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A B S T R A C T

The positioning of substituents plays a critical role in dictating molecular conformation and supramolecular 
assembly, essential for the rational design of functional crystalline materials. In this work, two Schiff base 
compounds were synthesized via the condensation of ethyl 2-aminoisonicotinate with 3‑bromo-5-hydrox
ybenzaldehyde and 3,5-dibromo-5-hydroxybenzaldehyde. Single crystals suitable for X-ray diffraction were 
obtained by slow evaporation, and both compounds crystallized in the triclinic space group P‾1. Structural 
analysis revealed nearly planar geometries with dihedral angles between the hydroxyphenyl and ethoxypyridyl 
moieties, connected through an azomethine bridge. The planarity facilitated robust π–π stacking interactions and 
hydrogen bonding, both contributing to crystal packing stabilization. Comparative assessment showed that the 
second bromine atom significantly modifies intermolecular interactions and supramolecular organization. 
Hirshfeld surface, fingerprint plots, enrichment ratios, and QTAIM analyses quantitatively characterized these 
contacts, while DFT calculations indicated enhanced π-electron delocalization and reduced HOMO–LUMO gaps. 
Molecular docking against Staphylococcus aureus TyrRS revealed π-stacking-mediated ligand–receptor in
teractions with good binding energies, highlighting biological relevance. This study provides quantitative insight 
into how positional substitution governs molecular packing, noncovalent interactions, and protein-ligand 
interaction leading to the potential functional applications.

1. Introduction

Crystal engineering—the design and synthesis of molecular solids 
with targeted structural and functional properties—relies fundamentally 
on the control of intermolecular interactions within the solid state [1–3]. 
Among these, noncovalent forces such as hydrogen bonding, π–π 
stacking, halogen bonding, and dipolar interactions serve as key drivers 
of molecular recognition and crystal packing. In aromatic systems, the 
nature, number, and position of substituent groups significantly affect 
both molecular conformation and the resulting supramolecular archi
tectures [4–8].

Substituent effects on crystal structure can be rationalized in terms of 

electronic influences (e.g., inductive and resonance contributions) and 
steric parameters [9–11]. These effects manifest in the modulation of 
key packing motifs such as π–π interactions, hydrogen-bond networks, 
and directional halogen contacts. Notably, substituent positioning 
whether at the ortho, meta, or para sites of an aromatic ring can dras
tically alter molecular planarity, and the resulting supramolecular ar
chitectures, and ultimately, material properties. For instance, 
ortho-substitution often induces steric hindrance, leading to nonplanar 
conformations and disrupted π-stacking, whereas para-substitution 
typically supports planar backbones and promotes columnar or 
layered assemblies [12–16].

Recent studies have demonstrated the significance of such 
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substituent effects in functional materials. Methoxy-substituted small 
molecules have shown substantial changes in optoelectronic properties 
and π–π stacking behavior based solely on positional variation [17–19]. 
Likewise, halogen substituents have proven to be critical in controlling 
supramolecular diversity through specific C–H⋅⋅⋅X and halogen⋅⋅⋅π in
teractions. However, while mono-substituent effects have been exten
sively explored, the influence of secondary substitution, particularly at 
varying positions relative to a primary group, remains poorly under
stood. In supramolecular chemistry, the design and synthesis of 
di-substituted aromatic systems offer expanded opportunities for engi
neering intermolecular contacts, including cooperative or competitive 
interaction pathways. These effects are primarily attributed to electronic 
influences, such as inductive and resonance contributions, and steric 
parameters. However, while mono-substituent effects have been exten
sively explored, the influence of secondary substitution, particularly at 
varying positions relative to a primary group, remains poorly under
stood. This gap in knowledge underscores the need for systematic 
studies that investigate the interplay between substituent positioning 
and molecular packing, noncovalent interactions, and functional appli
cations. Such studies are crucial for the rational design of functional 
crystalline materials with tailored properties.

Despite the growing understanding of mono-substituent effects on 
molecular conformation and crystal packing, the systematic study of 
dual substitution patterns remains limited. Investigating how the posi
tion and nature of multiple substituents influence supramolecular as
sembly is critical for designing functional crystalline materials with 
predictable properties. Moreover, integrating experimental crystallog
raphy with computational analyses, such as density functional theory 
(DFT), Hirshfeld surface mapping, and molecular docking, allows for a 
deeper understanding of electronic structure, intermolecular in
teractions, and potential biological relevance. In this context, our study 
focuses on Schiff base compounds with mono- and di‑bromo sub
stitutions, aiming to elucidate the interplay between substituent posi
tioning, noncovalent interactions, and crystal packing, as well as to 
explore their interaction with protein targets. This combined approach 
provides both structural insights and functional implications, thereby 
addressing gaps in the existing literature and offering a rational frame
work for the design of advanced materials and bioactive molecules.

2. Materials and methods

2.1. Synthesis of (E)-ethyl 2-((3,5-dibromo-2-hydroxybenzylidene) 
amino)isonicotinate

All chemicals and solvents employed in this research work were 
procured from Sigma-Aldrich, India, and were utilized without addi
tional purification. In a round-bottom flask, 1 mmol of ethyl 2-aminoiso
nicotinate was dissolved in 10 ml of ethanol. Simultaneously, 1 mmol of 
3,5-dibromohydroxy-benzaldehyde was dissolved in 10 ml of ethanol in 
another beaker. The aldehyde solution was then slowly added drop by 
drop to the ethanolic amine solution while maintaining stirring at 60 ◦C. 
Initially, the solution colour turned pale red, indicating the reaction 

initiation, and refluxing was sustained. After 3 h of refluxing, a red 
precipitate formed and the schematic representation is shown in Scheme 
1. The product was subsequently collected, dried. The product was ob
tained in 68 % yield. The obtained compound was subjected to slow 
evaporation in methanol. Following a period of 20 days, red crystals of 
the Schiff base derivatives were obtained. The melting points of com
pounds 1 and 2 were determined to be 173.04 ◦C and 165.0 ◦C, 
respectively. The formation of the compounds was initially confirmed by 
spectroscopic analyses, including FTIR spectroscopy (Fig. S1). The 1H 
and 13C NMR spectra of compound 1 (Figs. S2 and S3) and compound 2 
(Figs. S4 and S5) are presented in the Supporting Information. 
Furthermore, the mass spectra of compounds 1 and 2 are provided in 
Figs. S6 and S7, respectively.

