet exhibited the highest 
activity against E. coli, whereas Hybr was most effective against Pseu
domonas species. Following these results, molecular docking studies 
were performed against five structural proteins of the respective or
ganisms. The protein–compound complex with the highest docking 
score was then selected for an in-depth analysis (Table 3). In molecular 
docking, the stability of a ligand–protein complex is governed by a va
riety of non-covalent interactions, including hydrogen bonding, hydro
phobic effects, van der Waals forces, electrostatic attractions, and 
π-related interactions such as π–π stacking and aromatic packing. These 
complementary forces not only anchor the ligand within the protein’s 
active site but also influence its binding affinity, specificity, and overall 
docking score. By shaping both the strength and selectivity of the 
interaction, they play a critical role in determining the predicted bio
logical activity and functional relevance of the complex.

Five structural proteins, denoted by the PDB IDs 1AF6, 1BXW, 2YIB, 
3SLJ, and 2HDF, were selected for the docking analysis of Hyet against 
E. coli. 1AF6 showed the strongest binding interaction, as indicated by 
the obtained docking scores of − 8.7, − 8.3, − 8.1, − 7.8, and − 7.7, 
respectively. The binding pocket of this protein measured 25 × 25 × 25 
Å and had a cavity volume of 760. Its center was located at coordinates 
(19,42,80). 1AF6, also referred to as LamB or maltoporin, is an essential 
porin of the E. coli outer membrane that creates channels for the specific 
movement of sugars like maltose and maltodextrins. It is an embedded 
structural protein that aids in the passage of particular molecules while 
preserving the integrity of the membrane. 2D and 3D plots of 1AF6 with 
Hyet are shown in Fig. 10. ASP116 at 2.68 Å, HIS113 at 2.16 Å, and 
TYR118 at 2.09 Å were the three conventional hydrogen bonds identi
fied by the docking analysis. There were π–alkyl interactions involving 
TRP358 and π–π stacking interactions with TYR41 and TRP420. The 
following were observed to have van der Waals interactions: TYR6, 
ARG33, ARG109, GLU43, ARG8, ARG82, and ASP11. An unfavourable 
donor-donor interaction between HIS113 and the OH group's hydrogen 
atom was also present.

For the docking study with Hybr, the PDB IDs 6R3X, 4O0P, 6JAU, 

Fig. 9. Graphical representation of antibacterial activity of Hyet and Hybr.

Table 3 
Interactions of hydrazones with the amino acid residues of the target protein 
LAF6 in E.coli and 6R3X in Pseudomonas aeruginosa.

Ligand Target (PDB) Binding 
Score 
(kcal/ 
mol)

H-Bond 
Residues 
(distance 
Å)

π–π / 
π-Alkyl 
Residues

Van der 
Waals 
Residues

Hyet E. coli 1AF6 − 8.7 ASP116 
(2.68), 
HIS113 
(2.16), 
TYR118 
(2.09)

π–π: 
TYR41, 
TRP420; 
π-alkyl: 
TRP358

TYR6, 
ARG8, 
ARG33, 
ARG82, 
ARG109, 
GLU43, 
ASP11, 
HIS113

Hybr Pseudomonas 
aeruginosa 
6R3X

− 8.8 ARG331 
(2.27), 
THR487 
(2.38), 
ASN351 
(2.20, 
2.70)

π–π: 
TYR409, 
PHE533; 
π-alkyl: 
TYR328, 
TYR407, 
TYR498, 
VAL333

ILE330, 
THR329, 
SER294, 
SER349, 
ALA488, 
GLY486, 
GLY534, 
GLY535, 
ARG489
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7WL, and 6P8U were chosen as the structural protein targets of Pseu
domonas. Their respective docking scores were − 8.8, − 8.6, − 8.2, − 8.2 
and − 7.9 kcal/mol, with 6R3X showing the highest binding affinity. The 
6R3X binding site had a grid box size of 30 × 24 × 24 Å, a cavity volume 
of 1402, and a center at coordinates (4,40,19). Pseudomonas aeruginosa 
Penicillin-Binding Protein 3 (PBP3), a transpeptidase enzyme that cat
alyzes the crosslinking of peptidoglycan strands during the last phases of 
cell wall synthesis, is identified by the PDB entry 6R3X. Bacterial cell 
death is the ultimate result of β-lactam antibiotics like piperacillin 
inhibiting PBP3, which stops cell wall biosynthesis. Fig. 10 depicts the 
2D and 3D plot of 6R3X with Hybr. Four typical hydrogen bonds were 
found for the 6r3x–Hybr complex: two contacts with ASN351 (2.20 Å 
and 2.70 Å), THR487 (2.38 Å), and ARG331 (2.27 Å). TYR409 and 
PHE533 engaged in π–π stacking, whereas SER485 formed a single C–H 
bond. There were π–alkyl interactions with VAL333, TYR407, TYR328, 
and TYR498. ILE330, THR329, ALA488, SER294, SER349, GLY535, 
GLY486, GLY534, and ARG489 were among the residues that helped 
bind via van der Waals forces. The detailed interactions of the two 
studied compounds with the respective proteins are shown in Fig S14.

