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Abstract: A theoretical study of the electronic and reactivity properties of push–pull 1,3-benzoxazole 
derivatives substituted with electron-donor (CH3) and electron-acceptor (OH) groups was carried out 
in the gas phase. Different substitution patterns were investigated by replacing hydrogen atoms at 
selected positions of the benzoxazole framework with CH3 and OH substituents to evaluate the in-
fluence of donor–acceptor interactions on the structural and electronic properties of the molecular 
systems. Density Functional Theory (DFT) calculations at the B3LYP/6-31+G(d) level of theory were 
employed to analyze optimized geometries, charge distribution, frontier molecular orbitals, and glo-
bal reactivity descriptors. The results show that donor–acceptor substitutions produce noticeable 
modifications in the electronic charge distribution, dipole moment, ionization potential (IP), electron 
affinity, electronegativity, molecular hardness, and HOMO–LUMO energy gaps of the investigated 
benzoxazole derivatives. In general, the substituted systems exhibited reduced HOMO–LUMO ener-
gy gaps relative to the parent structure, suggesting enhanced electronic polarization and charge 
redistribution associated with the push–pull molecular framework. The calculated molecular descrip-
tors further indicate differences in the electronic behavior and relative reactivity of the investigated 
substitution patterns. These findings provide theoretical insights into the influence of donor–accep-
tor substitutions on the electronic properties of benzoxazole derivatives and contribute to the un-
derstanding of push–pull conjugated molecular systems with potential applications in organic and 
optoelectronic materials.
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frontier molecular orbitals.
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Propiedades de reactividad de derivados de 1,3-benzoxazol: diseño 
Push-Pull con grupos CH3 y OH en fase gaseosa

Resumen: Se realizó un estudio teórico de las propiedades electrónicas y de reactividad de derivados 
push-pull de 1,3-benzoxazol sustituidos con grupos electrodonadores (CH3) y electroaceptores (OH) en 
fase gaseosa. Se investigaron diferentes patrones de sustitución mediante el reemplazo de átomos de hi-
drógeno en posiciones seleccionadas del esqueleto del benzoxazol por sustituyentes CH3 y OH, con el fin de 
evaluar la influencia de las interacciones donador-aceptor sobre las propiedades estructurales y electróni-
cas de los sistemas moleculares. Se emplearon cálculos de teoría del funcional de la densidad (DFT) al nivel 
de teoría B3LYP/6-31+G(d) para analizar las geometrías optimizadas, la distribución de carga, los orbitales 
moleculares frontera y los descriptores globales de reactividad. Los resultados muestran que las sustitucio-
nes donador-aceptor producen modificaciones notables en la distribución de carga electrónica, el momento 
dipolar, el potencial de ionización, la afinidad electrónica, la electronegatividad, la dureza molecular y las 
brechas de energía HOMO-LUMO de los derivados de benzoxazol investigados. En general, los sistemas 
sustituidos mostraron brechas de energía HOMO-LUMO reducidas en comparación con la estructura ori-
ginal, lo que sugiere una mayor polarización electrónica y redistribución de carga asociadas al esqueleto 
molecular push-pull. Los descriptores moleculares calculados indican además diferencias en el compor-
tamiento electrónico y la reactividad relativa de los patrones de sustitución investigados. Estos hallazgos 
proporcionan una visión teórica sobre la influencia de las sustituciones donador-aceptor en las propiedades 
electrónicas de los derivados de benzoxazol y contribuyen a la comprensión de los sistemas moleculares 
conjugados push-pull con posibles aplicaciones en materiales orgánicos y optoelectrónicos.
Palabras clave: 1,3-benzoxazol; sistemas push-pull; teoría del funcional de la densidad; reactividad mole-
cular; orbitales moleculares frontera.