2.2. Single crystal X-ray diffraction studies

Good-quality single crystals were assessed using the polarizing mi
croscope and selected for the experimental analysis. Rigaku Xtalab mini 
single crystal X-ray diffractometer equipped with graphite mono
chromator and Mo Kα (λ=0.71073 Å) radiation was used for X-ray in
tensity data collection. The crystal quality was assessed by analyzing the 
initial twelve frames and further, it was utilized for data collection 
strategy calculations. The collected intensity data were corrected for 
Lorentz, polarization and absorption effects using the d*trek program 
[20]. The molecular structure was solved by the intrinsic phasing 
method using SHELXT [21]and the structure refinement was performed 
using SHELXL by utilizing the full matrix least-squares on the F2 method 
[22]. The non-hydrogen atoms are identified by the Fourier map and 
refined anisotropically, while hydrogen atoms are located in the calcu
lated positions and refined isotropically by the riding model. The crystal 
data and refinement parameters of the compound are tabulated in 
Table 1. The molecular geometry, noncovalent interactions and crystal 
packing topology are obtained using Platon and Mercury software [23,
24]. The comparison of the geometrical parameters is listed in 
Table S1-S6.

2.3. Noncovalent interactions analysis

2.3.1. Hirshfeld surface analysis
For visualization of the 3-D spatial arrangement and relevance of 

interatomic contacts by unique colour code, molecular Hirshfeld surface 
(HS) and 2-D fingerprint plots were carried out using Crystal Explorer 
software [25].

The HS is mapped over dnorm, which is based on di, de (distance be
tween HS and the nearest atom internal/external) and their van der 
Walls radii. Employing the above data, it identifies various atomic 
contacts and provides the strength of each via graphical representation 
[26,27]. Further, the shape index is a surface property to measure the 
shape and it is very sensitive to subtle changes in surface shape. One 
important attribute of the shape index is that two shapes where the 
shape index differs only by a sign represent complementary "stamp" and 
"mould" pairs. The shape index depicted on the Hirshfeld surface (HS). It 

Scheme 1. Synthesis outline of Schiff base mono- and di‑bromo Schiff base derivatives.
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can be employed to discern C–H‧‧‧π and π‧‧‧π interactions by observing 
corresponding hollows and bumps as well as adjacent red and blue tri
angles, respectively.

2.3.2. Fingerprint and enrichment ratio analyses
A fingerprint (FP) plot of intermolecular interactions provides in

formation regarding the various atomic contacts present within a mo
lecular structure. These 2D-FP plots, derived from the HS, visually 
summarize the frequency of each combination of de and di across the 
molecular surface [28–32], Therefore, they not only reveal the presence 
of specific intermolecular interactions but also indicate the relative 
surface area corresponding to each type of interaction. These percent
ages of contacts in a crystal packing can be used to identify enrichment 
ratios (EXX). It is the ratio between the proportion of actual contacts in 
the crystal and the theoretical proportion of random contacts, which are 
obtained by considering that all contact types in the crystal packing 
were equidistributed between all chemical types. The ER values are 
expected to be typically >1 for pairs of elements that readily form 
contacts in crystals, while pairs that tend to avoid the contacts should 
produce an ER value <1 [33].

2.3.3. Quantum of the theory of atoms in molecule (QTAIM) analysis
The intramolecular interactions were studied by examining the 

electron density topology in the interatomic regions, employing stan
dard protocols of QTAIM and NCI techniques [34]. It is based on two 
scalar fields, electron density and reduced density gradient (RDG), to 
map the bonding properties. In addition to the electron density ρ(r), 
Laplacian of electron density ∇2ρ(r), Lagrangian kinetic electron density 
G(r) and the potential electron density V(r) at the bond critical point 
(BCP) have been investigated using Multiwfn software to explore the of 

noncovalent interactions properties of the molecule [35].

2.4. Density functional theory calculations

The molecular mechanism of any molecule is very important to 
envisage its behaviour. Gaussian 16 is an electronic structure modelling 
software and the most used quantum computational program [36]. It 
does electronic-structure calculations and standard quantum chemical 
calculations to predict the energies, molecular structure geometries, and 
vibrational frequencies, along with other molecular properties derived 
from these basic calculations. Density functional theory (DFT) with a 
hybrid functional B3LYP is used to study the molecular system of the 
title compound. The geometry optimization was done using a 6–311+G 
(d,p) basis set for the determination of optimized energy and other 
physicochemical properties (susceptibility χ, chemical hardness η, and 
chemical potential μ) of the compound using Koopmann’s theorem . In 
addition, the frequency calculation was performed to make evident the 
correspondence of the optimized structure with the local minima. The 
geometrical factors such as bond lengths, bond angles, and torsional 
angles were also compared with the crystal structure geometry and 
tabulated [34]. Further NBO calculations were performed using NBO 
3.1 to analyze donor (i) and acceptor (j) to estimate the stabilization 
energy related to the delocalization i → j. The optimization and elec
tronic structure calculations were performed with Gaussian 16 using the 
Gaussview 6 visualizing platform [37].