3.7. ADME analysis

In order to forecast a compound's drug-likeness and pharmacokinetic 
behavior, ADME analysis evaluates its absorption, distribution, meta
bolism, and excretion. Hyet has better drug-like properties than the 
brominated derivative Hybr, according to a comparative ADME analysis 
of the two hydrazone derivatives. While Hybr is heavier (441.12 g/mol) 
and more lipophilic (log P = 3.55), which results in decreased aqueous 
solubility, the first compound has a lower molecular weight (327.38 g/ 
mol) and moderate lipophilicity (log P = 2.83), which contribute to 
better solubility and membrane permeability. Both substances show 
similar CYP enzyme inhibition profiles (CYP1A2, CYP2C19, and 
CYP2C9), high gastrointestinal absorption, and blood–brain barrier 
permeability, suggesting similar metabolic behaviour. However, Hyet is 
better suited for oral bioavailability and pharmacokinetic stability due 
to its higher solubility and fewer rule violations. While Hybr may have a 
stronger binding potential due to its increased lipophilicity but 
decreased solubility, Hyet generally shows a better balance of phar
macokinetic and physicochemical properties.

The physicochemical balance of the two hydrazone derivatives is 

Fig. 10. 2D and 3D interaction diagram of (a and b) Hyet with 1AF6 and (c and d) HyBr with 6R3X.
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clearly different, as shown by their radar plots. With moderate lip
ophilicity, polarity, solubility, and flexibility values, Hyet exhibits a 
more homogeneous and evenly distributed radar shape, indicating a 
good balance between hydrophobicity and hydrophilicity—perfect for 
oral drug candidates. Hybr, on the other hand, exhibits a wider area in 
the size (SIZE) and lipophilicity (LIPO) regions, but a narrower spread in 
the solubility (INSOLU) and saturation (INSATU) regions, suggesting 
that it is less flexible and soluble but more lipophilic and larger (Fig. 
S15). Its greater molecular weight and decreased solubility in compar
ison to the first compound are reflected in this pattern. Although Hybr 
may be more effective in hydrophobic interactions, the radar plot 
comparison suggests that Hyet has a better balance between drug- 
likeness and absorption, while Hybr may struggle with formulation 
and solubility. Because both hydrazone derivatives have acceptable 
molecular weight, lipophilicity, hydrogen bond donors, and acceptors 
within the suggested ranges (Table 4), they meet Lipinski's rule of five 
[60], indicating good oral drug-likeness.

4. Conclusion

Two new benzhydrazones were synthesized by condensing 4-dime
thylaminobenzhydrazide with 3-ethoxysalicylaldehyde and 3,5-dibro
mosalicylaldehyde: 3-ethoxysalicylaldehyde-4-dimethylaminobenzhy 
drazone (Hyet) and 3,5-dibromo salicylaldehyde-4-dimethyla 
minobenzhydrazone (Hybr). A combination of physicochemical tech
niques confirmed their formation and structural features. Hydrogen- 
bonding and the overall supramolecular architecture were found to be 
significantly impacted by modifications to the substituents on the 
hydrazone backbone. Single-crystal X-ray diffraction provided accurate 
three-dimensional molecular structures, revealed distinct hydrogen- 
bonding motifs, and established that the crystal packing is governed 
by one-dimensional and two dimesional supramolecular architectures 
arising from specific intermolecular interactions. Density functional 
theory calculations further elucidated the optimized geometries and 
electronic properties of the isolated molecules and showed good quali
tative agreement with experimental observations. Global reactivity de
scriptors indicate that HyBr, with its lower energy gap and higher 
electron-accepting capability, is more electrophilic and chemically 
reactive, whereas HyEt exhibits slightly higher hardness and resistance 
to charge transfer. Hirshfeld surface analysis was used to better under
stand solid-state interactions by identifying and visualizing the impor
tant intermolecular contacts, including H⋅⋅⋅H, O⋅⋅⋅H, C⋅⋅⋅H, and halogen- 
associated interactions that affect crystal packing and lattice stability. 
Both hydrazones have significant antibacterial activity, according to 
biological screening; Hyet was most effective against E. coli, while Hybr 
was more effective against Pseudomonas species. Molecular docking 
studies were performed against four target proteins from each bacterium 
in order to interpret these findings. Hybr showed its strongest interac
tion (–8.8 kcal/mol) with the 6R3X protein, while Hyet obtained its best 
binding score (–8.7 kcal/mol) with the 1AF6 protein. Hyet shows 
slightly better oral bioavailability potential than Hybr although both 
satisfy Lipinski’s criteria and fall within acceptable bioavailability 
ranges.
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