Propriedades de reatividade de derivados de 1,3-benzoxazol:  
design push-pull com grupos CH3 e OH em fase gasosa

Resumo: Um estudo teórico das propriedades eletrônicas e de reatividade de derivados push-pull de 
1,3-benzoxazol substituídos com grupos eletrodoadores (CH3) e eletroaceptores (OH) foi realizado em fase 
gasosa. Diferentes padrões de substituição foram investigados por meio da substituição de átomos de hi-
drogênio em posições selecionadas da estrutura do benzoxazol por substituintes CH3 e OH, a fim de avaliar 
a influência das interações doador-aceptor sobre as propriedades estruturais e eletrônicas dos sistemas 
moleculares. Cálculos de teoria do funcional da densidade no nível de teoria B3LYP/6-31+G(d) foram em-
pregados para analisar as geometrias otimizadas, a distribuição de carga, os orbitais moleculares de fron-
teira e os descritores globais de reatividade. Os resultados mostram que as substituições doador-aceptor 
produzem modificações perceptíveis na distribuição de carga eletrônica, no momento dipolar, no potencial 
de ionização, na afinidade eletrônica, na eletronegatividade, na dureza molecular e nos gaps de energia 
HOMO-LUMO dos derivados de benzoxazol investigados. Em geral, os sistemas substituídos apresenta-
ram gaps de energia HOMO-LUMO reduzidos em relação à estrutura original, sugerindo maior polarização 
eletrônica e redistribuição de carga associadas à estrutura molecular push-pull. Os descritores mole-
culares calculados indicam ainda diferenças no comportamento eletrônico e na reatividade relativa dos 
padrões de substituição investigados. Esses achados fornecem uma visão teórica sobre a influência das 
substituições doador-aceptor nas propriedades eletrônicas de derivados de benzoxazol e contribuem para 
a compreensão dos sistemas moleculares conjugados push-pull com potenciais aplicações em materiais 
orgânicos e optoeletrônicos.

Palavras-chave: 1,3-benzoxazol; sistemas push-pull; teoria do funcional da densidade; reatividade 
molecular; orbitais moleculares de fronteira.
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Introduction
Benzoxazoles are an important class of heterocy-
clic compounds that have attracted considerable 
attention due to their structural diversity, chemi-
cal reactivity, and wide range of technological and 
biomedical applications. These compounds can 
occur naturally or be synthetically obtained and, 
in recent years, significant advances have been 
achieved in their synthesis, functionalization, and 
optimization for pharmaceutical and optoelectro-
nic applications [1], [2].

The benzoxazole family includes derivatives 
with antiviral, antibacterial, herbicidal, anti-in-
flammatory, antifungal, sedative, and anticancer 
activities, making them promising candidates for 
the development of new therapeutic agents [3]–
[10]. In addition, their electronic and photophy-
sical properties have motivated extensive studies 
in materials science, particularly in fluorescence, 
bioimaging, optical sensing, and organic electro-
nic devices [11]–[13]. Benzoxazole-based systems 
have also been explored as fluorescent dyes and 
active molecular components in photonic and la-
ser-related applications due to their conjugated 
electronic structure and charge-transfer capabili-
ties [14]–[16].

One of the most interesting strategies for tuning 
the electronic properties of conjugated molecular 
systems is the implementation of donor–acceptor 
substitution patterns, commonly referred to as 
“push–pull molecular systems” [8], [14], [15]. In 
these systems, an electron-donor group and an 
electron-acceptor group are introduced into di-
fferent regions of the molecular framework, pro-
moting intramolecular charge transfer through 
the conjugated chain [8], [14]. This electronic re-
distribution can significantly modify important 
molecular properties such as electronic charge 
distribution, dipole moment, ionization poten-
tial, electron affinity, molecular hardness, and 
HOMO–LUMO energy gap. Consequently, the 
push–pull approach has become a useful strategy 
for the rational design of organic compounds with 
tailored electronic and optoelectronic properties 
[9], [14]-[16].

In recent years, computational quantum che-
mistry has become an important tool for un-
derstanding the relationship between molecular 
structure and electronic properties in heterocy-
clic compounds [7], [10], [12]. In particular, Den-
sity Functional Theory (DFT) methods have been 
widely employed to investigate the influence of 
donor–acceptor substitutions on molecular re-
activity and charge-transfer behavior in conju-
gated systems [7], [8], [12], [14]. These theoretical 
approaches allow the evaluation of structural and 
electronic trends that are often difficult to isolate 
experimentally.