2.5. Molecular docking studies

The crystal structure is used directly for molecular docking studies to 
study residue interactions, including hydrogen bonds and other in
teractions, and binding energy scores. The original 3D structure 
conformation of PDB (1JIL: Crystal structure of S. aureus TyrRS) was 
downloaded from the Protein Data Bank [38]. The protein was pre
processed by removal of existing ligands addition of polar hydrogens, 
and addition of Kollman’s united atomic charges using Vina [39,40]. 
Then, the protein and ligand were saved in a .pdbqt format file. The 
ligand conformation poses were generated by using orientations within 
the active site of 1JIL using the Lamarckian genetic algorithm. The best 
pose selection was done on the basis of binding affinity, and pose 
retrieval was done by using the non-bonding interaction visualizer in 
Discovery Studio [41]. The non-covalent interaction (hydrogen and π 
based interactions), involving amino acid residues and the centroid ring 
of the ligands, play a vital role in stabilizing the ligand–protein complex, 
enhancing binding affinity, and contributing to the overall biological 
activity and potential inhibitory effect of the compounds toward TyrRS.

3. Results and discussion

3.1. Crystal structure description

3.1.1. Structure conformation description
Single-crystal X-ray diffraction analysis confirmed that both mono- 

and di‑bromo substituted Schiff base compounds crystallized in the 
triclinic space group P1. The ORTEP diagrams for the compounds are 
presented in Fig. 1, with thermal ellipsoids depicted at the 50 % prob
ability level. Both molecule consists of a phenyl and a pyridine ring, 
linked through an azomethine (-CH=N-) moiety. The monobrominated 
phenyl ring of compound 1 is replaced by a dibrominated analogue in 
compound 2, with bromine atoms occupying both meta positions. This 
structural modification provides an opportunity to assess the effect of 
bromine substitution on molecular conformation and supramolecular 
architecture.

Torsion angle analysis reveals that the bridging azomethine chain 
(C6–C7–N1–C8) adopts a +anti-periplanar (+ap) conformation, with 
torsion angles of 178.89◦ and 178.01◦ Additionally, the ester group 

Table 1 
Crystal structure data and refinement parameters of the compounds.

Compound 1 (SV3) Compound 2 (SV2)

CCDC No. 2478,800 2351,696
Empirical formula C15H13Br1N2O3 C15H12Br2N2O3

Formula weight 349.18 428.09
Temperature/K 193 293.15
Crystal system Triclinic Triclinic
Space group P1 P1
a/Å 7.591(3) 7.989(2)
b/Å 9.376(4) 9.060(3)
c/Å 10.891(5) 11.101(3)
α/◦ 106.454(8) 101.119(7)
β/◦ 99.123(8) 93.645(7)
γ/◦ 100.338(8) 99.753(7)
Volume/Å3 713.1(5) 773.2(4)
Z 2 2
ρcalc g/cm3 1.626 1.839
μ/mm-1 2.894 5.256
F000 352.0 420.0
Crystal size/mm3 0.21 × 0.27 × 0.34 0.23 × 0.32 × 0.27
Radiation MoKα (λ = 0.71073) MoKα (λ = 0.71073)
2θ range for data 

collection/◦
6.114 to 54.936 6.106 to 54.968

Index ranges − 9 ≤ h ≤ 7, 
-12 ≤ k ≤ 10, 
-13 ≤ l ≤ 14

− 10 ≤ h ≤ 10, 
-7 ≤ k ≤ 11, 
-13 ≤ l ≤ 14

Reflections collected 4107 4603
Independent reflections 3158 

[Rint = 0.0582, Rsigma =

0.1511]

3470 
[Rint = 0.0538, Rsigma =

0.1150]
Data/restraints/ 

parameters
3158/0/192 3470/0/201

Goodness-of-fit on F2 1.019 0.993
Final R indexes [I>=2σ 

(I)]
R1 = 0.0809, wR2 =

0.1518
R1 = 0.0738, wR2 =

0.1601
Final R indexes [all 

data]
R1 = 0.1769, wR2 =

0.1830
R1 = 0.1108, wR2 =

0.1828
Largest diff. peak/hole / 

e Å− 3
0.49/− 0.65 1.01/− 1.63
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attached to the pyridine ring exhibits a –syn-periplanar (–sp) confor
mation, as defined by the torsion angles C10–C11–C13–O3 = –5.09◦ and 
–1.14◦ respectively. The extended chain segment C13–O3–C14–C15 
displays torsion angles of –167.82◦ and –168.29◦, indicating that it re
mains nearly coplanar with the aromatic ring systems. The dihedral 
angles between the phenyl and pyridine rings are 0.95◦ and 3.20◦, 
respectively, confirming the overall planarity of the molecules (Fig. S8).

3.1.2. Supramolecular assembly description
The molecular structures and crystal packing of both compounds are 

stabilized by a variety of intra- and intermolecular interactions, 
including O–H⋅⋅⋅N, C–H⋅⋅⋅O, C–H⋅⋅⋅N, and π⋅⋅⋅π stacking. Detailed 
hydrogen bond geometries are summarized in Table 2. Prominent 
intramolecular hydrogen bonds, namely O1–H1⋅⋅⋅N1 and C7–H7⋅⋅⋅N2, 
result in the formation of S(6) and S(5) pseudo-rings, respectively, as 
illustrated in Fig. S9. Additionally, the ester functional group contrib
utes to three weak intramolecular hydrogen bonds (C14–H14B⋅⋅⋅O2, 
C12–H12⋅⋅⋅O2, and C10–H10⋅⋅⋅O3), leading to the formation of three 
distinct S(5) ring motifs.

In compound 1, a strong intermolecular hydrogen bond 
(C5–H5⋅⋅⋅O2) connects neighboring molecules into a 1-D chain along the 
crystallographic b-axis. It is further stabilized by π⋅⋅⋅π interactions be
tween aromatic rings (C3⋅⋅⋅C11 and C1⋅⋅⋅C8), contributing to the overall 
packing framework (Fig. 2).

