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A B S T R A C T

In this work, the structural, electronic, vibrational, and biological properties of Kojibiose (KB), a naturally 
occurring disaccharide, were assessed using a combination of experimental and computational methods. The 
molecular geometry was optimized by means of Density Functional Theory (DFT) calculations at the B3LYP/6-
311++G(d,p) level, which yielded comprehensive information on bond lengths, bond angles, dihedral angles, 
and intramolecular hydrogen bonding interactions that stabilize the pyranose ring structure. Whereas NBO and 
HOMO-LUMO analyses demonstrated notable intramolecular charge delocalization and electronic stability, 
vibrational analyses, backed by FT-IR spectra and Potential Energy Distribution (PED), validated distinctive 
functional group frequencies. Significant nonlinear optical response was suggested by topological descriptors and 
NLO property calculations, including dipole moment, polarizability, and first-order hyperpolarizability, while 
UV-Visible spectral analysis revealed prominent electronic transitions, suggesting possible photophysical activ-
ity. Gram-positive Staphylococcus aureus and Gram-negative Escherichia coli were both effectively inhibited by 
antibacterial activity assessed using the agar well diffusion method, with inhibition zones that were comparable 
to those of common antibiotics. The combination of measurable bioactivity, stability, and strong electronic 
properties suggests that KB has promising multifunctional qualities appropriate for optoelectronic and phar-
maceutical applications.

1. Introduction

The constant search for new treatment agents with enhanced efficacy 
and selectivity is fuelled by the fact that cancer is still one of the top 
causes of death globally. In addition to being a food additive and pre-
biotic, Kojibiose (KB) is an uncommon disaccharide made up of two 
glucose units connected by an α-(1→2) glycosidic bond. It has also lately 
attracted attention due to its possible biological and pharmaceutical 
uses. It is a stable, low-calorie sugar alternative that may have health 
benefits. It is naturally present in Gram-positive bacteria as a component 
of cell wall lipoteichoic acids. Notably, it has been discovered that KB 
specifically inhibits α-glucosidase I, an enzyme implicated in glycopro-
tein processing pathways that are frequently increased in viral infections 
and malignancies. The development of therapies derived from KB that 
may have anticancer properties is made possible by this inhibitory 
mechanism. With kinetic values (kcat = 1.1 s⁻¹, Km = 1.05 mM) that 
demonstrate strong biochemical recognition, KB demonstrated great

specificity toward KB phosphorylase (YcjT) in enzymatic investigations, 
making it a suitable choice for drug-target modelling [1–3]. Addition-
ally, KB shares structural similarities with derivatives of kojic acid, 
many of which have demonstrated specific cytotoxicity against colon, 
breast, ovarian, and liver cancer cell lines while sparing healthy cells. 
These results imply that KB has anticancer potential, either directly 
through biological activity or through processes of DNA binding and 
metal ion chelation [4,5]. Although KB exhibits encouraging biological 
properties, not much is known about how it interacts with biological 
systems at the molecular level. Previous studies on KB have mainly 
focused on its biochemical synthesis, enzymatic pathways, and nutri-
tional relevance. However, reports addressing its electronic structure, 
nonlinear optical response, and structure–property correlation with 
antibacterial activity are absent. The present work bridges this gap by 
providing the first integrated experimental and DFT-based investigation 
linking the molecular electronics of KB with its biological and opto-
electronic potential. In this work, we use a set of 6-311++ G(d,p) basis
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set and the B3LYP functional methods to analyse KB in detail. Its spec-
troscopic characteristics are better understood through the use of nu-
clear magnetic resonance (NMR) and ultraviolet-visible (UV-Vis) 
spectral simulations, while structural and dynamic information is pro-
vided by geometric optimization and vibrational assignments. Chemical 
stability and electron transport characteristics can be discovered by the 
use of Frontier Molecular Orbital (FMO) and Density of States (DOS) 
investigations, which include the HOMO–LUMO energy gap. Global 
Reactivity Descriptors (GRDs) and Molecular Electrostatic Potential 
(MEP) mapping are used to further describe electrophilic and nucleo-
philic locations. To investigate intra- and intermolecular interactions, 
bonding properties, and non-covalent interactions, sophisticated 
computational techniques like Natural Bond Orbital (NBO) analysis, 
Electron Localization Function (ELF) and Localized Orbital Locator 
(LOL) are used. The thorough computational approach used in this work 
advances our knowledge of KB at the molecular level and offers a solid 
basis for its possible use in the development of targeted therapies, 
including anticancer medications. This study’s originality lies in the 
integration of experimental and DFT based analysis, establishing a 
connection between the molecule’s electronic structure and its spec-
troscopic, nonlinear optical and antibacterial properties for the first 
time.

2. Experimental details

Without any additional purification, the pharmaceutical component 
KB was utilized after being purchased in powdered form from Sigma-
Aldrich, a reputable chemical supplier. Using a Spectrum Two FT-IR 
Spectrometer (PerkinElmer) fitted with a LiTaO₃ detector, the title 
compound's Fourier Transform Infrared (FT-IR) spectrum was captured 
at room temperature. With a resolution of 0.5 cm⁻¹, the measurements 
were performed in the 4000–400 cm⁻¹ spectral region. With the use of 
nuclear magnetic resonance (NMR) spectroscopy, the molecular struc-
ture was further verified. A Bruker 400 MHz NMR spectrometer was 
used to record the ¹H and ¹³C NMR spectra in dimethyl sulfoxide (DMSO) 
as the solvent.Coupling constants (J) are expressed in Hertz (Hz), and 
chemical shifts (δ) are expressed in parts per million (ppm) with respect 
to tetramethylsilane (TMS) as an internal reference. A Shimadzu UV-
1700 series spectrophotometer was used to measure the compound's 
ultraviolet-visible (UV-Vis) absorption spectra.The measurements were 
carried out with a scanning interval of 0.2 nm and in the wavelength 
range of 200–800 nm. The SRM College of Science in Kattankulathur, 
Tamil Nadu, India, provided all of the spectroscopic characterizations.

3. Computational details

For all quantum chemistry computations, the Gaussian 09 software 
was utilized [6]. Density Functional Theory (DFT) was used to fully 
optimize the target compound's molecular shape utilizing the 6-311++ 

G(d,p) basis set and the B3LYP functional. GaussView 5.0.8 was used to 
see the Frontier Molecular Orbitals (HOMO–LUMO), the optimized 
molecular structure, and the Molecular Electrostatic Potential (MEP) 
map [7].The Potential Energy Distribution (PED) acquired from the 
VEDA 4.0 program was used to carry out the vibrational assignments, 
and the optimized geometry was further utilized to compute the vibra-
tional wavenumbers [8].The Multiwfn program was used to perform 

reduced density gradient (RDG), localized orbital locator (LOL), and 
electron localization function (ELF) investigations in order to investigate 
the electronic structure and non-covalent interactions [9]. The Mulliken 
atomic charge distribution and Natural Bond Orbital (NBO) analysis 
were also calculated at the same theoretical level (B3LYP/6-311++ G(d, 
p)). In addition, the compound's UV-visible absorption spectra were 
captured and examined between 200 and 400 nm in order to compre-
hend its electronic transitions. To construct the ligand and protein 
structures and assess the interaction modes at the active sites of certain 
protein targets, AutoDock Tools 1.5.6 (ADT) [10] was utilized for

molecular docking experiments. Using Koopmans’ approximation, the 
global reactivity descriptors were computed within the conceptual 
density functional theory framework. The following relations were used 
to assess the chemical hardness (η), chemical softness (σ) and electro-
philicity index (ω).

η = E LUMO − E HOMO

2

σ = 1
η

ω =
μ 2 
2η, where, μ = 

E HOMO + E LUMO

2

These descriptors are widely used to assess molecular stability, 
chemical reactivity, and electrophilic character in DFT- based studies 
[11–13].