In the present work, a theoretical study of 
1,3-benzoxazole derivatives substituted with elec-
tron-donor (CH3) and electron-acceptor (OH) 
groups was carried out within the framework of 
the push–pull molecular model [8],[14]. Different 
substitution patterns on the benzoxazole fra-
mework were systematically analyzed to identify 
how the relative positions of donor and acceptor 
groups influence the structural stability, electronic 
redistribution, and global reactivity descriptors of 
the molecular systems in the gas phase. Particular 
attention was devoted to the analysis of molecular 
geometry, charge distribution, ionization poten-
tial, electron affinity, electronegativity, molecular 
hardness, and HOMO–LUMO energy gaps.

The gas-phase approximation was adopted to 
isolate the intrinsic electronic effects associated 
with the donor–acceptor substitutions and to es-
tablish a fundamental understanding of the push–
pull behavior in these systems. Although solvent 
and condensed-phase effects may influence the 
quantitative values of the electronic descriptors, 
the present study provides useful comparative 
trends and theoretical insights for the future de-
sign of benzoxazole-based materials with potential 
optoelectronic and photonic applications. 

To the best of our knowledge, a systematic com-
parative DFT investigation of push–pull 1,3-ben-
zoxazole derivatives containing CH3 donor and 
OH acceptor substituents at different positions 
of the benzoxazole framework has not been pre-
viously reported. In this context, the present study 
provides new theoretical insights into how donor–
acceptor substitution patterns influence electronic 
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redistribution, frontier molecular orbitals, dipole 
moments, and global reactivity descriptors in con-
jugated benzoxazole systems.

Methodology and 
Computational Details
All quantum chemical calculations were carried 
out using the Gaussian 03 software package [6]. 
Initial molecular geometries were pre-optimized 
using the semiempirical AM1 method to generate 
suitable starting structures and improve the con-
vergence of subsequent Density Functional Theory 
(DFT) calculations. The use of AM1 at this stage 
was limited exclusively to the generation of ini-
tial geometries, while all reported structural and 
electronic properties were obtained from DFT 
calculations.

Geometry optimizations and vibrational fre-
quency calculations were subsequently performed 
at the B3LYP/6-31+G(d) level of theory. The B3LYP 
hybrid functional was selected because it provides 
a reasonable balance between computational cost 
and accuracy for the study of structural and elec-
tronic properties in conjugated heterocyclic sys-
tems. In addition, this functional has been widely 
employed in previous studies involving donor–ac-
ceptor molecular systems and organic compounds 
with charge-transfer characteristics [7], [8], [12], 
[14].

Frequency calculations were carried out to 
confirm that the optimized structures correspond 
to true minima on the potential energy surface, 
characterized by the absence of imaginary fre-
quencies. All calculations were performed in the 
gas phase to isolate the intrinsic electronic effects 
associated with donor–acceptor substitutions and 
to establish comparative trends among the studied 
molecular systems.

Global reactivity descriptors were evalua-
ted from single-point energy calculations of 
the neutral, cationic, and anionic species at the 
UB3LYP/6-31+G(d) level of theory. Since the catio-
nic and anionic species were evaluated using the 
optimized geometry of the neutral molecule, the 
ionization potential (I) and electron affinity (A) 
correspond to vertical electronic processes. These 

quantities were subsequently used to estimate glo-
bal descriptors such as electronegativity (χ) and 
molecular hardness (η), according to the concep-
tual DFT framework [10]:

χ = (I+A)/2, η =(I-A)/2

where χ represents the electronegativity and η co-
rresponds to the molecular hardness within the 
conceptual DFT framework.

Although long-range corrected and range-se-
parated hybrid functionals may provide improved 
descriptions of charge-transfer excitations, the 
present methodology was adopted as a computa-
tionally efficient approach for identifying relative 
trends in the structural and electronic properties 
of the investigated benzoxazole derivatives.

Molecular Structures and 
Substitution Patterns
The push–pull molecular model was implemen-
ted in this study to investigate the influence of 
donor–acceptor substitutions on the electronic 
properties of 1,3-benzoxazole derivatives. In this 
approach, an electron-donor group (CH3) and an 
electron-acceptor group (OH) are introduced at 
different positions of the molecular framework, 
promoting intramolecular electronic redistribu-
tion through the conjugated molecular chain. This 
electronic redistribution is associated with varia-
tions in the frontier molecular orbitals, particular-
ly in the HOMO and LUMO energy levels.