Compound 2 exhibits a notable Br⋅⋅⋅O halogen bonding interaction, 
forming an infinite one-dimensional chain along the b-axis, as depicted 
in Fig. 3(a). These chains are reinforced by an R2

1(6) supramolecular 

synthon, formed via two weak C–H⋅⋅⋅O hydrogen bonds (C5–H5⋅⋅⋅O2 
and C7–H7⋅⋅⋅O2), wherein the carbonyl oxygen of the ester group acts as 
a bifurcated acceptor. These linear 1D motifs are interconnected via 
C–H⋅⋅⋅Br interactions (2.951 Å, 160.78◦) to generate a 2D sheet in the bc- 
plane, as shown in Fig. 3(b). Furthermore, a C14–H14B⋅⋅⋅O1 hydrogen 
bond (2.705 Å, 147.27◦) involving the –CH₂ group of the ester and a 
neighboring molecule across an inversion center contributes to the for
mation of a 3-D supramolecular network. In addition, π–π stacking in
teractions play a crucial role in the packing stability. Two distinct types 
of stacking interactions are observed: parallel face-to-face stacking 

Fig. 1. ORTEP of the mono- and di‑bromo substituted Schiff base derivatives.

Table 2 
Geometry details of hydrogen bonding interactions mono- and di‑bromo 
substituted Schiff base compounds 1 and 2.

Type D-H‧‧‧A D-H H‧‧‧A D‧‧‧A D-H‧‧‧A
Compound 1

Intra O1-H1‧‧‧N1 0.82 1.81 2.543(7) 148
Intra C7-H7‧‧‧N2 0.93 2.39 2.725(8) 101
Interi C5-H5‧‧‧O2 i 0.93 2.57 3.397(8) 148

Type D-H‧‧‧A D-H H‧‧‧A D‧‧‧A D-H‧‧‧A
Compound 2

Intra O1-H1‧‧‧N1 0.82 1.86 2.590 (8) 148
Intra C7-H7‧‧‧N2 0.93 2.38 2.729(10) 102
Interii C5-H5‧‧‧O2 i 0.93 2.40 3.270(9) 155

i . x, − 1 + y, z.
ii . x, − 1 + y, z.
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(C7⋅⋅⋅C8 and C8⋅⋅⋅C7) and centroid–centroid (Cg1⋅⋅⋅Cg2) interactions 
between the aromatic rings of inversion dimers, effectively linking 
adjacent 2D sheets. Additionally, parallel displaced interactions (C1⋅⋅⋅C7 
and C3⋅⋅⋅C8) further enhance the supramolecular architecture of the 
crystal.

3.2. Non-covalent interactions

3.2.1. Hirshfeld surface analysis
Fig. 4 illustrates the Hirshfeld surface (HS) of the mono- and 

di‑bromo substituted Schiff base compounds, mapped over dnorm, shape 

index, and curvedness, effectively highlighting the key regions involved 
in intermolecular interactions.

For compound 1, the dnorm-mapped surface reveals a bright red re
gion near the carbonyl group, corresponding to a prominent C–H⋅⋅⋅O 
hydrogen bond, confirming its contribution to crystal stabilization. 
While compound 2 displays two intense red spots near Br2 and the 
C5–H5 group, as shown in Fig. 4(a). These regions reflect significant 
Br2⋅⋅⋅O1 halogen bonding and C5–H5⋅⋅⋅O2 hydrogen bonding, respec
tively. Additional red regions near the –OH group and carbonyl oxygen 
are attributed to C14–H14B⋅⋅⋅O1 and C10–H10⋅⋅⋅Br1 interactions, which 
play key roles in constructing the 3D packing motif. Smaller, less intense 

Fig. 2. (a) An infinite 1-D chain formed by C–H‧‧‧O contacts (b) 2-D packing construction by π‧‧‧π interactions in mono‑bromo substituted Schiff base compound.

Fig. 3. (a) An infinite 1-D chain formed by C–H‧‧‧O and O‧‧‧Br contacts (b) 2-D packing construction by parallel displaced π‧‧‧π stacking interactions in di‑bromo 
substituted Schiff base compound.
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red spots are observed near C1 and C3 of the phenyl ring, and C8 and C7 
of the pyridine and azomethine moieties, respectively—these corre
spond to π⋅⋅⋅π stacking interactions between aromatic systems.

The presence of these π-stacking interactions is further substantiated 
by the shape index map in Fig. 4(b), where characteristic "bow-tie" 
patterns (alternating red and blue regions) at the centroids of the phenyl 
and pyridine rings signify face-to-face stacking. Complementarily, the 
curvedness map in Fig. 4(c) displays extended flat green regions over the 
azomethine bridge and both aromatic rings, indicating planar surfaces 
conducive to stacking. These analyses collectively affirm the importance 
of hydrogen bonding, halogen bonding, and π interactions in stabilizing 
the crystal lattice of mono and di‑bromo-substituted Schiff base 
derivatives.

3.2.2. Fingerprint and enrichment ratio analyses
The supramolecular architecture of mono‑bromo substituted Schiff 

base compound (compound 1) was elucidated through Hirshfeld surface 
fingerprint analysis (Fig. 5) complemented by enrichment ratio calcu
lations, offering quantitative insights into the nature of intermolecular 
contacts within the crystal. Among the observed interactions, H‧‧‧H 
contacts constituted the largest proportion (38.1 %), reflecting domi
nant van der Waals forces, although their enrichment ratio (ER = 1.05) 
suggests a slight preference consistent with their surface abundance. 
Significant contributions from H‧‧‧Br (13.4 %) and H‧‧‧O (14.6 %) in
teractions were observed, with respective enrichment ratios of 1.33 and 
1.21, indicating a thermodynamic preference for both halogen bonding 
and C–H‧‧‧O hydrogen bonding. Particularly notable is the high 

enrichment of C‧‧‧C contacts (ER = 3.30), which strongly supports the 
presence of π…π stacking interactions that enhance crystal packing ef
ficiency and structural stability. In contrast, contacts involving Br‧‧‧C, 
Br‧‧‧N, and Br‧‧‧Br were significantly underrepresented (ER ≈ 0), sug
gesting these interactions are sterically or electrostatically disfavored 
(Table 3).