4. Result and discussion

4.1. Structural analysis

Structural optimization is essential to confirm the molecular stability 
and accurate geometry of KB. The KB molecule's molecular geometry 
was optimized at the B3LYP level using Density Functional Theory (DFT) 
and the 6–311++G(d,p) basis set. Table 1 displays the properties, which 
include bond lengths, bond angles, and dihedral angles. Fig. 1 shows the 
optimized molecular structure and the atom numbering system created 
with Gauss View [14,15]. Its stereo electrical arrangement, which con-
sists of 74 bond angles and 75 bond lengths, is clearly visible. According 
to the optimal geometry table, the C–C bond lengths in KB are within the 
normal range for saccharides. C 3 -C 5 = 1.54 Å, C 5 -C 7 = 1.52 Å, and 
C 13 -C 14 = 1.53 Å, for example, all cluster about 1.52–1.55 Å, confirming 
the stability of the pyranose ring skeleton. The strength of the glycosidic 
and hydroxyl bonds in the disaccharide is confirmed by the C-O linkages, 
which likewise follow typical carbohydrate values: C 3 -O 4 = 1.42 Å, 
C 5 -O 6 = 1.41 Å, and C 9 -O 10 = 1.40 Å, respectively. As shown by O 6 -H 27
= 0.96 Å, O 10 -H 31 = 0.97 Å, and O 15 -H37 = 0.96 Å, the O-H bonds 
regularly occur close to 0.97 Å, confirming the correct geometry of 
hydroxyl groups. Similar to this, C-H bonds are kept within predicted 
ranges, such as C 2 -H 24 = 1.09 Å, C 3 -H 25 = 1.09 Å, and C 14 -H 36 = 1.10 Å. 
Most of the angles in the KB bond angle dataset fall within the typical 
109–113 ◦ range that characterizes sp³-hybridized carbons. For instance,
the tetrahedral geometry is well aligned with C 5 -C 7 -C 9 = 111.46 ◦ ,
O 8 -C 7 -C 9 = 113.43 ◦ , and C 7 -O 8 -H 29 = 107.49 ◦ . Similarly, the sp³ 
arrangement at carbon centres is further confirmed by O 1 –C 9 –O 10 = 

111.82 ◦ and O 10 –C 9 –C 11 = 109.28 ◦ . Weak through-space interactions 
are shown by long intramolecular contacts as O 1 -C 11 (2.35 Å), O 1 -O 12 
(2.82 Å), and O 1 -H 30 (2.07 Å). The molecular structure of KB was further 
confirmed by the ORTEP diagram obtained from single-crystal X-ray 
diffraction. The ORTEP representation with thermal ellipsoids at 50% 

probability is shown in Fig. 1. Together with lengthy O-H and O-C 
contacts, these distortions demonstrate how intramolecular hydrogen 
bonding stabilizes the whole structure. The calculated bond lengths, 
bond angles, and hydrogen bonding interactions provide the foundation 
for all subsequent spectroscopic and electronic analyses which estab-
lishes the reliability of the molecule.

4.2. UV–Visible and DOS spectral analysis

The TD-DFT/B3LYP approach determines the high absorption (λ 
max) of KB using a 6–311++G (d,p) basis set. Table 2 summarizes the 
UV–visible spectrum properties, including excitation energy, main and 
minor contributions of electronic transitions, oscillator strength (f), and 
(λ max) absorption. This prominent absorption band is primarily caused 
by the electron transition from HOMO to LUMO [16]. Three distinct
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absorption bands were detected in the gas phase at 372.76 nm, 314.34 
nm, and 228.27 nm. These bands corresponded to excitation energies of 
3.33 eV, 3.95 eV, and 4.30 eV respectively. A strong HOMO → LUMO 

transition (96%) is the main cause of the first transition at 372.76 nm, 
which has an oscillator strength of 0.0178 and indicates a π → π* exci-
tation. The HOMO → L+2 transition accounts for 92% of the second 
band at 314.34 nm, with an oscillator strength of 0.0033. The HOMO → 

LUMO and HOMO → L+3 contribute just 3% and 3%, respectively. The 
HOMO → L+3 transition accounts for 95% of the third absorption at 
228.27 nm, with a minor contribution from HOMO → L+2 (3%). The 
oscillator intensity of this absorption is 0.0159. These transitions vali-
date the existence of permitted π → π* excitations, which are indicative 
of potential photophysical behaviour and suggest possible relevance in 
the development of bioactive or optoelectronic systems. Clear absorp-
tion maxima (λ-max) in the experimental UV-Vis spectrum allow for a 
reliable comparison of the electronic transitions predicted by TD-DFT.

Table 1
Bond length (Å) and Bond angle (Degree) of KB compound.

Bond
length
(Å)

B3LYP/ 6-
311++G (d, 
p)

Bond
length
(Å)

B3LYP/ 6-
311++G (d, 
p)

Bond 
Angle
( ◦ )

B3LYP/6-
311++G (d, 
p)

O 1 -C 2 1.42 C 11 -H 32 1.09 C 2 -O 1 -
C 11

148.52

O 1 -C 9 1.42 C 11 -H 33 1.09 C 2 -O 1 -
O 12

165.30

O 1 -C 11 2.35 O 12 -H 34 0.96 C 9 -O 1 -
O 12

57.17

O 1 -O 12 2.82 C 13 -C 14 1.53 C 11 -O 1 -
H 30

133.11

O 1 -H 30 2.07 C 13 -O 21 1.42 O 12 -O 1 -
H 30

135.63

C 2 -C 3 1.53 C 13 -H 35 1.09 O 6 -C 5 -
H 26

110.86

C 2 -C 9 2.38 C 14 -O 15 1.41 C 7 -C 5 -
H 26

109.13

C 2 -H 24 1.09 C 14 -C 16 1.52 C 5 -O 6 -
H 27

105.83

C 2 -H 30 1.09 C 14 -H 36 1.10 C 5 -C 7 - 
O 8

107.04

C 3 -O 4 1.42 O 15 -H 37 0.96 C 5 -C 7 - 
C 9

111.46

C 3 -C 5 1.54 C 16 -O 17 1.42 C 5 -C 7 -
H 28

108.30

C 3 -H 25 1.09 C 16 -C 18 1.52 O 8 -C 7 - 
C 9

113.43

O 4 -C 13 1.40 C 16 -H 38 1.09 O 8 -C 7 -
H 28

109.50

O 4 -H 42 2.55 O 17 -H 39 0.96 C 9 -C 7 -
H 28

106.99

C 5 -O 6 1.41 C 18 -O 19 1.42 C 7 -O 8 -
H 29

107.49

C 5 -C 7 1.52 C 18 -C 20 1.54 O 1 -C 9 - 
C 7

110.26

C 5 -H 26 1.09 C 18 -H 40 1.10 O 1 -C 9 -
O 10

111.8204

O 6 -H 27 0.96 O 19 -H 41 0.97 C 2 -C 9 - 
C 7

82.80

C 7 -O 8 1.42 C 20 -O 21 1.43 C 2 -C 9 -
O 10

103.60

C 7 -C 9 1.54 C 20 -C 22 1.52 C 2 -C 9 -
C 11

136.01

C 7 -H 28 1.09 C 20 -H 42 1.09 C 7 -C 9 -
O 10

105.83

O 8 -H 29 0.96 C 22 -O 23 1.43 C 7 -C 9 -
C 11

114.20

C 9 -O 10 1.40 C 22 -H 43 1.09 C 7 -C 9 -
H 30

80.13

C 9 -C 11 1.53 C 22 -H 44 1.09 O 10 -C 9 -
C 11

109.28

C 9 -H 30 2.60 O 23 -H 45 0.96 O 10 -C 9 -
H 30

80.52

O 10 -H 31 0.97 ​ ​ C 11 -C 9 -
H 30

158.10

C 11 -O 12 1.42 ​ ​ C 9 -O 10 -
H 31

104.95

Bond 
Angle
( ◦ )

B3LYP/ 6-
311++G (d, 
p)

Bond 
Angle
( ◦ )

B3LYP/ 6-
311++G (d, 
p)

Bond 
Angle
( ◦ )

B3LYP/ 6-
311++G (d, 
p)

O 1 -C 11 -
H 32

85.04 C 14 -C 13 -
H 35

111.05 C 18 -C 16 -
H 38

108.34

O 1 -C 11 -
H 33

143.18 O 21 -C 13 -
H 35

104.98 C 16 -O 17 -
H 39

106.18

C 9 -C 11 -
O 12

106.31 C 13 -C 14 -
O 15

109.35 C 16 -C 18 -
O 19

106.69

C 9 -C 11 -
H 32

109.61 C 13 -C 14 -
C 16

109.59 O 1 -C 2 - 
C 3

111.25

C 9 -C 11 -
H 33

108.80 C 13 -C 14 -
H 36

106.84 O 1 -C 2 -
H 24

106.84

O 12 -C 11 -
H 32

111.58 O 15 -C 14 -
C 16

111.95 C 3 -C 2 - 
C 9

97.61

O 12 -C 11 -
H 33

111.54 O 15 -C 14 -
H 36

110.75 C 3 -C 2 -
H 24

109.19

Table 1 (continued )