The HOMO–LUMO energy gap is an impor-
tant descriptor related to the intramolecular char-
ge-transfer process and the electronic behavior of 
conjugated molecular systems. Variations in the 
donor or acceptor character of the substituent 
groups, as well as their relative positions within 
the molecular structure, can significantly influen-
ce the electronic distribution and global reactivity 
properties of the system. Consequently, identif-
ying suitable substitution patterns is important for 
understanding the relationship between molecular 
structure and electronic properties in benzoxazole 
derivatives.

In order to evaluate these effects systematically, 
geometry optimization and vibrational frequency 
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calculations were initially performed for the diffe-
rent possible substitution arrangements on the pa-
rent benzoxazole structure. Based on these results, 
the most representative molecular systems were 
selected for further analysis and are presented in 
Table 1.

Analysis of Results

Geometry and Charge Distribution
Figure 1 presents the optimized geometry of the 
parent benzoxazole structure, including selected 

Table 1. Push–pull benzoxazole derivatives considered in this study and their corresponding substitution patterns

Structure Substitution Pattern

x, y, z: substitution positions on the benzoxazole framework.

I x = H, y = H

II(A) x = CH₃, y = OH

II(B) x = CH₃, z = OH

II(C) x = OH, y = CH₃

II(D) x = OH, z = CH₃

z

x

N

Oy

Figure 1. Optimized structure of benzoxazole showing selected geometric parameters and calculated molecular 
properties at the B3LYP/6-31+G(d) level of theory
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Calculated propertiesC Carbon
N Nitrogen
O Oxygen
H Hydrogen

Bond length (Å)
Dihedral angle (°)

XC, XN, XO, xH:
Atom labeling Low Frequency

Dipole Moment (μ)
Total Energy (E)

225.16 cm-1
1.3991 Debye
-399.7383 a.u.

Low frequency mode in good agreement with experimental value:
Calculated: 225.16 cm-1 Experimental (Steele et al. [18]): 226 cm-1
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bond lengths, bond angles, total energy, dipole 
moment, and vibrational frequency values obtai-
ned at the B3LYP/6-31+G(d) level of theory. The 
parent structure (Structure I) exhibits an essen-
tially planar molecular geometry, as indicated by 
the calculated torsion angles and the absence of 
imaginary vibrational frequencies. The calculated 
low-frequency vibrational mode (225.16 cm−1) is 
in good agreement with the experimental value of 
226 cm−1 reported by Steele et al. [17], supporting 
the reliability of the optimized structure.

The introduction of donor (CH3) and acceptor 
(OH) substituents in Structures II(A–D) preserves 
the overall planar character of the benzoxazole 
framework, although small variations in selected 
bond lengths are observed relative to the parent 
structure. For example, the C2–N13 and N13–C7 
bond lengths change from 1.401 and 1.290 Å in 

Structure I to 1.399 and 1.293 Å in Structure II(A), 
respectively. Similarly, the O14–C7 bond length 
changes from 1.371 to 1.388 Å. These variations 
suggest that the donor–acceptor substitutions pro-
duce subtle electronic redistribution effects within 
the conjugated benzoxazole system. As shown in 
Table 2, the variations in bond lengths within the 
benzene and oxazole rings are generally small, 
indicating that the substitution patterns do not 
produce significant distortions in the molecular 
framework at the level of theory employed.

A Mulliken population analysis was performed 
in order to evaluate the electronic charge distri-
bution of the investigated molecular systems. The 
calculated atomic charges are presented in Table 3. 
In general, the most electronegative atoms tend to 
accumulate electronic density from neighboring 
atoms, producing polarization effects that slightly 

Table 2. Selected bond lengths (Å) of the investigated benzoxazole derivatives calculated at the B3LYP/6-31+G(d) 
level of theory

Structure C1–C2 C2–C3 C3–C4 C4–C5 C5–C6 C6–C1 C7–O N–C2 O–C1 N–C7

II(A) 1.399 1.398 1.393 1.410 1.400 1.389 1.388 1.399 1.372 1.293

II(B) 1.398 1.398 1.397 1.410 1.396 1.387 1.377 1.397 1.379 1.297

II(C) 1.400 1.395 1.398 1.412 1.405 1.383 1.357 1.404 1.389 1.293

II(D) 1.399 1.396 1.402 1.412 1.400 1.383 1.355 1.403 1.390 1.294

Table 3. Mulliken atomic charges (e) calculated for the parent benzoxazole structure and its substituted derivatives 
at the B3LYP/6-31+G(d) level of theory