FP analysis of di‑bromo substituted Schiff base compound (com
pound 2) gives the quantitative contribution of each contact in which 
H‧‧‧H (26.3 %) and H‧‧‧Br (25.1 %) contacts contribute nearly 51 % of the 
overall contacts of HS. The FP plot mapped over di and de bins is rep
resented in Fig. 6. The scattered points in the middle of FP at de ≈ di ≈

2.2 Å represent H‧‧‧H contacts, which are close to the sum of vdW radii. 
Two wings with the sharp spike at the edges at de + di ≈ 2.9 Å signify the 
halogen-based hydrogen interactions (H‧‧‧Br contacts). The strong 
C–H‧‧‧O hydrogen bonds (14.1 %) are majorly involved in the crystal 
packing, which is shown by the two symmetrical sharp spikes at de + di 
≈ 2.4 Å (Table 3). The horn-shaped scattered plot with peaks at de + di ≈

3.1 Å indicates the C‧‧‧H contacts. Further, C‧‧‧C contacts (8.6 %) are 
important interactions which lead to enriched stacking interactions in 
molecular packing, evident by the characteristic pale blue to the green 
area in the centre at de + di = 3.6 Å.

The Hirshfeld surface analysis of compound 2, complemented by 
enrichment ratio calculations, provides detailed insights into the inter
molecular interactions governing its crystal packing. The most dominant 
interaction was identified as H‧‧‧Br, accounting for 25.1 % of the total 
contacts and exhibiting a significantly high enrichment ratio (ER = 1.5), 
underscoring the preferential formation of halogen bonds within the 

Fig. 4. Normalized (a) dnorm, (b) shape index and (c) curvedness property mapped surface with highlighting interacting regions.
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lattice. Additionally, strong π–π stacking interactions were evidenced by 
the notable C‧‧‧C contact enrichment (ER = 3.0), characteristic of planar 
or aromatic moieties that contribute to extended supramolecular stabi
lization. Directional hydrogen bonding interactions, particularly H‧‧‧O 
(ER = 1.4), further reinforced the structural integrity through moderate 
electrostatic attraction. In contrast, contacts such as Br‧‧‧Br, Br‧‧‧N, and 
O‧‧‧O exhibited markedly low enrichment values (ER < 0.2), suggesting 
their thermodynamic unfavorability and steric incompatibility in the 
crystal matrix. The relatively depleted H‧‧‧H interactions (ER = 0.9), 
compared to compound 1, indicate a packing environment that favors 
specific polar and π-driven interactions over non-directional dispersive 
forces (Table 4).

3.3. Quantum theory of atoms in molecule (QTAIM) analysis

The quantum topological approach is used to compute topological 
parameters at the bond critical points (BCPs) for intramolecular in
teractions of the molecule and intermolecular contacts in dimeric pairs 
to evaluate the nature and strength of these interactions. As we observed 
in the crystal structure analysis, the molecular fragments interact 
through noncovalent interactions like hydrogen bonding, van der Waals 
forces, or π-π stacking interactions to stabilize the crystal packing.

The NCI isosurface of the mono- and di‑bromo substituted Schiff base 
derivative is shown in Figs. 7 and 8. The blue and green coloured regions 
observed in the NCI isosurface are evident in the O–H‧‧‧N, O‧‧‧Br, C–H‧‧‧ 
N, C–H‧‧‧O intracontacts. The observed low-gradient spike in the 2-D 
scatter plots at negative values (− 0.02 to − 0.01 a.u.) is indicative of 
attractive noncovalent interactions. The steric repulsion at the ring 
centres is denoted by the red-coloured spikes in the region (sign(λ2) ρ(r) 
≈ 0.02 a.u.). The Schiff base molecule exhibited strong intramolecular 
interactions, as evidenced by the blue-coloured isosurface in Fig. 8, 
indicative of strong hydrogen bonding.

Furthermore, the molecular interactions of mono- and di‑bromo- 
substituted Schiff base derivatives are also characterized using bond 
critical points. The π⋅⋅⋅π interactions between aromatic rings (C3⋅⋅⋅C11 
and C1⋅⋅⋅C8) in compound 1 are evident from the green-colored region 
in the isosurface, as shown in Fig. S10. In compound 2, the BCPs 
correspond to the intermolecular O1‧‧‧Br2, C7-H7‧‧‧O1, C5-H5‧‧‧O1 
interaction and π‧‧‧π (C3‧‧‧C8, C7‧‧‧C1 and C7‧‧‧C8) are identified and 
characterized (Fig. S4 and Table 5). Using ρ(r) at this BCP, the H-bond 
binding energy in kcal mol− 1 could be evaluated as BE = − 223.08*ρ(r)+
0.7423 [42]. It is shown that the intermolecular O‧‧‧Br contacts are sig
nificant contact with an energy of − 2.8850 kcal/mol. The strength of 
C7-H7‧‧‧O1 and C5-H5‧‧‧O1, hydrogen bonding interactions, are lesser 
compared to O‧‧‧Br with Eint of − 1.7731 and − 2.1337 kcal/mol. Finally, 
weak π‧‧‧π stacking interactions, which are majorly involved in the 

Fig. 5. Fingerprint plots of major inter contacts of the mono‑bromo-substituted compound.

Table 3 
The percentage contribution of individual interaction and enrichment ratio of 
mono‑bromo-substituted compound.

Compound 1 H C O N Br

H 38.1 ​ ​ Actual contacts
C 11.5 9.6 ​ ​ ​
O 14.6 1 0.4 ​ ​
N 5 1.8 0.9 0.5 ​
Br 13.4 0.6 2.7 0 0
Sx 60.35 17.05 10 4.35 8.35
H 36.42 ​ ​ Random contacts
C 20.58 2.91 ​ ​ ​
O 12.07 3.41 1.00 ​ ​
N 5.25 1.48 0.87 0.19 ​
Br 10.08 2.85 1.67 0.73 0.70
EXX ​ ​ ​ Enrichment ratio
H 1.05 ​ ​ ​ ​
C 0.56 3.30 ​ ​ ​
O 1.21 0.29 0.40 ​ ​
N 0.95 1.21 - - ​
Br 1.33 0.00 - 0.00 -
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stabilization of crystal packing of the compound, are shown lesser en
ergy, which is given in Table 5 and depicted in Fig. S11.