Bond 
Angle
( ◦ )

B3LYP/ 6-
311++G (d, 
p)

Bond 
Angle
( ◦ )

B3LYP/ 6-
311++G (d, 
p)

Bond 
Angle
( ◦ )

B3LYP/ 6-
311++G (d, 
p)

H 32 -C 11 -
H 33

108.90 C 16 -C 14 -
H 36

108.1 C 16 -C 18 -
C 20

109.66

O 1 -O 12 -
H 34

159.41 C 14 -O 15 -
H 37

105.55 C 16 -C 18 -
H 40

108.26

C 11 -O 12 -
H 34

108.37 C 14 -C 16 -
O 17

107.23 O 19 -C 18 -
C 20

112.67

O 4 -C 13 -
C 14

109.08 C 14 -C 16 -
C 18

110.35 O 19 -C 18 -
H 40

110.92

O 4 -C 13 -
O 21

111.42 C 14 -C 16 -
H 38

108.73 C 20 -C 18 -
H 40

108.51

O 4 -C 13 -
H 35

110.93 O 17 -C 16 -
C 18

111.77 C 18 -O 19 -
H 41

106.46

C 14 -C 13 -
O 21

109.30 O 17 -C 16 -
H 38

110.35 C 18 -C 20 -
O 21

110.91

C 18 -C 20 -
C 22

112.86 C 2 -C 3 - 
C 5

109.80 C 20 -C 22 -
O 23

108.25

C 18 -C 20 -
H 42

108.42 C 2 -C 3 -
H 25

109.65 C 20 -C 22 -
H 43

108.61

C 2 -C 3 - 
O 4

107.15 O 4 -C 3 - 
C 5

113.36 C 20 -C 22 -
H 44

109.34

O 21 -C 20 -
C 22

104.44 O 4 -C 3 -
H 25

109.19 O 23 -C 22 -
H 43

111.29

O 21 -C 20 -
H 42

110.41 C 5 -C 3 -
H 25

107.64 O 23 -C 22 -
H 44

111.19

C 22 -C 20 -
H 42

109.74 C 3 -O 4 -
C 13

117.01 H 43 -C 22 -
H 44

108.09

C 13 -O 21 -
C 20

114.47 C 3 -C 5 - 
O 6

108.80 C 22 -O 23 -
H 45

108.51

C 3 -C 5 -
H 26

108.10 C 3 -C 5 - 
C 7

109.74 O 6 -C 5 - 
C 7

110.15

Fig. 1. Optimized ORTEP molecular structures of KB Compound.
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This agreement backs up that the experimental results and the theoret-
ical result are in line with each other [17]. The differences observed 
between the experimental absorption wavelengths and those derived 
from TD-DFT calculations arise from the use of gas-phase approxima-
tions and the inherent limitations of the chosen functional and basis set 
in the theoretical analyses. The experimental spectra, on the other hand, 
are influenced by interactions with the solvent, variations in tempera-
ture and the presence of intermolecular forces. The TD-DFT studies have 
demonstrated that such differences occur frequently, leading to quali-
tative comparison [18,19]. The result, which pulls information from the 
Gaussian log file, was examined and plotted as a graph using the Gauss 
Sum 3.0 tool to get the total density of the state (DOS) curve of the KB 
molecule. Chemical bonding, the molecule's energy gap, and the occu-
pied and virtual molecular orbitals are the primary goals of DOS plots. 
The DOS spectrum uses unique colour coding to show the orbitals' en-
ergy distribution: green denotes the positive part (virtual orbitals) and 
red denotes the negative part (occupied orbitals). The energy gap is a 
key factor in influencing the electrical and optical properties of a 
molecule. It is visually represented in Fig. 2a and 2b by the separation 
between the lowest unoccupied molecular orbital (LUMO) and the 
highest occupied molecular orbital (HOMO). This investigation helps 
determine the stability and reactivity of the KB compound as well as the 
type of electronic transitions within the molecule. According to the 
orbital energy distribution in the DOS plot, HOMO–LUMO excitations 
are the main cause of substantial transitions, which is in agreement with 
the results of UV–visible spectral analysis.

4.3. FT-IR spectrum

The theoretically simulated spectrum obtained at the B3LYP/6-
311++G(d,p) level of theory was compared with the experimental FT-IR 
spectrum of the KB compound, which was recorded in the 4000–400 
cm⁻¹ range [20]. There are 45 atoms in the molecule KB (C₁₂H₂₂O₁₁). 
Since the molecule is non-linear, its 129 models can be divided into 
three primary categories according to the kind of atomic motion:

torsional or wagging vibrations, bending, and stretching. In Fig. 3. and 
Table 3 show the most noticeable vibrations are stretching vibrations, 
which include motions of C–H, O–H, C–O, and C–C bonds and involve 
changes in bond lengths [21]. There are roughly 55 stretching modes in 
KB. Roughly 35 modes are contributed by bending vibrations, which 
include changes in bond angles like H–C–H, O–H, and C–O–C angles. The 
remaining 39 modes are torsional or wagging vibrations, which include 
out-of-plane motions, twisting, or rocking of groups like the sugar ring 
structure, OH, and CH₂. Although precise assignments for each mode 
necessitate computational analysis using techniques like DFT/B3LYP, 
these classifications offer a framework for comprehending the vibra-
tional behavior of the molecule [22]. To account for anharmonicity and 
limitations in the basis set, the theoretical vibrational frequencies were 
scaled by a factor of 0.96. This resulted in a very good agreement with 
the absorption bands that were observed in the experiment. Sacrose, or

Table 2
UV- Vis Absorption Wavelength (λmax) on KB.

Solvent state Absorption band λ max 
(nm)

Excitation Energy 
(eV)

Oscillation Strength 
(f)

Major Contributions Energy (%) Minor Contributions Energy 
(%)

Gas 372.76 3.33 0.0178 HOMO->LUMO (π→π*) (96%) HOMO->L+2 (π→π*) (3%)
314.34 3.94 0.0033 HOMO->L+2 (π→π*) (92%) HOMO->LUMO

(π→π*) 3%
HOMO->L+3 (π→π*) (3%)

228.27 4.30 0.0159 HOMO->L+3 (π→π*) (95%) HOMO->L+2 (π→π*) (3%) 
Experiment 200 ​ ​ ​ ​

Fig. 2a. UV–Visible of KB.

Fig. 2b. DOS spectrum of KB.
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C₁₂H₂₂O₁₁, is a non-reducing disaccharide because it lacks a free carbonyl 
group but has several hydroxyl groups and a glycosidic ether bond. 

The presence of extensive C–O and C–O–C bonding, characteristic of 
sugar molecules, is confirmed by its FT-IR spectrum, which is mainly 
characterized by a strong, broad O–H stretch around 3600–3200 cm⁻¹, 
aliphatic C–H stretches near 3000–2850 cm⁻¹, and intense C–O 

stretching bands in the 1150–1000 cm⁻¹ region [23]. The presence of 
non-hydrogen-bonded hydroxyl groups in the molecular structure is 
indicated by a sequence of strong, sharp bands seen in the high wave-
number region 3690–3580 cm⁻¹. These bands correspond to free O–H 

stretching vibrations. Medium-to-strong intensity bands in the 
3015–2850 cm⁻¹ range, originating from both aromatic and aliphatic 
C–H moieties, confirmed the C–H stretching vibrations. In the 
1475–1350 cm⁻¹ range, the aromatic ring deformation and H–C–H 

bending vibrations are clearly visible and exhibit good agreement with 
the calculated deformation modes. The compound's most distinctive 
spectral feature is the strong C–O stretching band, which is visible in the 
1120–1065 cm⁻¹ range and is in good agreement with the high PED 

contribution that was theoretically predicted [24]. The 1028–750 cm⁻¹ 
region exhibits additional Skeletal and fingerprint vibrations, primarily 
as a result of C–O and C–C stretching and in-plane bending. Additionally, 
below 625 cm⁻¹, torsional and out-of-plane deformation modes emerge, 
which correspond to the τHOCC, τHCOC, and ring-wagging motions that 
the computational model predicted. The FT-IR spectrum shows aliphatic

CH₂/CH₃ stretches at 3034–2991 cm⁻¹ (PED ≈ 48%), mixed aromati-
c/unsaturated C–H stretches at 3114–3047 cm⁻¹ (PED ≈ 48%), and ar-
omatic C–H stretching at 3141/3140 cm⁻¹ (PED 92%). These FT-IR 
spectra confirm the presence of both aromatic and aliphatic frameworks 
in the molecule, supporting its structural rigidity and functional group 
orientation. The overall close correlation between the experimental 
spectrum and the vibrational frequencies and their mode assignments 
obtained by DFT validates the stability and structural integrity of the 
optimized geometry of KB.