Atom
Molecular Structures

I II-A II-B II-C II-D

C1 0.599 0.610 0.286 0.744 0.863

C2 0.891 1.247 1.021 1.122 1.131

C3 −0.750 −1.547 −1.133 −1.015 −1.452

C4 −0.288 −0.119 0.108 −0.289 0.253

C5 −0.283 0.017 −0.200 0.274 −0.022

C6 −0.802 −0.785 −1.194 −0.958 −0.736

C7 0.326 0.812 0.810 0.650 0.525

N −0.342 −0.371 −0.371 −0.448 −0.469

O −0.327 −0.364 −0.364 −0.413 −0.408

H8 0.202 0.188 0.202 0.196 0.202

H11 0.201 0.202 0.187 0.198 0.192
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influence the electronic distribution within the 
molecular framework.

The relative positions of the donor (CH3) and 
acceptor (OH) substituents produce noticeable 
variations in the atomic charge distribution over 
the benzene and oxazole rings. For example, the 
C3 atom becomes more electronically enriched in 
Structure II(A), while similar charge redistribu-
tion effects are observed around the nitrogen atom 
in Structure II(D). These results suggest that the 
donor–acceptor substitutions promote localized 
electronic redistribution within the conjugated 
system.

Although a quantitative charge-transfer analy-
sis based on Natural Bond Orbital (NBO) calcula-
tions or related electronic population schemes was 
not included in the present work, the combined 

analysis of Mulliken atomic charges, dipole mo-
ment variations, molecular electrostatic potential 
surfaces, and HOMO–LUMO energy shifts provi-
des qualitative evidence of intramolecular electro-
nic redistribution associated with the push–pull 
substitution patterns investigated in this study.

The Mulliken population analysis also provi-
des qualitative information about regions with 
different electronic character that may influence 
electrophilic and nucleophilic reactivity. Figure 2 
shows the molecular electrostatic potential (MEP) 
surfaces of the investigated structures. Regions 
with higher electronic density are represented in 
red, whereas regions with lower electronic density 
are represented in blue, indicating areas that are 
relatively more susceptible to electrophilic and nu-
cleophilic interactions, respectively.

-e +e

II-A II-B

II-C II-D

Note: Red regions indicate areas of higher electron density (negative electrostatic potential), whereas blue regions correspond to areas 
of lower electron density (positive electrostatic potential)

Figure 2. Molecular electrostatic potential (MEP) surfaces mapped onto the electron density (isovalue = 0.001 a.u.) 
for the investigated benzoxazole derivatives, calculated at the B3LYP/6-31+G(d) level of theory
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Molecular Descriptors
In addition to the total energy and dipole moment 
values presented in Figure 1, several global mo-
lecular descriptors were evaluated to analyze the 
electronic properties and relative reactivity of the 
investigated benzoxazole derivatives. These des-
criptors include molecular hardness (η), electrone-
gativity (χ), ionization potential (I), and electron 
affinity (A), whose calculated values are summari-
zed in Table 4.

Because the investigated systems correspond 
to different molecular structures, total electronic 
energy alone is not an adequate parameter for 
directly comparing their relative stability. There-
fore, molecular hardness was considered as an ad-
ditional descriptor associated with the resistance 
of the electronic cloud to deformation and charge 
redistribution [18]. As shown in Table 4, Structu-
res II(C) and II(D) exhibit comparatively higher 
hardness values among the substituted systems, 
suggesting greater electronic stability relative to 
Structures II(A) and II(B), which present lower 
hardness values and, therefore, a greater tendency 
toward electronic reactivity.

The donor–acceptor substitutions also produ-
ce noticeable variations in the dipole moment va-
lues relative to the parent structure. In particular, 
Structure II(A) exhibits an increased dipole mo-
ment, indicating enhanced electronic polarization 
along the molecular framework. This behavior is 
consistent with the electronic redistribution ex-
pected in push–pull molecular systems containing 
electron-donor and electron-acceptor substituents.

The calculated electron affinity values addi-
tionally suggest differences in the tendency of the 
investigated systems to accept electronic charge 
from the surrounding environment. However, the-
se descriptors should be interpreted primarily in 
a comparative manner within the theoretical fra-
mework employed in the present study.