3.4. DFT studies

Molecular geometry optimization by an electronic structure method 
was performed using initial atomic coordinates of the crystal structure. 
The best fit between the structural conformation of the optimized and 
crystal structure was evident by the overlay with the rmsd value of 0.149 
and 0.141 Å (Fig. S12 and S13). A comparison of the bond lengths, bond 
angles and torsional angles also shows a good correlation with the 

experimental data (Table S1-S6).
Understanding the frontier molecular orbitals (FMOs) of molecules is 

fundamental to evaluating their electronic structure, reactivity, and 
potential stability in various chemical and biological environments. The 
HOMO–LUMO energy gap (Eg) serves as a critical indicator of these 
properties.

The mono‑bromo-substituted compound exhibited HOMO and 
LUMO energies of − 6.3267 eV and − 2.7451 eV, respectively, resulting 
in an energy gap of 3.5816 eV (Fig. 9a). The associated global reactivity 
descriptors highlight its electronic characteristics: an ionization energy 
(I) of 6.3267 eV, electron affinity (A) of 2.7451 eV, and an electroneg
ativity (χ) of 4.5359 eV. The calculated chemical potential (µ) was 
− 4.5359 eV, indicating the molecule’s electron-donating tendency. Its 
global hardness (η = 1.7908 eV) and softness (s = 0.5584 eV⁻¹) suggest 
moderate resistance to electronic deformation, while an electrophilicity 
index (ω) of 5.7444 eV reflects a reasonable propensity to accept elec
trons in electrophilic environments. For the di‑bromo-substituted Schiff 
base derivative, the HOMO energy was calculated as − 6.4600 eV and 
the LUMO as − 2.8912 eV, yielding an Eg of 3.5688 eV comparable to 
compound 1 (Fig. 10a). This relatively wide energy gap implies low 
chemical reactivity and high electronic stability, attributes that may 
enhance the molecule’s resilience in biological environments and reduce 
the likelihood of spontaneous redox reactions. Collectively, these pa
rameters evident that both molecules show moderate reactivity, good 
thermodynamic stability, and potential applicability in chemical biology 
or materials science, particularly where a controlled electronic response 
is desired (Table 6).

The MEP map is a widely used quantum chemical descriptor for 
visualizing the spatial distribution of electrostatic potential across a 
molecule’s surface. This property is critical for identifying potential sites 
of intermolecular interactions, especially electrophilic and nucleophilic 

Fig. 6. Fingerprint plots of major inter contacts of the di‑bromo-substituted compound.

Table 4 
The percentage contribution of individual interaction and enrichment ratio of 
di‑bromo-substituted compound.

Compound 2 H C O N Br

H 26.3 ​ ​ Actual contacts
C 11.7 8.6 ​ ​ ​
O 14.0 0.9 0.1 ​ ​
N 3.6 2.9 0.1 0.5 ​
Br 25.1 1.4 3.7 0.6 0.5
Sx 53.5 17.1 9.5 4.1 15.9
H 28.6 ​ ​ Random contacts
C 18.2 2.9 ​ ​ ​
O 10.1 3.2 0.9 ​ ​
N 4.4 1.4 0.8 0.2 ​
Br 17.0 5.4 3.0 1.3 2.5
EXX ​ ​ ​ Enrichment ratio
H 0.9 ​ ​ ​ ​
C 0.6 3.0 ​ ​ ​
O 1.4 0.3 0.1 ​ ​
N 0.8 2.1 0.1 0.0 ​
Br 1.5 0.3 1.2 0.0 0.2
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attack, hydrogen bonding, and metal coordination. The color-coded 
MEP surfaces allow direct interpretation of reactive regions: red in
dicates electron-rich (nucleophilic) sites, blue indicates electron- 
deficient (electrophilic) sites, and green/yellow denote neutral poten
tial zones.

For the di‑bromo-substituted Schiff base derivative (Fig. 10b), the 
MEP surface reveals highly electronegative regions around the hydroxyl 
(–OH) and carbonyl (C––O) moieties, with potential values of − 0.0422 
a.u. and − 0.0410 a.u., respectively (Fig. 10(b)). These areas serve as 
favorable sites for electrophilic interaction, such as metal ion coordi
nation or hydrogen bonding. Conversely, positive potential regions are 
concentrated around the phenyl –CH groups (+0.0177 to +0.0268 a.u.), 
the pyridine ring hydrogens (+0.0260 to +0.0273 a.u.), and the ester 
methyl group (+0.0266 a.u.), which may act as electron donors in 
nucleophilic interactions. Interestingly, the substituted bromine atoms, 
Br1 (− 0.0170 a.u., +0.0090 a.u.) and Br2 (− 0.0139 a.u., +0.01142 a. 

u.), exhibit ambivalent behavior with both donating and accepting po
tential, indicating their possible role in halogen bonding or dual-mode 
interactions.

In comparison, the mono‑bromo-substituted Schiff base derivative 
(Fig. 9b) shows similar patterns of electrostatic distribution but with 
distinct localization of charge. The most nucleophilic regions (deep red 
zones) are centered around carbonyl and phenolic oxygen atoms, which 
are key targets for electrophilic reagents or coordination to metal cen
ters. The electrophilic (blue) zones are distributed near hydrogens 
bonded to nitrogen, suggesting their involvement in intramolecular 
hydrogen bonding or external nucleophilic attack. The central aromatic 
and heterocyclic system maintains a relatively neutral potential, sug
gesting a delocalized π-electron environment that contributes to the 
compound’s electronic stability while limiting its polarity-driven reac
tivity. The MEP analyses for both compounds highlight oxygen- 
containing functional groups as key electrophilic sites, and electron- 
deficient hydrogen atoms or alkyl substituents as the primary nucleo
philic centers.