4.4. NMR analysis

The chemical shifts of KB were predicted by DFT calculations 
through the GIAO technique is used to predict the theoretical chemical 
shifts for 1 H and 13 C from B3LYP/6–311++G (d,p).and their strong 
agreement with experimental NMR data validates the method's structure 
and dependability. The experimental NMR data of Table 4 and Fig. 4. 
Displayed in the supplied Bruker spectrum was compared to the theo-
retical values [25,26]. The 1 H and 13 C NMR spectra were recorded in 
D₂O (deuterium oxide) as the solvent. Several distinct peaks that are 
characteristic of carbohydrate protons can be seen in the ¹H NMR 
spectrum, which was recorded in the range of roughly 3.3 to 5.5 ppm. 
The ring protons and hydroxyl-bearing methine groups of the glucose 
units are represented by the high-resolution peaks between 3.3 and 4.0

Fig. 3. FT-IR spectrum of KB molecules.

J.J. Laura et al. Journal of Molecular Structure 1360 (2026) 145576 

5 



ppm. Interestingly, downfield signals at 5.08, 5.09, 5.38, and 5.43 ppm 

are indicative of anomeric protons and protons next to glycosidic link-
ages, confirming the presence of α (1→2) glycosidic bonds that are 
typical of KB [27–28]. Theoretical values like H37 (4.80 ppm vs. 3.94 
ppm exp.), H41 (5.08 ppm vs. 5.08 ppm), and H45 (5.43 ppm vs. 5.43 
ppm) show exceptionally high accuracy for the 1H NMR spectrum, 
indicating accurate modeling of hydrogen bonding and ring conforma-
tions. The majority of protons in the sugar ring are found in the 3.4–4.0 
ppm range, and computed shifts (such as H30 at 2.72 ppm versus 3.46 
ppm) typically represent accurate electronic environments. As is com-
mon for sugars, carbon resonances in the ¹³C NMR spectrum range from 

60 to about 100 ppm. Because the glycosidic carbons are not shielded, 
the anomeric carbons show up at 97.62 ppm (C2) and 96.19 ppm (C9). 
89.34 ppm (C11) and 78.39–60.68 ppm for the ring and side-chain 
carbons are two additional noteworthy peaks. These chemical shifts 
validate the β-D-glucopyranosyl-(1→2)-D-glucose linkage and are in 
agreement with pyranose ring structures. Key carbon atoms like C2

(94.49 ppm theoretical vs. 97.62 ppm experimental), C9 (95.14 vs. 
96.19 ppm), and C11 (82.64 vs. 89.34 ppm) have calculated chemical 
shifts in the 13C NMR spectrum that show good correlation, with minor 
deviations probably caused by solvent effects, temperature, and the 
theoretical model's limitations. The anticancer relevance of KB was 
supported by the confirmation of α (1→2) glycosidic linkage, the pres-
ence of multiple hydroxyl groups in the protein, which suggests a strong 
hydrogen bonding potential, and the distinct downfield shifts of the 
anomeric protons (5.08–5.43 ppm) and carbons (96–97 ppm), which 
indicate electron-deficient environments and potential interactions with 
cancer-related targets. Using distinct chemical shift patterns for both the 
proton and carbon nuclei, the NMR data show a pure sample with 
well-defined linkage patterns, which confirms KB's structure, confor-
mation, and stereochemistry.

4.5. Frontier molecular orbital

Frontier molecular orbitals, which include the highest occupied 
molecular orbital (HOMO) and the lowest unoccupied molecular orbital 
(LUMO), are crucial for comprehending the most reactive locations in 
conjugated systems as well as molecular stability and charge transport 
inside molecules [29]. Moderately high energy molecules can easily 
participate in oxidation or nucleophilic reactions and are frequently 
useful electron donors [30]. The KB compound's energy gap (ΔE) and 
HOMO-LUMO visualization are shown in Fig. 5. When determining the 
molecules' chemical reactivity, the energy gap is a crucial factor. It offers 
details on the phenomenon of charge transfer as well. A variety of 
quantum chemical factors are also suggested by the HOMO-LUMO en-
ergies [31]. When the HOMO-LUMO energy gap widens, a molecule's 
polarizability, electron mobility, and adaptability all decrease [32]. The 
FMO parameters—such as the complexes' electrophilicity index, chem-
ical hardness, chemical softness, and electronegativity—that were 
calculated using energy gap values are listed in Table 5.The KB com-
pound has a HOMO–LUMO energy gap (ΔE) of –8.02 eV due to its re-
ported HOMO energy (EHOMO) of 6.78 eV and LUMO energy (ELUMO) 
of –1.24 eV. The molecule's low reactivity and great chemical stability 
are indicated by this significant negative energy difference. The com-
pound's donor-acceptor behaviour is reflected in the electron affinity

Table 3
Experimental and theoretical FT-IR vibrational frequencies of KB.

Calculated frequency 
(cm⁻¹)

Experimental FT-IR 
(cm⁻¹)

Vibrational Assignments + 

(PED %)
Calculated frequency 
(cm⁻¹)

Experimental FT-IR 
(cm⁻¹)

Vibrational Assignments + (PED 

%)

3847 3750 υOH (100) 1375 1350 δHOC (11)
3839 3800 υOH (100) 1365 1350 δHCO (63)
3824 3800 υOH (100) 1339 1330 δHOC (19)
3803 3800 υOH (100) 1323 1300 δHCO (44)
3790 3800 υOH (100) 1292 1300 δHCO (55)
3784 3750 υOH (100) 1259 1250 δHOC (11)
3730 3750 υOH (100) 1244 1250 υCC (10)
3728 3750 υOH (100) 1240 1400 δHCO (26)
3141 3140 υCH (92) 1168 1150 υOC (13) +(24)
3114 3100 υCH(48) 1139 1120 υOC (13)
3096 3100 υCH(48) 1123 1120 υOC (26)
3047 3050 υCH(48) 1117 1100 υCC (16)+ τHCOC (10)+ δHOC 

(14)
3034 3000 υCH (48) 987 1000 υOC (29)
3034 3050 υCH (48) 938 900 υCC (15)
2991 3000 υCH (48 913 900 υCC (10)
1522 1530 τHCCC (18) + δHCH (72) 786 780 υCC (19)
1538 1530 δHCH (85) 650 650 δOCO (24)
1508 1500 δHCH (82) 615 600 τHOCC (25)+ OUT OCOC(16) 
1477 1450 δHOC (24) 588 585 δOCO (10)
1467 1450 τHCCC (20) 588 585 δOCC (10)
1452 1450 δHCO (16) 410 400 δOCC (12)
1446 1450 OUT CCCH (16) 450 450 δCCO (16)
1424 1420 OUT CCCH (10) 489 500 δCCO (10)
1416 1400 δHOC (43) 439 450 τHOCC (68)
1392 1400 τHCOC (15) 406 400 τHOCC (65)

Table 4
Theoretical NMR chemical shift values of KB.