Negative electron affinity values obtained for 
some structures suggest that the corresponding 
anionic species may present limited electronic 
stability within the gas-phase approximation and 
theoretical framework employed. Nevertheless, 
these values remain useful for comparative analy-
sis of electronic trends among the investigated 
substitution patterns.

Electronic Structure of the  
Ground State
The electronic structures of the investigated ben-
zoxazole systems were analyzed through mo-
lecular orbital calculations performed at the 
B3LYP/6-31+G(d) level of theory. Table 5 sum-
marizes the energies of the frontier molecular 
orbitals, namely the highest occupied molecular 
orbital (HOMO) and the lowest unoccupied mo-
lecular orbital (LUMO), together with the co-
rresponding HOMO–LUMO energy gaps of the 
studied structures.

The incorporation of donor (CH3) and acceptor 
(OH) substituents into the benzoxazole framework 
produces noticeable modifications in the frontier 
orbital energies relative to the parent structure. 
In general, the substituted systems exhibit hi-
gher HOMO and LUMO energy levels, resulting 

Table 4. Calculated total energies, dipole moments, ionization potentials (I), electron affinities (A), electronegativi-
ties (χ), and molecular hardness values (η) for the investigated benzoxazole systems at the B3LYP/6-31+G(d) level 
of theory

Structure Total Energy
(Hartree)

Dipole Moment
(Debye)

A
(eV)

I
(eV)

Electronegativity,  
χ (eV)

Molecular Hardness,
η (eV)

I −399.74 1.3970 −0.60   8.950 4.15   4.75  

II(A) −514.26 2.4522 0.136 8.010 4.073 3.937

II(B) −514.26 1.0013 0.027 7.456 3.741 3.714

II(C) −514.29 0.7348 −0.773 8.132 3.679 4.452

II(D) −514.29 0.8025 −0.778 8.237 3.729 4.507
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in a reduction of the HOMO–LUMO energy gap 
compared with Structure I. This behavior suggests 
enhanced electronic polarization and charge re-
distribution effects associated with the donor–ac-
ceptor substitution patterns.

The decrease in the HOMO–LUMO energy 
gap observed for Structures II(A–D) may facilita-
te intramolecular electronic redistribution within 
the conjugated molecular system. However, the 
HOMO–LUMO gap should be interpreted prima-
rily as a qualitative indicator of electronic behavior 
and relative orbital separation within the theoreti-
cal framework employed in this study.

Conclusions
The present DFT study demonstrated that donor–
acceptor substitutions involving CH3 and OH 
groups produce noticeable effects on the structural 
and electronic properties of 1,3-benzoxazole de-
rivatives. The incorporation of these substituents 
modifies the electronic charge distribution, dipole 
moment, frontier molecular orbital energies, and 
global reactivity descriptors of the investigated 
systems.

The substituted benzoxazole derivatives gene-
rally exhibited reduced HOMO–LUMO energy 

gaps relative to the parent structure, suggesting 
enhanced electronic polarization and charge re-
distribution effects associated with the push–pull 
molecular framework. In particular, Structures 
II(C) and II(D) presented comparatively higher 
molecular hardness values among the substituted 
systems, indicating greater resistance to electronic 
charge redistribution within the theoretical fra-
mework employed in this study.

The results obtained in the gas phase provide 
useful comparative insights into the influence of 
donor–acceptor substitution patterns on the elec-
tronic behavior of benzoxazole derivatives. Al-
though additional investigations including solvent 
effects and excited-state calculations would be ne-
cessary for a more complete evaluation of optoelec-
tronic performance, the present study contributes 
to the theoretical understanding of push–pull ben-
zoxazole systems and their potential applications 
in conjugated organic materials.
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Table 5. Calculated frontier molecular orbital energies (eV) and HOMO–LUMO energy gaps for the investigated 
benzoxazole systems at the B3LYP/6-31+G(d) level of theory

Molecular Structures

Orbitals I II-A II-B II-C II-D

LUMO (eV) −1.170 −0.844 −1.018 −0.685 −0.709

HOMO (eV) −6.857 −6.068 −6.175 −6.245 −6.357

HOMO–LUMO Gap (eV) 5.687 5.224 5.157 5.560 5.648
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