A comprehensive evaluation of the second-order perturbation anal
ysis reveals three major categories of stabilizing interactions within the 
mono‑bromo-substituted Schiff base structure. Most prominently, a 
remarkably high stabilization energy (E(2) = 454.29 kcal/mol) was 
observed for the LP(O3) → LP*(H4) interaction, suggesting strong 
intramolecular hydrogen bond, a possible charge-assisted effect. Addi
tional lone pair (LP) interactions involving oxygen and nitrogen atoms 
with adjacent antibonding orbitals displayed E(2) values ranging from 30 
to 50 kcal/mol, indicating significant lone-pair delocalization that 
contributes to intramolecular stabilization (Table 7). Furthermore, de
localizations such as BD*(C18–C19) → BD*(C16–C24), characteristic of 
π→π* interactions, were associated with high stabilization energies 
(150–237 kcal/mol), consistent with extended conjugation and aro
matic character across the molecular framework. Lastly, hyper
conjugative σ–σ* interactions were evident in donor–acceptor 
transitions between σ bonds, such as C–H and N–C, showing moderate 

Fig. 7. The 3D and 2D plots of AIM associated with NCI mono‑bromo-substituted compound.

Fig. 8. The 3D and 2D plots of AIM associated with NCI di‑bromo-substituted compound.

Table 5 
Topological parameters [ρ(r): electron density, ∇2ρ(r): Laplacian of electron 
density; V(r): potential energy density, G(r): kinetic energy density; H(r): total 
energy density; Eint: kcal mol− 1] for intra and intermolecular interactions of the 
di‑bromo-substituted compound.

Bonding 
interaction

ρ (r) ∇2ρ(r) G(r) V(r) H(r) Eint 

(kcal/ 
mol)

O1-H1‧‧‧N1* 0.0495 0.1083 0.0362 − 0.0454 − 0.0091 − 14.876
O1‧‧‧Br2# 0.0096 0.0325 0.0071 − 0.0060 0.0010 − 2.8850
C7-H7‧‧‧O2# 0.0059 0.0193 0.0040 − 0.0033 0.0007 − 1.7731
C5-H5‧‧‧O2# 0.0071 0.0241 0.0049 − 0.0039 0.0010 − 2.1337
C3‧‧‧C8# 0.0041 0.0151 0.0028 − 0.0018 0.0009 − 1.2321
C7‧‧‧C1# 0.0038 0.0135 0.0024 − 0.0015 0.0008 − 1.1420
C7‧‧‧C8# 0.0034 0.0131 0.0023 − 0.0014 0.0009 − 1.0217

* : intra,.
# : inter.
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Fig. 9. Frontier molecular orbitals along with energy gap and MEP of the mono‑bromo substituted Schiff base compound.

Fig. 10. Frontier molecular orbitals along with energy gap and MEP of the di‑bromo substituted Schiff base compound.
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E(2) values (29–75 kcal/mol), which reflect their role in stabilizing the 
electron density in aliphatic regions and fine-tuning the overall molec
ular conformation.

While in di‑bromo-substituted Schiff base derivative, the natural 
bond orbital analysis results (Table 7) show that σ and π occupancies are 
nearly 1.980 and 1.620e, respectively, for –CH and C–C bonds. The 
analysis of the second-order perturbation theory of the Fock matrix 
yielded stabilization energies (E(2)), which provide insights into the 
strength of various interactions in the molecule, such as bond strengths 
and charge transfer effects. A higher E(2) value is observed between the 
electron donor and acceptor (O1-H1), exhibiting the highest 

stabilization energy of 447.57 kcal/mol. The other donor-acceptor in
teractions, along with their E(2) values, are presented in Table 8.

3.5. Molecular docking studies

Molecular docking analyses targeting the bacterial tyrosyl-tRNA 
synthetase (TyrRS) from Staphylococcus aureus, both mono and 
di‑bromo-substituted Schiff base derivatives (Figs. 11 and 12) exhibited 
substantial binding affinities, underscoring their potential as lead com
pounds for antibacterial development. Di‑bromo-substituted Schiff base 
derivative demonstrated a slightly stronger binding affinity of − 7.3 
kcal/mol, engaging the enzyme’s N-terminal α/β domain primarily 
through a hydroxyl‑mediated hydrogen bond with GLY193 at a distance 
of 3.05 Å. Additional stabilizing interactions included a carbon
–hydrogen bond between the centroid of the ligand ring and GLY193 
(3.94 Å), as well as contact between GLN190 and a carbon atom of the 
ligand (Fig. 12). In contrast, mono‑bromo-substituted Schiff base de
rivative, with a binding affinity of − 6.9 kcal/mol, established a more 
diversified interaction profile. This included multiple hydrogen bonds 
with GLY193, GLN190, and GLN196, π–anion and π–alkyl interactions 
involving ASP195, LEU70, TYR36, and PRO53, and carbon–hydrogen 
bonds with ASP80 and ASP195. π-based interactions, such as π–π 
stacking and π–cation interactions, are essential noncovalent forces that 
significantly influence molecular recognition and stability in biological 
systems. They contribute to the structural integrity of protein–ligand 
complexes, enhance binding specificity and affinity, and play a key role 
in drug–receptor interactions. Understanding these interactions aids in 

Table 6 
The global and local reactive parameters of the compounds based on HOMO and 
LUMO values.