Atom Theoretical 
Chemical 
Shift in ppm

Experimental 
chemical shift 
in ppm

Atom Theoretical 
Chemical 
Shift in ppm

Experimental 
chemical shift 
in ppm

C13 63.43 60.68 H24 26.99 3.63
C7 67.65 69.64 H44 27.18 3.71
C3 70.60 70.04 H38 27.44 3.75
C16 71.21 71.54 H28 27.70 3.76
C18 71.17 71.71 H25 27.83 3.79
C14 72.06 72.68 H43 27.78 3.80
C20 74.00 74.35 H36 27.90 3.82
C5 75.01 75.75 H33 27.99 3.84
C22 78.68 78.39 H31 28.21 3.87
C11 82.64 89.34 H40 28.71 3.92
C9 95.14 96.19 H39 31.14 3.94
C2 94.49 97.62 H37 31.33 4.80
H30 2.72 3.46 H41 31.45 5.08
H32 2.99 3.53 H34 31.84 5.09
H35 2.86 3.54 H27 32.06 5.38
H42 2.22 3.55 H29 32.16 5.42
H26 2.67 3.61 H45 32.85 5.43
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(EA), which is 1.24 eV, and the ionization potential (IP), which is 
determined by subtracting the HOMO energy. A balanced distribution of

electron density is shown by the predicted chemical potential (μ) and 
electronegativity (χ), which are 2.77 eV and –2.77 eV, respectively. The 
molecule's resistance to charge deformation is demonstrated by its 
chemical softness (σ) of -0.12 eV⁻¹ and chemical hardness (η) of -4.01 eV. 
The KB compound appears to be more likely to donate electrons than to 
accept them, as indicated by the electrophilicity index (ω) of -0.96 eV 
and the nucleophilicity index of -1.04 eV⁻¹. It also supports its greater 
donor features with calculated electron donor power (ω⁻) of 0.15 eV and 
electron acceptor power (ω⁺) of -0.07 eV. With a maximal electronic 
charge transfer (ΔN_max) of -0.69 eV, it can interact with an electro-
philic or nucleophilic environment with a moderate ability to transfer 
charges. HOMO–LUMO analysis provides insight into the chemical sta-
bility, reactivity, and electron donor–acceptor behaviour of KB. The

Fig. 4. Chemical shift KB with 1H and 13C.

Fig. 5. E HOMO , E LUMO , and energy Gap of KB molecules.

Table 5
Chemical stability & reactivity on KB molecules.

Electronic Properties Values eV Electronic Properties Values eV

E HOMO (eV) -6.78 eV Chemical hardness (ɳ) -4.01 eV
E LUMO (eV) 1.24 eV Chemical softness (σ) -0.12eV -1

EHOMO–ELUMO (eV) -8.02 eV Electrophilicity Index (ω) -0.96eV
Ionization potential (IP) -6.78 eV Nucleophilicity Index 1/ -1.04 eV -1

Electron affinity (EA) 1.24 eV Electron donor power (ω - ) 0.15 eV
Electronegativity(χ) -2.77eV Electron acceptor power (ω + ) -0.07 eV
Chemical potential (μ) 2.77eV ΔNmax (eV) -0.69 eV
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energy gap helps to explain its low reactivity, potential biological and 
electronic applications of the molecule

4.6. Mulliken charge distribution

Mulliken charge analysis is a widely used technique for evaluating a 
molecule's chemical and physical properties. Mulliken charges are used 
to detect electrophilic and nucleophilic regions by determining the 
structure's positive and negative charge density regions. Understanding 
how the molecule might interact with other chemical species or bio-
logical targets requires knowledge of this information [33–35]. Mulliken 
charge analysis, calculated at the B3LYP/6-311++G(d,p) level of the-
ory, was carried out for the KB molecule in the current work. With this 
method, the electron distribution across the molecule structure may be 
thoroughly examined, and possible locations for reactivity and inter-
molecular interaction can be assessed. The distribution of Mulliken 
charges for compound KB is seen in Table 6. The findings show that the 
oxygen atoms (O 4 , O 6 , O 8 , O 10 , O 12 , O 15 , O 17 , O 19 , O 21 , and O 23 ) have 
noticeably negative charges between –0.44 and –0.57 eV, which is 
indicative of their strong electron-withdrawing nature and high elec-
tronegativity. It is probable that these atoms will function as potent 
nucleophilic sites, able to participate in electrostatic interactions such as 
hydrogen bonding. In terms of nucleophilic potential, O 17 appears to be 
the most reactive oxygen site among them due to its largest negative 
charge (-0.57 eV).A number of hydrogen atoms, however, have signifi-
cant positive charges (H 27 = 0.31 eV, H 29 = 0.31 eV, H 31 = 0.32 eV, H 37
= 0.32 eV, and H 39 = 0.32 eV), which suggests that they participate in 
strong hydrogen bonding interactions with electron-rich sites. To further 
strengthen their electropositive nature, these hydrogen atoms are usu-
ally bound to electronegative oxygen atoms. Different levels of charge 
were displayed by the carbon atoms in the structure: C 13 had the most 
positive charge (0.34 eV), while C 2 had the lowest charge (–0.24 eV). 
This variability may affect the chemical reactivity of KB by emphasizing 
localized electronic environments within its molecular framework, 
especially in biological interactions or docking with active sites.

4.7. NBO analysis

In molecular systems, the NBO analysis is a beneficial technique for 
elucidating intramolecular and intermolecular bondings as well as in-
teractions between bonds. The analysis of charge transfers or hyper-
conjugation interactions inside the molecules is also made easier show in 
Fig. 6. The degree of conjugation throughout the system is facilitated by 
the interactions between electron donors and electron acceptors inten-
sifying when the stabilizing energy E (2) associated with electron delo-
calization between donor and acceptor in the NBO analysis is significant 
[36,37].In accordance with the findings of the NBO analysis, the sys-
tem's standard orientation is specified in the Gaussian output file. The

delocalization stabilization energy E (2) is computed for each donor NBO 

(i) and acceptor NBO (j). The KB molecule's NBO analysis is carried out 
using the DFT/B3LYP/6-311++G(d,p) method [38]. In Table 7, a 
number of NBO values are displayed. Stabilization energy E (2) was used 
to study the transitions of electron interactions between donors and 
acceptors, indicating strong interactions. With a very high stabilization 
energy E (2) = 137.88 kcal/mol, the highest hyperconjugative interaction 
is seen between the bonding orbital of O 1 –C 2 (σ) and the antibonding 
orbital C 2 –H 30 (σ*), suggesting considerable charge delocalization. 
Additionally, O 1 –C 2 (σ*) and O 1 –C 9 (σ*), which have comparable E (2) 

values of 67.71 and 31.58 kcal/mol, respectively, get electron donations 
from the C 2 –H 30 (σ) orbital. These interactions reinforce molecule sta-
bility by indicating a strong intramolecular donor–acceptor connection. 
Significant contributions are also made via lone pair (LP) interactions. In 
order to stabilize the structure, lone pair–bond interactions are crucial. 
The LP (2) of O 12 donates to O 1 –C 2 (σ*) with an E (2) value of 17.17

Table 6
Mulliken charges of the compound KB.

Atoms Charges (eV) Atoms Charges (eV) Atoms Charges (eV)

O 1 -0.07 C 16 0.138408 H 31 0.34
C 2 -0.24 O 17 -0.56913 H 32 0.09
C 3 0.11 C 18 0.128424 H 33 0.04
O 4 -0.51 O 19 -0.55572 H 34 0.13
C 5 0.10 C 20 0.161816 H 35 0.14
O 6 -0.54 O 21 -0.51612 H 36 0.09
C 7 0.19 C 22 0.011316 H 37 0.34
O 8 -0.52 O 23 -0.52219 H 38 0.11
C 9 0.27 H 24 0.072414 H 39 0.34
O 10 -0.52 H 25 0.125452 H 40 0.08
C 11 0.03 H 26 0.140955 H 41 0.31
O 12 -0.44 H 27 0.307535 H 42 0.17
C 13 0.34 H 28 0.109387 H 43 0.05
C 14 0.19 H 29 0.312361 H 44 0.10
O 15 -0.55 H 30 0.27714 H 45 0.30

Fig. 6. Intra- and intermolecular hydrogen bonding of KB.

Table 7
Fock matrix analysis using second order perturbation theory in NBO.

Donor
(i)

Type Acceptor
(j)

Type E (2) (kcal/ 
mol 1 )

E (j)-E(i) 
(a. u.)

F (i, j) (a. 
u.)

O 1 - C 2 σ O 1 - C 2 σ* 17.58 1.27 0.134
O 1 - C 2 σ C 2 - H 30 σ* 137.88 2.38 0.514
O 1 - C 9 σ C 2 - H 30 σ* 26.22 2.33 0.225
O 1 - C 9 σ C 11 - O 12 σ* 10.72 1.03 0.095
C 2 - C 3 σ C 2 - H 30 σ* 25.5 2.21 0.219
C 2 - H 24 σ C 2 - H 30 σ* 21.99 2.1 0.199
C 2 - H 30 σ O 1 - C 2 σ* 67.71 1.32 0.273
C 2 - H 30 σ O 1 - C 9 σ* 31.58 1 0.163
C 2 - H 30 σ C 2 - H 30 σ* 20.48 2.43 0.203
C 2 - H 30 σ C 9 - C 11 σ* 23.63 1.14 0.152
C 9 - C 11 σ O 1 - C 2 σ* 9.85 1.07 0.095
C 11 -

O 12

σ O 1 - C 2 σ* 23.15 1.32 0.161

O 1 LP
(1)

O 1 - C 2 σ* 9.53 0.96 0.086

O 1 LP
(1)

C 2 - C 3 σ* 9.62 0.88 0.084

O 1 LP
(1)

O 12 - H 34 σ* 14.06 0.96 0.104

O 1 LP
(2)

O 1 - C 2 σ* 12.75 1.06 0.104

O 1 LP
(2)

O 12 - H 34 σ* 44.4 1.06 0.197

O 4 LP
(2)

C 13 - O 21 σ* 10.91 0.63 0.075

O 10 LP
(2)

O 1 - C 9 σ* 21.39 0.62 0.105

O 12 LP
(2)

O 1 - C 2 σ* 17.17 1.1 0.125

O 12 LP
(2)

O 12 - H 34 σ* 9.78 1.09 0.093

O 1 - C 2 σ* C 2 - H 30 σ* 18.42 1.11 0.313
O 1 - C 9 σ* C 9 - O 10 σ* 15.19 0.07 0.083

J.J. Laura et al. Journal of Molecular Structure 1360 (2026) 145576 

8 



kcal/mol, while O 1 LP(2) → O 12 –H 34 (σ*) provides 44.40 kcal/mol. At 
21.39 kcal/mol, O 10 LP(2) → O 1 –C 9 (σ*) also exhibits a significant sta-
bilization. Additional significant interactions that show extensive delo-
calization throughout the molecule's bonding framework include 
C2–H24 (σ) → C2–H30 (σ*) (E (2) = 21.99 kcal/mol), C 9 –C 11 (σ) → O 1 –C 2 
(σ*) (E (2) = 9.85 kcal/mol 1 ), and C 11 –O 12 (σ) → O 1 –C 2 (σ*) (E (2) = 23.15 
kcal/mol). Significant intramolecular charge delocalization is confirmed 
by the NBO analysis, supporting the overall conjugation, stability, and 
reactivity of the KB molecule. Additionally, it demonstrates strong 
donor-acceptor interactions via lone pair orbitals and bonding.

4.8. Topology parameters

The surface density of the electron pair can be estimated using the 
topological characteristics, such as LOL and ELF [39]. These are the 
areas of the molecular area that are most likely to contain each pair of 
electrons. Multiwfn 3.8 produced a contour map and color file projec-
tion map of ELF for the KB molecule, which are seen in Fig. 7a and 7b 
both bound and nonbonded local electron pairs are included in the 
electron pair density and scheme configuration, which is generally 
represented by ELF on a scale of 0 to 1.0. The supplied molecule's 
electron field is delocalized if the value is less than 0.2. The ELF map of 
the KB molecule clearly shows regions of high localization (ELF > 0.8) in 
regions that correspond to lone pairs and bonding electron pairs, 
particularly around electronegative elements like oxygen, which in-
dicates strong covalent connections. On the other hand, delocalized 
electrons, which are frequently associated with π-conjugation or steric 
repulsion, are suggested by low ELF values (< 0.2) found in specific 
molecular areas. Likewise, LOL characterizes the majority of the local-
ized orbital coverage, and the map surface falls between 0 and 1 [40,41]. 
High values in σ-bonding regions (LOL > 0.7) on the KB LOL map sug-
gest localized orbital density, although relatively lower values in some 
extended molecular domains indicate partial delocalization. The distri-
bution of localized and delocalized electron densities within the KB 
molecule is thus clearly shown by the ELF and LOL investigations. These 
results are consistent with the study's main goal, which is to investigate 
the KB compound's electrical structure and bonding characteristics. The 
structural stability, electrical configuration, and possible biological or 
pharmacological significance of the chemical are all supported by the 
information gleaned from ELF and LOL maps.

4.9. MEP analysis

A colour band is used by the Molecular Electrostatic Potential (MEP) 
surface to show how electrostatic potential is distributed throughout a 
molecule, which aids in locating reactive regions. Red < orange < yel-
low < green < blue are the possible increases in order. Whereas blue

indicates locations that lack electrons (nucleophilic sites), green in-
dicates neutral zones, and red indicates areas that are abundant in 
electrons (electrophilic sites). Understanding electrophilic and nucleo-
philic elements of chemical reactions, such as intramolecular charge 
transfer, hydrogen bonding, and other molecular interactions, requires 
the use of MEP analysis. It is possible to distinguish between areas 
vulnerable to electrophilic and nucleophilic attacks by mapping the 
electrostatic potential at different points on the molecular surface [42, 
43].As can be seen in Fig. 8 the MEP map of the KB compound displays a 
consistent electrostatic potential pattern with distinct reactive site 
distinction. The oxygen atoms of the hydroxyl and glycosidic groups are 
the most negatively charged areas (red) in both maps, indicating that 
they are the primary electron-rich sites linked to strong hydrogen-bond 
acceptance and electrophilic attack. In order to identify the hydroxyl 
hydrogens and the anomeric carbon as electron-deficient centers that 
are vulnerable to nucleophilic attack and function as hydrogen-bond 
donors, positive areas (blue) are seen surrounding them. In contrast, 
the C–C and C–H bonds primarily show neutral to slightly positive po-
tential (green to light blue), suggesting comparatively little reactivity in 
comparison to anomeric and oxygen-rich regions. These carbon bonds 
primarily support the molecule's steric profile and structural makeup. 
The worldwide distribution of the MEP surface is shown in Figure 7, 
whereas the localized reactive centers, including the relative neutrality 
of the carbon backbone, are more clearly distinguished in Fig. 8. When 
taken together, the two representations show that the carbon framework 
stabilizes the molecule conformation and supports hydrogen-bonding 
networks, while the polar oxygen functions of KB play a major role in 
determining its reactivity.

4.10. Antibacterial activity

The antibacterial activity of kojibiose was evaluated using the agar 
well diffusion method against Escherichia coli and Staphylococcus aureus. 
The results in Fig. 9. show the diameter of inhibition zones (mm). 
Kojibiose exhibited significant inhibition against E. coli with inhibition 
zones of 15 mm at 125 µg and 12 mm at 250 µg, while Streptomycin 
(positive control) produced a consistent inhibition zone of 23 mm. 
Similarly, for S. aureus, kojibiose displayed measurable activity, 
showing inhibition zones of 15 mm at 125 µg and 12 mm at 250 µg, 
compared to 23 mm for the standard antibiotic. The negative control 
(DMSO) showed no inhibitory effect, confirming the reliability and 
specificity of the assay. These findings demonstrate that kojibiose ex-
hibits notable antibacterial activity against both E. coli and S. aureus. 
Although the inhibition zones were slightly smaller than those of 
Streptomycin, kojibiose still showed effective antibacterial potential 
warranting further exploration. The comparable activity against E. coli 
(Gram-negative) and S. aureus (Gram-positive) suggests that kojibiose

Fig. 7a. ELF (colour-filled map with contour-Line Map) on KB.
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has a broad-spectrum antibacterial effect and can interact efficiently 
with different bacterial cell wall structures [44–47]. The presence of 
multiple hydroxyl groups in kojibiose may enhance its ability to form 

hydrogen bonds with bacterial cell components, contributing to its 
inhibitory action. Overall, these observations indicate that kojibiose, 
being a naturally derived disaccharide, could serve as a potential 
bioactive compound for antibacterial applications. Further studies 
involving minimum inhibitory concentration (MIC) determination and 
structure–activity relationship (SAR) analysis are recommended to 
elucidate its mechanism of action and therapeutic potential.