Parameter Compound 1 Compound 2

Ehomo (Hartree) − 0.2325 − 0.2374
Elumo (Hartree) − 0.1008 − 0.1062
Ehomo (eV) − 6.3267 − 6.4600
Elumo (eV) − 2.7451 − 2.8912
Energy gap (Eg) (eV) 3.5816 3.5688
Ionization energy (I) (eV) 6.3267 6.4600
Electron Affinity (A) (eV) 2.7451 2.8912
Electronegativity (χ) (eV) 4.5359 4.6756
Chemical Potential (µ) (eV) − 4.5359 − 4.6756
Global hardness (η) (eV) 1.7908 1.7844
Global softness (s) eV⁻¹ 0.5584 0.5604
Electrophilicity index (ω) (eV) 5.7444 6.1257

Table 7 
Second-order perturbation theory analysis along with their interaction energy of mono‑bromo substituted Schiff base compound.

Occupancy Type Donor Occupancy Type Acceptor E(2) F(i, j) E(i)

1.56571 LP (3) O 3 ​ LP*(1) H 4 454.29 0.59 0.47
0.44493 π* C 18 - C 19 0.29886 π* C 16 - C 24 237.06 0.01 0.083
0.35733 π* C 12 - C 14 0.29886 π* C 16 - C 24 196.28 0.01 0.08
0.20431 π* N 6 - C 22 0.44493 π* C 18 - C 19 174.78 0.01 0.074
0.43708 π* N 7 - C 13 0.32643 π* C 9 - C 10 164.96 0.02 0.087
0.43708 π* N 7 - C 13 0.29475 π* C 20 - C 33 148.63 0.02 0.079
0.24299 π* O 5 - C 8 0.32643 π* C 9 - C 10 132.67 0.01 0.073
1.98188 σ C 33 - H 34 0.00814 σ* C 29 - H 32 75.13 5.39 0.569
1.78766 LP(2) O 2 0.24299 π* O 5 - C 8 47.36 0.34 0.114
1.80487 LP(2) O 3 0.44493 π* C 18 - C 19 38.02 0.32 0.106
1.98188 σ C 33 - H 34 0.01213 π* C 24 - H 25 36.61 1.59 0.216
1.84953 LP(2) O 5 0.0961 σ* O 2 - C 8 31.95 0.64 0.129
1.98403 σ* C 20 - C 33 0.00814 σ* C 29 - H 32 30.38 5.59 0.369
1.98422 σ N 7 - C 33 0.00814 σ* C 29 - H 32 29.35 5.71 0.366
1.63128 π C 9 - C 10 0.43708 π* N 7 - C 13 26.32 0.27 0.076

Table 8 
Second-order perturbation theory analysis along with their interaction energy of di‑bromo substituted Schiff base compound.

Occupancy Type Donor Occupancy Type Acceptor E(2) F(i, j) E(i)

1.57175 LP(3) O1 1.96503 LP*(1) H1 447.57 0.59 0.466
1.78713 LP(2) O3 0.24275 π* O2-C13 47.43 0.34 0.114
1.98792 σ C15-H15C 0.00813 σ* C15-H15A 44.58 5.07 0.425
1.86812 LP(1) N1 1.96503 LP*(1) H1 41.83 0.5 0.142
1.7962 LP(2) O1 0.44937 π* C6-C1 39.28 0.32 0.107
1.98792 σ C15-H15C 0.0041 σ* C15-H15C 34.13 3.57 0.312
1.84934 LP(2) O2 0.09596 σ* O3-C13 31.91 0.64 0.129
1.62811 π C12-C11 0.43825 π* N2-C8 26.51 0.26 0.076
1.98792 σ C15-H15C 0.03333 σ* C7-H7 26.27 1.39 0.171
1.69016 Π N2-C8 0.29393 π* C10-C9 25.53 0.33 0.083
1.56486 Π C6-C1 0.36598 π* C4-C5 24.12 0.27 0.074
1.71618 Π C14-C17 0.3625 π* C15-C19 22.4 0.29 0.073
1.99087 σ C24-C31 0.0041 σ* C31-H33 22.16 3.71 0.256
1.98792 σ C31-H32 0.00813 σ* C31-H34 22.01 5.08 0.299
1.56486 Π C9-C20 0.19966 π* N7-C12 21.95 0.26 0.072

E(2): Stabilization energy.
F(i, j): Off-diagonal Fock matrix element of i and j.
E(i) represents the energy of the donor orbital (i), while E(j) corresponds to the energy of the acceptor orbital (j) in NBO analysis.
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rational drug design by identifying ligands with improved biological 
activity and target selectivity. In the present study, despite the 
marginally weaker binding affinity, the broader and more complex 
π-based interaction network suggests enhanced conformational stabili
zation within the active site, thereby highlighting complementary stra
tegies in ligand design for TyrRS inhibition (Fig. 11).

4. Conclusion

In this study, we investigated the influence of mono- and di‑bromo 
substitution at the meta positions of the phenyl ring in Schiff base de
rivatives. Structural and computational analyses revealed that both 
compounds maintain planarity, with small dihedral angles supporting 
robust π‧‧‧π stacking interactions that stabilize the crystal packing. The 
di‑bromo derivative exhibited additional chalcogen and halogen (Br… 
O) interactions, further enhancing packing stability. Enrichment ratio 
analysis confirmed the significance of π‧‧‧π stacking (enrichment value of 
3.0), while QTAIM analysis highlighted distinctive van der Waals in
teractions between aromatic rings. Overall, meta‑bromo substitution 
had minimal impact on crystal packing but influenced electron density 
distribution within the phenyl ring. Molecular docking studies demon
strated that π-based interactions between ligand centroid rings and 
amino acid residues contribute to enhanced conformational stability 
within the TyrRS active site. These findings provide comprehensive in
sights into how positional substitution governs molecular packing, 
noncovalent interactions, and potential biological activity, offering 
valuable guidance for the rational design of functional crystalline ma
terials and bioactive compounds.

Appendix A. Supplementary data: CCDC 2478800 and 2351,696 
contains the supplementary crystallographic data of the Schiff base 
compound. The data can be obtained free of cost via http://www.ccdc. 
cam.ac.uk/conts/retrieving.html, or from the Cambridge Crystallo
graphic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: 
(+44) 1223–336–033; or e-mail: deposit@ccdc.cam.ac.uk.
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