4.11. Nonlinear optical properties

The nonlinear optical properties were assessed at the B3LYP/6-
311++G (d,p) level, with the results presented in table. The total dipole 
moment (μ total = 5.71 D) indicates strong molecular polarity and effi-
cient intramolecular charge transfer between donor and acceptor areas,

which improves second-order NLO activity [48,49]. The isotropic 
polarizability (α = 159.26 a.u) and anisotropy (Δα = 32.35 a.u) show 

significant electronic delocalization and directional polarizability, 
indicating good molecule response to external electrical fields [50,51]. 
The first order hyperpolarizability (β total = 251.93 a.u. = 2.18 × 

10 -30 esu) suggests a substantial second-order NLO response, dominated 
by β x and β y components, implying charge redistribution primarily in-
side the molecular plane. The second hyperpolarizability (γ = 1.57 × 

10 5 a.u) enhances the molecule’s ability to perform third-order optical 
operations like limiting and modulation. The calculated second order 
polarisability values are comparable in magnitude to those observed for 
other organic NLO-active molecules examined using similar DFT tech-
niques. The current findings align with previously published work and 
reinforce the notion that the molecule is suitable for nonlinear optical 
application [52,53].

The Table 8 high μ, α, β and γ values indicate that the investigated 
molecule has significant nonlinear optical efficiency due to prolonged 
π-conjugation and strong intramolecular charge-transfer properties. The 
nonlinear optical property is complexly connected to the moderate 
HOMO-LUMO band gap of the molecule, facilitating charge movement 
between molecules and enabling electronic polarization to occur. This 
characteristic is frequently observed in organic NLO materials. The 
functional nonlinear optical property of this molecule arises from its 
oxygen-rich structure and uneven charge distribution, which promote 
effective intramolecular charge transfer and enhance electronic polar-
izability, leading to a significant first order hyperpolarizability as 
demonstrated by DFT calculations [54]. Strong molecule polarity and

Fig. 7b. LOL (colour-filled map with contour-Line Map) on KB.

Fig. 8. MEP Map of KB Compound.

Fig. 9. Antibacterial activity of kojibiose against E. coli and S. aureus. 
Table 8
The calculated dipole moment (μ), polarizability (α), first-order hyper-
polarizability (β), and second hyperpolarizability (γ) using B3LYP/6-311++G(d, 
p) level.

NLO Properties DFT/
B3LYP

NLO Properties DFT/B3LYP

(a) Dipole moment 
(μ) Debye

​ (c) First-order 
Hyperpolarizability (β)

​

μ x 3.2412 β xxx 94.5239
μ y 4.6333 β xxy 78.6314
μ z 2.2525 β xyy 1.2748
μ total 5.7146 β yyy 98.6980
​ ​ β xzz − 0.9769
(b) Polarizability ​ β yzz 3.4924
α xx 176.960 β zzz − 0.3112
α yy 159.519 β xyz − 33.9085
α zz 141.295 β total (a.u.) 251.9282
<α> 159.2580

a.u. 
β total (e.s.u.) 2.18 × 10⁻³⁰

esu
Δα 32.3500 a. 

u.
γ (a.u.) 1.57 × 10⁵ 

a.u.
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electronic flexibility are indicated by the computed total dipole moment 
of 5.71 Debye and mean polarizability of 159.26 a.u., which can 
encourage electrostatic interactions and hydrogen bonding with bacte-
rial cell components. Additionally, improved intramolecular charge 
transfer is reflected in the unusually high first-order hyperpolarizability 
(β = 2.18 × 10⁻³¹ esu), which may facilitate interaction with bacterial 
membranes and hence assist the antibacterial activity.

4.12. Topological aspects

The optimized chemical structure of a molecule can be transformed 
into a molecular graph (G), where vertices represent atoms and edges 
represent bonds. In this graph, the degree dG(i) of a vertex i denotes the 
number of edges incident to it, while the distance dG(i,j) between any 
two vertices {i,j} refers to the shortest path connecting them. The 
objective of this study is to apply the QSAR/QSPR approach using 
various degree-based topological descriptors to theoretically assess 
pharmacological activity. In chemical graph theory, molecular proper-
ties are inherently linked to structural features. This field enables the 
representation of molecules as graphs and facilitates the development of 
quantitative structure–property/activity relationship (QSPR/QSAR) 
models [55]. These models predict chemical behavior by correlating 
structural descriptors with physical, chemical, or biological properties. 
A typical QSAR/QSPR study involves three main steps: structure rep-
resentation, descriptor calculation, and model development. Among 
various descriptors, topological indices provide a simple yet powerful 
means of converting structural information into numerical values that 
can be linked to molecular activity [56,57]. The topological indices used 
to predict the quantitative properties of the molecular structure, namely 
Kojibiose, contain the compound formula C 12 H 22 O 11 compound weight 
of 342.30 g/mol. Using various degrees-based topological indices such 
as Randic χ(G), Zagreb M1 (G) and M2 (G), Atom bond connectivity ABC 
(G), Sum connectivity SC (G), Geometric arithmetic GA (G), Harmonic H 

(G), third Zagreb ZG3 (G), Second Hyper-Zagreb HM2 (G), Forgotten F 
(G), and Symmetric division deg SSD (G). The above-mentioned 
degree-based topological indices are suitable for studying drug discov-
ery that is used to prevent enormous biological activity. The KB mole-
cules are analysed in this work utilising a range of degree-based 
topological markers through Fig. 10.

4.12.1. Definitions and mathematical aspects
Let G be the graph of KB, and E (i, j) denote the class of edges of G 

connecting vertices with degree i to degree j. From the neglected 
hydrogen of the KB chemical structure, observe the number of edges and 
the vertices that |E 1,2 | = 4, |E 1,3 | = 2, |E 2,2 | = 4, |E 2,3 | = 6, |E 2,4 | = 1, | 
E 3,3 | = 4 and |E 3,4 |= 3

Definition 1. The Randic index is a well-established topological 
descriptor frequently applied in modeling chemical reactions and

pharmacological properties, especially within QSAR and QSPR frame-
works. It has been effectively utilized in the study of extremal trees 
associated with domination numbers [58]. Introduced by Randic, this 
index is defined on a graph G with a vertex set V(G) and edge set E(G), as 
described below:

x(G) = ij ∈ E(G)1didj

[i] The result derived through the application of Definition 1 is 
outlined below:
ᵡ(KB)=4 × 11 × 2+2 × 11 × 3+4 × 12 × 2+6 × 12 × 3+1 × 12 × 

4+4 × 13 × 3+3 × 13 × 4
χ(KB) = 2.8284 + 1.1547 + 2.0000 + 2.4494 + 0.3536 + 1.3332 + 

0.8661 = 10.986 Definition 2. The Zagreb indices were intro-
duced nearly three decades ago by Gutman and Trinajestic [59]. 
These include the first and second Zagreb indices, which are defined 
as follows:

M1G = ij ∈ E(G)(di + dj)

and

M2(G) = ij ∈ E(G)didj

[ii] The result derived through the application of Definition 2 is 
outlined below:
M 1 (KB) = 4 × (1+2) +2 × (1+3) + 4 × (2+2) +6 × (2+3) +1 × 

(2+4) +4 × (3+3) + 3 × (3+4) = 117
M 1 (KB) = 117
and
M 2 (KB) = 4 × (1 × 2) + 2 × (1 × 3) + 4 × (2 × 2) + 6 × (2 × 3) + 1 × 

(2 × 4) + 4 × (3 × 3) + 3 × (3 × 4)
M 2 (KB) = 146

Definition 3. The ABC index was established by Estrada et al. in 1998 
and has been applied to the investigation of the strength of alkanes and 
strain energy of cycloalkanes [60]. The ABC index is defined as:

ABCG = ij ∈ E(G)di + dj − 2di × dj

[iii] The result derived through the application of Definition 3 is 
outlined below:
ABC(KB) = 43-21 × 2+2 × 4-21 × 3+4 × 4-22 × 2+6 × 5-22 × 3+1
× 6-22 × 4+4 × 6-23 × 3+3 × 7-23 × 4
ABC(KB) = 4 × 0.7071 + 2 × 0.8165 + 4 × 0.7071 + 6 × 0.7071 + 4
× 0.6667 + 3 × 0.6455 =16.843 Definition 4. The increasing 
relevance of the connectivity index has led to the development of 
several variants, as documented in the literature. Among them, the 
sum-connectivity index (SC) and the atom-bond connectivity (ABC) 
index have gained considerable attention, particularly for their 
effectiveness in biological activity prediction. The ABC index was 
formulated based on the foundational principles of the SC index [61]. 
A newly introduced variation of the SC index is defined as follows:

SCG = ij ∈ EG1di + dj

[iv] The result derived through the application of Definition 4 is 
outlined below:

SC(KB) = 413+2 × 14+4 × 14+6 × 15+1 × 16+4 × 16+3 × 17 
SC(KB) 4 × 0.5774 + 2 × 0.5 + 4 × 0.5 + 6 × 0.4472 + 1 × 0.4082 +
4 × 0.4082 + 3 × 0.3779 = 11.168.

Definition 5. The geometric–arithmetic (GA) index was introduced by 
Vukićević and Furtula, drawing inspiration from the Randić

Fig. 10. Hydrogen depleted of KB compound.
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connectivity index. In their work, they also established both upper and 
lower bounds for the GA index and identified that the star graph and 
path graph correspond to the minimum and maximum GA values, 
respectively [62]. This modified GA index is now commonly used to 
predict various physical properties of chemical structures and is defined 
as follows:

GA G = ij ∈ E(G)2di × djdi + dj

[v] The result derived through the application of Definition 5 is 
outlined below:

GA(KB) = 421 × 23+2 × 21 × 34+4 × 22 × 24+622 × 35+1 × 22 × 

46+4 × 23 × 36+3 ×23 × 47
=4 × 0.9428 + 2 × 1.7321 + 4 × 1.0 + 6 × 1.0954 + 1 × 0.9428 + 4
× 1.0 + 3 × 0.9903= 23.294

Definition 6. The Harmonic index, sometimes considered a variant of 
the Randic index, was first introduced by Favaron et al. It serves as an 
important topological descriptor for predicting physical properties of 
molecular structures [63]. The modified Harmonic index H(G) is defined 
as follows:

HG = ij ∈ E(G)2di + dj

[vi] The result derived through the application of Definition 6 is 
outlined below:

H(KB) =423+2 × 24+4 × 24+6 × 25+1 × 26+4 × 26+3 × 27
H(KB) = 2.6667 + 1 + 2 + 2.4 + 0.3333 + 1.3333 + 0.857 = 10.590

Definition 7. The third Zagreb index, originally introduced by Gut-
man et al. over four decades ago, has since inspired the development of 
several alternative forms of this topological descriptor [64,65]. One such 
variation is defined as follows:

ZG3(G) = ij ∈ E(G)di − dj

[vii] The result derived through the application of Definition 7 is 
outlined below:

ZG 3 (KB) = 41-2+2 × 1-3+4 × 2-2+6 × 2-3+1 × 2-4+4 × 3-3+3 × 

3-4
ZG 3 (KB) = 4 × 1 + 2 × 2 + 4 × 0 + 6 × 1 + 1 × 2 + 4 × 0 + 3 × 1 = 

19

Definition 8. The second Hyper-Zagreb index is a degree-based to-
pological index that effectively captures key molecular characteristics. 
The HM₂ index has been studied across various graph structures, and 
several bounds have been established. Moreover, literature reports have 
explored linear regression analyses linking degree-based indices with 
physical properties, such as the boiling points of benzenoid hydrocar-
bons [66,67]. The second Hyper-Zagreb index HM 2 (G)is defined as 
follows:

HM2G = ij ∈ E(G)(di + dj)2

[viii] The result derived through the application of Definition 8 is 
outlined below:

HM 2 (KB) = 432+2 × 42+442+6 × 52+1 × 62+4 × 62+3 × 72 
HM 2 (KB) = 609

Definition 9. The Forgotten index (F-index), introduced by Furtula 
and Gutman, shares a close relationship with the first Zagreb index. This 
topological index plays a crucial role in estimating chemical stability

and assessing the pharmacological potential of novel drug-like mole-
cules [68,69]. The F-index of a graph F(G) is defined as follows:

FG = ij ∈ E(G)[(di)2 + (dj)2]
[ix] The result derived through the application of Definition 9 is 

outlined below:

F(KB) = 4 × (12+22)+2 × (12+32)+4 × (22+22)+6 × (22+32)+1
× (22+42)+4 × (32+32)+3 × (32+42)
F(KB) = 20 + 20 + 32+ 78+ 20 + 72 + 75 = 317

Definition 10. Several decades ago, Vukicevic and Gasperov intro-
duced a novel class of biological descriptors known as the symmetric 
division degree (SDD) topological index. This index provides meaningful 
insights into molecular structures and their biological properties [70]. 
The symmetric division degree index of a graph, denoted as SSD(G)is 
defined as follows:

SSDG = ij ∈ E(G)di2 + dj2 didj

[x] The result derived through the application of Definition 10 is 
outlined below:

SSD(KB) = 41+42+2 × 1+93+4 × 4+44+6 × 4+96+1 × 4+168+4
× 9+99+3 × 9+1612
SSD(KB) = 10 + 6.6667 + 8 + 13 + 2.5 + 8 + 6.25 = 54.417

The ten degree-based topological indices of the molecular graph 
Kojibiose (KB) are

ᵡ(KB) = 10.986, M 1 (KB) = 117, M 2 (KB) = 146, ABC(KB) = 16.843, 
SC(KB) = 11.168
GA(KB) = 23.294, H(KB) = 10.590, ZG 3 (KB) = 19, HM 2 (KB) = 609, 
F(KB) = 317

Hence, the molecular structure of Kojibiose (KB) was evaluated as a 
graph Fig. 1 and a range of degree-based topological indices to under-
stand its structural and pharmacological properties. By representing the 
KB molecule through its hydrogen-depleted graph, we computed ten 
significant topological descriptors. The calculated values provide a 
comprehensive mathematical fingerprint of the molecular architecture 
of Kojibiose, allowing us to draw correlations between structure and 
potential biological activity. Notably, the high value of the second 
Hyper-Zagreb index (HM 2 = 609) and the Forgotten index (F = 317) 
indicate a stable and pharmacologically significant molecular frame-
work. These findings demonstrate that topological descriptors serve as 
efficient computational tools in quantitative structure–activity/property 
relationship (QSAR/QSPR) studies, supporting the theoretical predic-
tion of chemical reactivity and therapeutic potential.

5. Conclusion

By identifying KB as a multifunctional molecule by a combined 
analysis of its electronic structure, nonlinear optical properties, and 
antibacterial efficacy, this work goes beyond previous biological in-
vestigations. Quantum chemical calculations based on DFT have 
confirmed that KB has a well-optimized molecular structure with bond 
lengths, angles, and hydrogen bonding patterns typical of stable di-
saccharides. Strong donor–acceptor interactions and intramolecular 
charge delocalization are highlighted by the NBO analysis, and these 
features are consistent with the chemical stability that has been 
observed. The high hyperpolarizability and polarizability values imply 
that KB is a viable candidate for nonlinear optical (NLO) applications, 
while the UV-Vis and HOMO-LUMO analyses show effective electronic 
transitions. In experiments, KB showed significant antibacterial activity 
against S. aureus and E. coli, indicating that it has the potential to be a
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broad-spectrum antibacterial agent. Its inhibitory effect is probably 
facilitated by the presence of multiple hydroxyl groups, which 
strengthen hydrogen bonds with bacterial cell components. Together 
with its advantageous NLO characteristics and electronic stability, KB 
shows promise as a bioactive molecule that can be used as a therapeutic 
antibacterial agent and as a material of interest for photonic and opto-
electronic applications.

CRediT authorship contribution statement

Jeffrin JA Laura: Writing – original draft, Methodology, Investiga-
tion. P. Rajesh: Writing – original draft, Supervision. S. Kayashrini: 
Writing – review & editing, Software, Formal analysis. S Bala Abirami: 
Software, Formal analysis.

Declaration of competing interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper.

Data availability

Data will be made available on request.

References

[1] Marina Díez-Municio, Antonia Montilla, F.Javier Moreno, Miguel Herrero,
A sustainable biotechnological process for the efficient synthesis of kojibiose, 
Green Chem. 4 (2014), https://doi.org/10.1039/C3GC42246A.

[2] Keya Mukherjee, Tamari Narindoshvili, Frank M. Raushel, Discovery of a Kojibiose
Phosphorylase in Escherichia coli K-12, J. Biol. Chem. 57 (2018), https://doi.org/ 
10.1021/acs.biochem.8b00392.
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